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Abstract 

The emergence of organic semiconductors is exciting since it promises to open up 

for straightforward and low-cost fabrication of a wide range of efficient and novel 

electronic devices. However, in order for this promise to become reality it is critical 

that new and functional fabrication techniques are developed. This thesis 

demonstrates the conceptualization, development, realization and implementation 

of a particularly straightforward and scalable fabrication process: the photo-induced 

and resist-free imprint patterning technique. 

Initial experiments revealed that some members of a group of carbon-cage 

molecular semiconductors – termed fullerenes – can be photochemically modified 

into dimeric or polymeric structures during exposure to laser light, and, importantly, 

that the exposed fullerene material retains its good electron-transport property while 

its solubility in common organic solvents is drastically lowered. With this 

information at hand, it was possible to design and create well-defined patterns in a 

solution-deposited fullerene film by exposing selected film areas to laser light and 

then developing the entire film in a tuned developer solution. An electronically 

active fullerene pattern emerges at the locations defined by the incident laser beam, 

and the patterning technique was successfully utilized for the fabrication of arrays of 

efficient field-effect transistors. 

In a later stage, the capacity of the photo-induced and resist-free imprint technique 

was demonstrated to encompass the fabrication of ubiquitous and useful CMOS 

circuits. These are based on a combination of p-type and n-type transistors, and a 

blend between a p-type organic semiconductor and an n-type fullerene compound 

was designed so that the latter dominated. By solution-depositing the blend film on 

an array of transistor structures, exposing selected transistors to laser light, and then 

developing the entire transistor array in a developer solution, it was possible to 

establish a desired combination of (non-exposed) p-type transistors and (exposed) 

n-type transistors. We finally utilized this combination of transistors for the 

fabrication of a CMOS circuit in the form of well a-functional organic inverter 

stage. 
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1. Introduction  

During the last two decades, a new group of organic electronic materials, in the form of 

conjugated polymers and small molecules, has emerged1,2. Organic electronic materials 

offer a broad range of advantages over traditional inorganic electronic materials (such as 

silicon), notably the possibility of using solution based deposition methods that allow for 

cheap processing and large area coverage, and the possibility of using flexible substrates3-5. 

All the high temperature and vacuum production steps that are used in the production of 

inorganic devices can in principle be replaced by solution processing at ambient 

conditions, which lowers the total cost of device production and opens the possibility for 

a highly cost effective mass production of flexible organic electronic devices. Moreover, 

organic electronic devices do not require the ultra high purity of the materials and the 

production environment, as is the case for the production of Si-based devices. The field 

of organic electronics therefore offers significant simplification of the production 

processes and huge cost advantages in comparison to traditional inorganic electronics. 

 

The activities in the field of organic electronics are currently mainly focused on the 

development of three types of devices: light emitting devices, solar cells and field effect 

transistors. Products based on organic electronics can be composed of a combination of 

these three main building blocks. For instance, a display consists of an array of pixels, 

where each pixel can comprise a light emitting device, which in turn is controlled by a 

field effect transistor that turns it on and off and controls its brightness. In the case of 

mobile applications (such as calculators, watches, etc.), a mobile power supply is 

necessary to power the electronic circuit comprising transistors, and here a flexible 

organic solar cells can be a convenient solution.  
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1.1 Light-emitting devices. 

Light-emitting devices are electronic components, which generate light from the 

recombination of electron-hole pairs. There are two main classes of organic light-emitting 

devices that will be described in this thesis, namely organic light-emitting diodes 

(OLEDs)6 and light-emitting electrochemical cells (LECs)7.  

 

1.1.1 Organic light-emitting diodes 

OLEDs are typically constructed as a layered structure8,9, which in its simplest case 

consist of an anode and a cathode that are separated by a light-emitting active material. 

The light-emitting material can be based on either small molecules or a conjugated 

polymer. When a voltage is applied between the electrodes in an OLED, electrons are 

injected from the cathode to the conduction band or LUMO of the light emitting material 

and holes are injected from the anode to the valence band or HOMO of the light 

emitting material. When a hole and an electron meet and recombine they form an exciton, 

which later can decay under the emission of light with a wavelength/energy 

corresponding to the energy gap of the light emitting material, i.e. to the difference 

between the HOMO and LUMO levels of the small molecule or conjugated polymer10. In 

order for the emitted light to be transported out of the device, one of the electrodes 

(often the anode) has to be transparent. The transparent anode is commonly made of 

indium tin oxide (ITO). The surface of ITO is usually not perfect, which can have a big 

influence on the device performance and life-time. Therefore, an additional planarizing 

layer of a hole conducting material, such as poly(3,4-

ethylenedioxythiophene):poly(styrenesulphonic acid) (PEDOT:PSS), is typically deposited 

on top of the ITO anode.  The light emitting material is thereafter deposited on top of 

the anode structure. It can be deposited from solution by either spin casting or printing in 
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the case of conjugated polymers or by thermal evaporation in the case of small molecules. 

The most common light emitting polymers are poly-(para-phenylene vinylenes) (PPVs), 

poly-fluorenes and poly-spirobifluorenes11. The cathode is then deposited on top of the 

light emitting material, and it is typically a low work-function metal, e.g. Ca, in order to 

allow for efficient electron injection. Since low-work function materials are highly 

reactive, the cathode is typically capped with a top layer of a more inert material such as 

Al. 

 

1.1.2 Light-emitting electrochemical cells  

LECs are light-emitting devices with an active material positioned between two 

electrodes, and base their operation on the formation of a light-emitting p-n junction. 

LECs can be constructed in either sandwich or planar structures. The active material 

typically consists of three components: a conjugated polymer, an ion solvating material 

and a salt. When a voltage is applied between the electrodes, the dissociated ions in the 

active material move towards the electrode interfaces to form thin electric double layers. 

When the applied voltage is equal to or larger than the band gap of conjugated polymer, 

balanced charge injection into the polymer starts, i.e. holes are being injected from the 

anode to the valence band and electrons are being injected from the cathode to the 

conduction band. The injected charges attract ions and the electrochemical doping starts, 

p-doping at the anode side and n-doping at the cathode side. After a turn-on time, the 

two doping regions make contact and a p-i-n junction form. The electrons and holes can 

now migrate through the highly conductive doped regions towards the junction region, 

where they recombine under the emission of light.    
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1.2 Organic solar cells.  

Organic solar cells are used to generate electrical power under illumination by light via the 

photoelectric effect12-14. The active material in organic solar cells comprises two main 

components: a p-type material and an n-type material. The p-type material is an electron 

donor, which allows for transport of holes to the positive electrode15. The n-type 

component is an electron acceptor, which allows for transport of electrons to the 

negative electrode. The p-type component in an organic solar cell is typically the strongest 

light absorber, on which electron-hole pairs (excitons) are generated under light 

illumination16. The excitons are then split up into free holes and electrons at an interface 

between the two materials when photo generated electrons are transferred from the p-

type material to the n-type material. 

 

Organic solar cells can be divided into two main classes depending on the organization of 

the n- and p-type components in the active material. The two components can be made 

to form either a bulk blend or a bi-layer structure, and these two classes have different 

advantages and disadvantages13. In the bi-layer structure, the interfacial area between the 

two materials is rather small, which is a problem since excitons can only travel a limited 

distance before recombining (usually 10-15 nm)17 and since they can only be dissociated 

into free carriers at an interface. In the bulk blend case (also called the bulk 

heterojunction), the excitons are efficiently dissociated into free carriers since the 

interfaces are essentially everywhere. Here, the problem instead is related to the transport 

of the free carriers out of the electrodes via mixed phases with low mobility.  

 

The key issue with organic solar cells is to improve their power conversion efficiency (i.e. 

how much of the incoming solar light can be transformed into electrical power ). So far 

this number is quite low at 1-6% 12,13. Another important issue is the stability in ambient 
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atmosphere. Most organic materials, especially n-type materials, are sensitive to exposure 

to oxygen and water vapour. This is in fact a common problem for most branches of 

organic electronics. 
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2. Organic field-effect transistors  

2.1. Thin film field-effect transistors  

The field-effect transistor is an electronic device with three terminals: source, drain and 

gate18,19. Fig. 2.1 shows an example of a thin-film field-effect transistor. Its operation 

principle is as follows: when a negative (positive) electrical potential is applied to the gate 

electrode (with respect to drain and source electrodes) there is an accumulation of 

positive (negative) charge in the active material, as the gate electrode in combination with 

the source and drain electrodes and the active material behave as the two electrodes in a 

parallel-plate capacitor. When a potential in addition is applied to the drain electrode (the 

source electrode is commonly grounded), there will be an electrical current flowing 

between the grounded source and the drain. As the number of (mobile) charge carriers is 

regulated by the applied gate voltage then the magnitude of the current between source 

and drain is also regulated by the gate voltage. One can visualise a transistor as a tap 

where instead of a water stream the electrical current is regulated. This concept is 

presented in fig 2.2.  As the regulating gate terminal is insulated from the active material 

by the gate dielectric, it is possible to regulate high power signals in the source-drain 

circuit by relatively small power signals in the gate circuit, which makes transistors very 

useful as amplifiers.  
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Figure 2.1.  A top-contact thin-film field-effect transistor 

 

Figure 2.2 The concept of the field-effect transistor 

 

Organic field effect transistors are often constructed as shown in fig 2.1. The gate 

electrode is in many cases also functioning as the substrate for the device. On top of the 

gate electrode there is a thin layer of an insulator called the gate dielectric. On top of the 

gate dielectric there is an active material, which is in direct contact with the source and 

drain electrodes.  

2.2. Substrates  

Organic thin-film field-effect transistors can be fabricated on a number of different types 

of substrates. The most common type is heavily doped silicon, which can function as 

both gate electrode and substrate. In principle, any solid material can be used as a 

substrate; however, a critical issue is the flatness of the surface as further layers in the 

form of thin films are deposited on top of the substrate. Flexible plastic substrates, which 

allow for the construction of flexible and in some cases even transparent devices, are 

highly desirable. 
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2.3. Gate dielectrics  

The gate dielectric is a critical element in a field-effect transistor. It isolates the gate 

electrode from the active material, and thus allows for the build-up of a layer of charge in 

the active material next to the gate dielectric where the charge transport takes place. The 

most common gate dielectric (used in combination with silicon substrates) is thermally 

grown silicon dioxide, with a typical thickness of 100 to 200 nm. There are, however, 

literally hundreds of different gate dielectrics which can be deposited by various methods, 

ranging from thermal evaporation to solution-based methods, like spin coating, printing 

and roll-to-roll processes. A good gate dielectric should have a high dielectric constant 

and a smooth surface and as few cracks and pin-holes as possible. The latter can allow a 

leakage current through the gate dielectric, which has a negative influence on the device 

performance.   

 

2.4. Electrode configurations 

Organic field-effect transistors can be produced in various ways with respect to the 

configuration of the electrodes. The gate electrode can be integrated with the substrate in 

a bottom-gate configuration, or it can be the top-most electrode in a top-gate 

configuration. In this work, we have invariably employed the bottom-gate configuration. 

The source and drain electrodes can also be positioned in two different ways: either 

directly on top of the gate dielectric (with a bottom gate) in a bottom-contact 

configuration, or on top of the active material in a top-contact configuration. Fig. 2.3 

presents a few examples of different electrode configurations. The top-contact 

configuration usually results in a lower contact resistance, presumably due to a more 

intimate contact between the electrode metal and the active material following the (high-

temperature) deposition of the electrodes on top of a soft organic material.20 In paper I, 
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where the C60 active material was deposited by thermal evaporation, we employed the 

top-contact configuration (see Fig. 2.3a), as we observed that it resulted in higher mobility 

values and better reproducibility.21  In paper II, on the other hand, where the PCBM 

active material was deposited by drop casting from solution, we instead employed the 

bottom-contact configuration (see Fig. 2.3b), as we found that it resulted in a better 

device performance22. Fig 2.3c shows the top-gate configuration, which has for instance 

been used in the case of so-called electrolyte-gated organic field-effect transistors.23,24 

 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 2.3 Possible electrode configurations in organic thin-film field-effect transistors. Bottom gate and 
top contact (a), bottom gate and bottom contact (b), and top gate and bottom contact (c)  

 

2.5. Electrodes, charge-carrier injection and contact resistance  

Another critical component in the field-effect transistor is the material selected for the 

source and the drain electrodes. These contacts are the bridge between the active material 

(a) 

(b) 

(c) 
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of the transistor and the rest of the circuit into which the transistor is implemented. It is 

of major importance to select proper electrode materials for a given active material in 

order to attain effective injection of charge carriers from the electrode into the active 

material on one side and from the active material to the electrode on the other side. In 

order to attain this ideal condition, the work function of the electrode metal should match 

the HOMO of the active material in the case of a p-type transistor and the LUMO of the 

active material in the case of an n-type transistor. If this is not achieved, an injection 

barrier will form. In order to avoid injection barriers in the case of organic n-type 

transistors, it is typically necessary to use highly reactive metals, like calcium and 

potassium, with low work functions. This can in turn cause stability problems due to their 

reactivity in the ambient atmosphere. From a stability and device production perspective, 

noble metals are very attractive for the electrodes. Moreover, due to their low reactivity 

noble metals can diffuse into the organic active materials and form contacts with high 

interfacial area following the deposition of the electrode on top of the active material.  

Figure 2.4 presents the energy levels for the noble metal Au and the n-type 

semiconductor PCBM, and the expected energy barrier relating to injection of electrons 

from Au into the LUMO of PCBM. 
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Figure 2.4 Schematic illustration of the energy levels and barriers in a typical n-type field-effect transistor 
with PCBM as the active material and Au electrodes. 

 

2.6. Biasing conditions  

The operation of an ideal field-effect transistor (with no injection barrier) can be divided 

into three different regimes as depicted in Figure 2.5. The linear regime is in effect when 

the source-drain current, ID, is essentially linearly proportional to the source-drain voltage, 

VD. This is true when the source-drain voltage is smaller than the gate voltage (VD<VG) 

and the channel of the transistor contains charge carriers which are relatively equally 

distributed. This situation is shown in figure 2.5a   
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Figure 2.5. Charge-carrier distribution in the active material under various biasing conditions. 
The blue colour indicates the concentration of mobile charge carriers.  

 

When the source-drain voltage approaches the gate voltage the potential difference 

between the drain and the gate electrodes drops to zero; under these conditions, there is a 

distinct gradient in the charge-carrier distribution in the channel, with a zero 

concentration at the drain electrode, as shown in fig 2.5b. This is the so-called pinch-off 

point, when the source-drain current becomes very weakly dependent on the source-drain 

voltage. At yet higher source-drain voltages, in the so-called saturation regime, the 

channel next to the drain electrode is essentially void of charge carriers, and the source-

drain current remains constant as shown in Fig. 2.5c. 
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2.7. Transfer and output characteristics as tools to extract mobility 

The following discussion about characterization techniques is provided for the n-type 

transistor, where the applied voltages are positive with respect to the grounded source 

electrode. For the p-type transistors, the situation is essentially the same, but with the 

difference that all applied voltages are negative with respect to the source electrode. It is 

common to sweep the potential difference between two of the electrodes and measure 

the resulting current at a constant potential applied to the third electrode, and thereafter 

repeat the sweep with a new potential applied to the third electrode. There are two main 

operation schemes used to characterize the performance of field-effect transistors. The 

first scheme is called output characterization. The source-drain voltage is swept at a 

constant gate voltage, and thereafter the sweep is repeated at a new gate voltage. An 

example of recorded output characteristics is shown in fig 2.6. 

    

Figure 2.6 Output characteristics of the n-type field effect transistor with corresponding biasing regimes  

 

During this type of measurement the transistor is subjected to all of the three biasing 

conditions described in the previous section. For low gate voltages (below a threshold 

voltage), the transistor is off and essentially no current is observed (bottom curve in fig. 

2.6(b). When the gate voltage is increased the transistor is turned on. Under this 
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condition, there is first a linear increase in the source-drain current with increasing 

source-drain voltage (Fig. 2.5(a)). When the source drain-voltage approaches the gate 

voltage, there is a pinch-off of the channel (see Fig. 2.5(b)) and the current thereafter 

becomes saturated. A further increase of the source-drain voltage does not increase the 

source-drain current, as shown in Fig. 2.5(c). 

 

Figure 2.7 Transfer characteristics of a field-effect transistor (a), and the linear fit of the square root of the 
drain current vs. gate voltage (b). 

 

The second scheme, the transfer characterization, is performed with the source-drain 

voltage kept constant and by sweeping the gate voltage, as shown in fig 2.7. At low gate 

voltage, only a small source-drain current can be detected, which is due to the intrinsic 

conductivity of the active material (and/or to a current leakage through the gate 

dielectric). Above a certain gate voltage (corresponding to the threshold voltage) the 

source-drain current starts to increase significantly with increasing gate voltage, when the 

entire channel is being increasingly filled with mobile charge carriers. In principle, the 

source-drain current will increase in a continuous manner with increasing gate voltage 

until the dielectric breaks down. The transfer characteristics are very useful for the 
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determination of the threshold voltage and the mobility of the majority charge carrier in 

the active material. For this purpose the square root of the source-drain current is plotted 

versus the gate voltage. The linear part of the curve is extrapolated to zero source-drain 

current, and the place where it intersects the abscissa is defined as threshold voltage for 

the transistor. 

 

In the saturation regime, where the source-drain voltage is higher than the gate voltage 

minus the threshold voltage (VD>VG-VTH), the slope of the curve is proportional to the 

mobility, and equation (2.1) can be used to determine the mobility of the charge carriers 

in the active channel.     

,     for VD>VG-VTH                                   ( 2.1) 

In the linear regime, where the source-drain voltage is smaller than the gate voltage minus 

the threshold voltage (VD<VG-VTH), the mobility can be calculated using equation 3.2.  

,     for VD<VG-VTH                                    ( 2.2) 

In both equations, W is the active channel width, L is the active channel length, µ is the 

charge carrier mobility, and C is the capacitance per unit area of the gate oxide. 
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3. Experimental details 

3.1. Equipment  

The experimental setup was based on the inert atmosphere facility, which consists of two 

interconnected glove boxes operating under an over pressure of argon or nitrogen 

(oxygen and water concentrations below 1 ppm).  Figure 3.1 shows the two 

interconnected glove boxes. Both glove boxes were equipped with electrical feedthrough 

connections, which allowed for electronic transport measurements and image capturing 

using a video microscope. The left box was also equipped with gas connections that 

allowed for transport of a liquid nitrogen cooling medium, which was used in the low 

temperature measurements.  

 

Figure 3.1 The inert atmosphere facility. 

The two glove boxes were interconnected via a large antechamber, allowing for transport 

of samples and equipment between the boxes. The left glove box was interconnected to a 

thermal evaporator (Leybold Univex 350G), which was equipped with two evaporation 

sources and a quartz deposition monitor, as shown in fig. 3.2  
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Fig 3.2 The thermal evaporator Univex 350G and its control unit. 

The left glove box was designed as the “dry box” where storage and testing were 

performed, while the right box was used for wet processing (e.g. spin casting and 

preparation of solutions). The dry box is equipped with a probe station for device testing, 

which consists of 4 needle electrodes controlled by 3D micro positioners (see fig 3.3(b)).   

   

Fig 3.3 Keithley 4200 Semiconductor characterisation system(a) and  the probe station (b). 

All device characterization was performed using a Kethley 4200 Semiconductor 

Characterisation System (see fig 3.3(a)) equipped with triaxial cables. The wet box is 

equipped with a spin coater for thin film production, as shown in Fig 3.4. 

 

(a) (b) 
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Fig 3.4 The spin coater. 

 

3.2. Substrates 

All transistors described in this work were fabricated using highly doped single crystal 

silicon as the combined substrate and gate electrode. The substrates were covered with a 

200 nm thick layer of SiO2 (on the polished side), which functioned as the gate dielectric 

(capacitance per unit area = 1.73*10−4 F/m2). The 5’’ wafers of Si/SiO2 were cut to a 

desired size, before being cleaned from dust by flushing with nitrogen gas. Further 

treatment was specific for each type of device prepared and is described in detail below.  

Substrates with thermally evaporated C60 as the active material were cleaned using 

the following procedure: mechanical scrubbing using a cotton swab and detergent Extran 

MA01, rinsing with warm tap water, rinsing with distilled water, drying with N2 gas, 

sonication in acetone (purity 99.5%) for 15 min, drying with N2 gas, sonication in 2-

propanol (purity 99.8%) for 15 min, and drying with N2 gas. Directly after the cleaning 

procedure, the substrates were heated at 110 ° C for 2 h and then transferred into an Ar-

or N2-filled glove box for transistor fabrication. 
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Substrates with drop cast PCBM as the active material were cleaned using the 

following procedure: sonication in detergent Extran MA01, rinsing with warm tap water, 

sonication in distilled water, drying with N2 gas, sonication in acetone for 15 min, drying 

with N2 gas, sonication in 2-propanol for 15 min, and drying with N2 gas. Directly after 

the cleaning procedure, the substrates were heated at 110 ° C for 1 h and then transferred 

into an Ar-or N2-filled glove box for transistor fabrication.  

Substrates with spin cast PCBM as the active material were cleaned by sonication in 

chloroform provided that particles or other pollutants on the surface were visible. 

Otherwise the substrates where used as received without pre-cleaning due to the fact that 

we found that further cleaning changed the surface properties so that spin casting from 

chlorobenzene solution resulted in films with very low quality. 

Substrates with spin cast blends of P3HT and PCBM as the active material were 

cleaned by sonication in chloroform provided that particles or other pollutants on the 

surface were visible; otherwise the substrates where used as received without pre-

cleaning. Thereafter, the substrates were subjected to a vapour of 1,1,1,3,3,3-

hexamethyldisilazane (HMDS) in order to make the surface hydrophobic. The vapour 

treatment was performed in a closed volume using 3-5 mL of HMDS solution at 80 oC 

for 3 hours. 

 

3.3. Active materials  

Three different chemical compounds have been employed as the active material in the 

herein described field-effect transistors. Two of them are small molecules and one is a 

conjugated polymer. The first small molecule that was studied in paper I is C60, and its 

chemical structure is shown in fig. 3.5(a). C60 belongs to the big family of chemical 
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compounds called fullerenes, which were discovered by Kroto et al. in 1985.25 C60 is 

commonly used as the active material in organic field-effect transistors and solar cells due 

to a very high electron mobility of  ~1cm2/Vs26,27.  The second small molecule that was 

studied in papers II-IV is the high-solubility C60 derivative [6,6]-phenyl-C61-butyric acid 

methyl ester, often called PCBM, and its chemical structure is shown in fig. 3.5(b). Both 

C60 and PCBM are n-type materials, which mean that they only (or primarily) conduct 

electrons.  

 

(a)   (b)    (c)  

Figure 3.5 Chemical structures of the fullerene C60  (a), [6,6]-phenyl-C61-butyric acid methyl ester 
PCBM (b) and poly-3-hexylthiophene (P3HT) (c) 

 

The conjugated polymer is regio-regular poly-3-hexylthiophene (P3HT), with an average 

molecular mass Mn ~17500 g/mol, and it was studied in blends with PCBM in papers III 

and IV. P3HT is a p-type semiconductor, which means that it primarily conducts holes. 

The chemical structure of P3HT is shown in fig 3.5(c). 

 

3.4. Deposition of the active material  

A wide range of thin film deposition techniques have been used in this work, such as 

thermal evaporation (also called physical vapour deposition), drop casting, double drop 

casting, and spin casting. Below, we describe the basics of each technique. 

O
MeO S n
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Thermal evaporation is a deposition technique commonly used for the fabrication of 

thin films of metals and small molecules. The process is conducted under high vacuum or 

ultra high vacuum conditions. The material to be evaporated is placed in an evaporation 

source, a boat, a crucible or a filament, which is mounted between two electrodes. A high 

electrical current is made to flow through the evaporation source, so that it is heated to a 

high temperature, which allows for evaporation of the material positioned in the source.  

As the heating is done under vacuum the mean free path of the evaporated 

atoms/molecules is larger than the distance between the source and the substrate (which 

is placed about 5-50 cm above the source). The vapour condenses on the substrate (and 

walls of the evaporator chamber) to form a thin film. The thickness of the evaporated 

film is measured in situ by a deposition monitor placed next to the substrate. The 

deposition monitor is a crystal of quartz with a well-established resonance frequency. As 

the material is deposited on the crystal the resonance frequency changes, and it is possible 

to determine the thickness of the deposited film by knowing specific parameters of the 

evaporated material (density and Z-ratio).  

 

Drop casting is a very simple, solution based deposition method. A drop of the 

dissolved material is cast on the substrate, after which the solvent is evaporated. This 

technique usually gives films of low optical quality and very small area (typically 1-3 mm2); 

however due to its simplicity it is quite commonly used. There are a number of variations 

of this deposition technique. Two of them were used in this work.  Drop casting on a hot 

substrate is essentially the same as normal drop casting, and it can be used when there is a 

problem with the wetting of the substrate. The substrate is kept at a temperature close to 

the boiling point of the solvent, so that the solvent evaporates immediately and the drop 

does not have time to spread over the substrate. Another variation of drop casting is 
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double-drop casting, where a second drop of the solution is placed on the same place as 

the first drop directly after it has dried. This method is expected to improve the 

crystallinity of the deposited films, and it also improves the reproducibility of device 

performance significantly 22,28. 

Spin casting (also called spin coating) is another solution based deposition technique, 

which allows for production of thin films of good optical quality on substrates with an 

area ~1-1000 cm2. The substrate is mounted on a rotating holder. The solution is spread 

on top to cover the whole substrate and then the rotation starts. The centrifugal force 

removes most of the solution from the surface of the substrate leaving only a thin film. 

The thickness (and morphology) of the film can be controlled by the spinning 

parameters, i.e. the spinning speed, acceleration and time. An appropriate significant 

viscosity of the solution is important in the spin casting process. Spin coating is therefore 

most commonly used for the deposition of polymers, which usually form quite viscous 

solutions in contrast to small molecules. 

In order to avoid contact between the active material and the edge of the gate electrodes 

following spin casting, the latter were protected by 2mm wide stripes of Scotch Magic 

tape from 3M. The tape was removed after the spin casting.  

 

3.5. Deposition of electrodes  

The source and drain electrodes were deposited by thermal evaporation. In most cases, 

gold was used as the electrode material. The transistor channel was defined using a 

shadow mask based on copper wires of a desired thickness (20, 110, 150 µm). When a 

shorter transistor channel was desired, glass fibers with a thickness of 12 µm were used. 
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The wires were attached to the mask mechanically at the substrate side in order to 

improve the quality of the channel edges. 

3.6. Low temperature measurements 

Low temperature measurements were performed using a custom-built test cell (Linkam 

FDCS 196), with an externally fed liquid-nitrogen cooling head, a built-in heating circuit, 

and an external temperature controller TMS 93. The substrates were mounted on the 

cooling head using thermally conductive paste based on Al2O3 immersed in silicon oil in 

order to improve the thermal contact. 

 

3.7. Laser exposure   

The laser exposure of the active materials was performed in inert atmosphere (Ar or N2) 

using three different lasers depending on the active material and the particular 

experiment. The laser exposure of C60 was performed using a HeNe laser (λ = 633 nm) 

with a power intensity of ~2.6 mW/mm2 for 37 h. The exposure of drop-cast PCBM 

films was performed with an Ar-ion laser (λ = 488 nm) with an intensity of ~5 mW/mm2 

for 1 h. The exposure of the spin-cast PCBM films was performed with a green solid state 

laser (λ = 532 nm) with an intensity of ~20 mW/mm2 for 15 min. The exposure of the 

spin-cast PCBM/P3HT blend films was performed with a green solid state laser (λ = 532 

nm) with an intensity of ~20 mW/mm2 for 30 min.  
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4. Photo-transformation of C60 and the effects on the chemical 

structure and electronic properties 

4.1. Photo-transformation of C60  

One of the interesting properties of C60 is the possibility to form covalent bonds between 

molecules resulting in the formation of dimeric29,30, oligomeric and polymeric structures. 

There are different ways to obtain covalent bonding between fullerene molecules: high 

pressure and high temperature treatment31, high energy ball milling32 or laser-light 

irradiation33,34. Laser-light induced photo-polymerization of C60 molecules is especially 

interesting, as it does not require any additional chemicals like photo initiators, which is 

the case for most other materials forming photopolymers35. The photo-polymerization of 

fullerenes was first reported by Rao in 199333. Even though the photo-transformation of 

C60 is not complicated experimentally there are surprisingly few papers about this subject. 

 

When C60 is subjected to visible laser light it can undergo a photo-induced 

transformation, which is called [2+2] cycloaddition. Two sp2 double bonds on two 

neighbouring C60 molecules are excited by the laser light and form two sp3 bonds, which 

connect the molecules via two parallel single bonds. The reaction starts via the formation 

of dimers, as shown in fig. 4.1. A continued irradiation results in the formation of longer 

oligomers, as shown in fig 4.2. The final product of the laser irradiation is linear or 

branched polymeric chains. 

 

 Figure 4.1 Photo-induced dimerization of C60    

h!

[2 + 2]
+
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Figure 4.2 Photo induced linear chain formation of C60    

 

The photo-polymerization of C60 in bulk form is limited to the surface and to very low 

light intensities36, because heating effects can cause chemical destruction (or oxidation in 

the presence of oxygen). However, for C60 thin films deposited on substrates (with high 

thermal conductivity) this is not an issue, and high intensity laser light can be used which 

makes the photo-polymerization process more time efficient. 

 

4.2. Photo-transformation of C60 as probed by Raman spectroscopy 

The photo-transformed C60 does not differ visually from its pristine form, and in order to 

verify if the material was photo-polymerized some characterization method has to be 

used. The most commonly used technique to characterize polymeric forms of fullerenes 

is Raman spectroscopy37. C60 is a highly symmetric molecule with Ih symmetry and with 

ten Raman active modes. Eight of the modes have Hg symmetry and two have Ag 

symmetry. The strongest of them is the Ag(2) mode (also called the pentagonal pinch 

mode), which represents the symmetric stretching of the atoms forming the double 

bonds on the C60 cage.  In pristine C60, the Ag(2) mode is located at 1469 cm-1. The energy 

of this mode is very sensitive to the formation of additional covalent bonds. The 

formation of one new polymeric bond per C60 molecule downshifts the Ag(2) mode by 5 

cm-1, and for C60 dimers the Ag(2) mode is positioned at 1464 cm-1. The formation of a 

second polymeric bond results in a further Ag(2) mode downshift by 5 cm-1, and the Ag(2) 

. . . . . .
n h!

[2 + 2]



Andrzej Dzwilewski  

 27 

mode position for linear polymer chains is 1459 cm-1. Finally, branched C60 polymers, 

with three polymeric bonds per C60 molecule, exhibit an Ag(2) mode at 1454 cm-1. 

 

Figure 4.3 Raman spectra of pristine C60 (a), partially polymerized C60 (b), and “fully” polymerized C60 
(c) and (d). The spectra were recorded on a C60 film deposited on an FET substrate (a-c) or a transparent 
quartz substrate (d). The C60 films were exposed to laser light from the top. The probing Raman beam 
was incident from the top in (a) – (c), but incident from the bottom in (d). 
 

Fig 4.3 shows Raman spectra recorded on a pristine C60 film (a) and on photo-

polymerized C60 films (b-d). The C60 films were deposited on a FET substrate (a-c) or a 

transparent quartz substrate (d), and all of the films were exposed to laser light from the 

top. The probing Raman laser beam was also incident from the top in (a-c). In order to 

clarify if the C60 film was photo-polymerized throughout the whole volume (particularly 

relevant in the region close to the substrate that is the active region in transistors), the 

probing Raman laser beam was incident from the bottom, i.e. through the transparent 

quartz substrate, in (d). As expected the photo-transformation of C60 molecules is gradual, 

which can be seen in trace (b) where the monomer peak at 1469 cm-1 is accompanied by a 

polymer shoulder at 1458 cm-1
. Further irradiation results in a fully photo-polymerized C60 
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with the Ag(2) mode at 1458 cm-1 (c).  Trace (d) shows the Raman spectrum of the 

polymerized C60 recorded from the bottom through the transparent substrate. As can be 

seen there is no clear difference between spectra (c) and (d) which provide proof for that 

the photo-polymerization occurs throughout the entire film all the way from the top to 

the bottom. 

  

 

4.3. Field-effect transistors 

4.3.1. Transistors with pristine C60 as the active material 

In order to study the effects of the photo-induced transformation of C60 on its electronic 

properties we have fabricated FETs with C60 as the active material and studied them in 

both the pristine state and after laser light irradiation. Fig 4.4 presents typical 

characteristics of a top-contact FET with pristine C60 as the active material. 

 

Figure 4.4 Transfer characteristics with source-drain bias +50V (a), and output characteristics with gate 
voltage values ranging from 0 V (bottom trace) to +60 V (top trace) (b) of an FET with pristine C60 as 
the active material. The inset in (a) presents the linear fit of the square root of the drain current vs. gate 
voltage, which was used to extract values for the mobility and the threshold voltage. 
 

In the transfer characteristic in fig 4.4(a), the drain current increases monotonously when 

the gate voltage becomes increasingly positive. In the output characteristics in fig 4.4(b), 

one can observe the three typical transistor regimes: first a linear increase of the drain 

current with increasing drain voltage, then pinch off, and finally saturation. It is clear 
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from the measured FET characteristics that C60 is a solely n-type active material, meaning 

that there are only mobile electrons in the transistor channel.   

 

 

Figure 4.5 Temperature dependence of the electron mobility of C60 as extracted from FET data (a) and 
the same data presented in Arrhenius plot (b) 

 

The pristine C60 transistors were characterized over a temperature range of 110 to 300K 

with 10K steps. The extracted mobility values, using Eq. (2.1), are presented in fig. 4.5. As 

one can see in fig. 4.5(b) the electron mobility of C60 obeys Arrhenius law      

                 (4.1)  

where µn represents the electron mobility, µ0 is a preexponential factor, Ea is the 

activation energy for electron transport, kB (=1.38 x 10−23 J/K) is the Boltzmann constant, 

and T is the temperature. By fitting equation 4.1 to the experimental data, as shown by 

the dashed line in fig.4.5(b), we obtain the following results: µ0=3.3 cm2/Vs, Ea=0.10 eV. 

 

The nonlinear behaviour around 260K (see fig 4.5b) can be explained by the presence of 

an ordering transition of C60 at this temperature38. During cooling of a single crystal of 

C60, a molecular rotational motion is observed to freeze in at 260 K38. However, since the 

C60 thin films studied here definitely not are in the form of single crystals, the transition 
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point can be expected to be smeared out over a range of temperature, as is indeed 

observed.   

 

Figure 4.6 Temperature dependence of the threshold voltage in pristine C60 field effect transistors.   

 

Fig. 4.6 presents the temperature dependence of the threshold voltage. There is a strong 

negative dependence of the threshold voltage on temperature, which suggests the 

existence of localized trap states. Moreover, these trap states are shallow, so that thermal 

energies on the level of kBT (equal to tens of meV) are sufficient to excite electrons from 

a trap state to a delocalized transport state. 

 

4.3.2. Transistors with polymerized C60 as the active material 

After the initial FET characterization the C60 film was subjected to laser light irradiation 

for 37 hours under inert (Ar) atmosphere using a HeNe laser (633 nm) with a power 

intensity of ~2.6 mW/mm2 at the film surface. The schematic idea of the laser light 

treatment is shown in fig. 4.7. 
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Figure 4.7 Schematic representation of the laser light treatment of the C60 active material in the 
transistor. 

After the laser irradiation the transistors were kept at room temperature for 1h to allow 

the C60 active material and the substrate to cool down from the possible temperature 

increase during the laser treatment. The transfer data for an FET before and after the C60 

active material had been exposed to laser light is shown in fig. 4.8. 

 

Figure 4.8 Transfer characteristics of a field effect transistor with C60 as the active material in its pristine 
state () and after laser irradiation (). 

It can be seen from a comparison of the transfer characteristics measured before and 

after irradiation in Fig. 4.8 that the effect of the light treatment on the transport 

Gate (p-Si) 
Gate dielectric (SiO2) 
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Source (Au)  Drain (Au)  
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properties of C60 is not strong. The room temperature electron mobility values (calculated 

in the saturation regime using eq. 2.1) are as follows: 0.074 cm2/Vs for pristine C60 and 

0.068 cm2/Vs for photo-transformed C60. The calculated threshold voltage values at room 

temperature are: VTH = 19 V and VTH = 16 V for pristine and irradiated C60, respectively.   

 

 

Temperature-dependent electron mobility in photo-polymerized C60   

    

Fig 4.9 Temperature dependence of the electron mobility in pristine () and photo-polymerized () C60 
field effect transistors (a) and the same data presented in an Arrhenius plot (b) 

 

Fig 4.9 presents the temperature dependency of the electron mobility for pristine and 

photo-polymerized C60 films. The electron mobility is observed to obey the Arrhenius law 

(see Fig. 4.9b) relatively well in both cases; however, the activation energy for electron 

transport is slightly lower in photo-polymerized C60 (Ea=0.09 eV) in comparison to 

pristine C60 (Ea=0.10 eV).  
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Figure 4.10 Temperature dependence of the threshold voltage in pristine () and photo-polymerized () 
C60 field-effect transistors.   
 

Figure 4.10 presents a comparison of the threshold voltage at different temperatures in 

pristine and photo-polymerized C60 field-effect transistors. As can be seen, the general 

trend is that the threshold voltage in photo-polymerized C60 is lower over the whole 

measured temperature range. 

 

The general conclusions from the above study are that the effects of photo-

polymerization of C60 on its electronic properties are rather minor, as we, for instance, 

only observe a slight decrease in mobility and threshold voltage following polymerization. 

However, as will be demonstrated in the following chapters, the combination of a 

preserved electronic capacity and a lowered solubility following polymerization can be 

useful for the patterning and optimization of field-effect transistors. Moreover, it is 

further possible that the formation of long polymer C60 chains can result in a morphology 

stabilization, which could be useful in other applications where C60-based materials are 

used, notably solar cells.  
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5. Photo-dimerization of PCBM and the demonstration of a resist-

free photolithography method 

Active materials in organic electronic devices should preferably be solution processible, 

which is difficult to accomplish with low-solubility C60. This problem was solved by the 

synthesis of derivatives of C60 with a high solubility in common organic solvents. The 

most commonly used soluble derivative of C60 is [6,6]-phenyl-C61-butyric acid methyl 

ester (PCBM), and its chemical structure is presented in Fig. 3.5(b). PCBM can, in 

contrast to C60, be deposited from solution and form thin films via drop-casting or spin-

casting methods. Similarly to C60 PCBM is an n-type semiconductor conducting electrons. 

The mobility values achieved in PCBM films are comparable to those measured in 

thermally evaporated C60 films39. PCBM is a commercially available chemical compound 

and it is widely used as the active material in field-effect transistors and bulk hetero-

junction solar cells. 

5.1. Photo-transformation of PCBM 

In the previous chapter, it was shown that C60 can polymerize under laser light irradiation, 

and that the polymerized C60 only exhibits slightly changed electronic properties in 

comparison to the pristine C60 material. We therefore found it interesting to check if also 

PCBM is able to form new chemical structures under laser-light treatment, and, if so, 

what the effects on the electronic properties are. 
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Figure 5.1 Raman spectra of pristine C60 (top trace), fully photopolymerized C60 (second trace), pristine 
PCBM (third trace), and photo-transformed PCBM (bottom trace). 

 

Figure 5.1 presents Raman spectra of pristine C60 (top trace), fully photo-polymerized C60 

(second trace), pristine PCBM (third trace), and laser-exposed PCBM (bottom trace). As 

mentioned in section 4.2, the Ag(2) mode is a convenient probe of chemical changes of 

the C60 cage, as it is found to downshift with ~5 cm-1/new chemical bond per C60 

molecule. This well-established trend is visualized in Fig. 5.1 by a comparison between 

the pristine C60 spectrum (top trace, Ag(2) mode at 1468 cm-1) and the fully photo-

polymerized C60 spectrum with two chemical bonds per C60 molecule (second trace from 

top, dominant Ag(2) mode at 1459 cm-1). We find that the Ag(2) is downshifted from 1468 

cm-1 in pristine C60 to 1465 cm-1 in pristine PCBM (third trace from top), which is 

consistent with the existence of a side group in PCBM with one chemical bond to the C60 

cage. After laser-light treatment, the Ag(2) mode of PCBM downshifts to 1460 cm-1 (third 

trace from top), i.e. by 5 cm-1 in comparison to pristine PCBM, which indicates the 

formation of one new chemical connection between different PCBM molecules. Thus, we 

conclude that PCBM molecules can connect chemically and form PCBM dimers under 

laser light illumination, as shown in the schematic in figure 5.2. 
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Figure 5.2 Proposed dimerization reaction during laser exposure of PCBM. 

 

Figure 5.3 Transfer characteristic of a field-effect transistor with pristine () and photo-transformed () 
PCBM as the active material.  

 

Fig 5.3 presents the transfer characteristics of a field-effect transistor with pristine and 

photo-transformed PCBM as the active material. A slight decrease of the source-drain 

current can be observed after the laser treatment. The formation of dimeric structure of 

PCBM molecules has one important physical consequence - the solubility of the material 

in organic solvents becomes significantly lower in comparison to the pristine material.  

This observation inspired us to develop a novel lithographic method for the patterning of 

PCBM films. The schematic idea of the patterning process is shown in fig 5.4  

!
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5.2. Pattering of PCBM  

 

Figure 5.4 Schematic of the patterning process showing a pristine PCBM film (a), the laser-light exposure 
through a (black) shadow mask (b), the development via immersion in a tuned developer solution (c), and 
the resulting pattern of an electronically active PCBM film. The chemical structure of PCBM is shown in 
the upper left corner. 

 

The PCBM film is first subjected to green laser-light exposure through a shadow mask 

for about 30 min; this exposure defines the desired pattern. After the irradiation, the 

PCBM film is immersed into a solution comprising a carefully tuned mixture of polar and 

non-polar solvents. In this study, we employed a mixture of acetone (the polar solvent) 

and chloroform (the non-polar solvent). Since the photo-exposed PCBM is less soluble 

than the non-exposed PCBM in the developer solution, it is possible to selectively 

remove the latter and attain a remaining PCBM pattern corresponding to the exposed 

areas. 
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Figure 5.5 Substrate with four field-effect transistor with a pristine PCBM as the common active material 
(a). The same substrate after the PCBM film had been patterned with the outlined patterning technique 
(b). 

 

The demonstrated patterning of PCBM films can be used for the efficient fabrication of 

field-effect transistors.  Fig. 5.5(a) shows a photograph of a set of transistors with a film 

of PCBM as the common active material, and Fig. 5.5(b) shows the same set of 

transistors after they had been patterned with the technique outlined in Fig. 5.4. In 

addition, a Umeå University logo was patterned in the area between the transistors. 

 

 

Figure 5.6 Output characteristics of the transistor A in the pristine state (a) and after development (b), 
output characteristics of the transistor B in the pristine state (c), after laser light exposure (d) and 
developed (e)   

(indicative of very small contact resistances between the
electrodes and the active material)34 and a well-defined satura-
tion of the drain current when the drain voltage exceeds the
gate voltage.
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Figure 5. (a) Photograph of a spin-cast PCBM film deposited on a SiO2/p-Si substrate, on top of which four pairs of source-drain electrodes are fabricated.
The electrode pairs define a 2 ! 2 array of FETs. (b) Result of the PRI patterning process applied to the PCBM thin film. The employed mask for the
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with a “strong” solvent that removed also the exposed PCBM material. (d) Magnification of the three reindeer heads. (e) Magnification of one reindeer head.
(f) Output characteristics of a patterned-PCBM FET. (g) Comparison of the gate-leakage current in the same FET before (O) and after (9) the patterning
process.
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Two of the transistors in Fig. 5.5, indicated as A and B, were characterized during the 

patterning process. Figs. 5.6 (a) and (c) present the output characteristics of A and B, 

respectively, in the pristine state. Fig. 5.6 (b) presents the output characteristics of 

transistor A, after the PCBM material had been solution developed without a preceding 

laser exposure. Figs. 5.6(d) and (e) present the output characteristics of transistor B 

following exposure and the subsequent development, respectively. The transistors 

containing patterned (i.e. exposed and developed) PCBM were fully functional, as shown 

by the high source-drain current value in the patterned transistor B in Fig 5.6(e). The 

transistors containing the non-exposed and developed PCBM material, on the other 

hand, exhibited zero source-drain current (see transistor B in Fig. 5.6b), as expected 

considering that the PCBM active material was removed by the development process (see 

Fig. 5.5b). Thus, it is clear that it is possible to pattern the active material in a selective 

manner without significant losses to the transport properties of PCBM. 

 

 

 
 
 



Andrzej Dzwilewski  

 41 

 

6. Lithography as a tool to change type of transport  

In order to fabricate efficient complementary circuits it is necessary to have access to 

both n-type and p-type transistors40-42. In the previous chapter a relatively easy and 

straightforward method to pattern n-type active materials, specifically fullerenes, for use 

in organic field-effect transistors was demonstrated. The natural next step would be to 

extend the patterning method to include the effective patterning of p-type materials as 

well, which would allow for the fabrication of fully functional complementary CMOS 

circuits. The idea of the photo-induced and resist-free imprint patterning method is 

presented in Fig 6.1.  

 

Figure 6.1 Schematic presenting the key steps in the photo-induced and resist-free imprint patterning 
technique, as exploited herein. (a)  2×1 array of field-effect transistors with a pristine active material film 
comprising a binary blend of a p-type conjugated polymer and an n-type fullerene. The two transistors are 
termed T1 and T2. (b) Transistor T1 is irradiated by laser light during the exposure step. (c) Both 
transistors are immersed into a solution during the development step. (d) The end result of the patterning 
is that both components in the active material remain in the channel of the exposed and developed 
transistor T1, while only the conjugated polymer remains in the channel of the developed transistor T2 
(and the rest of the non-exposed regions of the blend film). 
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The sample presented in Fig 6.1(a) consists of two transistors T1 and T2 with the same 

active material film in the form of a blend of two components. The majority component 

in the blend is the n-type electron transporting PCBM and the minority component is the 

p-type hole conducting P3HT (for chemical structures, see Figs. 3.5b and 3.5c). The 

relative mass ratio of the two components, PCBM:P3HT = 3:1, was selected to make the 

active material blend primarily n-type. The transistors with the pristine active material 

blend, as shown in Fig 6.1(a), are also primarily n-type as shown in Fig. 6.2 (and Fig. 

6.4a). The transfer characteristics in Fig. 6.2a exhibit a clear increase of the source-drain 

current with increasing positive gate voltage, and the output characteristics in Fig. 6.2(b) 

exhibit the three typical regimes (linear, pinch off, and saturation) in the first quadrant, as 

is typical for an n-type transistor.   

 
Figure 6.2.(a) Transfer characteristics and (b) output characteristics for a field-effect transistor with a 
pristine blend of PCBM:P3HT (mass ratio 3:1) as the active material. 
 

The next step in the patterning procedure, as presented in Fig. 6.1(b), is to expose the 

active material in one of the transistors (T1) to laser light, which is expected to dimerize 

the PCBM molecules and to make them less soluble. The transfer data after the exposure 

are presented in Fig. 6.3(a), and we find that the transistor remains n-type and that the 

source-drain currents in comparison to the transistor with the pristine blend material 

decreases somewhat.  
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Fig. 6.1(c) shows the second step of the patterning process, namely development by 

immersion of the entire substrate with both transistors in a carefully tuned developer 

solution comprising a mixture of chloroform and acetone in a (1:7) volume ratio. After 

the devolvement the laser exposed transistor T1 is still a fully functional n-type device, as 

clearly seen in the transfer characteristics presented in Fig 6.3(b).   

 

Figure 6.3 Transfer characteristics for a field-effect transistor T1 after laser light exposure (a) and after 
development (b)  

 

However, the second transistor T2, which was not exposed to the laser light, changes 

drastically during the development step, as it is transformed from being n-type to 

becoming purely p-type. The transfer and output characteristics of T2 following 

development are presented in Figs. 6.4(b) and (c), respectively, while Fig. 6.4(a) for 

comparison presents the transfer characteristics of the same device in the pristine state. 

The transfer characteristics in Fig 6.4(b) shows a clear increase of the (absolute value of 

the) source-drain current with an increasing negative gate voltage, as expected from a p-

type device. The output characteristics in Fig 6.4(c) present well-behaved linear and 

saturation regimes in the third quadrant, again as expected from a p-type device. 

Accordingly, it is clear that transistor T2 changed from being primarily n-type in the 

pristine state to become purely p-type after the development.  
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Figure 6.4.(a) Transfer characteristics of transistor T2 with a pristine blend of PCBM:P3HT (mass 
ratio 3:1) as the active material. (b) Transfer characteristics and (c) output characteristics recorded on the 
same transistor T2 after the active material had been developed without any preceding exposure to laser 
light. 
 
 

The above observations indicate that it is possible, and relatively straightforward, to 

obtain two different types of transistors from the same active material blend on the same 

substrate by the presented two-step patterning process. The two patterned transistors T1 

and T2 can in fact be used to build a complementary circuit in the form of an inverter. As 

shown in the inset of Fig. 6.5 (c), the inverter circuit is designed so that the two 

transistors T1 and T2 share two electrodes – the gate and the drain.  The common gate 

electrode works as the input terminal, the common drain electrode is the output terminal, 

while the source of transistor T2 is connected to a supply voltage VDD=+20V and the 

source of transistor T1 is grounded. The actual realization of the inverter circuit was 

executed in accordance with the schematic presented in Fig. 6.1. A photograph of the 

pristine blend film is presented in Fig. 6.5(a), and a photograph of the final patterned 

blend film is presented in Fig. 6.5(b). The two transistors T1 and T2 were then connected 

in accordance with the schematic in Fig. 6.5(c) in order to realize the inverter43-45. 
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Figure 6.5 (a) Photograph of a substrate comprising two transistors T1 and T2, which utilize the same 
(green) pristine PCBM:P3HT film as the active material. (b) Photograph of the same substrate after the 
selective laser-light exposure of the film region including and surrounding the channel of transistor T1, and 
the subsequent development of the entire film. (c) The transfer characteristics and the gain of a CMOS 
inverter fabricated from the transistors T1 and T2 in (b) in accordance with the schematic in the inset.  
 

Fig 6.5(c) shows the transfer characteristics of the obtained inverter. For low input 

voltages ranging from 0V to ~8V the output signal is high at ~19 V, which as desired is 

close to the VDD . When the input voltage is further increased there is a sharp transition at 

~10V from the high state to a low state of 0V. A further increase of the input voltage 

does not change the output signal, which remains low. The right axis in Fig 6.5(c) shows 

the gain, which is the derivative of the output signal with respect to the input signal. The 

measured high gain value of ~35 compares favourably with previously presented results 

on organic inverter stages in the literature43,45,46.  
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7. Conclusions 
 

In this thesis work, we demonstrate that it is possible to photochemically modify the 

fullerene materials C60 and PCBM via exposure to laser light, and that the exposed 

fullerenes retain their attractive electronic properties. We further find that the solubility of 

the exposed and photo-chemically modified fullerene material is drastically lowered in 

common organic solvents. This interesting combination of material properties inspired us 

to design and develop a novel and straightforward photo-induced and resist-free 

patterning technique, which solely encompasses two steps: exposure to laser light and 

development by immersion in a developer solution. 

We have applied the patterning technique on a solution-deposited thin film of PCBM, 

and we are able to create well-defined patterned structures with a feature size of ~10 µm. 

The appropritely patterned PCBM structures were then utilized for the fabrication of an 

array of n-type field-effect transistors, which were demonstrated to function very 

satisfactorily. Finally, we have also been able to expand the capacity of the technique to 

ecompass the effient fabrication of so-called organic CMOS circuits, comprising a 

combination of p-type and n-type field-effect transistors. Here, we have been able to 

qualify our technique via the realiztion of organic inverter stages with very good 

performance. 
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