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Abstract 

The functionality and application of organic semiconductors are largely 

dependent on their constituent structure and morphology. This thesis 

presents a number of functional and novel approaches for the control and 

tuning of structural and morphological features of a variety of organic 

semiconductor materials, and also demonstrates that these approaches can 

be utilized for improved device operation of field-effect transistors, 

organic solar cells and light-emitting electrochemical cells. 

The fullerene family is a particular group of closed-cage organic 

semiconductors, which can be photochemically coupled into larger 

dimeric or polymeric structures through the excitation of the fullerene 

molecules by light emission. In Paper I, we perform a detailed 

experimental and analytical investigation, which demonstrates that this 

photochemical monomer-to-dimer transformation requires that both 

constituent fullerene molecules are photoexcited. The direct consequence 

is that the initial probability for the photochemical transformation is 

dependent on the square of the light-emission intensity. 

The photochemical coupling of fullerene molecules commonly results 

in a distinctly lowered solubility in common hydrophobic solvents, which 

can be utilized for the direct patterning of fullerene films by resist-free 

lithography. In Paper II, we utilize this patterning opportunity for the 

fabrication of one-dimensional fullerene nano-stripes using two-beam 

laser interference lithography. A desired high contrast between the 

patterned and non-patterned fullerene regions is facilitated by the non-

linear response of the photochemical transformation process, as predicted 

by the findings in Paper I. The patterned fullerene nano-stripes were 

utilized as the active material in field-effect transistors, which featured 

high electron mobility and large on-off ratio. 

This patterning was in Paper III extended into easy tunable two-

dimensional fullerene structures by the design and development of an 

exposure setup, essentially comprising a laser and a spatial light 

modulator featuring >8 millions of independently controlled mirrors. With 

this approach, we could fabricate well-defined fullerene microdots over a 

several square-millimeter sized area, which was utilized as an internal out-

coupling layer in a light-emitting electrochemical cell with significantly 

enhanced light output. 
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Paper IV reports on the development of a new “spray-sintering” 

method for the cost-efficient solution-based deposition of the active 

material in light-emitting electrochemical cells. This carefully designed 

approach effectively resolves the issue with phase separation between the 

hydrophobic organic semiconductor and the hydrophilic electrolyte that 

results in a sub-par LEC performance, and also allows for the direct 

fabrication of LEC devices onto complex surfaces, including a stainless-

steel fork. 

Paper V finally reports on the design and synthesis of a soluble small 

molecule, featuring a donor-acceptor-donor configuration. It acts as the 

donor when combined with a soluble fullerene acceptor in the active 

material of organic solar cells, and such devices with optimized 

donor/acceptor nanomorphology feature a high open-circuit voltage of 

~1.0 V during solar illumination. 
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Abbreviations 

AFM Atomic force microscopy 

BS Beam splitter 

CG Gate capacitance 

EL Electroluminescence 

EQE External quantum efficiency 

fcc Face-centered cubic 

FET Field effect transistor 

HOMO Highest occupied molecular orbital 

ITO Indium tin oxide 

JSC Short circuit current 

LEC Light-emitting electrochemical cell 

LUMO Lowest unoccupied molecular orbital 

MPP Maximum power point 

OLED Organic light-emitting diode 

OPV Organic photovoltaic 

PCBM [6,6]-phenyl-C61-butyric acid methyl ester 

PCE Power conversion efficiency 

SEM Scanning electron microscopy 

SLM Spatial light modulator 

ULWD Ultra long working distance 

UV Ultraviolet 

VDS Drain-source voltage 

VGS Gate-source voltage 

VOC Open circuit voltage 

VT Threshold voltage 

μ Mobility 
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Enkel sammanfattning på svenska 

Struktur och morfologi är kritiska parametrar som kraftigt påverkar 

funktion och tillämpningsmöjligheter för organiska halvledare. Denna 

avhandling presenterar ett antal nydanande metoder för att skapa och 

kontrollera en designad struktur och morfologi hos olika organiska 

halvledarmaterial, och funktionen hos de presenterade metoderna är 

demonstrerad genom utveckling av halvledarkomponenter, som 

transistorer, solceller och ljusemitterande elektrokemiska celler. 

 Fullerener är en speciell grupp av slutna organiska halvledar-

molekyler, varav den mest kända är C60 med en kemisk struktur som 

påminner om en fotboll.  Fullerenmolekyler kan kovalent kopplas 

samman till större dimer- och polymerstrukturer via excitation med 

ljusenergi. Artikel I presenterar en experimentell och analytisk studie som 

visar att båda de ingående fullerenmolekylerna måste vara ljusexciterade 

för att de ska koppla samman till en dimer. En direkt konsekvens av denna 

insikt är att sannolikheten för dimerformation är proportionell mot det 

exciterande ljusets intensitet i kvadrat. 

 Den ljusexponerade fullerendimeren är i princip olöslig i 

lösningsmedel som enkelt löser upp den ickeexponerade och ”fria” 

fullerenen. Detta möjliggör för att en fullerenfilm kan mönstras med en 

spatialt selektiv ljusexponering följd av en framkallning i ett lösnings-

medel. Intressant nog bibehålls fullerenens halvledaregenskaper efter 

mönstringen, vilket gör att den mönstrade fullerenfilmen kan användas 

som en elektroniskt aktiv komponent i halvledartillämpningar. Artikel II 

visar hur två interfererande laserstrålar kan användas för skapandet av 

nanometerbreda fullerenband, som sedan används som det aktiva 

materialet i välfungerande organiska transistorer. Demonstrationen i 

Artikel I att den fotokemiska fullerentransformationen är proportionell 

mot kvadraten på det exciterande ljusets intensitet gör att skärpan hos de 

mönstrade fullerenbanden är hög. 

 Artikel III påvisar hur detta koncept kan utvidgas till att skapa enkelt 

modifierade och högupplösta fullerenmönster i två dimensioner. För 

ändamålet designade vi en avancerad ljusexponeringsuppställning 

inkluderande en “spatial light modulator”, som består av >8 miljoner 

digitalt kontrollerade pixlar. Med denna sofistikerade uppställning kan vi 

enkelt skapa önskade fullerenmönster, och ett sådant periodiskt mönster 
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användes för att öka emissionen från en ljusemitterande elektrokemisk 

cell. 

 Artikel IV presenterar en lösningsbaserad tillverkningsmetod kallad 

”spray-sintring”, som är designad för att skapa en funktionell morfologi 

hos det aktiva materialet i ljusemitterande elektrokemiska celler. Vi visar 

vidare att spray-sintring möjliggör för homogen ljusemission från stora 

plana ytor, och för tillverkning av en emissionskomponent direkt på 

komplexa och krökta ytor, specifikt exemplifierat med demonstrationen 

av en lysande gaffel. 

 Artikel V, slutligen, rapporterar design och syntes av en tredelad 

organisk halvledarmolekyl. Denna väldesignade molekyl fungerar som en 

elektrondonator när den kombineras med en fullerenacceptor i det aktiva 

lagret i en organisk solcell, och sådana komponenter med optimerad 

donator/acceptor nanomorfologi leverar en hög maxspänning på 1.0 V 

under belysning av solljus.  
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Introduction 

The development of inorganic semiconductors and related devices has 

paved the way for the modern information society. More recently,1, 2 

organic semiconductors have emerged as an interesting alternative, with 

one of the early breakthroughs in the field being the demonstration of 

doping-induced metallic-like conductivity of semiconducting conjugated 

polymers in 1977.3 

Today, a plethora of organic semiconductor materials and organic 

electronic devices have been developed, and in particular the organic light-

emitting diode (OLED) has reached the consumer market in the form of a 

high-end display technology. Novel concepts, including the double-

doping strategy addressing the relatively low mobility of organic 

semiconductors,4 and multi-disciplinary approaches such as material 

design aided by the emergent field of machine learning,5, 6 promise to pave 

the way for the commercialization of other organic electronic devices 

within a near future. 

Well-functioning organic electronic devices are projected to offer 

comfort and amusement at a lower economic and environmental cost than 

conventional inorganic electronics. Organic electronics can also provide 

features that inorganic electronics can not simply match, for example 

bendable7-9 and stretchable devices,10, 11 heterogenic mixtures of several 

materials for new functions,12 smooth and trap-free interfaces13, 14 and bio-

compatibility15-17. 
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1. The photochemical transformation of 

fullerenes 

1.1. Fullerenes 

Fullerenes are carbon-based, hollow, close-cage molecules with a sphere-

like appearance. Each carbon atom connects to three nearest carbon 

neighbors with σ-bonds, directed along the curved surface, but it also 

contributes with one electron to a conjugated π-orbital system stretching 

both the exterior and interior of the entire fullerene molecule.  

 

Figure 1.1. (a) The highly symmetric C60 fullerene comprises 60 identically 

bonded carbon atoms. The double bonds, one for each carbon atom, are 

omitted for visual clarity. (b) The PCBM fullerene is a commonly used C60 

derivative, which exhibits attractive properties such as good solubility in 

many common solvents. 

The C60 fullerene, shown in Figure 1.1 (a), is something as unusual as a 

complex molecule being famous to a broad, non-scientific public, 

presumably due to its aesthetics and structural resemblance to a soccer 

ball. It is the most stable and abundant representative of the fullerenes and 

is represented naturally in, for example, the soot from a fire. It was, 

together with its larger cousin C70, first identified by Smalley, Kroto, and 

Curl in 198518 and their report of its existence stimulated an intense 

activity. C60 was shown to be a semiconductor allowing for both 

endohedral and exohedral doping19, 20 and to possess a remarkable 

structural stability.21, 22 During the following years an enthusiastic research 

community demonstrated the ability of fullerenes to undergo a very broad 
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range of chemical and physical manipulations in order to attain exciting 

properties such as molecular ferromagnetism23 and superconductivity.24-26 

The ability of fullerenes to accept electrons into a notably low LUMO 

level27-29 rendered fullerene materials highly interesting for a number of 

organic electronic devices, particularly organic photovoltaics. Efficient 

synthesis methods of fullerenes were developed a few years after the first 

experimental identification of the C60 molecule,30-32 and the following 

decades many functional devices, including transistors,33 

photoconductors34 and organic oscillators,35 were realized. The largest 

number of published papers, starting with the work of Yu et al. in 1995,36 

has employed fullerenes as an electron acceptor and transporter in organic 

photovoltaics.  

 

Figure 1.2. (a) A photon is exciting a fullerene molecule from the ground 

state S0 to an excited singlet state Sn, from which it quickly decays to the first 

excited singlet state, S1. The subsequent transfer to the first triplet state T1 is 

very rapid and much more probable than the decay back to the ground 

state, which is why in (b) the reaction is described as being conducted in 

one step. (c) The triplet state is long-lived and allows for a breaking of a 
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double bond, which eventually can result in a dimerization reaction with a 

nearby fullerene molecule via 2+2-cycloaddition. 

1.1.1. Photochemical transformation of fullerenes 

 

The chemical reactivity of fullerenes is demonstrated by the intermolecular 

reaction between two neighboring C60 molecules, which during exposure 

to high pressure37 or strong light,38 can pair up into a dimer. A C60 molecule 

will after excitation to its first singlet state rapidly relax to the energetically 

close and long-lived first triplet state,39 from which a 2+2-cycloaddition 

reaction can take place with another C60 molecule.40 The photo-excited 2+2-

cycloaddition reaction is schematically depicted in Figure 1.2 (a-c), and it 

comprises the concerted breaking of two nearby intramolecular π bonds 

on two neighboring C60 molecules that re-join into two intermolecular 

sigma bonds, resulting in a four-membered ring that chemically links the 

two C60 molecules together. 

With time, larger polymeric structures can grow by additional 

intermolecular reactions.41-43 The photochemical reactions are referred to 

as photodimerization, photooligomerization or photopolymerization, 

depending on the size of the obtained product. The investigation of this 

photochemical transformation of fullerenes, and how it can be exploited 

for different purposes and applications, are the subjects for the appended 

publications I-III; the corresponding results will be discussed in detail in 

the first three chapters of the thesis. 

1.1.2. PCBM – a soluble fullerene derivative 

C60 is poorly soluble in most common solvents,44-46 and in order to allow 

for cost-effective and scalable solution-based fabrication in electronic 

devices, it requires functionalization. Figure 1.1 (b) shows such a 

functionalized C60 derivative, [6,6]-phenyl-C61-butyric acid methyl ester 

(PCBM), which is readily soluble in high concentration in common 

solvents such as chloroform or chlorobenzene. 

PCBM can accordingly be fabricated into uniform thin films by 

solution-based methods, such as spin-coating, dip-coating or spray-

coating, while high quality C60 films are fabricated by thermal evaporation 

under high vacuum. PCBM can also react photochemically to form 

intermolecular bonds, but while the more symmetric C60 can form larger 
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two- or three-dimensional polymer structures,47 PCBM mainly forms 

dimers, presumably due to the blocking character of the solubilizing side 

chain attached to the fullerene core.48 From now on (if nothing else is 

specifically stated) the photochemical transformation will be referred to as 

“polymerization” in regards to C60 and as “dimerization” in regards to 

PCBM. 

 

Figure 1.3. (a) A monomeric fullerene film on a substrate is partly exposed 

to intense light (by the use of a shadow mask), so that the exposed fullerene 

is photochemically transformed into a dimer/polymer state. (b) The 

fullerene film is immersed into a development solution, which selectively 

dissolves the non-exposed monomeric fullerene. (c) After development, 

only the exposed and dimerized/polymerized portion of the fullerene film 

is left on the substrate. 

1.1.3. Patterning of semiconducting fullerene films 

The photochemical coupling of fullerene molecules commonly results in a 

distinctly lowered solubility in common hydrophobic solvents, which can 

be utilized for the direct patterning of fullerene films by resist-free 

lithography, as schematically depicted in Figure 1.3. A select area of the 

fullerene film is exposed to light (by the use of, e.g., a shadow mask), which 

transforms it into a non-soluble dimer/polymer state (Figure 1.3 (a)). The 

fullerene film is thereafter immersed into development solution (Figure 1.3 

(b)), which selectively removes the non-exposed fullerene monomers, so 

that a pattern comprising the exposed fullerene dimers/polymers remain 

on the substrate (Figure 1.3 (c)). 

Interestingly, Dzwilewski et al. found that the electronic properties of 

the patterned fullerene film can be retained after this exposure and 

development process.48, 49 This implies that the fullerene film can function 

as a novel negative photoresist material with electronic function. 
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This exposure/development patterning method has been successfully 

exploited for the facile fabrication of a variety of functional electronic 

devices, such as field-effect transistors,50 oscillators,51 and complementary 

p- and n-type transistor (CMOS) circuits.52 The latter work also 

demonstrated that the exposure/development patterning process can be 

executed when the fullerene is mixed with another semiconducting 

material, without harming the electronic function of the second 

semiconductor. 

1.2. Investigation of the photochemical reaction 

In order to better understand the nature of the photochemical 

transformation of fullerenes, we have conducted a series of systematic 

light exposure/ development experiments (see Paper I). PCBM was chosen 

over C60, since the photochemical transformation of PCBM primarily 

results in dimers, while C60 can form a variety of oligomers and polymers, 

and the limitation to a single reaction product greatly reduces the 

complexity of the analysis. 

PCBM was spin-coated on silicon wafer substrates, and the thickness of 

the pristine dry PCBM films was measured to be ~100 nm. Different 

degrees of dimerization were induced by exposing the PCBM films to UV 

light (λpeak=365 nm) with different exposure intensity for a variety of 

exposure times. After the exposure, the non-transformed fullerene 

material was dissolved in a development solution and washed away. The 

material left on the substrate was assumed to consist solely of dimers, 

which resulted in that the developed film thickness corresponded to the 

fraction of dimerization, as illustrated in Figure 1.4. 

 

Figure 1.4. A schematic of the procedure for translation of the normalized 

exposed PCBM film thickness to the dimerized PCBM fraction. 
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1.2.1. Dimerization fraction in terms of thickness 

The quantitative stringency of this procedure depends on the invariability 

of the bulk density before and after dimerization. At room temperature 

and atmospheric pressure C60 crystallizes in a face-centered cubic lattice 

with an intermolecular distance of approximately 10 Å,32, 53 but we note 

that the distance between two C60 molecules is reported to decrease 

following dimerization.54-57 However, the bulk density of a C60 dimer film 

is reported to be essentially the same as its monomeric counterpart,58 and 

the mean intermolecular distance in the bulk is effectively unaffected also 

by further polymerization of C60.59, 60 Similarly, within the accuracy of our 

measurements, we could not observe any change in the PCBM film 

thickness upon complete dimerization and a subsequent development. 

1.2.2. Dimerization as a function of intensity and dose 

For the light exposure step, the exposure time was varied so that each of 

the investigated light exposure intensities produced dimerization fractions 

ranging from zero to essentially complete dimerization at the maximum 

exposure dose. The exposure dose corresponds to the product of the light 

exposure intensity and time, and it is thus proportional to the number of 

UV photons incident on the PCBM film. 

Figure 1.5 (a) shows the fraction of PCBM dimerization as a function of 

the exposure dose for four different exposure intensities. Interestingly, our 

experimental data demonstrate that the dimerization fraction is dependent 

on the exposure intensity, in that a higher intensity produces a larger 

dimer fraction than a lower intensity at the same exposure dose. This 

observation is visualized in Figure 1.5 (b): The same number of photons 

results in a higher dimer fraction when delivered simultaneously than 

when delivered one by one. 
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Figure 1.5. (a) The PCBM dimerization fraction as a function of the exposure 

dose, i.e. the product of the light intensity and the light exposure. The 

dashed line at 50% dimerization fraction is a guide to the eye. (b) The 

illuminated fullerene films at the top illustrate two cases: the low-intensity 

illumination (left) produces a relatively low dimer fraction (thin film 

thickness), while the high-intensity illumination produces a high dimer 

fraction (thick film thickness). Note that both samples had been exposed to 

the same dose (number of photons). 

1.2.3. Unexpected inefficiency of dimerization 

An excellent pioneering work on the mechanism of C60 photodimerization 

was developed by Eklund and his group.38 They proposed that the 

dimerization reaction took place between a photo-excited monomer in the 

triplet state ( M 
3 ∗) and a second monomer in the ground state (M), which 

combined into a dimer (D) following the “uni-excited” reaction model 

depicted in Figure 1.6 (a). Based on their experimental findings, they also 

developed the complete model into an effective simplified uni-excited 

reaction model, which is presented in Figure 1.6 (b). 

We can make a simple thought experiment to test the validity of the 

simplified uni-excited reaction model in Figure 1.6 (b). According to this 

model, where every reaction step inevitably leads forward to the 

dimerization, it does not matter whether the photons are irradiated 

sparsely one by one, or all at once; a weak or strong illumination intensity 

will produce the same result, as every absorbed photon will generate one 

dimer. Thus, the amount of fullerene dimers should only depend on the 

number of photons incident on the film, i.e. the dose, and be recorded as 

overlapping identical curves in a plot showing dimerization fraction as a 
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function of dose, independently on the intensity used. In contrast, the 

experimental data in Figure 1.5 (a) reveal a different behavior, which 

demonstrates that the backward reaction paths can not be insignificant. 

 

Figure 1.6. The complete (a) and the simplified (b) versions of the “uni-

excited” reaction model. ‘ ki’ denotes the rate of a corresponding reaction i. 

The curved arrow with rate  k13 illustrates a multi-step process, which is 

limited by, and effectively equal to, rate  k1.   

In order to analyze the efficiency of the dimerization process, we 

calculated the number of photons absorbed by the fullerene film, Nabs, and 

compared this value to the number of dimers formed, Ndim. 

The absorbance of a pristine PCBM film was measured to be essentially 

the same after dimerization, why Nabs was assumed to be constant 

throughout the process. The relationship Nabs/Ndim however changes with 

time since the amount of monomers decreases in the film when the 

dimerization reaction progresses. We hence focus on the time T1/2, at which 

half of the fullerene monomers has transformed into dimers, and find that 

the absorbed-photon-to-dimer ratio was very high and of the order of 

1000:1. The measured intensity dependency and the calculated non-unity 

absorbed-photon-to-dimer ratio are both in apparent conflict with the 

simplified uni-excited model, as presented in Figure 1.6 (b), and we 

therefore conclude that it must be incorrect. 

 

Two particular issues are now at the center of our attention: First, it is clear 

that one or several backward reaction paths, characterized by the rate 

constants k2, k4 and k6 in Figure 1.6 (a), must be non-negligible. Second, 

could it be that the dimerization reaction requires that both of the 

constituent fullerene molecules must be excited?  
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1.3. Construction of the bi-excited reaction model  

1.3.1. Identification of the back reaction step 

  

Figure 1.7. (a) The modified simplified uni-excited reaction model 

complemented with the M 
3 ∗ → M relaxation step. (b) The new bi-excited 

reaction model, with the rate constant k′5 describing the M 
3 ∗ + M 

3 ∗ → D 

dimer formation step. The red rings highlight the differences from the 

simplified uni-excited reaction model in Figure 1.6 (b). 

For the back reaction, we find that the literature presents convincing 

support61-64 for that the M 
1 ∗ → M 

3 ∗ singlet to triplet conversion is highly 

efficient in fullerenes. Our experiments further demonstrate that the D →

M de-dimerization rate is very low under the employed experimental 

conditions, even though this decomposition is pronounced at elevated 

temperatures.65 This leaves the relaxation from the excited triplet state back 

to the ground state M 
3 ∗ → M, with rate constant k4 in Figure 1.6 (a), as the 

only plausible backward reaction of significant magnitude. A modified 

version of the simplified uni-excited reaction model with this relaxation 

step included is presented in Figure 1.7 (a).  

1.3.2. Formulation of rate equations and simulation 

To test our second discussion point, on the necessity for an excitation of 

both neighboring fullerene molecules in order to form an intermolecular 

dimer bond, we derived the simplified “bi-excited” reaction model, as 

depicted in Figure 1.7 (b). With the aim of establishing which of the two 

models in Figure 1.7 that could replicate our experimental data, we 

formulated their corresponding rate-equation systems, which are 

presented in Table 1. 
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Table 1. The rate equation systems describing the time development of the 

uni-excited and the bi-excited reactions. The last equation is an implication 

of mass conservation, which dictates that the number of fullerene molecules 

must remain constant throughout the reaction. [M]0 is the fraction of 

ground-state monomers at time t=0. 

Uni-excited model 

∂[M]

∂t
= −k13[M] + k4[ M 

3 ∗] − k5[ M 
3 ∗][M] 

∂[ M 
3 ∗]

∂t
= k13[M] − k4[ M 

3 ∗] − k5[ M 
3 ∗][M] 

∂[D]

∂t
= k5[ M 

3 ∗][M]    

Bi-excited model 

∂[M]

∂t
= −k13[M] + k4[ M 

3 ∗] − k′5[ M 
3 ∗]2  

∂[ M 
3 ∗]

∂t
= k13[M] − k4[ M 

3 ∗] − k′5[ M 
3 ∗]2  

∂[D]

∂t
= k′5[ M 

3 ∗]2   

Mass conservation, both models 

[M] + [ M 
3 ∗] + 2[D]  = [M]0 

 

We also developed a Matlab script to numerically calculate the time 

development of the number fraction of the different fullerene species: M, 

M 
3 ∗ and D.  

Figure 1.8 (a) presents the modelled transients of the dimer fraction in 

the fullerene film for four different light-exposure intensities (i.e. four 

different values for  k1), with the arrow indicating increasing light 

intensity. For the result shown in Figure 1.8 (a), the value for the rate 

constants k′5 has been set to 5 ⁄ 3 k4, while the four different  k1 values 

were chosen so that their relative magnitude was identical to the relative 

increase in intensity in the exposure experiments. We however emphazise 

that the trend was solid for all values investigated, which led to close-to-



 

12 

complete dimerization. The absolute values of the rate constants were 

adjusted to the time step and running time of the simulation, so that the 

highest dimerization fraction reached 99%. 

 

Figure 1.8. The modelled (a) and measured (b) transients of the dimer 

fraction, as derived at different light-exposure intensities. . The modeling 

was done with the bi-excited reaction model, and the arrows indicate 

increasing light-exposure intensity. 

Figure 1.8 (b) presents the corresponding measured data at different 

light exposure intensities, and the resemblance between the modelled and 

the measured data is evident. In fact, the finding of an increasing 

dimerization fraction with increasing light exposure intensity at a constant 

exposure dose is robust for any choice of rate constants for the bi-excited 

model. 

 

Importantly, we consistently failed to replicate this experimental 

dependency with the uni-excited reaction model, regardless of the 

selection of values for the rate constants. This finding thus provides a 

strong indication for that the bi-excited model - and not the uni-excited 

model - is describing the mechanism of photochemical dimer formation in 

a PCBM fullerene film. Further support for this conclusion is provided by 

the mathematically derived analysis presented in the appended Paper I, 

which demonstrates that it is formally impossible to replicate the observed 

experimental behavior in Figure 1.8 (b) with the uni-excited reaction model 

as described in Figure 1.7 (a) and Table 1. 
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1.3.3. Potential trimer formation 

For our analysis and numerical calculations, we have ignored the 

formation of PCBM trimers, although it was recently reported that a small 

fraction of trimers can actually form; more specifically, it was reported that 

the trimer/dimer ratio is 1:12 in a mixed PCBM:conjugated-polymer 

material.66 The addition of a trimerization step in the uni-excited model 

( M 
3 ∗ + D → Trim) does not change the qualitative transient behavior, as it 

only constitutes another linear step in the process. The inclusion of a 

trimerization in the bi-excited model ( M 
3 ∗ + D 

3 ∗ → Trim) includes a second 

process that scales with the intensity squared, and it will as such 

additionally contribute to the experimentally observed dependency of the 

dimer formation on the light intensity.  
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2. Fullerene nanostructures with laser 

interference patterning 

The capacity to pattern organic semiconductors at retained electronic 

functionality is a key enabler for a variety of devices, including organic 

micro- and nanocircuits,67, 68 light-emitting devices,69, 70 lasers71, 72 and 

sensors.73, 74 One direct method for the patterning of an organic 

semiconductor film is through photo-induced cross-linking of 

neighbouring organic molecules, provided that the cross-linked molecules 

feature a different solubility than the non-exposed material. An 

appropriately designed exposure/development cycle can then turn a 

uniform organic semiconductor film into a functional patterned layer. 

This cross-linking can be effectuated through the addition of a photo-

initiator or by the endowment of the semiconducting material with specific 

cross-linking units. However, this approach is commonly associated with 

a notable lowering of the material functionality, because of concomitant 

detrimental side-reaction residues and/or a destructive perturbation of the 

conjugated system.75-79 

In this context, the opportunity for a direct patterning of a non-

modified fullerene compound, which is executed without the use of a 

damaging photoinitiator and a sacrificially photoresist, is intriguing. Our 

demonstration in Paper I of a non-linear dependence on the light-exposure 

intensity for the photo-chemical transformation of fullerenes further 

suggests that a desired high contrast between patterned and non-

patterned regions can be attained.80 In this chapter, we present key results 

from Paper II where we employ two-beam interference lithography for the 

realization of one-dimensional and high-resolution PCBM nanostripes, 

which demonstrated semiconducting function as the active material in 

field-effect transistors. 

2.1. Direct interference lithography of fullerenes 

The two-beam interference lithography set-up constructed within this 

project is schematically presented in Figure 2.1 (a). The green laser (𝜆 =532 

nm) beam was first expanded by a beam expander to match the size of the 

sample, and subsequently divided into two beams of equal intensity by a 

50/50 beam splitter cube. The split beams were recollected and directed 

onto the sample surface by a large tilted mirror, as depicted in detail in 
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Figure 2.1 (b-d). This design allowed for precise spatial control of the 

incoming beams, so that their angles with respect to the normal of the 

sample surface could be set effectively identical. 

 

Figure 2.1. (a) A green laser beam is expanded and subsequently divided 

into two beams of equal intensity. An assembly of mirrors then recollects 

the beams and directs them onto a sample, assuring effectively equal angles 

between the beams and the normal to the sample surface. (b) shows a front 

view of the last mirror directing the beams downward onto the sample in 

the sample holder and in (c) the same assembly is seen from the side. (d) 

Photograph of the sample holder under illumination. (e) Stripe-like 

interference fringes appear at any x-y-plane along the z-axis where the two 

beams overlap. The distance Λ between two adjacent maxima is a function 

of the wavelength λ and the (equal) angles θ of the incident beams. 

2.1.1. Two-beam interference intensity distribution 

The intensity distribution of two interfering electromagnetic waves is 

equal to: 

I(𝐫, t) ≡ ∑ 〈|𝐄j(𝐫, t)|
2

〉

 

j

= 〈|𝐄1|2〉 + 〈|𝐄2|2〉 + 〈𝐄1 · 𝐄2
∗ 〉 + 〈𝐄1

∗ · 𝐄2〉 1 

where 〈 〉 indicates that the relation is valid as a time average over a 

period significantly longer than the time period (= /c) of the green laser. 
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The electromagnetic field vector 𝐄 in a linearly polarized collimated laser 

beam is well described by the plane wave equation 

𝐄(𝐫, t) = 𝐀ei[ωt−𝐤·𝐫] , 2 

where 𝐀 is the amplitude, ω is the angular frequency and 𝐤 is the wave 

vector. Considering two plane waves travelling in the 𝑥-𝑧-plane at equal 

angle to the z-direction, as illustrated in Figure 2.1 (e), we can express their 

respective field vectors as 

𝐄1 = 𝐀1ei[ω1t−k1 sin(Θ)x+k1 cos(Θ)y] 3 

and 

𝐄2 = 𝐀2ei[ω2t−k2 sin(−Θ)x+k2 cos(Θ)y] . 4 

The two beams in the experiment have field vectors of equal size, and 

also feature the same angular frequency and amplitude. We call the two 

identical amplitudes 𝐀in and reformulate the interference intensity 

distribution of Equation 1 as 

I = 𝐀in
2 + 𝐀in

2 + 𝐀in
2e−i2k sin(Θ)x + 𝐀in

2ei2k sin(Θ)x 5 

which can be simplified as 

I = 2𝐀in
2 + 𝐀in

2[e−i2k sin(Θ)x + ei2k sin(Θ)x] . 6 

By setting ξ = 2k sin(Θ) x and using Euler´s relation  

eiξ = sin(ξ) + cos(ξ) 7 

the sum in the square brackets in Equation 6 can be written as 

sin(−ξ) + cos(−ξ) + sin(ξ) + cos(ξ) = 2 cos(ξ) 8 

and we arrive at 

I = 2𝐀in
2 + 2𝐀in

2[cos(2k sin(Θ) x)] . 9 

As the cosine function varies between 1 and -1, there will be a periodic 

intensity shift in the 𝑥-direction between the maximum value of 4𝐀in
2 and 

zero. Applied on the two beams created by the beam splitter (BS) cube in 

Figure 2.1 (a), the peak value corresponds to twice the intensity of the 

original output laser beam (before being split into two by the beam splitter 

cube). 



 

17 

The magnitude of the wave vector is k = 2π/λ, where λ is the 

wavelength of the light, meaning that we can rewrite the cosine function 

as 

cos(2k sin(Θ) x) = cos (2π
2sin(Θ)

λ
x) . 10 

This implies that the distance between two intensity maxima, i.e. the 

period Λ of the pattern, is 

Λ =
λ

2 sin(Θ)
11 

With an angle of incidence of Θ = 45° and a laser light wavelength of 

λ=532 nm, Equation 11 reveals that we should obtain a one-dimensional 

emission pattern with a peak intensity spacing of 376 nm. 

2.1.2. Experimental settings 

Our employed laser exhibited a non-uniform cross-section amplitude 

profile in the form of a Gaussian, while the above plane-wave assumption 

requires that the amplitude is constant throughout the cross section of the 

beam. Therefore, the two split laser beams had to be carefully aligned so 

that their cross-section centers were overlapping at the sample surface, 

making the intensity of the two beams equal over the entire sample 

surface. In order to avoid back reflection of the laser light into the actual 

laser, which could cause instability and unwanted oscillations, we allowed 

Θ to deviate slightly from 45°.  

2.1.3. A uniform nano-stripe pattern over a large area 

We found that 5 s of laser light exposure at an average intensity of 0.17 

mW cm-1, followed by ~60 s of immersion in the development solution, 

resulted in a patterning of a uniform spin-coated PCBM film into well-

resolved PCBM-dimer nanostripes. 

The scanning electron microscopy (SEM) image in Figure 2.2 (a) reveals 

that the PCBM-dimer nanostripes are separated by bare regions, where 

virtually all PCBM material has been dissolved and washed away from the 

Si substrate. The period of the pattern was observed to vary slightly 

between different samples, which we attribute to slightly different values 

for Θ ranging from 47-49° (because the exposure set-up had to be realigned 

between different experiments). 
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Importantly, the uniformity of the pattern was observed to be 

consistent over a large area: the SEM side-view image in Figure 2.2 (b) 

shows the cross-section profile of 40 PCBM nanostripes and in (c) the 

colorful diffraction of reflected sun light at different angles shows that the 

pattern effectively covers the entire exposure area of ~1 cm2. 

 

Figure 2.2 (a) The SEM image shows well-resolved PCBM stripes separated 

by regions free from PCBM material. (b) Side-view image of a cleaved 

substrate showing a cross-section of 40 nanostripes. (c) Photographs of a 

nanostripe-coated sample held at different angles under sun illumination. 

The refracted light of different colors shows that the nanostripe pattern is 

uniform over the entire patterned area (~1 cm2). 

We mention that other combinations of exposure/development 

parameters could also deliver the same PCBM nanostripe pattern, but that 

the overall pattern quality was found to be best with the presented 

selection. A higher exposure intensity and a shorter exposure time resulted 

in cracks in the nanostripe pattern, presumably because of the formation 

of a large thermal gradient within the sample. This problem was more 

prominent when the PCBM film was deposited on a glass substrate than 

on a Si substrate, because of the lower thermal conductivity of the former. 

A gradual ramping of the exposure intensity could partially solve this 

issue, but introduced a source of uncertainty in the manually controlled 

exposure step. A lower exposure intensity at a longer exposure time 

instead amplified problems with vibrations in the set-up, so that the 

patterned nanostripes became less resolved. 
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2.2. The origin of the shape of the patterned nanostripes  

The high-magnification SEM image in Figure 2.3 (a) shows that the 

nanostripes feature a cross-section profile that is close to rectangular with 

very steep edges. This feature shape can be explained by the fundamental 

understanding of the photochemical transformation of fullerenes 

described in detail in Chapter 1 and in Paper I. 

 

Figure 2.3 (a) High-magnification SEM image of two patterned PCBM nano-

stripes on a silicon substrate. The red line presents the simulated profile at 

a peak dimer fraction of 99%. (b) Simulated PCBM-dimer profiles using the 

bi-excited reaction model, with the exposure time resulting in a peak 

PCBM-dimer fraction ranging from 30% (shortest exposure time, orange 

line) to 99% (longest exposure time, red line). The arrow indicates 

increasing exposure time. 

2.2.1. Experiment versus model 

A simulation based on the bi-excited reaction model (developed in 

Chapter 1) was applied with cos(x) as the input light intensity distribution, 

according to the spatial variation expressed in equation 9. Figure 2.3 (b) 

presents the simulated dimer fraction as a function of position x, with the 

exposure time selected to result in a peak PCBM dimer fraction ranging 

from 30% (orange line) to 99% (red line). 

We find that if the exposure is interrupted before 70 % PCBM 

dimerization has been attained at the intensity maxima, the shape of the 
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pattern feature will essentially follow the square of the exposure intensity, 

i.e. a cos2(𝑥) curve (black dotted line in Figure 2.3 (b)). If the exposure is 

allowed to continue longer, the shape of the pattern will instead exhibit a 

more rectangular shape. The import of the longest-exposure pattern 

feature (99 % peak PCBM dimer fraction, red line) into the SEM image in 

Figure 2.3 (a) reveals a close resemblance between measurement and 

simulation.  

A minor deviation between experiment and simulation is observed at 

the nanostripe edges, where less dimers are observed in the experiment 

than predicted by the simulation. At these edges, a minor fraction of 

insoluble PCBM dimers are dispersed in a majority fraction of soluble 

PCBM monomers following the exposure, and it seems likely that these 

monomer-embedded dimers could be lifted off and washed away together 

with the solubilized monomers during the development step. The 

attractive consequence is nevertheless that the patterned PCBM feature 

edges are notably sharp. 

 

Figure 2.4. (a) AFM micrograph of a PCBM nanostripe pattern. (b) The 

corresponding height profile (mean value within the red square in (a), black 

solid line), the standard deviation (grey shadow), and the simulated height 

profile at a peak dimerization fraction of 85% (red dotted line). 

An atomic force micrography (AFM) image of a slightly less exposed 

PCBM nanostripe pattern is displayed in Figure 2.4 (a). Figure 2.4 (b) 

shows that the measured height profile (black line) is well replicated by 

the simulated PCBM-dimer profile at a peak dimerization fraction of 85% 

(red dots). We note that the PCBM-dimer pattern contains some 

imperfections, and attribute this observation to overlaying interference 

fringes stemming from reflections at the sample holder edges. 
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2.3. Characterization of the PCBM nanostripes 

The presented SEM images of the patterned PCBM films were captured 

without coating the sample with a conducting layer. The observed minor 

charging indicates electronic functionality of the patterned PCBM after the 

exposure/development cycle. In order to quantify this electronic 

functionality, we have fabricated field-effect transistors (FETs) with the 

PCBM nanostripes as the active material. 

2.3.1. The field-effect transistor 

A number of different FET device architecture are presented in Figure 2.5, 

with a key component being the gate dielectric that electrically separates 

the gate electrode from the source and drain electrodes. Charge carriers 

can now be introduced into the semiconductor by the application of a 

voltage between the gate electrode and the source and drain electrodes. If 

the source and drain electrodes are kept at different potentials a current 

IDS will flow between source and drain, which will depend upon the 

concentration of charge carriers in the semiconductor and their mobility 

(and the voltage between the source and drain). As the number of 

introduced charge carriers can be derived by the applied gate voltage and 

the dielectric constant of the gate insulator, an FET measurement can yield 

information on the mobility µ of charge carriers in the semiconductor with 

the following set of equations:81 

IDS,linear =
µCGW

L
((VGS − VT)VDS −

VDS
2

2
) , 12 

IDS,saturation =
µCGW

2L
(VGS − VT)2 . 13 

W and L denote the width and length of the transistor channel, 

respectively. CG is the gate dielectric capacitance, VGS is the gate-source 

voltage, VDS is the drain-source voltage, and VT the threshold voltage.  
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Figure 2.5. An organic FET can have four different configurations: (a) top-

gate, top-electrode, (b) bottom-gate, bottom-electrode, (c) top-gate, bottom-

electrode and (d) bottom-gate, top-electrode. The 3D-schematic in (d) 

defines L and W as the channel length and width, respectively. 

2.3.2. FET measurements  

The patterned PCBM nanostripes were fabricated on top of a 200-nm thin 

layer of SiO2 (the gate dielectric), which was positioned on top of a p-

doped Si wafer (the combined gate electrode and substrate). Two Au 

electrodes (the source and drain electrodes) were evaporated on top of the 

PCBM nanostripes to finalize the bottom-gate, top-electrode FET; see 

Figure 2.6 (a, c) for schematic illustrations of the device architecture.  

The (color-enhanced) SEM image in Figure 2.6 (b) shows that the PCBM 

pattern covers the entire transistor channel, but also that the effective 

PCBM-covered channel width is ~2/3 of the width of the evaporated 

electrodes. 63 independent PCBM nanostripe FETs were measured, and 

Figure 2.6 (d, e) display typical output and transfer data, respectively. The 

PCBM nanostripes feature the anticipated n-type behavior, with an on-off 

ratio of 103. By fitting Equation 13 to the measured data in the saturation 

regime, we derived an average electron mobility of 2.4(±2.0) × 10−3 cm2 V−1 

s−1, with the peak value being 5.3 × 10−3 cm2 V−1 s−1. We note that pristine 

(i.e. non-exposed) PCBM transistors fabricated by spin-coating commonly 
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exhibit values below 10-2 cm2 V-1s-1,82-89 while more optimized pristine 

PCBM FETs can feature an electron mobility of 0.1 cm2 V-1s-1.90 

 

Figure 2.6. (a) Schematic of the FET design for the PCBM nanostripe 

mobility measurements. (b) SEM image showing the PCBM nanostripes 

(orange) stretching the length of the FET channel between the Au electrodes 

(yellow). (c) Schematic of the bottom-gate, top-electrode FET design. (d) 

Typical output data recorded at a scan rate of 4 V/s. (e) Typical transfer data 

recorded at a drain-source voltage of +60 V. 
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3. Two-dimensional patterns using a spatial 

light modulator 

Two-dimensional patterning methods commonly rely on the use of 

preprepared stamps or masks,91-93 which severely limits the flexibility for 

pattern selection and modification. The successful implementation of two-

beam interference lithography for the attainment of easily modified one-

dimensional fullerene patterns in Chapter 2 hence prompted us to 

investigate whether the concept could be expanded to encompass also 

two-dimensional fullerene patterning. 

Two-dimensional holographic exposure projections can, in principle, 

be attained by adding one or more coherent laser beams to the setup in 

Figure 2.1, and by allowing their wave fronts to interfere at the surface of 

the fullerene film. However, a more versatile, stabile and user-friendly 

way to accomplish a selected two-dimensional pattern is to use a spatial 

light modulator (SLM). 

An SLM consists of a large array of computer-controlled mirrors, which 

each modifies the incoming laser beam by modulating either its amplitude 

or phase. Current SLM applications include the construction of dynamical 

optical tweezers,94-96 interference lithography of optical crystals,97-100 and 

chemical imaging by Raman spectroscopy.101, 102 

 

In publication III, the careful design of a laser and SLM exposure setup 

resulted in the successful exposure/development fabrication of well-

resolved and large-area two-dimensional C60 fullerene patterns. The 

functionality of the patterned C60 layer was demonstrated by its inclusion 

as an internal out-coupling layer in a light-emitting electrochemical cell 

(LEC), which featured a notably enhanced light output in comparison to a 

reference LEC void of the patterned C60 layer. 
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3.1. Exposure setup 

 

Figure 3.1. Schematic presenting the exposure setup. The angle ϴ between 

the incident and reflected beams at the SLM should be minimized, in order for 

the light to only pass through one pixel of the SLM. f1 and f2 are the focal 

lengths of lenses L1 and L2, respectively, and constitute the 4f-system. The 

zero-order beam filter, placed in the common focal plane of the two lenses, 

is a stretched metal wire in a rotational mount. Light beams rejected into 

beam dumps by the beam splitter (BS) cubes, are omitted for clarity. 

3.1.1. Adjustments of the laser beam 

The exposure setup is presented in Figure 3.1 and Figure 3.2. The light 

source was a green laser, emitting linearly polarized light with a 

wavelength of λ=532 nm. An adjustable intensity attenuator was included 

in the laser beam path to set the exposure intensity to the desired value, 

while driving the laser at a stable constant high power (the laser was most 

stable when operated at 2/3 or more of its maximum out-put power). The 

intensity attenuator comprised a rotatable half-wave plate and a polarizing 

beam splitter (BS); the orientation of the former determined the ratio 

between the vertically and horizontally polarized components of the laser 

beam, while the latter selectively reflected away the vertical component. 
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The rejected beam was directed into a bent, capped-end copper tube to 

eliminate harmful reflections. The Cook triplet beam expander comprised 

a biconcave lens inserted between two plano-convex lenses. It was 

included to produce aberration-supressed beam diameter expansion,103, 104 

so that the laser beam fits the active area of the SLM. 

 

Figure 3.2. Photograph of the exposure setup. The SLM in the front left 

corner and the sample holder mounted in an adjustable stage to the right. 

In this work, we employed a reflective, phase-only SLM, in which the 

computer-controlled orientation of the liquid crystal molecules in a pixel 

determines the retardation of the light and thereby the phase of the laser 

light exiting that pixel. The phase-modulation capacity of a SLM pixel 

crucially depends of the relative alignment of the liquid crystals and the 

laser polarization. If the laser light is incorrectly polarized, unwanted zero-

order reflections will be prominent and disturb the designed exposure 

pattern. The polarization of the laser beam was therefore further controlled 

by a dichroic-film polarizer, positioned before the SLM and after the beam 

expander in the beam path; the latter was necessary to not exceed the 

damage threshold of the polarizer. In order to minimize the fraction of 

laser light entering and exiting the SLM in different pixels, the angle Ѳ 

between the incident and the reflected laser beams is kept as low as 

possible (here ~7°) given the dimensions of the surrounding optical 

components. 

3.1.2. Wave front modulation and filtering 

The employed SLM (Holoeye GAEA-2) features 3840 × 2160 independent 

pixels, with the laser phase modulation of each pixel being controlled by a 

computer. We prepared a raster graphics image (with each pixel featuring 

one of 256 intensity values ranging from white to black) that corresponded 
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to the exposure pattern on the sample, which was then Fourier 

transformed into a “phase mask” image (using a SLM pattern generator 

software). Control of the 3840×2160 pixels in the SLM can be conveniently 

conducted by connecting the SLM to a computer as a second monitor and 

letting it display the 3840×2160 pixel phase mask. 

 

Figure 3.3. Illustration of the beam path from the SLM to the sample. When 

using a zero-order beam filter, it is placed in the 2f plane, here denoted “the 

first image plane”. 

 

For an ideal reconstruction of the desired exposure image on the 

sample surface, the area of the SLM should be spatially unlimited with 

infinite resolution, while real SLMs are limited to the cm-scale and 

composed of a finite number of non-zero-area pixels. A further lowering 

of the resolution is due to the diffraction limit of the laser light and possible 

optical aberrations in the optical system. 

Following the SLM, the modulated laser beam was directed through a 

4f system, comprising two lenses L1 and L2. The positions of L1 and L2 were 

determined by their focal lengths f1 and  f2, respectively, as illustrated in 

Figure 3.1.  

In this case, when the location of the SLM modulation plane exactly 

coincides with the first focal plane of the lens L1, the latter will transform 

the SLM-modulated wave front so that the complex field amplitude at the 

2f plane (denoted the first image plane in Figure 3.3) becomes 

𝐄(x, y) =
i

λf1

𝐅(vx, vy). 14 

𝐅(vx, vy) denotes the Fourier transform of the phase distribution at the 

modulation plane (corresponding to the phase mask).105 The second lens L2 

will similarly transform the phase distribution at the first image plane and 

reconstruct the phase mask at the 4f plane. In our setup, the 4f plane 
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coincides with the ultra-long working distance (ULWD) objective inlet. 

The objective retransforms the phase distribution so that the desired 

exposure pattern appears on the surface of the film to be exposed.  

One purpose of including the 4f system was to scale the modulated 

beam diameter so that it fits the inlet of the (ULWD) objective, which in 

turn condensed and focused the exposure image onto the sample surface. 

The 4f system can in addition allow for an image correction by including a 

zero-order beam filter at the common focal plane of the two lenses (the first 

image plane). 

3.1.3. Camera-aided focus control 

Figure 3.1 and Figure 3.3 show that a fraction of the exposure light is 

scattered off the fullerene film, returned back through the objective, and 

directed to a probing camera by a BS cube and a lens.  

The exact positioning of the optical elements in the exposure beam path 

for a well-focused exposure was monitored via the camera image and 

performed in two steps: First, the focus of the ULWD objective was 

determined, by the observation of an externally illuminated dust particle 

on a flat surface at the location of the fullerene film. Then, the observation 

of a SLM-generated laser exposure pattern on the same surface revealed 

any discrepancy between the focus plane of the objective and the focus 

plane of the holographic projection. After adjustments of the optical 

elements L1, L2 and the objective, the procedure was iterated, until the 

focus of the objective coincided with the focus of the projection. 

When this was set, the camera image could be utilized for adjusting the 

focus of the exposure of the fullerene film via adjustments of the x-y-z 

sample holder stage. The sensitive camera feedback allowed for inspection 

of the projected image on the fullerene film at very low laser intensity, 

which allowed for focusing without inducing non-desired premature 

photochemical reactions. 

3.1.4. Sample holder and adjustable stage 

Figure 3.2 shows a photograph of set-up with the sample holder mounted 

on the sample stage. A successful photochemical transformation of 

fullerenes crucially depends on exposure under oxygen- and water-free 

conditions. The fullerene sample was therefore mounted in a N2-filled gas-

tight sample holder, which was optically accessed for the exposure 
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through an anti-reflection coated cover glass. In order to minimize 

aberrations in the projected exposure image on the surface of the fullerene 

film, the thickness of the cover glass was minimized (here 0.2 mm). The 

exact positioning of the fullerene film in the sample holder with respect to 

the focal plane of the exposure image was controlled by an x-y-z stage with 

tilt adjustment. In order to allow for realignment of the beam path and 

facilitate intensity control measurements, the sample holder stage was 

built onto a detachable support. 

3.2. The patterning of a C60 film 

 

Figure 3.4. (a) The computer-generated hexagonal circular-dot pattern, with 

the white regions corresponding to the areas to be exposed by the laser-SLM 

output. The inset shows a close-up of the exposure pattern. (b) An optical 

microscopy image of a portion of the patterned 240 × 480 µm2 array of C60 

microdots on a glass substrate. (c) An AFM image presenting a close-up of 

the patterned C60 microdot array. (d) Four overlapping height profiles of 

neighboring C60 microdots, as derived from the four traces marked with the 

correspondingly colored lines in c. 

Figure 3.4 (a) presents the exposure pattern to be delivered by the laser-

SLM setup. The pixelated pattern was prepared in a raster graphics editor 

and the close-up in the inset shows that the selected exposure pattern 

comprises graded circular dots organized in a hexagonal pattern. The 

pattern was repeated over a 1420×1420 pixel image and Fourier 
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transformed into a 3840×2160 pixels phase mask, using a commercially 

available SLM pattern generator software (HOLOEYE Spatial Light 

Modulator Pattern Generator). The software is designed to transform 

smaller images (up to 400×400 pixels), and in order to minimize noise, we 

therefore prepared 100 different phase-mask images (that essentially 

produced the same exposure pattern) that were sequentially displayed by 

the SLM at a 10 Hz repetition rate. 

A C60 film with a 40 nm thickness was deposited on a glass substrate by 

thermal vacuum evaporation, using an evaporator equipment integrated 

into a N2-filled glove-box. The sample was mounted in the gas-tight 

sample holder before bringing it out into the ambient for the laser-SLM 

exposure. A typical exposure employed a laser light intensity of 10 

mW/cm2 and lasted between 10 and 20 s. The laser intensity range was set 

by the intensity attenuator, and further adjusted by the laser control 

software. The exposed C60 film was removed from the sample holder in the 

ambient and developed by a 10 s immersion into a toluene development 

solution, which selectively removed the non-exposed parts of the film. 

After development, the sample was brought back into the N2-filled glove-

box for drying. 

Figure 3.4 (b) presents an optical microscopy image of a representative 

portion of a patterned C60 film. It is notable that the two-dimensional 

hexagonal microdot pattern is well replicated over the entire film area. 

Figure 3.4 (c) presents an AFM micrograph of the detailed structure of the 

microdot pattern. The height profile of four line-trace graphs (colored lines 

in (c)) are depicted in Figure 3.4 (d) and reveal that the surface features are 

well repeated but somewhat rough on the nm-scale.  

The AFM image also shows that the center-to-center distance of the C60 

microdots is ~5 µm, and that their height is ~30 nm. As the pristine C60 film 

was 40 nm thick, this demonstrates that a significant fraction of the C60 

molecules was dissolved/removed by the development solvent also in the 

most heavily exposed regions, i.e. the pattern peaks. We found that the 

relative height of the C60 microdots could be determined by the exposure 

intensity and/or the exposure time. 
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3.2.1. Stitching 

 
 

The largest fullerene film area that could be exposed in one experiment 

was limited by the field of view of the ULWD objective, which featured a 

circle-shaped area with a diameter of ~700 µm. For the attainment of a 

larger and uniformly patterned area, we designed a 490×490 µm square-

shaped exposure-pattern area, framed by a black region (that accordingly 

will be left unexposed); see Figure 3.5. Several such exposed squares were 

sequentially stitched together into a larger uniformly exposed area by 

moving the C60 sample holder stage in the x- and y-directions with a step 

length of 490 µm. The optical micrograph in Figure 3.6 (a) shows a select 

portion of a 1960 µm×1470 µm patterned C60 film fabricated by stitching 

twelve exposure areas, followed by development of the entire film.  

The thin horizontal lines void of features in the center of each exposure 

area originates from the zero-order beam filter. Zero-order reflections from 

the SLM can be eliminated with elaborate engineering approaches,106, 107 

but such refinement procedures were outside the scope of this study. The 

observed overlap between different exposure units is due to a slight tilt of 

the sample between the different exposure cycles. 

The temperature of the C60 film and the substrate in the sample holder 

increased during the laser exposure, which resulted in a decreased 

photopolymerization efficiency.42, 108 For the attainment of a uniform 

pattern over a larger area, the temperature-induced lowering of the 

polymerization efficiency was compensated by a gradual increase of the 

exposure intensity and a prolonged exposure time. 

Figure 3.5. The designed exposure 

pattern for the attainment of a 

uniform large-area pattern by 

stitching. 
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Figure 3.6. (a) An optical micrograph of a select part of a 1960 ×1470 µm2 

patterned C60 film, comprising twelve sequentially patterned and stitched 

smaller areas. The white dashed square marks the area of a center exposure 

unit. The horizontal line void of dot dividing the exposure area in two 

halves originates from the physical zero-order beam filter. (b) An 

illustration showing the spin-coating of electroluminescent active material 

on top of the patterned C60 layer. (c) Higher magnification optical 

microscopy image (recorded in phase-contrast mode) of the same sample 

after the deposition of active material. The beneath patterned C60 layer is 

clearly distinguishable through the 100 nm thick spin-coated film of active 

material and demonstrates that the active material is deposited in a non-

destructive manner. 

During the essentially uninterrupted sequential exposure of the twelve 

stitching units in Figure 3.6 (a), the exposure intensity and the exposure 

time were gradually and synchronously increased to twice the initial 

values (10 to 20 mW/cm2; 10 to 20 s) in order to attain a uniform C60 pattern 

over the entire film area. An obvious alternative strategy would be to 

incorporate a temperature control system into the set-up. In this context, 

we mention that the photochemical transformation of PCBM at elevated 

temperatures was observed to be significantly faster than C60, which 
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resulted in that the employed laser exposure intensity was almost one 

order of magnitude higher for C60 than for PCBM. 

3.3. Application of the C60 pattern as an out-coupling 

layer 

The patterned C60 film was evaluated for the internal out-coupling layer in 

a light-emitting electrochemical cell (LEC). A stitched C60 pattern was 

fabricated on a transparent ITO electrode, thereafter a high-performance 

active material109 was spin-coated on top of the patterned C60 (see Figure 

3.6 (b)), and finally a reflective Ag top electrode was deposited on top of 

the active material. The ITO and Ag electrode pair and the active material 

were selected as they are reported110 to allow for a stable and efficient LEC 

operation in both forward bias (with ITO as the positive anode) and in 

reverse bias (with ITO as the negative cathode). 

A critical question relates to whether the spin-coating deposition of the 

active-material ink destructs or dissolves the beneath C60 pattern. Figure 

3.6 (c) is an optical micrograph recorded in phase-contrast mode of a 

bilayer, comprising the active material spin-coated on top of the patterned 

C60. As the C60 pattern is clearly observed (due to the marked optical 

contrast between the two materials),111, 112 the conclusion is that the spin-

coating of the active material was conducted in a non-destructive way. We 

mention that the slight gradual tone shift in the micrograph is an artefact 

originating from a defect in the microscope. 

Two different C60-pattern devices were fabricated: a thin-C60-pattern 

LEC with a C60 peak height of 20 nm, and a thick-C60-pattern LEC with a 

C60 peak height of 35 nm. A reference-LEC, void of the patterned C60 layer, 

was also fabricated in an identical manner, with a thickness of the active 

material of 170 nm. As expected, the C60/active-material bilayer in the C60-

pattern LECs featured a larger average thickness than the single active 

material in the reference-LEC. 

In this context, we wish to mention the importance of a complete 

removal of soluble (non-polymerized) C60 residues from the patterned C60 

layer before the spin-coating of the active material. Otherwise, excitons 

formed on the electroluminescent semiconductor will be effectively split 

and quenched by an electron transfer to the low LUMO level of C60113-115 

molecules dispersed within the active material.  
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Figure 3.7. (a-c) Exploded-view 

schematics showing the three 

different device architectures and 

the refractive indices of the 

constituting layers. (d-f) The 

transient evolution of the 

luminance (red solid circles, left y-

axis) and the drive voltage (black 

open squares, right y-axis) in 

forward-bias driving mode. (g-i) 

The electroluminescence (EL) 

spectrum at viewing angles 

ranging from 0° to 80°. (j-l) The 

simulated relative power distribu-

tion as a function of wavelength. 

Note that the simulation predicts 

highest light out-put from the 

thick-C60-pattern LEC, opposed by 

the experimental result in (d-f). 
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Three independent devices for each of the two C60-pattern LECs and 

two devices for the reference-LEC were tested. The device-to-device 

variation was minor and the presented trends were invariant for all of the 

investigated devices. Figure 3.7. (a-c)  present exploded-view schematics 

of the three device architectures, with their corresponding best performing 

device data presented in the column below. Voltage-luminance transients 

at constant current-density driving were investigated in both forward and 

reversed bias and the highest luminance results for each architecture (all 

forward-biased) are displayed in Figure 3.7 (d-f)). All devices exhibit the 

characteristic LEC behaviour with an increase of the luminance and a 

decrease of the voltage during the initial operation.  

Figure 3.7 (d-f) also show that the thin-C60-pattern LEC featured the 

highest peak luminance (current efficacy) of 1910 cd/m2 (4.0 cd/A) in 

comparison to the reference-LEC and the thick-C60-pattern LEC, which 

peaked at 1330 cd/m2 (2.6 cd/A) and 740 cd/m2 (1.4 cd/A), respectively. The 

minimum voltage featured a different trend, with the reference-LEC 

exhibiting the lowest voltage of 3.1 V, while the thin-C60-pattern LEC and 

the thick-C60-pattern LEC operated at a higher voltage of 6.6 V and 6.1 V, 

respectively.  

 
Figure 3.8. Voltage-luminance transients for (a) a reference-LEC and (b) a 

thin-C60-pattern LEC, driven by a constant-current density in reverse bias. 

We attribute the higher drive voltage of the forward biased C60-pattern 

LECs to that the C60-covered regions at the ITO anode are inhibiting the 

hole injection due to the general poor hole transport capacity of 

fullerenes.116-119 Accordingly, the inclusion of a uniform (i.e. non-patterned) 

C60 layer was found to completely prohibit forward-bias operation. In 

contrast, reverse biased C60-pattern-LECs featured essentially the same 

drive voltage as the reference-LEC (see  Figure 3.8), which importantly 
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implies that the semiconducting properties of C60 were retained following 

the patterning procedure. However, the reverse-bias C60-pattern LECs 

exhibited a markedly lower peak luminance, and the focus is therefore 

from hereon on the forward-bias devices. 

3.3.1. Extended device and simulation study 

An extended device and simulation study was performed in order to 

investigate the origin of the enhanced light-output in the thin-C60-pattern 

LECs. Figure 3.7 (g-i) present the angle-dependent electroluminescence 

(EL) spectrum (captured after 15 min operation). The reference-LEC 

exhibits an angle-invariant EL spectrum, while the thin-C60-pattern LEC 

features a similar invariant angular dependence, although the second 

vibronic peak at ~610 nm is slightly enhanced at small viewing angles. In 

contrast, a relative strong enhancement of the second vibronic peak at 

large viewing angles and a corresponding relative depression of the same 

peak at small viewing angles is observed for the thick-C60-pattern LEC. 

This observation implies that optical cavity effects start to play a significant 

role when the distance between the Ag and ITO electrodes is increased by 

the inclusion of the patterned-C60 layer. 

The optical modelling followed the procedure developed by Lindh et 

al.120, 121 and employed the commercial software Setfos (version 4.6.11). 

Figure 3.7 (j-l) show the power distribution, divided into out-coupled 

modes that are visible to an external observer (OUT), glass substrate 

modes (SUB), light lost to linear absorption (ABS), waveguided modes 

traveling in the active material and the ITO (WG), evanescent modes (i.e. 

losses due to near-field absorption, quenching of excitons by nearby 

doping regions, and coupling of excitons to non-emissive surface 

plasmons at the electrode interfaces) (EV), and the non-radiative modes 

(NR).  

Importantly, the simulation predicts that the fraction of “useful” out-

coupled light will increase by ~20-30% following the inclusion of a C60 

layer, that the losses to linear absorption, as expected,122 increases with an 

absorbing C60 layer included in the photon path, but that this increased loss 

is more than compensated by a marked lowering of the evanescent modes. 

We assign the suppression of the evanescent losses to the increased 

separation of the excitons from the electrodes, primarily the top Ag 

electrode, following the inclusion of the C60 layer. 
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The predicted light-output enhancement following the inclusion of the 

thin-C60-pattern layer underestimates the experimentally observed 

luminance increase. We suggest that the dot-patterned structures at the 

interface between the optically distinct C60 and active-material layers 

results in randomized scattering,123-128 which increases the out-coupling at 

the ITO/glass and glass/air interfaces. The low luminance recorded from 

the thick-C60-pattern LEC is tentatively attributed to the local high current 

density, with a concomitant increase of polaron and exciton quenching 

reactions, at the thin C60-free regions at the ITO/active-material interface. 

In summary, the inclusion of a patterned C60 layer can result in a significant 

boost of the light-emission from an LEC comprising a single-layer active 

material and two-air stabile electrodes. 
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4. Spray-sintering deposition 

Organic light-emitting diodes (OLEDs) are thin-film surface-emitting 

devices that can deliver vivid and clear colors.129-132 The OLED is today a 

mature and commercial technology, which can be found in cellular 

phones, smartwatches and TV screens. The drawback with the OLED is 

that it depends on a high-precision fabrication under high vacuum, which 

is concomitant with a high cost. In this context, it is interesting to develop 

a thin-film and conformable emissive device, which can be fabricated with 

low-cost and scalable solution-based processes. It is anticipated that such 

low-cost thin-film emissive devices can pave the way for applications in 

medtech, packaging, and security documents and in the longer term allow 

for conformable illumination.133-135 One technology that can fulfill this 

potential is the light-emitting electrochemical cell (LEC); and at the end of 

Chapter 3, the functionality of a 2D patterned C60 layer was demonstrated 

by its inclusion as an out-coupling layer in an LEC. 

4.1. The light-emitting electrochemical cell 

The LEC was invented by Pei et al. in 1995,136, 137 and its most common 

device configuration is an active material, comprising a blend of an 

electroluminescent organic semiconductor and an electrolyte, sandwiched 

between two air-stabile electrodes.138, 139 The LEC is as such distinguished 

from the OLED by the simple and air-stabile device architecture and by 

the inclusion of mobile ions into the active material.140-147 It has been 

demonstrated that LECs can be fabricated with low-cost and scalable 

solution-based fabrication methods,148-152 and flexible153-159 and 

stretchable160, 161 LECs have also been realized. 

4.1.1. Blend solutions and the wet film problem 

In laboratory experiments, the active material is commonly applied by 

spin-coating an active-material ink on a small square-centimeter sized 

substrate. Spin-coating is a well-controlled and repeatable deposition 

technique, but wasteful (typically 95-99 % of the material is lost) with the 

often expensive material and essentially impossible to scale up to larger 

substrate sizes. 

It is therefore motivated to develop scalable and material-efficient 

printing and coating techniques for a large-area ambient-air fabrication of 
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LEC devices. However, several problems have emerged during this 

transition: (i) Air-borne dust particles adsorb on the wet film during 

drying, which can lead to bright and dark spots and cause short-circuits 

between the electrodes in the final device. (ii) The organic semiconductor 

is often hydrophobic while the electrolyte is hydrophilic, and this can 

result in severe phase separation during the drying of the active 

material,146, 162-164 which is manifested in a spatially non-uniform emission 

and a subpar device performance. (iii) A slow drying of the wet active 

material can also result in wave-like thickness variations (ribbing effects) 

in the dry active-material film,165-167 which are manifested as non-uniform 

light emission.168-170 This chapter will present the development of a 

solution-based deposition process termed “spray-sintering”, which is 

designed to address these challenges.  

4.2. Spray-sintering: the creation of a functional 

morphology 

 

Figure 4.1. Optical micrographs showing the flat-particle network 

morphology resulting from spray-sintering (a) a single layer and (b) a 

multi-layer film. 

In brief, the spray-sintering deposition technique is tuned so that the 

droplets emerging from the spray nozzle are semidry when they impinge 

upon the surface to be coated (here the bottom electrode). This can be 

achieved by appropriately tuning the solution temperature, the solvent 

selection, the solute concentration, the nozzle-substrate distance, and the 

substrate temperature. It is critical that the droplets “sinter” together into 

a particle-network morphology, so that facile electronic and ionic motion 

between the droplets are possible. Figure 4.1 presents the flat-particle 
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network morphology of a spray-sintered active material. This desired 

morphology is essentially effectuated by the extremely quick drying of the 

droplets, effectively inhibiting the problems (i)-(iii) outlined in the 

previous section. 

 

Figure 4.2. (a) A photograph of the non-uniform emission from an LEC 

fabricated by Mayer-rod coating. (b) A photograph of the uniform emission 

from a spray-sintered LEC. (c) Schematic depicting the thinning (short-

circuiting) of a Mayer-rod coated active material due to an adsorbed dust 

particle. (d) Schematic depicting the active material encapsulation of a dust 

particle in the spray-sintered active material. 

Figure 4.2 (a,b) present photographs that clearly illustrate the difference 

in emission uniformity from an LEC fabricated by Mayer-rod coating 

(Figure 4.2 (a)) and an LEC fabricated by spray-sintering (Figure 4.2 (b)). 

The emission from the Mayer-rod coated LEC is notably non-uniform, 

while the emission from the spray-sintered LEC in contrast appears 

uniform to the eye.  

As both devices were fabricated under ambient air, dust particles will 

be present in both active materials. For the Mayer-rod-LEC, the adsorption 

of these dust particles will cause a local thinning of the active material 

around the dust particle during drying (see Figure 4.2 (c)), and this point 

defect will cause a local high current density that leads to an initial bright 

point light-emission and a subsequent burn-out. For the spray-sintered 
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LEC the sequential deposition of the essentially dry droplet particles will 

effectively encapsulate the dust particles (see Figure 4.2 (d)) so that the 

damage of the active-material film is minimized.  

Furthermore, the quick drying of the spray-sintered droplets effectively 

eliminates the large-range phase separation between the hydrophobic 

organic semiconductor and the hydrophilic electrolyte, and thereby hinder 

the formation of wave-like thickness variations in the dry active-material 

film. 

4.2.1. Performance of the spray-sintered device 

Figure 4.3 presents the device performance of a conventional spin-coated 

LEC and a spray-sintered LEC during constant current-density driving. 

Both devices comprise an Al cathode and an ITO anode sandwiching the 

active material, and were fabricated from an active material ink 

comprising the electroluminescent conjugated polymer Super Yellow (SY) 

and a trimethylolpropane ethoxylate (TMPE)-KCF3SO3 electrolyte. 

 

Figure 4.3. Luminance-voltage transients showing the first 18 hours of 

operation of (a) a spin-coated LEC and (b) a spray-sintered LEC. Note the 

LEC-characteristic voltage decrease and luminance increase immediately 

after onset. 

The characteristic voltage decrease and luminance increase during the 

initial constant-current operation demonstrate that both devices are 

functional LEC devices. Moreover, the luminance, voltage and stability are 

effectively identical for both devices, which implies that scalable spray-

sintering can produce the same device performance as the incumbent and 

poorly scalable spin-coating. 
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4.3. Opportunities offered by spray-sintering 

The limited interaction between subsequently spray-sintered layers also 

opens for novel and interesting opportunities. The common requirement 

of orthogonal solvents for neighboring layers in a stacked device is 

circumvented by spray-sintering, as demonstrated by the operation of the 

patterned multi-color LEC in Figure 4.4 (a). The photograph displays the 

emission from a representative 33.5 × 33.5 mm2 section of the larger LEC 

device, which was fabricated by sequential spray-sintering of two different 

active-material inks. The first ink comprised a yellow-emitting 

semiconductor and it was spray-sintered through a shadow mask that 

defined the letters “LEC”. The second ink comprised a blue-emitting 

semiconductor and it was spray-sintered on top of the first active material 

over the entire device area. It is notable that both inks were based on the 

same solvent system, but that the deposition of the second ink left the first 

active-material layer intact, as demonstrated by the well-defined patterned 

emission from the yellow-emitting layer in the complete device. 

 

Figure 4.4. (a) Two-colored LEC fabricated by sequential spray-sintering of 

two active-material solutions, based on the same solvent. (b) An all spray-

sintered semi-transparent LEC. (c) A light-emitting fork, featuring a 

stainless-steel fork as the combined anode and substrate and a spray-

sintered Ag nanowire layer as the cathode. 

Figure 4.4 (b) shows the emission from an LEC device, with both the 

electrodes and the active material fabricated by solution-based spray-

sintering. The bottom anode comprises a bilayer of poly(3,4‐

ethylenedioxythiophene)‐poly(styrenesulfonate) (PEDOT:PSS) on top of a 

film of Ag nanowires, while the top cathode comprises a layer of Ag 

nanowires. The device is semi-transparent in its off-state, as both 

electrodes are transparent, but most importantly the device demonstrates 
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that the entire LEC device can be fabricated from a scalable solution-based 

process. 

The merit of the spray-sintering technique is however perhaps best 

visualized by the light-emitting fork in Figure 4.4 (c). It is commonly 

challenging to fabricate electronic devices directly onto complex and 

curved surfaces,171, 172 and most solution-based deposition techniques are 

inherently unfit for this task. However, with the spray-sintering technique 

we demonstrate that this is indeed possible, by spray-sintering a common 

stain-less steel kitchen fork with first an active-material ink and then a Ag-

nanowire ink. By applying a voltage from a battery between the fork and 

the top Ag-nanowire electrode, we observed distinct light emission from 

the fork.  

 

We finally mention that the presented spray-sintering is deviating from 

the more conventional spray-coating, which is used for the fabrication of 

OLEDs and organic photovoltaics, since the latter aims for a smooth film 

morphology by a complete merging of the individual spray droplets.173 We 

lastly point out that the aquatint etching for the graphic print on the back 

cover of this thesis was prepared by allowing the atomized varnish to 

almost dry before hitting the surface (i.e. spray-sintering), while the 

structured background on the front cover graphic results from a 

deposition where the droplets have been allowed to partly fuse before 

drying, i.e. a spray-coating like deposition (both graphics were hand-

printed by the author in 2004). 
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5. Small molecule donor for high-voltage 

organic solar cells 

5.1. Organic photovoltaics 

 
 

Figure 5.1 presents a typical current-voltage recording from a photovoltaic 

device under illumination. At short-circuit conditions (no load on the 

output terminals) the device delivers a short-circuit current density (JSC) at 

zero voltage, and at open-circuit conditions (an infinite load on the output 

terminals) the device delivers an open-circuit voltage (VOC) at zero current. 

Neither of these conditions produce any output power, and the maximum 

power point (MPP) is instead identified at the maximum of the product of 

the output current density and the output voltage. The fill factor (FF) is 

defined as 

FF =
JMP × VMP 

JSC × VOC

 . 15 

where JMP and VMP are the current density and the voltage, respectively, at 

the MPP. 

The important power conversion efficiency (PCE) is the ratio between 

the maximum output power from the photovoltaic device and the input 

solar power: 

PCE =
JSC × VOC × FF 

Pin

 . 16 

 

Figure 5.1. Typical current-voltage 

reading from a photovoltaic cell (red 

line). The maximum power output is 

visualized by the lime green rectangle, 

determined by the maximum power 

point (MPP). Ideal loss-less operation, 

JSC × VOC, would produce the power 

output represented by the large 

rectangle (black dotted line). 
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5.2. The organic photovoltaic 

Organic semiconductors commonly feature highly efficient absorption of 

light emission,174 which is attractive for organic photovoltaics (OPVs). 

However, organic semiconductors also exhibit a low dielectric constant 

and a concomitant limited ability for electric shielding of incorporated 

charges. A photoexcited exciton (an electron-hole pair) is hence strongly 

bound in an organic semiconductor, due to the unshielded Coulomb 

interaction between the electron and hole. The use of a single organic 

semiconductor as the active material in OPVs has therefore resulted in 

poor performance,175-178 because of the high probability of exciton 

recombination.  

A combination of two different organic semiconductors in the active 

material, an electron donor and an electron acceptor, can resolve this issue 

by physically separating the electron and the hole.179 In order to efficiently 

dissociate the exciton into a free electron and a hole before recombination 

takes place, a separating interface must be encountered close enough to the 

excitation site. Due to the short exciton diffusion length (~10 nm) in organic 

semiconductors,180, 181 this criterion is not met in planar bilayer donor-

acceptor devices. However, the molecular nature of organic 

semiconductors allows for an intimate blending of the donor and acceptor, 

resulting in the formation of a bulk material endowed with large interfacial 

area and uninterrupted transport paths for the “free” electrons and holes 

to their respective collecting electrodes.36, 182 This designed architecture is 

referred to as the bulk-heterojunction OPV. 

5.3. Synthesis and characterization of ZOPTAN-TPA 

Paper V reports on the design and synthesis of an electron donor 

compound in the form of a small molecule termed ZOPTAN-TPA, which 

comprises a central (2Z,2′Z) - 2,2′ - (2,5 - bis(octyloxy) - 1,4 - phenylene) 

bis(3 - (thiophen - 2 - yl) acrylonitrile) (ZOPTAN) unit flanked by two 

triphenylamine (TPA) groups; see Figure 5.2 (a) for its chemical structure. 

Both polymers and small molecules can function as the p-type donor (and 

the n-type acceptor) in OPVs, 183-187 but small molecules feature the 

advantage that their reproducible and high-purity synthesis is less 

expensive.188  
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The ZOPTAN-TPA molecule was designed in a donor-acceptor-donor 

architecture in order to spatially separate the electron and hole of the 

exciton.189-191 The electrochemical band gap of ZOPTAN-TPA was 

measured to be 2.2 eV with cyclic voltammetry, and its LUMO and HOMO 

levels were -3.0 eV and -5.2 eV (with respect to the vacuum level), 

respectively; see Table 2. The optical band gap was 2.1 eV, as determined 

with absorption spectroscopy. ZOPTAN-TPA has a propensity for 

crystallization in the solid state, and its melting point was measured to be 

145 °C using differential scanning calorimetry. 

 

Figure 5.2. The synthesized small molecule ZOPTAN-TPA featuring a D-A-

D chemical configuration. 

 

 

Table 2. Energy levels of ZOPTAN-TPA. 

 HOMO 

(eV) 

LUMO 

(eV) 

Band gap 

(eV) 

ZOPTAN-TPA -5.2 -3.0 2.2 

5.4. OPVs based on PCBM:ZOPTAN-TPA 

Bulk heterojunction OPVs were fabricated with the active material 

comprising ZOPTAN-TPA as the donor and PCBM as the acceptor. The 

active material was sandwiched between an ITO/PEDOT:PSS anode and 

an Al cathode. As ZOPTAN-TPA is a much stronger absorber than PCBM, 

most excitons will be formed on ZOPTAN-TPA and be split by an energy 

transfer from the LUMO of ZOPTAN-TPA to the LUMO of PCBM. The 

LUMO of ZOPTAN-TPA is located at -3.0 eV (see Table 2) and the LUMO 

of PCBM is -3.7 eV.192 The LUMO energy difference of 0.7 eV should be 

sufficient to efficiently split the exciton and transfer the electron from the 

absorbing ZOPTAN-TPA molecule to a nearby PCBM molecule.  
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Four different OPVs, distinguished by a different PCBM:ZOPTAN-

TPA mass ratio in the active material, were investigated. Figure 5.3 (a)-(d) 

present the average values and standard deviations for the VOC, JSC, FF, and 

PCE. All devices featured a high VOC, with the: 1:1 (= PCBM:ZOPTAN-TPA 

mass ratio) device exhibiting the highest peak value of 1.03 V. The other 

parameters were more sensitive to the mass ratio, and the highest PCE 

values of 1.86% was measured on the 2:1 device. Figure 5.3 (e) presents the 

external quantum efficiency (EQE) as a function of wavelength. All 

devices, except the PCBM-poor 1:2 device, feature a similar dependency, 

which implies that a too low PCBM loading results in poor exciton 

dissociation and/or poor electron transport, in agreement with the low JSC 

in Figure 5.3 (b) and the poor FF in Figure 5.3 (c). 

 

Figure 5.3. Average values of (a) the open-circuit voltage, (b) the current 

density, (c) the fill factor and (d) the power conversion efficiency of devices 

fabricated from four different mass ratio blends of PCBM and ZOPTAN. (e) 

The external quantum efficiency of four representative devices with 

different mass ratio.  

The results in Figure 5.3 were recorded on OPVs, comprising active 

materials dried under vacuum at room temperature. The performance of 

OPVs are strongly dependent on the active-material morphology, as the 

donor and acceptor compounds should be intimately mixed to allow for 

efficient exciton dissociation, but at the same time the split “free” electron 

(hole) should find a continuous transport path on the acceptor (donor) 

molecules to the collecting electrode. We therefore investigated whether 

annealing could result in a better OPV performance, but Figure 5.4 (a,b) 

shows that annealing invariably result in a lowered short-circuit current 

density and a corresponding drop of the PCE. The AFM data in Figure 5.4 
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(c) and (d) were recorded on pristine and annealed active materials, 

respectively, and they indicate that annealing results in significant 

morphology changes. We attribute the annealing-induced features in the 

AFM to the formation of micrometer-sized ZOPTAN-TPA crystallites, 

which inhibit exciton dissociation and thereby lower the JSC and the PCE.  

 

Figure 5.4. Average values of the (a) current density and (b) the power 

conversion efficiency as a function of annealing time, presented as the 

change relative to the pristine device. The AFM scans show the surface 

morphology of (c) an as-prepared film and (d) a film annealed on hotplate 

at 90°C for five minutes. 
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