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ν   frequency 

Fc   ferrocene 

Fc+   ferrocenium 

Ge   germanium 

HOMO  highest occupied molecular orbitals 

LUMO   lowest unoccupied molecular orbitals 

cm   centimetre 

mV   millivolt 

nm   nanometre 

OFET   organic field effect transistor 

Vds   drain-source voltage 

Ids   drain-source current 

Vgs   gate-source voltage 

V   volt 

Vth   threshold voltage 

   charge carrier mobility 

F   Faraday’s constant 
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S/D   source and drain electrodes 

SAM   self assembled monolyaer 

ITO   indium tin oxide 

BHJ   bulk-heterojunction 

Vmax   voltage at maximum power point 

Imax   current at maximum power point 

FF   fill factor 

Voc   open circuit voltage 

mA   milliampere 

eV   electron volts 

PCE   power conversion efficiency 

Isc   short circuit current  

Jsc   short circuit current density 

CF   chloroform 

CB   chlorobenzene 

o-DCB   ortho-dichlorobenzene 

THF   tetrahydrofuran 

SMOC   single material organic solar cell  

BG/BC  bottom gate/bottom contact 

TG/BC   top gate/bottom contact 

RT   room temperature 
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Ca   calcium 

Al   aluminium 

D/A   donor/acceptor 

CCDC   Cambridge Crystallographic Data Centre 

PC61BM  phenyl-C60-butyric acid methyl ester 

PC71BM  phenyl-C70-butyric acid methyl ester 

PFBT   pentafluorobenzenethiol  

ODTS   octadecyltrichlorosilane 

HMDS   hexamethyldisilazane 
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1.1 Organic semiconductors 
 

Semiconductors, having been initially developed on the basis of crystalline inorganic 

materials, revolutionized electronics leading to the advance of faster electronic devices 

(high speed communication).1 They found widespread applications in computer 

science, display technology, energy conversion devices. Because of overlapping 

electronic orbitals in their crystalline arrangement, the atomic states create a band 

structure with well-defined energy-momentum dispersion which describes the 

behaviour of electrons and holes in the conduction and in the valence bands 

respectively. Novel classes of organic semiconductors (OSC’s) are an alternative to 

their inorganic analogues because of their flexibility, low cost, easy processability that 

permits the attainment of thin films of the material over large areas and the tunability 

of their properties through chemical modification or variation of their morphology. 

OSC’s have extensively been used for electronic and photonic devices such as organic 

light-emitting diodes (OLEDs)2, organic semiconductor lasers (OSLs)3, organic field 

effect transistors (OFETs)4, organic photovoltaics (OPVs)5, sensors6, and electro 

chromic devices.7   

Different classes of organic semiconductors are conjugated polymers and small 

conjugated molecules.  The following examples fit into the first group: poly (3-

hexylthiophene), poly (p-phenylene vinylene), polyacetylene and its derivatives. 

Examples of conjugated small molecules are pentacene, anthracene and rubrene.    

Solids are classified as insulators, conductors and semiconductors by the availability 

of charge carriers (electrons and holes) for conducting electric current.  Therefore, it 
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is essential to start with band theory, which gives an explanation about electrical 

properties and accounts for the presence of charge carriers (holes and electrons). 

1.2 Band theory 
 

In organic semiconductors, the overlap between π-electronic orbitals of adjacent 

molecules results in the splitting of HOMO (LUMO) and creates valence (conduction) 

band. The valence and conduction bands determine the hole and electron mobilities 

respectively. For simple cosine-shaped bands, the higher the HOMO (LUMO) 

bandwidth, the higher the expected hole (electron) mobility.8   

 

 

Figure 1.1: Schematic representation of Electronic Band Structure 

The energy difference between these two energy bands is called the band gap; (Eg) or 

energy gap. The electrons in a semiconductor are characterized by the Fermi level (Ef), 

and for undoped semiconductor at T ≈ 0 it is located in the middle of band gap. If the 
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electron effective mass (mc) equals to the hole effective mass (mv), Ef level does not 

change with increasing temperature. In metals the Fermi level coincides with the 

highest occupied energy state (figure 1.1). The magnitude of the band gap, Eg 

determines whether a material is a conductor, semiconductor, or an insulator.  In 

metals, there is no energy gap (Eg = 0eV) between the occupied and unoccupied energy 

levels meaning that, electrons can move freely all over the metals volume due to the 

fact that any small perturbation leads to an instant change in their energy. In 

semiconductors the band gap, Eg (>0 – 2.5eV) is small and allows for electrons to be 

promoted to the conduction band by thermal excitation which contributes to an 

electrical conductivity.  Insulating materials exhibit a very large Eg (> 3eV). So upon 

thermal excitation alone, no electrons can reach the conduction band and hence these 

materials do not conduct electricity.9 

1.3 Doping of materials 
 

 

Figure 1.2: Doping of materials either by electron gain or electron loss 
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With the addition of dopants, (figure 1.2) the conductivity of the semiconductors can 

be increased either by positive or negative doping, which can be introduced physically, 

chemically or electrochemically.  p-Doping results in positive charges in the valence 

band and involves the ejection of an electron leaving a vacant positive hole. A 

neighbouring electron can move into that hole,  leaving another positive hole and this 

endows the semiconductor with conductivity.10  According to the band theory (figure 

1.3) p-doping results in new localized vacant energy levels (Ea) located just above the 

valence band,  electrons upon thermal excitation are promoted to those levels leaving 

positive vacant ‘holes’ in the valence band  and the material becomes a conductor with 

positively charged holes as free charge carriers. Upon n-doping, new occupied energy 

levels just below the conduction band are created. Now, a promotion of the electrons 

from those levels to the conductance band by thermal excitation creates electron charge 

carriers. 

 

Figure 1.3: Energy levels Ea and Ed, which are created by p- and n- doping of 

semiconductors respectively.  

1.4 Oxidation and reduction 
 

For a semiconductor on an electrode surface, electrochemical doping can be achieved 

by the simple process of oxidation and reduction reactions.  By applying the external 
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electric field through the working electrode, which is immersed into the analyte 

solution, an electrochemical cell can be operated.  An oxidation involves the loss of an 

electron.  The ability of compounds to be oxidized depends on their ionization 

potential. Upon oxidation the energy level of electrons on electrodes (Fermi level) 

should be lower than the HOMO level of the compound to allow the transfer of 

electrons to the electrode, which acts as an electron-acceptor. 

 

Figure 1.4:  Oxidation process (transfer electron from solution) 

 

Figure 1.5: Reduction process (transfer electron from electrode) 

 

It can be achieved by applying a positive potential to the electrode (figure 1.4).  During 

oxidation an anodic current is created.  Similarly, a reduction involves the gain of an 
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electron.  The ability to n-dope compounds depends upon their electron affinity; the 

LUMO level of the material should be lower than the energy level of electrons at the 

electrode to allow transfer of electrons to the material, which acts as an electron-

acceptor.  It can be achieved by applying  a negative  potential, a cathodic current being 

created11  (figure 1.5). 

Cyclic voltammetry is a tool, which provides practical information about the redox 

(oxidation and reduction) properties of the target materials. It is a versatile electro 

analytical measurement technique serving a wide range of scientific fields. It is a very 

important tool for organic electronics research because it helps to estimate the energy 

levels of the organic compounds. The ionization potential is related to the HOMO 

energy level of the material and the electron affinity to its LUMO level. 
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Figure 1.6: Typical plot of cyclic voltammogram (oxidation wave)12 

 

We interpret the unique shape of the oxidation wave cyclic voltammogram shown 

in figure 1.6. The forward scan of the potential is in the positive direction (A). The 

potential sweeps linearly from 0V (A) to its maximum value (D) (forward scan) 

and backwards – reverse scan from (D) to (G). When the potential reaches a 
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sufficiently positive potential at (B) the anodic current starts to grow due to the 

oxidation, according to equation 1.  

𝑋 → 𝑋+ + 𝑒                                                            (1)  

The anodic current increases rapidly (B-C) until the analyte X is depleted near the 

electrode surface providing the maximum of the concentration gradient and 

consequently the peak current at (C). After depletion of X at the electrode surface 

the oxidation of the analyte coming from the more remote part of diffusion layer 

leads to decrease in gradient and consequently in the current.  The direction of the 

scan is switched backwards at (D) for the reverse scan. When the potential reaches 

a sufficient value for reduction at (E), the accumulated X+ around the electrode can 

now be reduced back to the neutral analyte by the electrode process (Equation 2).   

𝑋+ + 𝑒 → 𝑋                                                         (2) 

The cathodic current increases rapidly in the negative direction during (E to F), 

until  the oxidised form of analyte X+ is depleted at the electrode surface causing 

the current to reach maximum at F and decay from F to G as  the concentration of 

X at the surface of the electrode is back to the initial one. The first cycle is 

completed when the potential returns back to the initial potential, Ei. If we sweep 

the potential in the negative direction for direct scan the cyclic voltammetry 

response  is called the reduction wave because the process starts with the reduction 

reaction of X to X- and gives a cathodic current (Equation 3) followed by oxidation 

of X- to X producing an anodic current (Equation 4). 

 

𝑋 + 𝑒 → 𝑋−                                                          (3) 

𝑋−  →  𝑋 + 𝑒                                                               (4) 
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For a reversible redox process in which electron transfer step is fast enough to limit 

the rate by diffusion, the anodic and cathodic peak currents are equal, and the 

ratio ipa/ipc is 1. The half-wave potential, E1/2, is an average of the anodic and cathodic 

peak potentials. The difference between potential of anodic and cathodic peaks (Ep= 

Epc-Epa) is close to 59/n mV at 25°C and independent of the scan rate, where ‘n’ is the 

number of electrons involved in the redox process.12, 13 The onsets of the first oxidation 

and reduction peaks of the materials can be converted to the HOMO and LUMO 

energy levels of monomer or polymer by subtracting them from the HOMO of 

ferrocene, which has a known value of -4.8eV.14, 15 Finally, the difference between 

HOMO and LUMO energy levels provides HOMO-LUMO gap value.16 

1.5 Absorption and emission  
 

In organic semiconductors the bonding and anti-bonding orbitals create two pseudo 

continua of energy levels separated by an energy gap. This allows the material to have 

a band like electronic structure which determines not only electronic but optical 

properties as well. 

 

 

Figure 1.7: Visible spectrum 

Optical spectroscopy is thus an invaluable tool to probe the properties of these 

materials.  The absorption of light in a molecule is governed by the interaction of the 
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electromagnetic radiation field with the material. Due to the presence of certain 

functional groups called chromophores in a particular compound, the latter possesses 

colours, see figure 1.7. When a sample containing atoms or molecules is subjected to 

light, sufficient energy can be absorbed and this causes the electronic structure to 

become excited to a higher energy level. Initially, an atom or a molecule in the ground 

state fills its electrons into the lowest energy orbitals and once sufficient excitation 

energy is received these electrons can be promoted to higher energy levels or anti-

bonding orbitals, as shown in the figure 1.8. In other words, a photon may be absorbed 

from the field, and an electron is excited to a higher energy state, if the energy of the 

photon corresponds to the energy gap between the ground and excited state of the 

material.  

hϑ

 

Figure 1.8: Excitation of Electrons from low energy level to high energy level by 

absorbing photon. 

The energy of the photon (hν) absorbed during excitation transition is given by the 

equation 5:  

𝐸 = ℎ𝜈                                                                          (5) 
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Where: h is Planck’s constant and equals to 6.626x10-34 Js, ν is the frequency of the 

photon, in Hz. The frequency can be expressed in terms of wavelength and c, the 

velocity of light in vacuum. (c = 3.0x108 ms-1) 

𝜈 = 𝑐/𝜆                                                                             (6)                         

Wavelength, λ, indicates the distance between two consecutive peaks (such as crests 

or troughs from the travelling waves).  The equations 5 and 6 can be combined, 

providing equation 7. 

𝐸 = ℎ𝑐/𝜆                                                                            (7) 

 

Figure 1.9: Absorption and emission spectrum of conjugated polymer (poly[2-

methoxy, 5-(2-ethylhexoxy)-1,4-phenylene vinylene]), MEH-PPV. 

The band gap energy (Eg) in electron volts (eV) is calculated from the wavelength λonset 

in nm of a photon by this equation (7):   

Eg = hc / λonset = ((4.14x10-15eV s)(3x1017 nm s-1)) / λonset (nm), 

which can be reduced to give Eg= 1240/λonset. Figure 1.9 shows optical absorption and 

emission spectra of the well-known conjugated polymer (poly[2-methoxy-5-(2-

ethylhexoxy)-1,4-phenylene vinylene]), MEH-PPV.17  The broad absorption band is 

usually explained by the disordered nature of the polymer chain in the ground state, 
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meaning that polymer chains are twisted and folded leading to breaks in the 

conjugation and contains many shorter conjugated segments. 

1.6 π-Bonding as an essential feature of organic semiconductor 
 

To explain the structure-properties relationship for organic semiconductors, the nature 

of chemical bonds will be summarized. In conjugated molecules, carbon atoms are 

covalently bonded by alternating single and double bonds. The π–electron density is 

considered to be evenly distributed across the molecule and will not confine on 

multiple bonds.  π–Bonds are formed from overlapping adjacent atomic p-

orbitals above and below the plane of the molecule. Since they are out of the plane, 

these orbitals can interact with each other freely, and become delocalized.18  Ethene 

has two carbon atoms connected by a double bond and each of these two atoms is 

connected with two hydrogen atoms by single bonds. There are four electrons in the 

outer shell of a carbon atom and it has an electronic configuration of 1s2 2s2 2p2.  Upon 

hybridization one of 2s-electron is promoted to a vacant 2p-orbital, creating virtual 1s2  

2s1 2p3 state, with all three p-electron being on different 2p-orbitals according to 

Hund’s rule. The two p electron orbitals of carbon mix with the 2s-orbital to form three 

degenerated (threefold axial local symmetry) sp2-hybridized orbitals, leaving the last 

valence electron in a p orbital. These three hybrid orbitals lie in one plane at 1200 

angles to each other and have a lower energy than the p-orbital.  

 

Figure 1.10: π-Cloud structure of Ethene 
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This difference in energy is the driving force for hybridization. When two carbon 

atoms are close to each other, the two sp2-orbitals overlap to form a single σ-bond and 

the remaining p orbitals on each carbon atom overlap with each other above and below 

the plane of the molecule, which leads to a π-bond formation as shown in figure 1.10. 

If two double bonds similar to that described above are located close to each other in 

one molecule and separated by one single bond, they interact with each other. This 

interaction is called conjugation. The concept of conjugation is better to trace on an 

example of 1,3-butadiene. All four carbons in this molecule are sp2-hybridized. The 

planar arrangement and the alignment of the p-orbitals allow overlap between two 

double bonds. The electrons are delocalized over the full length of the molecule. This 

delocalization of electrons creates partial double bond character between C2 and C3 

(figure 1.11).  A MO diagram shown in the figure 1.12 explains chemical 

bonding in the molecule in terms of MO (LCAO) theory. 1,3-Butadiene has 4 -

electrons, and each MO can accommodate two of them. 

 

Figure 1.11: π- Lobe representation of 1,3-butadiene 

Generally molecules in ground state have occupied bonding MO’s and vacant 

antibonding MO’s. A  bonding orbital is formed by overlap of p-lobes with the same 
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wave function sign known as constructive overlap.  An  anti-bonding orbital is 

formed by overlap of p-lobes with opposite wave function sign known as destructive 

overlap.  Electrons have a lower energy in the bonding MO than in the original p 

orbitals, and a higher energy in the anti-bonding orbitals.  The MO energies are 

symmetrically distributed above and below the initial energies of the p orbitals.   

 

Figure 1.12: Molecular orbital structure of 1,3-butadiene (ground and excited state) 

The lowest energy MO (ѱ1) will have the greatest number of favourable interactions 

in p lobes (interacting constructively).  There are 3 bonding interactions and this MO 

is delocalized all over four nuclei.  The next MO (ѱ2) has a node in the center of the 

molecule with bonding between C1-C2, and C3-C4, and there is an antibonding 

interaction between C2-C3.  This MO has two bonding and one antibonding 

interaction, but overall it is considered as bonding, with the energy being higher than 

HOMO 

LUMO 
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that of ѱ1, but lower than the energy of a p-orbital. This orbital is considered to be the 

highest occupied molecular orbital (HOMO) for butadiene neutral ground state.  The 

third MO (ѱ3*) has two nodes.  Here, there are two antibonding and one bonding 

interactions, so this is an antibonding MO, and is denoted with an asterisk (*).  This 

orbital is the lowest unoccupied molecular orbital (LUMO). The fourth MO (ѱ4*) has 

3 nodes, and is completely antibonding with highest energy. The orbitals ѱ1 and ѱ2 

might be considered as a split local HOMO level of original isolated double bonds due 

to their conjugation, whereas the ѱ3* and ѱ4* orbitals are the product of a similar 

LUMO level splitting. Extending of alternating single-double bond unit into an infinite 

one dimensional chain creates the structure of the well-known organic semiconductor-

polyacetylene (figure 1.13). In this polymer the conjugation of sp2-hybridized carbon 

atoms reaches its limit. Polyacetylene is the most illustrative example of conducting 

polymers. While doped it can attain conductivity that is close to that of silver. For the 

discovery of conducting organic polymers in 1977,  the polymer chemist, Shirakawa,19 

the organometallic chemist, MacDiarmid, and the physicist, Heeger20 were awarded 

the Nobel Prize in Chemistry in 2000.   

 

Figure 1.13: Molecular structure of polyacetylene 

In a cyclic structure the conjugation of sp2 carbon atoms manifest itself through the 

aromaticity.  All six carbon atoms in benzene have four valence electrons, three of 
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which are involved to form the sigma bonds to each other and with the s orbitals of the 

six hydrogen atoms forming C-C and C-H sigma bonds. Also carbon atoms in benzene 

possess unhybridised p-orbitals which are aligned perpendicularly to the σ-bonds. The 

lateral overlap of these p-orbitals between neighbouring carbon atoms produces a π 

molecular orbital. This is called a conjugated π-system where the weakly bound π-

electrons are said to be delocalized. 

 

Figure 1.14: π-Ring representation of benzene 

Based on Huckel’s calculation, a planar cyclic molecule with alternating double and 

single bonds has aromatic stability if it has 4n+2 -electrons.  For n=1: 4n + 2 = 6, 

therefore, benzene is aromatic and the electrons are delocalized (figure 1.14). As the 

result of this delocalization, the π wave function is represented by a linear combination 

of p-orbitals from all six atoms. The weakly bound π-electrons can move along the 

carbon chain and overlap in the solids, contributing towards  semiconducting 

properties.21 
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Figure 1.15: π-Orbital structure of Thiophene 

In thiophene, the endocyclic atoms (4 carbons+1 sulfur) have sp2 hybridized outer 

shells and these orbitals overlap with each other and with the s atomic orbitals of the 

four hydrogen forming C-C, C-S, and C-H σ-bonds.  All these sigma bonds and 

sulfur’s lone pair of electrons (not shown in figure 1.15) located in sp2-orbital lie in 

the plane of the ring.  The p-orbitals of carbons contain one electron each and p-orbital 

of the sulfur contains two electrons (the second sulfur lone pair). These orbitals are 

perpendicular to the plane of sigma bonds as depicted in the figure 1.15. Their lateral 

overlap produces a molecular orbital containing six electrons which satisfies the 

Huckel’s aromaticity rule (4n+2).   

1.7 Operating principles and assembly of organic field effect 

transistors  
 

Transistors are the fundamental building blocks, which are mainly used to amplify 

signal or as on/off switches. The field effect is the process in which conductivity of a 

semiconductor varies depending upon an electric field applied orthogonally to its 

surface. Organic field effect transistors normally comprise three different terminals, 

the source, drain, and gate. It contains a semiconductor layer and an insulating layer 
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between the semiconductor and the gate, as well. By applying the voltage between the 

source and gate, a charge can be induced in the semiconductor layer. The charge 

carriers are injected from the source electrode and collected across the conducting 

channel at the drain by applying a voltage between the two metals.22 In general, 

semiconductors are made from inorganic materials, such as silicon and germanium, 

but the technological and manufacturing limitations of these materials paved the way 

for research in the field of organic semiconductors, such as conjugated oliogomeric or 

polymeric systems. The insulator can be made of a variety of dielectric materials, 

though silicon oxide (SiO2) is a common choice.23 To describe the operating principle 

of the organic field effect transistors, simple energy level diagrams of source-drain 

metal electrodes Fermi level and HOMO-LUMO levels of a semiconductor, are shown 

in figure 1.16. If there is no gate-source voltage applied, the organic semiconductor 

which is intrinsically undoped doesn’t have any charge carriers. Due to high resistance 

of the undoped organic semiconductors the currents will be very low.24, 25  

When a negative gate voltage is applied as shown in the picture and the Fermi level of 

source/drain metal is close to the HOMO level of the organic semiconductor, positive 

charges by injection from the source are induced at the organic semiconductor area 

adjacent to the gate dielectric (p-type conducting channel is formed), and by applying 

a voltage, Vds between drain and source one can detect a current through the channel 

Ids. Such organic semiconductors with ability to conduct only positive charge carriers 

are said to be p-type semiconductors. Typical values of HOMO levels of p-type 

materials fall between –4.9 and –5.5eV, which results in good electrical contact with 

high work function metals, for e.g. gold  -4.9eV.26 
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Figure 1.16: Working principle of OFETs. 

When a positive voltage is applied to the gate, with the Fermi level of source/drain 

metal being close to the LUMO level of the organic semiconductor, negative charges 

are induced by injection from the source at the semiconductor-dielectric interface (n-

type conducting channel is formed) and can be extracted by the drain by applying a 

voltage Vds. Such organic semiconductors have the ability to conduct only negative 

charge carriers and are said to be n-type semiconductors. These n-type semiconductors 

have a low lying LUMO energy level (between –3 and –4eV)  and exhibit high electron 
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affinity, that allows them to receive electrons from the metal electrodes upon applying  

a voltage.27 OFETs belong to the class of thin-film transistors, where the 

semiconducting materials are deposited as a thin film on a substrate. Owing to this fact, 

OFETs are also referred to as Organic Thin-Film Transistors (OTFTs). In particular, 

the three important characteristics, used to evaluate the performance of organic 

semiconductors in field-effect transistor devices, are the threshold voltage Vth, the 

charge-carrier mobility (μ [cm2/Vs]) and on/off current ratio (Ion/Ioff). The threshold 

voltage Vth characterizes the voltage Vgs at which the field effect sets, meaning that it 

primarily relates to the number of the charge-carrier traps in the semiconductor 

channel. The charge mobility (μ) is the measure of the ability of electrons or holes to 

flow through the OFET semiconductor under an applied potential Vds and defined as 

the velocity of charge carrier (Vc) at unit electric field: 

𝜇 =
𝑉𝑐 ∙ 𝑙

𝑉𝑑𝑠
                                                                       (8) 

Mobility of at least 1cm2/Vs will be required for high-speed organic digital circuits, 

but in chemical sensors the lower mobilities (0.01–0.1cm2/Vs) can also be acceptable. 

The on/off current ratio (Ion/Ioff) is defined as the ratio of the current flow, between the 

source and drain electrodes in the on state and in the off state of the device.28 Large 

Ion/Ioff  ratio is required29 for application of OFETs in organic circuits and this can be 

achieved by enhancing the on current (e.g., through improvement of the charge 

injection from electrodes) and/or by reducing the off current, through the application 

of post-processing treatments such as annealing and optimization of the organic 

semiconductor purity. The charge-carrier mobility (µ) in turn eventually determines 

the magnitude of the voltage applied and also the power consumption of the transistor. 
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OFETs are generally prepared in four configurations as shown in figures 1.17(a-b) and 

1.18(a-b). Two of these are the bottom gate with bottom and the top-contacts, the other 

two are top gate with bottom and the top-contacts.  

Figure 1.17(a) shows the structure of bottom gate with bottom drain-source device. 

First of all, the substrates will be made from doped silicon with silicon dioxide layer. 

Doped silicon is used for the gate electrode whereas silicon dioxide grown on the top 

of the silicon acts as the insulating layer followed by the metal source and drain 

electrodes deposited on the silicon dioxide layer. Then, the OSC material is deposited 

directly on top of the electrodes, filling the gap between them. If a negative voltage 

Vgs is applied to the gate electrode, an electric field is induced perpendicular to the 

layers. As the consequence, positive charge carriers occur at the interface between 

semiconductor and gate insulator. At the same time a voltage, Vds is applied at the 

drain electrode, holes can be transported from the source electrode to the drain 

electrode. This conducting state is called the “on” state; Vgs≤Vth defines the “off” 

state.26, 28, 30  

 

Figure 1.17: Illustration of typical bottom gate structures with a) Bottom drain and 

source b) top drain and source electrodes. 
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Figure 1.18: Illustration of typical top gate structures with a) Bottom drain and source 

b) top drain and source electrodes. 

This device structure is suitable for both large-area applications and nanometer scale 

transistor design.29 This architecture may be preferred, because the semiconductor 

layer does not have to be exposed to the potentially damaging chemicals needed to 

process subsequent layers. Fabrication of the top drain-source field effect transistor 

shown in figure 1.17(b) poses a challenge because many conventional fabrication 

processes damage the surface of van der waals bonded organic crystals or materials by 

disrupting molecular order, creating interfacial trapping sites and obstacles to charge 

injection. Figure 1.18(a-b) depicts the top gate configurations.  

Even though the gate electrode is deposited on top of all other layers, the positions of 

source and drain electrodes are not similar. Advantages of these configurations are 

encapsulating the semiconducting layer between the substrate and the insulator layer. 

This provides more protection for organic semiconductor from an environment. In the 

case of figure 1.18(a) the electrodes are fabricated directly on the substrate which 

provides the larger contact area between the electrodes and the organic semiconductor.    
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Figure 1.19: OFET device operation 

Whereas the figure 1.18(b) shows device with the electrodes fabricated on the top of 

the organic semiconductor, which is difficult to fabricate due to a possibility of 

damaging semiconductor layer during the metal evaporation, so the top-contact design 

is not used frequently. Each device setup has their own requirements on the 

compatibility between the different materials used in the fabrication based on 

materials, solvents, developers, etc.  Figure 1.19 shows the top view of an OFET and 

the geometrical device parameters which are channel length (represented as L) and 

channel width (represented as W).30 Typical OFET device I-V characteristics can be 

classified as output characteristics, (figure 1.20) when measuring Ids by varying 

Vds with constant Vgs and transfer characteristics, (figure 1.21) varying Vgs with 

constant Vds where Ci is the capacitance per unit area of dielectrics.  

𝐼𝑑𝑠,𝑙𝑖𝑛 =
𝑊

𝐿
𝜇𝑙𝑖𝑛 ∁𝑖  ((𝑉𝑔𝑠 −  𝑉𝑡ℎ) −

𝑉𝑑𝑠

2
) 𝑉𝑑𝑠            𝑉𝑑𝑠 <  𝑉𝑔𝑠 − 𝑉𝑡ℎ           (9)      

The transfer characteristic curves of the transistor (i.e. a plot of the source–drain 

current Ids against the gate voltages Vgs) are used to determine the charge-carrier 

mobility. Two regions of the characteristic curves can be differentiated. At 

Vds < Vgs - Vth, the source–drain current rises linearly with increasing gate voltage 
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according to equation (9) (linear region), whereas at Vds ≥ Vgs –Vth, there is quadratic 

dependence Ids from Vgs according to equation (10), which represents the saturation 

region.31, 32 The current on the output characteristics rises with increasing Vds (linear 

region, equation (9)) until it reaches pinch-off point, shown in the figure 1.20 by 

yellow dashed line (Vds=Vgs–Vth), after which the current levels off, i.e. saturates, with 

any further increase of Vds (saturation region, equation (10)). The threshold voltage 

represents the value of the gate-source voltage beyond which a conductive channel 

forms at the interface (the transistor is turned on).  

 

𝐼𝑑𝑠,𝑠𝑎𝑡 =
𝑊

2𝐿
𝜇𝑠𝑎𝑡 ∁𝑖  (𝑉𝑔𝑠 −  𝑉𝑡ℎ)

2
                    𝑉𝑑𝑠 ≥ (𝑉𝑔𝑠 −  𝑉𝑡ℎ)             (10)        

The charge-carrier mobility μsat in the saturation region can be calculated from the 

slope of the current–voltage curve in a plot of Ids against (Vgs-Vth)
2 (see Equation 10).  

In the transfer curves, as the magnitude of Vgs increases for a given Vds, the source–

drain current at first increases quadratically with Vgs (beyond a threshold voltage) and 

then quasi-linearly with Vgs, when Vgs-Vth becomes larger than Vds.  

𝜇𝑙𝑖𝑛 =
𝜕𝐼𝑑𝑠,𝑙𝑖𝑛

𝜕𝑉𝑔𝑠
 ×

𝐿

𝑊∁𝑖 𝑉𝑑𝑠 
                                                                     (11)    

In this case, at Vgs-Vth >Vds, the linear-regime field-effect mobility (µlin) can be 

evaluated using a standard equation 11.26  In saturation region, μsat is calculated from 

the plot of the square root of Ids, versus Vgs according to equation 12, assuming μsat to 

be independent of Vgs. The conventional quadratic model of FET takes into account 

decreasing the number of charge carriers with increasing drain source voltage at 

constant Vgs due to the drop of potential within the channel. Typically, due to higher 
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speed of charge carrier travel at higher electric field the magnitude of the drain-source 

current increases with increasing drain-source voltage until the pinch-off is reached. 

At this point, increasing Ids due to higher charge carriers speed at higher Vds is 

compensated by decreasing the number of charge carrier, so the current remains 

constant. 

 

Figure 1.20: Typical output characteristics with fixed voltage of gate-source (Vgs) 

√𝜇𝑠𝑎𝑡 =
𝜕√𝐼𝑑𝑠

𝜕𝑉𝑔𝑠
× √

2𝐿

𝑊∁𝑖 
                                                                                     (12) 

The magnitude of the saturation current depends on the applied gate-source voltage. 

Even though p-type OFETs are more common than n-type OFETs, some n-type 

OFETs have also been researched. In the case of n-type OFETs, the current-voltage 

behaviour is similar, but the values will be in the first quadrant, instead of the third due 

to the negative charge of the carriers, i.e., electrons. 
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Figure 1.21: Typical transfer characteristics with fixed voltage of drain-source (Vds) 

1.8 Organic Photovoltaics (OPV) 
 

Photovoltaic science and technology is related to the processes of converting solar 

energy directly into electricity. Solar energy is expected to be one of the clean 

alternative energy sources to fossil fuels in the near future.33, 34 Organic photovoltaic 

systems, using organic semiconductors as the active materials (charge-transport 

materials), are potentially a cost-effective and lightweight solar energy conversion 

platform as compared to their inorganic counterparts.35-39  A typical organic solar cell 

consists of a thin film of organic semiconductors sandwiched between two electrodes. 

Commonly used architectures of OPV devices are shown in figure 1.22. There are two 

major architectures for single-cell-based OPVs: bilayer solar cells (in which donor and 

acceptor materials are sequentially stacked on top of each other as active layer) and 

bulk hetero-junction solar cells (BHJs, in which a blend of a donor and an acceptor 

material is the active layer). Bilayer solar cells are more closely analogous to 

conventional silicon-based solar cells.  
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Figure 1.22: Schematic layout of a bilayer and BHJ solar cell. A part of the active 

layer is enlarged to illustrate the types of active materials. The schematic depicts a 

bilayer device architecture with the donor and acceptor material as separate layers and 

BHJ active layer where the donor and acceptor blend forms phase segregated domains 

within the active layer. 

These devices benefit from the separated charge carrier transporting layers that ensure 

transport pathway to the correct electrode and give the separated charge carriers 

limited chance to recombine with their counterparts. One of the drawbacks of this 

device is that the limited exciton diffusion length (the lifetime of excitons is only on 

the order of a nanosecond) in organic semiconductors limits the energy harvesting 

ability of respective devices for highly efficient solar cells.40-42 In contrast, one of the 

merits of BHJ solar cells is the large D/A interface area, and if the phase separation 

occurs on a nano scale, most of the generated excitons reach the D/A interface for 

charge dissociation before decay.37, 39, 43 However, such blends can exhibit significant 

morphological disorder due to random phase separation of the components. In most 

cases, the molecular domains of separate phase are too large (cause exciton loss) or 

too small (leading to facile charge recombination) in size, which lowers the overall 

OPV device performance.40  
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Figure 1.23: Steps and mechanism of light to electric power conversion. Light which 

is not converted into electricity is converted into heat and eventually contributes to 

losses by excitation decay and recombination processes.44 

 

Currently, more research efforts on OPVs are directed towards the BHJ-type solar 

cells, since they potentially could provide cost effective devices through wet-

processing methods. It has been proposed by Frechet39 that the ideal bulk-

heterojunction (BHJ) solar cell should have a donor - acceptor blend with a mean 

domain size of the order of the exciton diffusion length (typically 10 nm). Hence, the 

photo-generated excitons could diffuse efficiently to the D/A interface before decay, 

for efficient charge separation.37, 39, 45  However, a number of variables, including 
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choice of donor and acceptor, the donor-acceptor weight ratio, the solvent and post-

treatment, can dramatically affect the morphology, making device optimization 

challenging. In addition, based on these two main device structures, new solar cell 

device architectures, such as tandem solar cells46, 47 and inverted organic solar cells48, 

49 have also been investigated, which benefit the overall organic solar cell research 

either on more efficient energy conversion or facile device fabrication process. As 

shown in figure 1.23, the process of converting solar energy into electricity using 

OPVs can be schematically described by the following several steps. To reach higher 

efficiency most of the photo generated excitons should diffuse and reach the 

dissociation region where the excitons are separated into free negative and positive 

polarons (electrons and holes). Excitons are neutral species, so they diffuse via random 

hops without any influence of the electric field.36 The dissociation region is usually 

located at the interface between two materials with different electronic properties such 

as electron affinity or ionization potential.  

Exciton generation can happen in any part of the semiconductor so that the layer 

thickness should equal the diffusion length, the distance over which the exciton moves 

before recombination. For organic solar cells using the donor/acceptor heterojunction 

for exciton dissociation, it is believed that a minimum energy difference of 0.3eV 

between the LUMO levels of donor and acceptor materials is required to overcome an 

“exciton-binding” energy for an efficient dissociation at the D/A interface.38, 40 There 

is an intermediate state between excitons and the fully separated charges. This so called 

charge pair is a coulombic bound pair of a negative and positive charge in different 

molecules as shown in figure 1.23(b). Finally, free charge transport within the donor 

(acceptor) phase of an active layer to the respective electrodes leads to charge-carrier 
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collection. Charge separation is known to occur at organic semiconductor interfaces, 

between materials with sufficiently different ionisation potentials (IP) and electron 

affinities (EA). In the latter, one material can then act as electron acceptor (A) while 

the other keeps the positive charge and is referred to as electron donor (D). If the 

difference between the LUMO levels of the donor and acceptor is not sufficient, the 

exciton may just hop onto the material with the lower band gap without splitting up its 

charges. Eventually it will recombine without contributing charges to the photocurrent. 

Possible loss mechanisms are exciton decay, geminate recombination of bound 

electron-hole pairs, and bimolecular recombination of free charge carriers [figure 1.23 

(e and f)]. 

PCBM is now the most widely used acceptor material in organic photovoltaic 

applications (figure 1.24). A weak point of PC61BM as a photovoltaic material is its 

low absorption in the visible region, due to the high degree of symmetry which makes 

the lowest energy transition formally dipole forbidden. To improve the absorption 

properties of the acceptor phase, Hummelen et al. synthesized the corresponding C70 

derivative, PC71BM.50 The absorbance of PC71BM is much stronger than that of 

PC61BM. For that reason PC71BM has been widely used in organic solar cells based 

on small band gap polymers in order to enhance light absorption. Many organic solar 

cells comprising PC71BM as acceptor show higher PCEs than that of the corresponding 

devices with PC61BM as acceptor.50-52 Besides light absorption, the electrochemical 

properties of the fullerene derivatives are important for the application as acceptor 

material in organic solar cells. The open circuit voltage is determined by the difference 

in energy between the LUMO level of the fullerene acceptor and the HOMO level of 

the polymer donor.53-55 For PC61BM and PC71BM energy levels are similar, therefore 
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the increase in efficiency is caused mainly by the extra light absorption by 

donor/acceptor (D/A) moieties.  

 

 

Figure 1.24: PC61BM (left) and the α-type chiral isomer of PC71BM (right) 

 

Drawing the current–voltage characteristics of a cell in the dark and under illumination 

(Fig. 1.24) permits an evaluation of most of its photovoltaic performances as well as 

its electric behaviour.56   In the dark, a typical diode-type I-V response with limited 

current flows in the reverse bias direction (V<0) can be recorded. As the cell is 

illuminated, the I-V curve is ideally shifted down at all potentials because of the 

additional photocurrent, and power is generated in the devices.  Note that the 

photovoltaic effect occurs only in forward bias (V>0), where the cell generates power 

when the product of the current and the voltage is negative. Voc is the voltage across 

the solar cell when the cell current is zero. Jsc is the cell current density when there is 

no applied bias to the cell. Imax and Vmax are the values of the current density and 

voltage which provide the maximum power Pmax delivered by the PV cell.  Fill factor 

(FF) is the parameter of illuminated cell I-V curve   defined as the ratio of the 
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maximum output power to the product of short circuit current and open circuit voltage 

(Equation 13). 

 

   

Figure 1.25: I-V characteristic of an organic solar cell under dark, and under 

illuminated condition (left) and equivalent circuit diagram of solar cell with shunt (RP) 

and series resistance (RS) (right). 

 

𝐹𝐹 =
𝐼𝑚𝑎𝑥 ×  𝑉𝑚𝑎𝑥

𝐼𝑠𝑐  ×  𝑉𝑜𝑐
 =  

  𝑃𝑚𝑎𝑥

𝐼𝑠𝑐  ×  𝑉𝑜𝑐
                      (13)   

𝜂𝑚𝑎𝑥 =
  𝑃𝑚𝑎𝑥

 𝑃𝑖𝑛
  =

𝐼𝑠𝑐  ×   𝑉𝑜𝑐  × 𝐹𝐹

 𝑃𝑖𝑛
                 (14) 

FF is directly affected by the values of the cells series and shunt resistance, as shown 

in figure 1.25. Increasing the shunt resistance (RP) and decreasing the series resistance 

(RS) could lead to larger FF and push the device output power (Pmax) towards its 

theoretical maximum. According to Equation 14, power conversion efficiency (PCE), 

η is defined as the ratio of the maximum electric power extracted to the incident light 

intensity. Because of the light intensity dependence of the photovoltaic response, the 

efficiency should be measured under standard test conditions. The conditions normally 
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used are AM1.5 (air mass 1.5) corresponding to a solar irradiation with zenith angle 

of 48.2o which gives the pathway of the sunlight across atmosphere as long as 1.5 times 

of its thickness with the light intensity of 1000 W/m2 and characteristic solar spectral 

distribution.57 

1.9 Aim of the projects 
 

The goal of this research is 1) to design new semiconductor materials, 2) to fabricate 

and characterise OFET and OPV devices using some novel semiconductors with the 

aim to discover parameters of great importance for realizing high quality electronic 

devices. In organic field-effect transistors (OFETs), two types of interface are crucial 

determinants for device performance: 1) electrode/semiconductor interface – for 

charge injection; 2) semiconductor/dielectric interface for charge transport.58, 59 One 

of the few practical strategies is using a self-assembled monolayer in order to control 

the surface properties for favourable nanoscale ordering of OSCs.60, 61 Thus, self-

assembled monolayer treatments on electrodes and dielectric (insulator) surfaces have 

been used to improve the morphology of subsequently deposited organic 

semiconductor. A molecular monolayer is only a few nanometres thick, however 

dramatically changes the electrical performance in terms of threshold voltage and 

mobility. SAMs can play an important role in controlling these parameters. The effect 

of the SAM depends on the chemical structure of the comprising molecules and on the 

location in the device, on the gate dielectric or on the S/D electrodes. Furthermore, the 

presence of a SAM layer can reduce charge trapping states at the interface by covering 

silanol groups and ionic impurities of SiO2.
62 In this thesis, the novel semiconductors 

OFET devices are fabricated using different solvents with the application of self-
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assembled monolayers. We also discuss the effects of the molecular ordering and film 

morphologies of organic semiconductors on the electrical properties of OFETs. 

 

In organic bulk heterojunction (BHJ) solar cells, high charge separation efficiency 

combined with the reduced fabrication costs associated with solution processing 

techniques offer an option for the next generation of flexible PV devices.63 The control 

of the donor/acceptor blend morphology in BHJ materials is required for achieving 

high power conversion efficiency and of primary concern.64 In this thesis, BHJ 

approach has been used in order to achieve higher efficiencies in organic photovoltaic 

devices. We will show that by using a high boiling point solvent, the power conversion 

efficiency of photovoltaic cells is substantially increased when compared to low 

boiling point solvent.65, 66 This method of optimization is now the most widely used 

processing option for polymeric and oliogomeric systems. Previous examinations of 

the active layers from several groups have shown that the high boiling additive, added 

to host solvents, influence the size of the domains within the donor-acceptor blend.67-

70 In this thesis, we will examine a new class of conjugated polymer and oligomer 

molecules with modular features that can be used to fine tune the phase separation and 

the optical absorption of the blend in order to achieve improved power conversion 

efficiency.   

There is a growing interest in monodisperse conjugated oligomers for OFETs and 

OPVs with power conversion efficiencies greater than 3% in BHJ devices. Recently, 

the Skabara group has developed an H-shaped conjugated system with a 

tetrathiafulvalene unit as the bridging component between two oligothiophene 
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chains.65, 71 It is a new hybrid electroactive compound with attractive optical and redox 

properties featuring the TTF unit fused directly to the conjugated oligothiophene 

backbone (5T-TTF). The incorporation of the TTF moiety in the oligothiophene 

architecture imparts to the materials the propensity to aggregate due to π-π stacking 

interactions, so they might be good candidates for organic electronic semiconductors. 

As a result, chapter 2 focuses on the charge-transport properties of this unusual 

material and some promising estimation of PCE values from BHJ solar cells. 

Chapter three describes a novel donor-acceptor (D/A) conjugated co-polymer 

containing DPP and TTF moieties for use in OFET and OPV applications. A recent 

publication from PJS group reported a novel conjugated polymer p(DPP-TTF) with 

donor  dithienylthieno-TTF and electron acceptor diketopyrrolopyrrole (DPP) units 

within the conjugated backbone and its performance in OFETs under ambient 

conditions.72 Donor and acceptor moieties were chosen in regard to their hole and 

electron transporting properties, respectively aiming for ambipolar characteristics. 

Optical, thermal, and electrochemical properties as well as nano morphology of this 

polymer indicated that it is a promising material for OFET and OPV applications. 

Expanding on this, chapter 3 emphasise on more in-depth study of FET and 

photovoltaic properties with their morphological studies.  

Recently, Skabara’s group has reported a new germanium-centred spiro compound 

(5T-Ge) with quinquithiophene arms that self-assembles in a unique fashion to give a 

two-dimensional packing motif.73 Ge is the first of the group 14 elements to possess a 

full electron rich d-shell and expected to support an increased level of spiro-

conjugation between oligothiophene chains. The use of a group 14 element in place of 

a metal centre can give access to purely covalent compounds featuring electron rich 
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dithiagermole rings bound via a neutral, tetrahedral sp3 germanium centre, an area that 

is largely overlooked for the development of new unique and useful materials. 

Expanding on this, in chapter four, we have investigated by AFM measurements the 

surface morphology of oligomer films and its effect on the field effect mobility.74 

Chapter 5 includes an organic semiconductor, expressed as a quadrupolar linear 

conjugated system (DPP Linear-c), consisting of a 1,4-diketopyrrolo[3,4-c]pyrrole 

(DPP) central unit and two quaterfluorenylphenyl arms at the 3- and 6-positions of the 

DPP fragment. This material is studied in organic field-effect transistors (OFETs).62 

The 1,4-diketopyrrolo[3,4-c]pyrrole (DPP) unit is a well-known and topical building 

block in plastic electronics and has been incorporated into conjugated materials which 

have been studied as components in solar cells and FETs. The strong propensity of 

DPP Linear-c to 1D aggregation in the solid state favours the hole mobility of the 

semiconductor due to the alignment of HOMOs in the aggregates.75  The fabrication 

of OFETs from this novel p-type semiconductor is reported, using different dielectrics 

to evaluate their effect on the overall device performance.  

All the semiconductors mentioned above are p-type in which the conduction is due to 

the positive charge carriers. However, in order to realize applications such as organic 

complementary logic circuits,76 both p-type and n-type organic semiconductors are 

needed with comparable electrical performance. Only a very few n-type organic 

materials are reported in which the conduction is due to the negative charge carriers, 

including fluorocarbon-substituted thiophene oligomers.77-81 By adding fluorine (F) 

moieties to the benzene conjugated backbone, the benzene ring can be more electron-

deficient and thus the electron affinity can be increased. Non-covalent interactions (F-

--F and F---S) have attracted more attention and been used to enforce packing 
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arrangements in aromatic crystals. As a result, it is expected that the electron-rich 

thiophene unit overlaps well with the electron-deficient perfluorophenyl rings, leading 

to a decrease in the intermolecular spacing. In addition, the increased electron affinity 

may allow good LUMO – LUMO electronic coupling between neighbouring 

molecules because of its improved π- π stacking ability.80 Based on these arguments, 

chapter 6 describes the synthesis of the novel perfluorobenzene-thiophene based small 

molecule with the studies of its optical property, cyclic voltammetry, X-ray crystal 

determination and its suitability for n-type charge transport. Finally, Chapter 7 

provides the general conclusions about all the work presented together with the 

description of the results obtained. 
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Chapter 2  
 

 

 

 
Device fabrication of new hybrid organic 
semiconductor based on fused 
TTF/quinquithiophene (5T-TTF) for organic field 
effect transistors (OFETs) and photovoltaics (OPVs)  
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2.1 Abstract 
 

There have been very few TTF fused thiophene semiconductors reported to date with 

mobilities above 1.4cm2/Vs.82-84 One of the promising approaches in creating high 

mobility organic semiconductors is the reinforcement of intramolecular interactions, 

which results in enhanced molecular π-orbital overlap and facile intermolecular charge 

transport. One such family of donor compound is based on quinquithiophene and 

utilizes tetrathiafulvalene (TTF) as a core unit.  Due to the contribution from TTF-

donor unit, the material will exhibit different morphology and hence charge transport 

characteristics from those reported for thiophene based oligomers.71 In this chapter, 

we report on the fabrication and characteristics of FET device with BG/BC geometry 

using 5T-TTF [4,4',6,6'-tetrakis(3'-hexyl-5'-methyl-[2,2'-bithiophen]-5-yl)-2,2'-

bithieno[3,4-d][1,3]dithiolylidene] as a semiconductor to gain a better understanding 

of charge transport of new hybrid system. Here, we use a SAM of PFBT and ODTS at 

the interface between the organic semiconductor and gold contacts (gate dielectric) to 

alter the carrier density in the electrodes (provide better alignment of the crystalline 

domains in the channel). The interfaces between metal contacts and organic 

semiconductors in OFETs have been extensively modified to control the energy levels 

at the interfaces, which can change the energetic barriers for charge injection.85-87 

Because of the shallow HOMO of 5T-TTF, results are analysed in detail from the 

perspectives of a p-type OFET device performance to understand the 

structure/property relationships. We also fabricated OPV devices and investigate the 

effect on the devices (OFET and OPV) performance of film morphology, which was 

varied upon using various solvents and annealing temperatures. From these studies, it 
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is clearly seen that the active layer structure depends heavily on the processing 

conditions such as interface modification, annealing temperature, solvents used etc., It 

is also evident that the processing induced microstructure of the active layer plays an 

important role in determining photovoltaic properties.70   
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2.2 Introduction 

 

Tetrathiafulvalene (chart 2.1a) is a non-aromatic 14π-electron system in which 

oxidation to the cation radical and dication occurs sequentially and reversibly at 

relatively low potentials (E1
1/2 = 0.37V and E2

1/2 = 0.67V in dichloromethane versus 

the saturated calomel electrode (SCE) reference). In contrast to the neutral TTF 

molecule, both the cation radical and dication contain aromatic stable unit – the 1, 3-

dithiolium cation (2.1c), which has 6π-electrons (Huckel’s rule) . While TTF+· (2.1b) 

and TTF2+ (2.1c) have a planar D2h symmetry, neutral TTF (2.1a) has a boat-like 

equilibrium structure with C2V symmetry.88  However, because of the small difference 

between planar and boat-like conformations, TTF (Chart 2.1) is very flexible and can 

appear in various conformations depending on the donor and acceptor interactions in 

the crystals. The good donor properties of TTF are mainly due to aromatization energy 

gain when going from the dithiolylidene moiety in the neutral molecule to dithiolium 

aromatic rings in the oxidized states as shown in chart 2.1.  

 

Chart 2.1 : Redox Transformation of Tetrathiafulvalene (TTF) 

 

The early work on TTF based OFETs did not attract much attention due to the poor 

FET performance.89 Only recently, TTF derivatives have attracted considerable 

attention for their application in OFETs.89 On the other hand, TTF and thiophene 

derivatives have some good features for acting as semiconducting layers in OFETs. 

Firstly, they are mostly produced by simple synthetic paths and are easily chemically 
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modified. Secondly, they may be made quite soluble in common solvents and the 

device fabrication can benefit from the solution processable methods. Thirdly, the 

planar molecular conformation with developed π-electron rich system and the high 

contents of sulphur atoms provide strong intermolecular interactions in the solid state 

induced by π···π stacking and S···S short contacts. Fourth, the good electron donor 

ability with highest occupied molecular orbital (HOMO) levels close to the work 

function of usual metallic electrodes, (e.g. gold, silver) affording little energy barrier 

for charge injection from metal electrodes into their active layer.84, 89 Single 

component TTF species are increasingly being investigated as organic metals, semi- 

and even superconductor materials owing to their reliable redox behaviour, the high 

conductivity observed in their mixed valence salts, and their tendency to stack in the 

solid state, which maximises orbital overlap allowing for efficient charge carrier 

mobility. For these reasons TTFs are seen as some of the most promising candidates 

for p-type OFETs.89-92 

A high-mobility OFET (μ=1.4cm2/Vs) has been reported using single crystals of the 

TTF derivative (Chart 2.2) as an active layer.82 Though, the single crystal and vacuum 

deposition methods89 have been used for fabricating TTF based thin film transistors, 

thermal evaporation manufacture is expensive, and inadequate for attaining large area 

coverage thin films. To truly realize the low cost and large area coverage features of 

organic electronics, organic semiconductors must be deposited from solution with 

more economical and versatile technique like ink-jet printing.93 This requirement has 

in turn driven the development of new solution processable TTF derivatives for 

OFETs.94 TTF derivatives are mostly insoluble or less soluble in common solvents due 

to the strong π-interactions or the lack of flexible chains. An approach to afford 
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solution processable TTF derivatives is the attachment of flexible side chains or bulky 

groups to the π-skeleton that contains the TTF/thiophene unit. Chart 2.2 shows some 

of the TTF derivatives used for vacuum and solution processed thin film OFETs of 

mobilities up to 0.17cm2/Vs.  

 

 

Chart 2.2 : Tetrathiafulvalene (TTF) derivatives 

The fused ring systems dithiophene-tetrathiafulvalene (DT-TTF, 2.2a) and dibenzo-

tetrathiafulvalene (DB-TTF, 2.2b) illustrate well the potential that TTF based systems 

offer. The devices based on dithiophene-TTF (2.2a) showed the best FET performance 

with the highest mobilities (0.17cm2/Vs) that promotes the development of TTF based 

OFETs. Devices based on dibenzo-TTF (2.2b) showed high mobility up to 6x10-2 

cm2/Vs with the on/off ratio on the order of 104 due to its π-expanded structure that 

benefits the intermolecular π···π interactions.  The crystal packing of 2.2a and 2.2b is 

similar to that of pentacene, giving a herringbone pattern, with the short interplanar 

distance (3.56 Å) and intermolecular S···S interactions (3.6 Å).84 The charge carrier 

mobilities observed in commercial field effect transistors based on amorphous silicon 

are in the range of 0.1-1cm2/Vs.91 In order to compete with these inorganic thin film 

transistors (TFT), OFETs should be able to at least match these values. Ukai et al. 

investigated the transport property of OFETs based on 

tetrakis(alkylthio)tetrathiafulvalene (TTCn-TTF) derivatives with n = 8. TTCn-TTF 
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(2.2c) was drop cast on the prefabricated substrates with BC device geometry from its 

saturated chloroform solution. The field effect hole mobility of 10–6-10–5cm2/Vs was 

obtained for that compound. The mobility increased with the longer alkyl chains, 

which was attributed to the reduction of intermolecular distance between adjacent TTF 

units caused by the fastener effect of long alkyl chains. Besides the low mobility, the 

devices based on bottom contact showed other poor FET characteristics, such as the 

large off current at zero Vg, the small on/off ratio (<2), and the non-saturating 

behaviour.95  Compound 2.2c has high HOMO levels, their thin films are unstable to 

oxygen, and the resulting oxidation dopants increase the conductivity of the film in the 

off (or ungated) state and lead to aforementioned poor FET performance. Table 2.1 

represents fabrication methods and mobility parameters based on TTF derivatives. 

Recently, a series of N-alkyl substituted bis(pyrrolo[3,4-d])tetrathiafulvalenes 

(PyTTFs, alkyl=n-butyl, n-octyl) were synthesized by Takimiya and co-workers as 

soluble TTF derivatives for solution processable TTF based OFETs. The spin coated 

thin films of 2.2d and 2.2e showed inferior FET characteristics with mobility of 10-5 

cm2/Vs or no reproducible field effect.  Specifically, most of the 2.2e devices showed 

no current modulation on the application of gate bias and thus the FET parameters of 

the devices were not determined. On the contrary, OFET devices consisting of spin 

coated thin films of 2.2f exhibited higher FET performance with mobility about 10-2 

cm2/Vs and on/off ratio up to 104. Studies on single crystal analysis of 2.2d, 2.2e and 

2.2f revealed the reason for their different FET performance. The XRD studies of 

compound 2f showed two dimensional solid state structure with columnar π-stacking 

and intercolumnar S···S interactions, whereas no intermolecular π-stacking feature 

was observed for the cases of compounds 2.2d and 2.2e, there were only intermolecular 
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side-by-side S···S interactions. The length of the alkyl chains not only affected the 

solubility of PyTTFs but also influenced their solid state structures and thereby led to 

the different performance in OFET.96 

 

 

 

2.3 OFET fabrication of Oligothiophenes 

 

Though oligothiophenes have been first synthesised and isolated in 1947, (chart 2.3 

a,b) their electrical properties have been studied very recently.97  A practical strategy 

for investigating the relationship between molecular structure and electrical 

performance is the systematic variation of the number of repeat units in a particular 

type of molecular semiconductor or varying the length of alkyl substituents.  

Oligothiophenes are most suitable compounds for these types of investigations, due to 

their straightforward synthesis and because of a wide range of possible modifications 

of their chemical structure. Due to the poor solubility of the oligomers longer than five 

thiophene units (quinquithiophene), most electrical measurements on oligothiophenes 

are carried out on vacuum evaporated thin films on substrates already equipped with a 

conducting electrode, generally gold. Organic TFT’s based on oligothiophenes were 

 Fabrication  

method 

Device 

geometry 

Mobility 

(cm2/Vs) 

HOMO 

level (eV) 

on/off 

ratio 

2.2a zone casting TC 0.17 -5.1 106 

2.2b vacuum deposition BC 6x10-2 -4.9 104 

2.2c drop casting BC 3.4x10-6 --- <2 

2.2d Spin coating TC 1.7x10-5 -4.6 10 

2.2e Spin coating TC --- -4.6 --- 

2.2f Spin coating TC 6.8x10-2 -4.6 2x10-2 

Table 2.1:   FET characteristics of vacuum and solution processed thin-film devices 

based on TTF derivatives 
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first reported by Horowitz and Garnier98-100 and later by Dodabalapur,101 Katz101, 102 

and others.   

 

 

Chart 2.3: Unsubstituted and substituted oligothiophenes 

 

The first FET based on an oligothiophene (sexithiophene, 2.3c) was reported in 1989 

by Horowitz and co-workers, with a mobility of 10-4cm2/Vs.103  Since then, the 

performance of oligothiophene FETs has gradually improved, due to progress in the 

purity of the materials and the deposition techniques such as vacuum or spin coating. 

A first breakthrough occurred with the synthesis of oligothiophenes substituted by 

alkyl groups at the terminal position.104, 105  Importantly, the field-effect mobility of 

the substituted oligomer is ten to one hundred times higher than their non-substituted 

homologue. Surprisingly, Horowitz et al. noted that the mobility of the octamer (2.3e) 

is lower than that of the hexamer (2.3c). This was first assigned to the difficulty in 

purification due to its solubility. However, it later appeared  that the mobility of the 

unsubstituted sexithiophene (2.3c) could reach values close to that of the terminal 

substituted sexithiophene (2.3d) compound by evaporating the material using low 

evaporation rates.106 101 Under such circumstances the molecules tend to orient parallel 
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to the film, an arrangement that is naturally occurring with the substituted oligomer. 

Moreover, recent measurements on shorter oligothiophenes (quaterthiophene (2.3a) 

and quinquithiophene (2.3b)) gave mobility very similar to that of the sexithiophene 

(2.3c) and octithiophene (2.3e).102, 107 Significant results are gathered in Table 2.2. 

Recent measurements on sexithiophene single crystals gave a mobility of 

0.075cm2/Vs.108 Even though this mobility is significantly higher than that reported 

for crystalline films, it does not indicate a real improvement of charge transport for 

large area applications.   

 

 

 

 

 

 

Halik et al. synthesized and demonstrated organic thin film transistors TFTs based on 

a series of alkyl end substituted oligothiophenes, employing top contact and bottom 

contact device structures, with ultrathin self-assembled monolayer (SAM) gate 

dielectrics. They found that the length of the oligomer (quater, quinqui or 

sexithiophene units, chart 2.4) has no significant effect on the carrier mobility, whereas 

the length of α, α’-alkyl substituted oligothiophenes has a notable influence on the thin 

film transistor performance. The presence of long decyl side chains is likely to create 

a dense intrinsic barrier separating the conjugated thiophene backbones from source 

and gate terminals which lead to a significant contact resistance. When the length of 

Non substituted Alkyl substituted at the terminal 

position 

Compound Mobility 

cm2/Vs 

Compound Mobility 

cm2/Vs 

Quaterthiophene 2x10-7 Quaterthiophene 2x10-5 

Quinquithiophene 3x10-5 Quinquithiophene 9x10-4 

Sexithiophene 5x10-4 Sexithiophene 5x10-2 

Octithiophene 2x10-4 Octithiophene  

Table 2.2: Organic Field Effect Transistor mobility of oligothiophenes  
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the side chains is reduced from ten methylene units to six and two units, the carrier 

mobility dramatically increased from 0.1cm2/Vs to 1.0 cm2/Vs and 1.1cm2/Vs, 

respectively. In the TC geometry, shorter side chains form a significantly thinner 

barrier between the metal contact and the conjugated backbone leading to more 

efficient carrier injection and smaller contact resistance compared to the long alkyl 

chains. In contrast to the top contact TFTs, the contact resistance in bottom contact 

devices is not affected by the intrinsic alkyl chains, since the source and drain metal is 

in direct contact with the conjugated chains.109  

 

 

Chart 2.4: Alkyl substitutied oligothiophenes at terminal position 

Both substituted and non-substituted oligomers in a film exhibit an anisotropy of their 

conductivity with its value along the plane of the substrate being higher than that in 

perpendicular direction.104 This anisotropy can be related to the supramolecular 

organisation of the film established by X-ray diffraction where the molecules in an 

evaporated film orient mostly with their long axis perpendicular to the substrate.106 

Accordingly, the charge transport appears easier in the direction perpendicular to the 

long axis of the molecules and said to be two dimensional. The anisotropy of the 

conductivity is substantially increased when the molecules are substituted at each end 

by alkyl group or alkyl chains. Such a substitution tends to improve the orientation of 
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the molecules, hence increasing the two dimensional character of the material.104 

Furthermore, the alkyl chain at each end of the substituted molecule tends to decrease 

the conductivity in the direction perpendicular to the film, which is also the direction 

parallel to the chain of the molecules.   

 

 

Chart 2.5: Linear conjugated oligothiophenes as π-dimeric model 

In contrast to the case for linear systems, Otsu Bo et al. prepared a first example of 

cyclophane-type π-dimeric model compounds (Chart  2.5a) containing two 

quinquithiophene in which two ends of the oligothiophene units were linked to alkyl 

bridge groups.110 Various studies proposed the formation of π-dimers as charge 

carriers. However, the formation of these π-dimers has been explored only by 

analysing low temperature electronic spectra of oligothiophenes in various oxidation 

states.111  Collard et al. synthesized cofacially stacked π-dimeric model 

oligothiophenes (2.5b), in which two oligothiophene units, fused to a bicyclo-

[4,4,1]undecane core, showed strong interchain interactions and stabilization of the 

radical cations.112 Incorporation of fused 4,5,6,10,11,12-hexahydro-5,11-

methanocyclodeca[1,2-c:6,7-c']dithiophene system into oligothiophene architecture  

provides control over the orientation of the two oligothiophenes stacked on top of each 

other to allow charge carriers to hop through from one oligomer to another. One and 
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two electron oxidation of these stacked oligomers afforded radical cations and 

dications that served as models for polarons and bipolarons in p-doped conjugated 

polymers and demonstrated the effect of π-stacking on the electronic structure of these 

species. The reliable synthesis of such molecules (Chart 2.5) has become possible only 

recently and their implementation in different areas of organic electronics has yet to 

be explored.   

 

Chart 2.6: Fused TTF poly (thiophene)s and oligothiophenes previously developed in 

the Skabara group. 

TTF derivatives have been studied as components in OFETs and there are several 

examples of materials with high mobilities,89, 91 including fused TTF/thiophene 

hybrids such as DT-TTF as shown above in chart 2.2a. Over the past decade, the 

Skabara group has developed a variety of new hybrid electroactive compounds based 

on poly- and oligo(thiophenes) featuring  the TTF unit fused either directly to the 

conjugated poly- or oligo(thiophene) backbone, or via a non-planar dithiine ring (chart 
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2.6).113-116  It was found that, depending on the structure of the compounds the TTF 

units can either dominate the electroactivity of the compound or participate in a truly 

hybrid red-ox state. The incorporation of the TTF moiety in the oligo- and poly 

(thiophene) architecture imparts to the materials the propensity to aggregate due to π-

π stacking interactions, so compounds with TTF units might be good candidates for 

organic electronic semiconductors. We have studied electronic and charge transport 

properties of one such a material on a basis of an unusual hybrid structure (chart 2.6e): 

methyl end capped bis(quinquithiophene) bridged by a fused tetrathiafulvalene (5T-

TTF). The chains also bear hexyl groups on the 3-position of the terminal thiophene 

rings to improve solubility.  The electrochemical band gap (HOMO-LUMO gap) of 

this material obtained was 2.14eV. The HOMO and LUMO levels were observed at-

5.06 and -2.92eV respectively.65  

2.4 5T-TTF OFET results 

 

OFETs were fabricated with various SAM reagents for gold contact and SiO2 surfaces 

treatments to evaluate their effect on overall device performance of the 5T-TTF 

derivative (chart 2.6e). The representative output and transfer electrical characteristics 

of bottom gate, bottom contact devices A, B, C and D with the same channel length 

and width (L = 10 µm, W = 1cm) and different surface treatments are compared. The 

use of SAM reagents has proved to be an effective approach to optimize thin film 

growth and align the energy levels, that influence the device performance.117 Field 

effect mobilities and threshold voltages (Vth) were calculated in the saturation regime 

defined by standard FET models by fitting the square root of drain-source current 

(√Ids ) versus gate source voltage (Vgs) at Vds = -50V for all devices. Also extracted 
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from transfer characteristics are the threshold voltage (Vth) and the on/off current ratio 

(Ion/Ioff). All the data (μ, Vth and Ion/Ioff) are summarized in Table 2.3. Device 

fabrication started with commercially available silicon substrates, containing 

thermally grown 200+10nm thick silicon dioxide layer and pre-patterned source and 

drain (Au) electrodes, which were subsequently treated with UV ozone for 1 minute.   

Devices Dielectric 

(nm)/Au/SiO2 

modifying agent 

Solvents  

used 

Vgs 

interval 

range, V 

µ,  

cm2/Vs 

Ion/Ioff 

at Vds 

of -50V 

Vth,V 

A 200/----- CF 20-55 1.94x10-3 105 -7.56 

B 200/PFBT CF 20-55 1.20x10-3 104 -5.99 

C 200/PFBT CB 20-55 1.89x10-4 104 - 

D 200/PFBT/ODTS CF 20-55 9.56x10-3 105 -15.4 

 

Table 2.3:  Device configurations produced with various SAM reagents and solvents 
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Figure 2.1 : Output characteristics (2.1a, left) and transfer characteristics (2.1b, right) 

of OFET fabricated by spin-coating 5T-TTF from chloroform on Si/SiO2 substrates 

with untreated gold electrode                 

 In the case of device A, the fabrication was completed without any surface treatments. 

An active semiconductor material (5T-TTF) is deposited by spin coating from solution 

(10mg/ml) at 800 rpm and then annealed at 120oC for 20 minutes.  The output 

characteristics plotted in figure 2.1a shows the drain current (Ids) as a function of source 

drain voltage (Vds) for different values of gate voltage, (Vgs). A small hysteresis and a 
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non-linear injection (-50V), but a good saturation can be seen from the output 

characteristics. 

 

Figure 2.2: AFM image of 5T-TTF film cast from chloroform solution on Si/SiO2 

substrate 

Traps may be present at the bulk material or at metal/semiconductor interfaces which 

results in hysteresis effects in electrical characteristics of the devices.118 The transfer 

characteristics, figure 2.1b, measured at Vds = -50V also show some hysteresis. The 

mobility of this device shows the value of 1.94x10-3cm2/Vs, with the on/off ratio of 

105, which are reasonable for an oligomer transistor. Figure 2.2 shows 5μm x 5μm 

micrograph of the semiconductor film with rms roughness of 51nm obtained from 

tapping mode atomic force microscope (AFM) images. The combined effect of high 

solvation energy and a fast evaporation of solvated state CF upon annealing leads to a 

relative increase in the rate of crystal growth in comparison to that of nucleation and 

produces large crystalline domains.65 Taking into account that the mobility calculated 

for transistors fabricated by spin-casting from CF is higher than those from CB one 

may assume that the relative stability of solvated states in the former produce upon 

annealing not only a larger size of crystalline domains but a smoother grain boundary 

as well.  Also, the work function of the bare Au surface was previously found to be 

 75.00 nm

 0.00 nm
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around -4.9eV117 from photoelectron spectroscopy (PES). Since 5T-TTF material has 

HOMO level of -5.06 eV, there may be an energy level mismatch between metal 

contacts (Au) and semiconductor (5T-TTF) which causes contact resistance.  While 

for PFBT treated Au, the work function increases to 5.45eV and should match the 

energy levels at metal/semiconductor interface.117  
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Figure 2.3: Output characteristics (2.3a, left) and transfer characteristics (2.3b, right) 

of OFET fabricated by spin coating 5T-TTF from its chloroform solution on Si/SiO2 

substrates with PFBT treated gold electrode  

 

 

Figure 2.4: AFM image of 5T-TTF thin film spin cast from chloroform solution on 

Si/SiO2 substrate with PFBT treated Au electrode. 
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In order to reduce the contact resistance between the source/drain metal (gold) and the 

5T-TTF organic semiconductor, gold electrodes were treated with a dilute PFBT 

solution for 20 minutes. The entire substrate was immersed in a solution containing 

PFBT in 2-propanol (7mM) since thiols selectively bond to Au surfaces to form a self-

assembled monolayer (SAM) and then rinsed with pure isopropyl alcohol to remove 

the residual PFBT. In this manner, we can selectively alter the surface energy of the 

Au contacts, while the surface energy of SiO2 remains unchanged. Due to 

aforementioned alignment of energy levels on the metal-semiconductor interface, the 

transistors prepared using PFBT Au-treated substrates show improved output and 

transfer characteristics with less hysteresis. From the transfer characteristics, (figure 

2.3b) the on/off current ratio of 104 was measured at Vds= -50V.  

The field effect mobility of 1.20x10-3cm2/Vs and threshold voltage of 5.99V were 

estimated for device ‘B’. In this case, lower mobility is observed but more reproducible 

if compared with device ‘A’. Since the PFBT layer alters only the Au electrodes, we 

have not found any prominent difference in morphology between devices ‘A’ (fig. 2.2) 

and ‘B’ (fig. 2.4).  In order to investigate the solvent effect on the morphology of spin 

cast films and OFET performance we used a solution of 5T-TTF in CB to fabricate 

device ‘C’ using thiol treated substrates.  There was a significant change in 

morphology and hole mobility observed in the semiconductor film when CB was used 

as a solvent. The solution of 5T-TTF in chlorobenzene (10mg/ml) was spun over the 

pre-patterned source/drain electrodes at 800 rpm and annealed at 120°C for 20 

minutes. 



73 
 

0 -20 -40 -60 -80 -100
0.0

-1.0x10
-6

-2.0x10
-6

-3.0x10
-6

-4.0x10
-6

-5.0x10
-6

 

 

I d
s
 (

A
)

Vds (V) 

Vgs = -50V

Vgs = -30V

Vgs = -10V

0 -20 -40 -60 -80

1E-9

1E-8

1E-7

1E-6

1E-5

 Vgs (V)

I d
s
(A

)

0.0

7.0E-4

1.4E-3

2.1E-3

2.8E-3

Vds = -50V

S
q

rt
 (

I d
s

) 
(A

)1
/2

 

Figure 2.5: Output characteristics (2.5a, left) and transfer characteristics (2.5b, right) 

of OFET fabricated by spin-coating 5T-TTF from chlorobenzene on Si/SiO2 substrates 

with PFBT treated gold electrode   

 

Figure 2.6: AFM image of 5T-TTF film cast from chlorobenzene solution on 

Si/SiO2 substrate 

The output and transfer characteristics of the resulting OFET are shown in figure 2.5. 

In each case, the forward and reverse voltage scans are shown. The output 

characteristics (figure 2.5a) present a very small amount of hysteresis, with the transfer 

characteristic showing no hysteresis at all.  The device exhibits an extracted field effect 

mobility of 1.89x10-4cm2/Vs with an on/off current ratio of 104. Figure 2.6 shows 5μm 

x 5μm micrographs of the 5T-TTF thin film with rms roughness of 1.1nm obtained by 

AFM. The morphology obtained from chlorobenzene is clearly different from those of 
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chloroform (figure 2.4). After annealing at 120oC, the height image shows a 

remarkable tight packing morphology, which is provided by strong propensity of 

quinquithiophene-TTF to aggregate in this solvent.65 Upon spin-coating in 

chlorobenzene and annealing treatment, the rate of nucleation dominates over the rate 

of crystal growth which produces small crystalline domains with ordered structures 

formed by self-assembly of quinquithiophene through the strong π-π intermolecular 

interaction of its conjugated backbone.65  
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Figure 2.7: Output characteristics (2.7a, left) and transfer characteristics (2.7b, right) 

of OFET fabricated by spin-coating 5T-TTF from chloroform on ODTS treated 

Si/SiO2 substrates with PFBT treated gold electrode 

 

Figure 2.8: AFM image of 5T-TTF film spin-coated from chloroform solution on 

ODTS treated Si/SiO2 substrate. 
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More optimizations are necessary to yield an oriented crystalline domain using a SAM 

layer, and this is investigated in the case of device ‘D’ by exploring an another 

processing method for fabricating organic electronic devices. In the case of device ‘D’ 

after PFBT treatment of the Au electrode, the substrate was then exposed to dilute 

ODTS solution in toluene. Both PFBT and ODTS treatment were performed under an 

ambient atmosphere. Good device characteristics are retained and shown in figure 2.7. 

However, the transfer characteristics (2.7b) show non-negligible, slight hysteresis. 

Due to the combined effects of ODTS and PFBT surface treatments, samples annealed 

under optimized conditions possess a hole mobility of 9.56x10-3cm2/Vs with the on-

off ratio (Ion/Ioff) 105. AFM image (fig. 2.8) shows relatively large domain size with 

roughness value of 24nm. The hydrophobic interactions between the ODTS treated 

substrate surface and alkyl chain of the semiconductor proved more favourable for 

field effect charge transport orientation of the crystalline domain in the channel.58, 65, 

119 The orientation of π-π stacking directions along the plane of the substrate provided 

by ODTS for large crystalline domains of the film obtained from the chloroform led 

to the maximum OFET performance for quinquithiophene-TTF.23  

In Table 2.3 the device configurations and mobilities calculated in the saturation 

regime are listed. Interestingly, device ‘D’ has reached the highest mobility among all 

the cases A, B, C, and D. The best values of mobility achieved for this material are 

attributed to several factors such as the quality of contacts and grain boundaries, trap 

or defect densities, molecular packing structures. The mobility and AFM data show 

that the microstructure in the channel area is one of the critical factors in determining 

OTFT performance. The improved mobility of device ‘D’ is likely provided by smooth 
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grain boundary between larger crystalline domain65 and their orientation favourable23 

for charge transport due to hydrophobic interactions between ODTS SAM and alkyl 

chain of 5T-TTF.58, 65 The comparison of mobility we observed for compound  5T-

TTF with that for end-capped quinquithiophene (9x10-4)120  allow us to assume that 

the charge trapping due to formation of stable TTF centred cation-radicals is not 

significant for 5T-TTF. 

2.5 OPV fabrication using oligothiophenes materials 

 

 A major breakthrough towards efficient organic solar cells was realised by Yu et al., 

with the development of the bulk heterojunction concept.121 These organic solar cells 

contain a photoactive layer blending conjugated donor polymers or oligomers with 

fullerene derivatives or n-type acceptor materials.122, 123 Among the wide selection of 

donor systems suitable for displaying photo induced charge transfer processes, TTF 

derived donors play an important role mainly in organic semiconductors research.122, 

124  Strong donor properties of TTF  are due to the gain of aromaticity as a result of the 

formation of the thermodynamically stable heteroaromatic cation upon oxidation of 

the TTF molecule.125   

Suzuki et al., reported the fabrication and characterization of a C60/tetrathiafulvalene 

solar cell.126 C60 and TTF (Chart 2.1a) (10 mg, weight ratio of 1/1) dissolved in o-

dichlorobenzene (1 mL) was spin-coated on PEDOT: PSS film pre-deposited on ITO 

glass substrate. The thickness of the bulk heterojunction films were approximately 150 

nm. Aluminium (Al) metal at thickness of 100 nm was evaporated on a top of the 

organic layer. The bulk heterojunction was treated by the annealing process, Voc, Jsc, 

fill factor (FF), and power conversion efficiency (PCE) were obtained at 0.002V,  
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3.5x10-5mA/cm2, 0.24 and 1.9x10-8%, respectively.  Recently,127 a bulk heterojunction 

organic solar cell has been fabricated and characterized using as an active layer the 

blend of C60 and DBTTF (Dibenzo-TTF, chart 2.2b).  The active layer in the donor-

acceptor weight ratio of 1:1 has been dissolved in o-dichlorobenzene (1 mL) and spin-

coated on PEDOT: PSS film pre-deposited on ITO glass substrate, the thickness of the 

active film being maintained around 200 nm. The photovoltaic properties of the bulk 

heterojunction solar cell were optimized in which the measured parameters of Voc, Jsc, 

FF and PCE were obtained to be 3.6×10-4V, 8.0×10-2mA/cm2, and 7.2×10-6% 

respectively. The bulk heterojunction solar cell had low power conversion efficiency 

due to the charge recombination near BHJ interface. The heat treatment was carried 

out at 100oC for 30 min in N2 atmosphere. The heat treatment was assumed to recover 

microstructure near the inner interface between DBTTF and C60, yielding a slight 

improvement of the photovoltaic performance. 

The first demonstration of linear oligomer donors for heterojunction photovoltaic cell 

was reported in 1995 with a PV device fabricated with quinquithiophene (5T) (chart 

2.3b) and thiophene octamer (8T) (chart 2.3e) as donors and a perylene pigment as an 

acceptor. In the case of using octamer (8T) as a donor with perylene dye the 

heterojunction cell exhibited a fill factor (FF) of 0.5 and a PCE of 0.6% under 

irradiation of white light.  The application of α-8T would allow vacuum deposition 

techniques to be used in the production of the cells.128  From the same group, a 

heterojunction photovoltaic cell with quinquithiophene (5T) as a donor and a perylene 

pigment as an acceptor exhibited a conversion efficiency of 0.02% with a fill factor of 

0.29. An open circuit voltage of 0.7V and a short-circuit photocurrent of  

7x10-2mA/cm2 were obtained for an irradiated white light at 62mW/cm2.   
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The  one order of magnitude higher conversion efficiency of 8T over 5T may be 

attributed to  series of aspects such as higher charge carrier mobility as determined 

from the performance characteristics of field-effect transistors, longer wavelength 

absorption, a lower oxidation potential, and probably a better quality of the film for 

8T.129  Sakai et al., investigated the device structures and device fabrication procedures 

of sexithiophene (chart 2.3c) (6T):C60 bulk heterojunction PV cells which showed the 

PCE of 1.5% with Voc of 0.68V, FF of 0.39 and Jsc of 5.6mA/cm2. The PCE of the 

6T:C60 (1:5) device is three times higher than that of the 6T:C60 (1:1) device which is 

only 0.52%.  As for the relationship between the blend morphology and the 

photovoltaic characteristics, it is clear in the case of blend ratio 1:1 that charge 

separation does not occur efficiently because there are many grains and a required 

carrier transport interpenetrating network does not exist, which explains why charge 

carrier transport is poor. Consequently, Jsc is low. On the other hand, in the case of 

blend ratio 1:5, excess C60 in the blend leads to the formation of homogeneous film 

and the desired interpenetrating network, which results in higher Jsc.  

 

 Device Geometry D/A 

ratio 

Voc, V  Jsc, mA/cm2  FF PCE, % 

2.1a Solution Process  1:1 0.002 3.5x10-5 0.24 1.9x10-8 

2.2b Solution Process 1:1 3.6×10-4 8×10-2 0.25 7.2×10-6 

2.3b Vapour deposition --- 0.70 7x10-2 0.29 0.02 

2.3c Vapour deposition(p-n) 1:5 0.68 5.6 0.39 1.5 

2.3e Vapour deposition --- 0.42 2.9 0.5 0.59 

 

Table 2.4: Photovoltaic parameters of TTF based organic semiconductors prepared 

by solution and vacuum evaporation techniques  

 

As for increasing Voc, it may be presumed that Voc approaches the maximum value as 

the blend morphology approaches the ideal structure, along with improved interface 
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conditions.130 Table 2.4 collects the photovoltaic parameters of some examples of TTF 

based organic semiconductors. 

2.6 5T-TTF OPV results 

 

Very recently, a series of fused TTF and thiophene based donor materials (chart 2.6) 

has been synthesised by the Skabara group, aimed towards OSCs due to their strong 

tendency towards aggregation through π-π interactions. Among those materials, 5T-

TTF (chart 2.6e) has demonstrated higher OFET mobility (9.56x10-2cm2/Vs) and 

might be a good choice for fabrication of photovoltaic cells. For active layer (BHJ) 

formation, the optimum 5T-TTF: PC71BM weight ratio is found to be 1:4, and the two 

best suited solvents for this blend are CF and o-DCB.   Active materials were cast on 

the PEDOT: PSS layers by spin coating in a nitrogen filled glove box. After the organic 

layers were coated, each device was annealed for 20 minutes at 120oC. The thickness 

of the organic layers was maintained at 150+10 nm. After completion, calcium and 

aluminium electrodes (40 nm thick each) were deposited subsequently by a thermal 

evaporation process.  Table 2.5 summarizes the solar cell parameters of 5T-

TTF/PC71BM devices fabricated by using two different solvents.  In the dark, I–V 

curves (figure: 2.9a) showed poor rectification in the case of the blend deposited from 

chloroform. On the contrary, the devices prepared from o-DCB (figure: 2.10a) showed 

higher rectification, suggesting better diode behaviour due to smoother surface of the 

active layer and uniform coverage of the PEDOT: PSS layer, resulting in much lower 

series resistance comparing to the devices from CF.   

Upon illuminating under AM 1.5 standard light the devices fabricated with chloroform 

showed an efficiency of 1.7%. The short circuit current density observed was 
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7.44mA/cm2, with Voc being 0.7V. However, due to the developed BHJ interface, the 

charge carrier transport toward electrodes is dominated by the percolation process, 

which is sensitive to material morphology and grain size, and tends to result in low  

efficiency and small fill factor.131  Conversely, devices made with o-DCB showed 

higher PCE of 2.5% (as shown in the figure 2.10). The short circuit current density is 

more significantly affected by the solvent (increased to 9.81mA/cm2) than the open 

circuit voltage (0.78V). The relatively low fill factor (33%) from both cases can be 

explained by a recombination of charge carriers in the bulk and a contact resistance at 

the electrode interfaces which requires further investigation.  
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Figure 2.9 : Current density-voltage characteristics under dark and illumination (2.9a, 

left) for OPV fabricated by spin-coating from chloroform and AFM image in tapping 

mode of 5T-TTF: PC71BM (1:4) active layer deposited from chloroform (2.9b, right) 
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Figure 2.10 Current density-voltage characteristics under dark and illumination 

(2.10a, left) for OPV fabricated by spin-coating from o-dichlorobenzene and AFM 

images in tapping mode of 5T-TTF: PC71BM (1:4) active layer deposited from o-

dichlorobenzene (2.10b, right) 

 

 

Although there has been considerable progress in energy conversion efficiencies of 

OPV devices recently132 our results are significantly enhanced in comparison with  

characteristics of the devices prepared from the blends of fullerene with related donor 

compounds.130, 133 Controlling the morphology of the bulk heterojunction in order to 

ensure maximum exciton dissociation at the interface between the donor and the 

acceptor, in parallel to an efficient charge carrier extraction, was found to be the key 

for high photovoltaic performance.  AFM image of quinquithiophene-TTF: PC71BM 

(1:4) film spin-coated from chloroform (Fig.2.9b) shows a formation of cavities in the 

BHJ layer with surface roughness of over 50 nm. The morphology of the film in this 

case might be attributed to the propensity of the blend to phase segregation in CF. It 

 10.00 nm

 0.00 nm

1.0µm

Active layer 

5T-TTF:PC71BM  

Solvents 

used 

Voc ,V Jsc, 

mA/cm2 

FF PCE, 

 % 

1:4 CF 0.70   7.44 0.33 1.7 

1:4 o-DCB 0.78 9.81 0.33 2.5 

Table 2.5: A collection of the data obtained for solar cell devices: Power Conversion 

Efficiency (PCE), open circuit voltage (Voc), short circuit current density (Jsc), and fill 

factor (FF) 
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would decrease Jsc due to exciton recombination in larger donor domains.134, 135  The 

surface of the film produced from o-DCB (Fig: 2.10b) was significantly smoother with 

roughness of about 2 nm.  The more homogenous morphology of the film in this case 

is consistent with more developed interpenetrating nano-scale network which is 

favourable for effective charge separation and provide increased Jsc. It has been shown 

that vertical orientation of quinquithiophene can be favoured by attachment of linear 

alkyl chains at backbone of quinquithiophene, and such an orientation would be 

detrimental for solar cells as it strongly limits the absorption of the incident light as 

well as the charge transport across the donor phase of the film of the solar cell.23 In 

our case the presence of TTF unit in 5T-TTF makes the horizontal alignment more 

favourable due to donor-acceptor interactions between developed conjugated system 

of quinquithiophene-TTF and PEDOT-PSS hole injection layer. 

2.7 Conclusions 

 

A quinquithiophene/TTF (5T-TTF) hybrid electroactive compound has been used as 

an organic semiconductor for fabrication of OFET and BHJSC.  In summary, we have 

shown that the performances of field effect transistors with 5T-TTF films are 

dependent on the preparation conditions such as solvent and SAM surface treatments.  

Good hole mobilities as high as 9.56x10-3cm2/Vs with Ion/Ioff greater than 105 are 

measured. AFM characterization of the spin coated film reveals crystallinity, with the 

size of crystalline domain being highly dependent on the solvent used for spin-coating. 

The OFET performance turned out to be better for the films with large crystalline 

domain obtained by spin coating from chloroform solution. Quinquithiophene/TTF 

oligomer shows good photovoltaic properties when employed in BHJ devices by 
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solution process due to its good film forming property and high hole mobility.    

Tapping mode AFM images were recorded to study the morphology of 5T-TTF: 

PC71BM (1:4) blend film spin coated from different solvents.  The results show that 

the morphology of the 5T-TTF: PC71BM thin films depends strongly on the 

preparation solvent. The more homogeneous morphology of the film spin-cast from  

o-DCB provides better performance for corresponding OPV device than that prepared 

with CF as a solvent. This is assumed to be due to better developed nanoscale 

interpenetrated network of the blend in the former case.  
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An air stable polymer, p(DPP-TTF) for 
OFET and OPV applications 

 

 

 

 

 

 

 

 



85 
 

3.1 Abstract 
 

Following an approach developed in the PJS group to incorporate TTF units in 

conjugated polymeric systems, a new low band gap polymer p(DPP-TTF) has been 

synthesised and characterised. This polymer is based on a fused thieno-TTF unit which 

enables the direct incorporation of the TTF unit into the polymer, and a second co-

monomer is based on a DPP core. These (DPP and TTF) units are well-known for D-

A copolymer systems and show strong absorptions in the UV-visible region of the 

spectrum. Optimized p(DPP-TTF) polymer organic field effect transistor (OFET)  and 

a single layer organic photovoltaic (OPV) device showed excellent performance with 

a hole mobility of 1.6 x 10-2cm2/Vs and a power conversion efficiency (PCE) of 0.46%. 

The bulk hetero junction OPV devices of p(DPP-TTF) blended with PC71BM exhibited 

a PCE of 1.8%.  
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3.2 Introduction 
 

The performance of organic electronic materials depends largely on the processing 

conditions used during device fabrication. In the last two decades, a vast number of 

conjugated materials have been synthesized and characterized (small molecules, 

oligomers, dendrimers and polymers). These compounds have been extensively tested 

in different devices such as organic photovoltaics (OPVs),136-138 organic field-effect 

transistors (OFETs),139-141 organic light-emitting diodes (OLEDs)142, 143 and electro 

chromic devices.144 Besides the synthesis and development of new families of 

materials with improved properties the conditions for fabrication of devices are of 

great importance for obtaining their best performance. The charge carrier mobility is 

highly influenced by the nano-morphology of the materials in the bulk which can be 

controlled by processing conditions and molecular design. A classic and an excellent 

example to illustrate the importance of both fine synthesis control and device 

fabrication to obtain the best results is the development of poly (3-hexyl-thiophene), 

referred to as P3HT. The unprocessability of polythiophenes led first to the 

incorporation of alkyl chains to obtain polymers soluble in common organic 

solvents.145 In 1992, McCullough et al.146 and Rieke et al,147 synthesized highly 

regioregular P3HT. In comparison to the amorphous regiorandom P3HT, self-

organized and crystalline regioregular P3HT showed a significant increase in 

conductivity. The relative ease to produce regioregular P3HT along with its stability 

has led to this polymer being one of the most studied systems in organic electronics. 

Despite some inherent drawbacks (relatively high band-gap 1.7eV and poor absorption  

in the visible-near infrared region of the spectrum), regioregular P3HT in combination 
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with PC61BM has exceeded 5% power conversion efficiency in organic photovoltaic 

cells.148 The most common strategy for designing and synthesising low band gap 

polymeric semiconductors for high performance devices is to use appropriate fused 

and planar aromatic donor and acceptor building blocks in the conjugated backbone. 

Diketopyrrolopyrrole (DPP) pigment has proven to be one of the best and suitable 

choices as an electron acceptor for making donor-acceptor (D-A) copolymers.149-152 

Such D-A copolymers are also called “push-pull” systems due to electron donating 

(push) and electron accepting (pull) moieties inserted in the main chain. Figure 3.1 

presents the structure of thiophene substituted DPP unit (DBT), which is very often 

used for building up the D-A copolymers. The nature of the conjugated blocks used in 

the polymer synthesis strongly affects the interchain interactions due to π – π stacking 

and non-covalent bonding and changes the electronic energy levels of the 

semiconductor. Recently, several research groups have synthesized some of the DPP 

based π-functional low band gap polymeric semiconductors for high performance 

OFET and OPV applications [Chart 3.1(a-f)].153-157 These materials are synthesized 

via different organometallic couplings routes such as Suzuki and Stille couplings in a 

straight forward manner using a variety of building blocks combined with thiophene 

flanked DPP acceptor moiety (DBT) with branched alkyl chain.   

 

Figure 3.1: The general structure of a DPP-based D–A molecule (DBT) 
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3.2 OFET studies for DPP-based polymers 
 

DBT is known to be a combination of the electron-accepting DPP core and two 

electron donating thiophene units. Polymers with DBT as the repeat unit (i.e., DBT 

homopolymers) are the simplest DPP-based D–A polymers. When the substituents on 

the DPP core are straight alkyl chains, the resulting polymers are poorly soluble in any 

solvent because of the very strong intermolecular interactions.158 When substituted 

with long branched alkyl side chains such as 2-hexyldecyl or 2-octyldodecyl, polymers 

3.1a and 3.1b showed good solubility in various solvents. The rather low HOMO and 

LUMO energy levels (Table: 3.1) are the result of strong electron withdrawing effect 

of the DPP unit. Such HOMO and LUMO levels would facilitate ambipolar charge 

transport when a conductor with a suitable work function such as gold or calcium is 

used as the source/drain electrodes.   

The copolymer of DBT and thiophene, 3.1a, was first reported by Bijleveld et al., 

which exhibited ambipolar charge transport behaviour with hole/electron mobilities of 

0.04/0.01cm2/Vs.153 Recently Zhang et al. carried out a further detailed study on 

polymer 3.1a.159 It showed unipolar p-type transport behaviour with a high hole 

mobility of up to 0.6cm2/Vs in top gate/bottom-contact OTFTs with Au source and 

drain electrodes.  When this polymer was tested in bottom gate/top contact devices 

with low work function calcium as source/drain electrodes, an electron mobility of up 

to 1.2x10-2cm2/Vs was obtained. Lee et al. investigated the influence of the solubilising 

substituents of the DPP moiety on the OTFT performance by comparing 3.1a with 

3.1b.154 The polymer 3.1a with 2-octyldodecyl side chains showed ambipolar 
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performance with a hole mobility of 0.14cm2/Vs and an electron mobility of 

0.02cm2/Vs for the non-annealed thin films.  

 

Chart 3.1: structures of DPP-based copolymers with a fused thienothiopene and 

non-fused thiophene donor moieties. 

When the polymer films were annealed at 150°C, both hole and electron mobilities 

were increased significantly to 1.57 and 0.18cm2/Vs, respectively. On the other hand, 

hole/electron mobilities of the polymer 3.1b with smaller 2-hexyldecyl side chains, 

improved upon annealing to a lesser degree, from 0.11/0.01cm2/Vs for the as cast thin 

films to 0.30/0.12cm2/Vs for the sample annealed at 150°C. Copolymer 3.1c, 
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comprising a DBT and a non-substituted dithiophene in the repeat unit, was developed 

by Li et al.155 The optical band gap of polymer 3.1c was estimated to be 1.2eV. It was 

found that the molecular weight of 3.1c significantly influenced the thin film 

morphology. The AFM analysis clearly showed that the thin film of high molecular 

weight (HMW, 106 KDa) 3.1c comprised closely connected nano-grains, while small 

pinholes were present in the thin film of the low molecular weight (LMW, 45 KDa) 

polymer. HMW 3.1c exhibited a high hole mobility of up to 0.89 cm2/Vs in OTFTs 

without thermal annealing, which is very close to the maximum mobility of 

0.97cm2/Vs achieved for the 100°C annealed polymer thin films. The significantly 

improved charge transport property of 3.1c compared with 3.1a and 3.1b is likely due 

to compensation of the electron-accepting effect of DPP by the long electron-donating 

quaterthiophene units.  Incorporation of a fused ring donor moiety into the backbone 

of a DBT-based polymer was envisioned to increase the π-π overlap area and to further 

strengthen the intermolecular interactions.  

Based on this consideration, Li et al. designed a copolymer 3.1d comprising a DBT 

and a thieno[3,2-b]thiophene (TT) in the repeat unit.156 The HOMO level of 1d (-

5.25eV) is very close to that of 3.1c. A hole mobility of 0.94cm2/Vs for the films 

annealed at 200°C was achieved which is similar to the performance obtained for 3.1c. 

Later a study by Chen et al. found that 3.1d could exhibit ambipolar transport 

performance under certain device fabrication conditions.157 Much higher electron 

mobility was achieved at a high annealing temperature of 320°C due to the effective 

removal of electron-traps from the polymer. It was also found that OTFT devices with 

O2-plasma treated gold source/drain electrodes showed much lower electron mobility 
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than that for devices fabricated without an O2-plasma treatment,  due to a higher work 

function (-5.0 to 5.5eV) of O2-plasma treated gold compared to that of non-treated one 

(-4.7 to 4.9eV). The increased work function of the O2-plasma treated gold would build 

up an energy barrier for electron injection from gold to the semiconductor. The best 

ambipolar performance with hole/electron mobilities of 1.18/1.86cm2/Vs was 

achieved for devices using polymer films annealed at 320°C and gold electrodes 

without an O2-plasma treatment. Very recently Lee et al., studied the influence of side 

chain substitution on the properties of 3.1d and 3.1e.154 It was found that 3.1d with 

longer side chains (2-octyldodecyl groups) has higher crystallinity and a more 

homogeneous surface morphology in thin films compared to that of 3.1e, which has 

shorter side chains (2-hexyldecyl groups). Both polymers showed ambipolar charge 

transport performance in OTFTs. After annealing at 150°C polymer 3.1e showed 

hole/electron mobilities of 0.79/0.04cm2/Vs, while polymer 3.1d showed much higher 

average hole/electron mobilities of 1.93/0.06cm2/Vs. High molecular weight (Mn=110 

kDa) polymer was tested in bottom gate/top contact and bottom gate/bottom contact 

OTFTs on silicon wafer substrates.158 All devices showed ambipolar charge transport 

performance. The hole mobility as high as 10.5 cm2/Vs was achieved, which is the 

record mobility value reported for polymer based OTFTs so far.  

 

 

 

 

 

 Mn/Mw 

Kg/mol 

HOMO,  

eV 

LUMO,  

eV 

µ (h), 

cm2/Vs 

µ (e), 

cm2/Vs 

3.1a 104/310 -5.2 --- 0.60 1.2x10-2 

3.1b 54/170 -5.1 -3.6 0.04 1.0 x10-2 

3.1c 25/61 -5.2 -4.0 0.97 --- 

3.1d --- -5.2 -3.4 1.93 0.06 

3.1e 21/81 -5.3 -4.0 0.79 0.04 

3.1f --- -5.0 -3.6 1.42 0.063 
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Table 3.1: High mobility DPP-based compounds for OFETs 

OTFTs based on 3.1d showed good environmental stability with only slight changes 

in mobility and current on/off ratio after the devices were stored for over one year. 

DBT is the most widely investigated moiety in DPP-based polymers so far. However, 

several research groups have also been investigating other DPP building blocks, which 

have the DPP core flanked by furan (DBF), selenophene (DBS), and thieno[3,2-b]- 

thiophene units (DBTT). Incorporation of these building blocks was expected to bring 

about new optoelectronic properties due to their different electronic structures and 

geometries compared with DBT. One of the examples based on DBTT polymer (3.1f) 

is shown in the Chart 3.1.  Bronstein et al., developed a new building block, DBTT, 

by replacing thiophenes in DBT with the larger thieno[3,2-b]thiophene (TT) units.160 

The thieno thiophene (TT) units would promote a more delocalized HOMO 

distribution along the backbone, which was expected to enhance intermolecular charge 

transport. Due to the strong interchain interactions, the DBTT-based polymer (3.1f) 

showed poor solubility. This polymer has HOMO/LUMO levels of-5.05/-3.68eV and 

showed ambipolar transport behaviour in OTFT devices. The results obtained for all 

polymers clearly indicate that longer side chains are beneficial for achieving improved 

molecular organization and charge transport.   

3.3 OPV studies for DPP-based polymers 

In developing new conjugated organic materials for BHJ solar cells, a well-known 

architecture, alternatively composed of electron-donating and strong electron-

accepting units, has been utilized to manipulate their electronic properties in order to 

attain low band gap, high Voc and efficient charge separation. Electron-donating units 
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such as phenylene have high aromatic resonance stabilization energy, π-electrons are 

relatively localized within the phenylene ring in the molecule. Thus, molecular units 

containing phenylene can be classified as weak electron-donating units. When the 

weak electron-donating unit is used as a building block for an alternating conjugated 

copolymer, the copolymer is expected to have a deep HOMO energy level and as a 

result afford high Voc in OPVs.161 On the other hand, a hetero-aromatic ring such as 

thiophene has less aromatic resonance stabilization energy; thus, π-electrons are 

delocalized along the conjugated backbone. As a result, the molecular units containing 

thiophene raise the HOMO energy level as compared to those containing phenylene.153 

Such a synthetic strategy can effectively be used to tune the frontier molecular orbital 

energy levels for high efficiency OPV solar cells. Incorporating both acceptor and 

donor not only allows to control the HOMO level but affects the energy of LUMO and 

creates materials with a narrow band gap. As was mentioned above, the polymers with 

a donor-acceptor component along their conjugated backbone, e.g. polymers (1b-1f), 

are prone to form an ordered structure in the film which is extremely beneficial for 

increasing charge mobility.162  

The HOMO and LUMO levels of polymer 3.1b are -5.17 and -3.68eV, respectively, 

might be suitable with those of the commonly used electron acceptor material, [6,6]-

phenyl-C71 butyric acid methyl ester (PC71BM), (LUMO -4.3eV, HOMO -6.1eV) for 

bulk heterojunction polymer OPVs.47 The LiF/Al back electrode was evaporated in 

vacuum. Cells with an active layer spin coated from chloroform had a relatively low 

performance because of formation of larger phase separated domain. Control over the 

morphology is crucial for bulk-heterojunction solar cells, and several strategies to 
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accomplish a more favourable morphology, such as thermal treatment and the use of 

processing additives, have been developed.163 Adding a small amount (25 mg/ml) of 

di-iodooctane (DIO) to the mixture before spin coating significantly improved the 

efficiency of the cells, mainly as a result of an increase in photocurrent.   

  

 

 

  

 

Table 3.2: OPV results based on DPP-based copolymers 

The cell with a blend of 3.1b:PC71BM at a weight ratio of 1:2 provided an open circuit 

voltage (Voc) of 0.65V, a short circuit current density (Jsc) of 11.8mA/cm2, and a fill 

factor (FF) of 0.60, resulting in a high power conversion efficiency (PCE) of 4.7%.153  

OPVs with polymer 3.1c as a donor and PC71BM as an acceptor were reported by Liu 

et al.164 The device performances of as prepared PV cells using 3.1c: PC71BM (1:1 

weight ratio) blends were studied under different processing conditions. When only 

CF was used as the solvent, a low Jsc and FF were obtained, indicating a non-optimal 

charge carrier separation process arising from an ill-defined morphology.  Janssen and 

co-workers reported that a mixture of CF and o-DCB could enhance the performance 

of a similar DPP polymer.165 This mixed solvent approach was therefore used here. It 

should be noted that the solvent mixture of CF and o-DCB behaves very similarly to 

the additive approach where the solvent dissolves the polymer well while the higher 

 Solvents Used D/A 

ratio 

Voc, 

V 

Jsc, 

mA/cm2 

FF PCE,

% 

3.1b CF 1:2 0.65 11.8 0.60 4.7 

3.1c o-DCB:CF 

(1:4) 

1:1 0.63 15 0.60 5.6 

3.1d CB 1:2 0.62 5.86 0.44 1.6 

3.1e CF 1:1.5 0.63 2.8 0.61 1.2 

3.1f o-DCB:CF 

(1:4) 

1:2 0.58 15 0.61 5.4 
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boiling additive, a non-solvent for the polymer, fully solubilises the PC71BM.166, 167 

During casting the blend solution, the lower boiling solvent evaporates, continuously 

increasing the concentration of the additive, thereby reducing the solubility of the 

polymer, while keeping the PC71BM fully solubilized. The polymer 3.1c will then 

crystallize into fibrils. Ultimately, the remaining 3.1c and PC71BM will be deposited 

within the interfibrillar regions, where the polymer can form ordered clusters, forcing 

a phase separation with the PC71BM. Consequently, a different morphology will be 

generated than that from a single solvent process. By using o-DCB:CF (1:4 volume 

ratio), the Jsc was significantly improved to 15mA/cm2, and the overall device 

efficiency reached 5.6%. The observed improvement can be directly attributed to the 

ordering of the polymer enabled by the ability of o-DCB to selectively solubilise the 

PC71BM.  

Zhang et al. evaluated polymer 3.1d as a donor for OPVs using PC71BM as an electron 

acceptor.168 At a polymer 3.1d: PC71BM ratio of 1: 2, and with 1, 8-diiodooctane (DIO) 

as a solvent additive, the best PCE was only 1.6%. Polymer 3.1e also showed poor 

OPV performance with a PCE of 1.2%.169  The poor OPV performance of polymers 

3.1d and 3.1e was mainly due to their low short circuit currents. An offset energy of 

0.3–0.4eV between the LUMO levels of the donor and acceptor is considered the 

minimum for optimal exciton dissociation.170, 171 However, the LUMO–LUMO offset 

energy between polymers (3.1d, 3.1e) and PC71BM is only 0.24eV, which might be 

responsible for the poor charge separation and thus low short circuit currents. Also, 

the moderate performance on PCE of polymer solar cell devices is likely attributed to 

un-optimized composite morphology. When straight dodecyl and branched hexyldecyl 
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chains were used in dithiophene-diketopyrrolopyrrole (DT-DPP) monomers, the 

resulting polymers were completely insoluble in any solvent. Larger branched side 

chains had to be used in synthesis of this polymer that effectively improved the 

solubility of the polymer. However, bulky side chains might also greatly reduce the 

crystallinity and the hole mobility of a polymer, thereby, result in low device 

performance. In OPV devices based on polymer 3.1f: PC71BM blend at a ratio of 1:2 

a PCE of 5.4% with Jsc of 15mA /cm2, Voc of 0.58V and FF of 0.61 are achieved. An 

increase in PCE exhibited by polymer 3.1f was explained by the authors to be a result 

of the larger distance between the DPP moieties which would allow for intercalation 

of the acceptor molecules.160 It is also suggested that the increased distance between 

the solubilizing alkyl chains in polymer 3.1f results in reduced steric interactions that 

could improve the nature of the polymer packing in the solid state. The nature of the 

solid-state packing has been found to profoundly influence the charge-carrier mobility 

or solar cell performance of a conjugated polymer.  In all cases of polymers [Chart 

3.1(a-f)] the PCE values have been obtained after steady improvement in fabrication 

conditions of the devices such as solvents, thermal annealing, blend (polymer/PCBM) 

ratio and a better understanding of the correlation between morphology and photo 

generated charge carrier dynamics.  Another way to control the bulk morphology by 

the polymer design is incorporation of such a strong electron-donor as 

tetrathiafulvalene (TTF) by fusing it to the conjugated backbone. The well-known 

electron donor tetrathiafulvalene (TTF) (explained in detail in chapter 2) and its 

derivatives have been extensively used as small molecules in the preparation of highly 

electrical conducting mixed valence salts;172 however the incorporation of the TTF 

unit into conjugated polymer architectures has been less studied. In our group, we 
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developed a methodology for the synthesis of a thieno-TTF fused heterocyclic system 

which can be directly incorporated into the conjugated backbone through a thiophene 

ring.113, 114 Recently, we have synthesized a novel conjugated polymer p(DPP-TTF) 

(fig: 3.2) with donor  thieno-TTF and electron acceptor diketopyrrolopyrrole (DPP)  

units within the conjugated backbone and reported its performance in OFETs under 

ambient conditions. Optical, thermal, and electrochemical properties as well as nano 

morphology of this polymer indicated that it is a promising material for OFET and 

OPV applications.72 Here, we report a more in depth study of the photovoltaic 

properties and the optical characteristics. Interestingly, we have found a remarkable 

power conversion efficiency for the single material organic solar cell (SMOC) with 

p(DPP-TTF) as a semiconductor. These values are comparable to those observed for 

the SMOCs fabricated from a fully donor-acceptor conjugated polymer.173 Recently, a 

SMOC fabricated with P3HT and C60 derivatized copolymer gave an efficiency of 

1.70% and Jsc of 6.15mA/cm2 and these values are the highest reported so far for 

SMOC.174  Equally, we also have investigated the processing induced morphology 

related charge carrier transport using OFET characteristics and AFM microscopy.  

 

Figure 3.2: Chemical structure of diketopyrrolopyrrole-tetrathiafulvalene polymer, 

p(DPP-TTF) 
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3.4 OFET results for DPP-TTF polymer 
 

Figure 3.3 shows the output characteristics for p(DPP-TTF) devices fabricated from 

CF and CB solutions separately and measured at different gate voltage up to 

-90V at intervals of -10V.   

 

Table 3.3: OFET performance for devices of various configurations fabricated using 

different solvents 

Figure 3.4 shows the transfer characteristics of an OTFT device with p(DPP-TTF) thin 

film annealed at 200°C for half an hour.  Devices ‘A’ and ‘B’ were fabricated using 

top gate configuration and cytop as an insulator while device ‘C’ was constructed using 

SiO2 as gate dielectric with bottom gate as shown in table 3.3. Electron mobility 

measurements were also attempted by using a low work function metal such as calcium 

and molybdenum as source and drain electrodes, but we did not observe any decent 

output or transfer characteristics. Due to the presence of the TTF unit, the HOMO may 

be spatially extended compared to the LUMO that is localised on the DPP.175 So it is 

highly unlikely that there is any meaningful overlap between LUMOs, which is 

necessary to provide electron mobility. This is confirmed by comparing HOMO and 

LUMO levels of the polymer in solution and the solid state.  

 Substrate Geometry Capacitance 

per unit area, 

F/cm2 

solvent 

used 

Vgs interval 

range, V 

Vds, 

V 

Ion/Ioff 

 

µ, 

cm2/Vs 

Vth,

V 

A Si/SiO2 
TG/ 

CYTOP 
2.1x10-10 CB 

-50-80 

(sat) 

-70 104 3.8x10-2 -30 

-40-65 (lin) -20 104 1.2x10-2 -20 

B Si/SiO2 
TG/ 

CYTOP 
2.1x10-10 CF 

-50-80 

(sat) 

-70 104 5.3x10-2 -38 

-60-80 (lin) -15 104 3.8x10-2 -40 

C 
Si/SiO2 

 

BG/  

ODTS 
1.7x10-8 CF 

-30-58 
-50 104 

7.3x10-3 -8.6 

-50-80 2.0x10-2 -39 
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Figure 3.3:  Output characteristics of OFETs fabricated by spin-coating of p(DPP-

TTF) from chlorobenzene (3.3a, left) and chloroform (3.3b, right) solutions. 

Measurements at gate voltage intervals of -10V in a top gate configuration. 
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Figure 3.4: Transfer characteristics of OFETs fabricated by spin coating of p(DPP-

TTF)  from chlorobenzene  (left) and chloroform (right),  measured in a top gate 

configuration at Vds of -70V (upper panels) and at Vds of -20V (for CB, left bottom 

panel) and -15V (for CF, right bottom panel).   

As was reported before72  the polymer in the solid film has a deeper HOMO  

(-5.13eV) and a little bit more shallow LUMO (-3.49eV) level than those in solution 
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(HOMO of -4.95eV and LUMO of -3.55eV), which is the evidence of π-π interactions 

between donor and acceptor sites in the solids.  However, the realization of high Ion/Ioff 

values in DPP based semiconductors should prove invaluable in optimizing organic 

transistors based on this air stable, solution processable, p-type organic 

semiconductors. To gain a better understanding of the morphology effect on the charge 

carrier mobility, atomic force microscopy (AFM) has been utilized to describe the 

distinctive feature of the polymer.  Tapping mode AFM images (figure 3.5) were 

recorded on the same devices used for OFET measurements. AFM images showed that 

the film formed from CB is composed of closely packed grain like structures with quite 

small size of domains and really flat surface (rms of 0.53 nm). This type of morphology 

is due to the strong propensity of p(DPP-TTF) to aggregate in this solvent. Upon 

annealing the rate of grain nucleation, higher the rate of their growth which produces 

small crystalline domains with the structures formed by strong π-π inter-chain 

interactions between donor and acceptor sites. Previously, similar tight grain packing 

morphology in the case of poly(2,5-bis(3-hexadecylthiophen-2-yl)thieno[3,2-

b]thiophene proved to be beneficial for OFET applications.176 For this type of 

morphology the top-gate OFET device revealed a hole mobility of 3.8x10-2cm2/Vs in 

saturation and 1.2x10-2cm2/Vs in linear regime.  

The situation with morphology of the thin film spin-coated from CF solution is 

different. The energy of solvation in this solvent should be higher than that in CB due 

to interaction of polarised C-H bond of the solvent molecules with TTF and with lone 

pairs of DPP carbonyl oxygen atoms. This will prevent quick formation of the 

aggregate, so the rate of nucleation in this case is going to be lower than the rate of 
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grain growth upon annealing. This leads to morphology of the film with larger size of 

domains. The situation with the effect of the solvent used for spin-coating on the 

morphology of the film is similar to that we observed above for 5T-TTF compound 

(see previous chapter). As in the 5T-TTF case, here we’ve got a higher mobility 

observed for top gate configuration of the OFET fabricated by spin-coating of p(DPP-

TTF) from CF (5.3x10-2cm2/Vs in saturation and 3.8 x10-2cm2/Vs in linear regime) 

compared to that from CB, which makes us conclude that in the former case the relative 

stability of solvated states in the film produce upon annealing not only a larger size of 

crystalline domains but a smoother grain boundary as well, which conforms with a still 

small roughness of the surface (rms of 4.5nm). The bottom gate configuration had been 

tried for OFET fabricated by spin-coating of p(DPP-TTF) from chloroform, which 

exhibited the lower device performance.  

The mobility values in p(DPP-TTF) thin film with SiO2 gate electric (figure 3.6b, 

right) were largely different when estimated from the forward and reverse sweeps 

because of a large hysteresis. The hysteresis gap (∆Vth) is defined as the difference in 

threshold voltage between the backward and forward Vgs sweeps, as determined by the 

linear extrapolation method. The observed hysteresis is a current-increasing type, 

where ID was lower during the backward sweep of Vds than Ids during the forward 

sweep. It is frequently observed in the current-voltage (I/V) characteristics of organic 

semiconductor devices, and can complicate the mobility extraction.177  From the 

forward sweep the calculated mobility was 7.3x10-3cm2/Vs with threshold voltage of 

8.6 V. 
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Figure 3.5: Tapping mode AFM height images of p(DPP-TTF) using chlorobenzene 

(3.5a, left) and chloroform (3.5b, right)  as solvents on PFBT and ODTS treated SiO2 

surfaces after  annealing at 200°C for half an hour. 
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Figure 3.6: Output characteristics (3.6a, left) and transfer characteristics (3.6b, right) 

of p(DPP-TTF) in chloroform on ODTS treated Si/SiO2 substrates 

 

Conversely, from the reverse sweep the mobility is increased more than twice (2.0x10-

2cm2/Vs) with Vth of 39V because of the higher drop of current on the backward sweep 

of Vgs. We list in table 3.3 the calculated mobility and threshold voltage for both cytop 

and SiO2 gate dielectrics.  Hysteresis showed on-to-off transfer curves shifted towards 

a higher Vgs (figure 3.6, right) compared with off-to-on sweeps. There are two possible 

mechanisms that can link the structural change with the current (Ids) increase: (1) slow 

polarization of gate dielectric, (2) charge trapping and detrapping at the 
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semiconductor/dielectric interface.178, 179 While attempting the treatment of ODTS 

(SAM) layer on SiO2 substrates, some of the ODTS molecule may appears to be 

hydrolysed and these hydroxyl groups at the dielectric interface may appear to act as 

ionic impurities which are capable of slow polarization under applied voltage.178 When 

the gate is swept from off to on, polar species in the dielectric medium are polarized 

at the interface between the semiconductor and the gate electrode. If the polarized 

species do not respond quickly to the changes in the gate electric field, they may 

remain polarized without being able to return to their original sites during the on-to-

off gate sweep. As a result, the on-to-off transfer curve shifts to higher Vgs values 

compared to the off-to-on sweep.180 Slow polarization also artificially increases the 

capacitance of the gate dielectric, resulting in a large increase in Ids and the 

overestimation of mobility.  

Recently Gu and Kim et al found that, in the case of pentacene based OFETs 

containing OTS modified SiO2 dielectrics, the hysteresis observed during the full 

swing of a gate was due to long lived charge traps present at the interface between 

semiconductor and gate dielectric, where trapping and detrapping of holes and 

electrons took place under an applied gate voltage.178, 181  This concludes that the 

extraction of mobility from both forward and reverse sweep in the case of device ‘C’ 

does not correspond to the field effect characteristic only.  However the complete 

absence of hysteresis in the case of devices ‘A’ and ‘B’ thin film FETs with cytop gate 

dielectric may be due to more hydrophobic nature of the cyclic fluoropolymer than 

SiO2 gate dielectrics. The performance of devices ‘A’ and ‘B’ highlights the advantage 

of top gate configuration where the channel is not affected by the possible impurities 

introduced by a chemical treatment of substrate surface. Another advantage of the 
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devices ‘A’ and ‘B’ is application of cytop as a dielectric with low permittivity. 

Although the higher dielectric constant of gate insulator provides a higher charge 

injection in the channel at the same gate voltage and can be used for lowering 

operational Vgs,
182

 using low permittivity polymers allows us to avoid trap states by 

reducing energetic disorder. An extensive study of fluoropolymer and the other low-k 

polymer based gate dielectrics has previously been done by Veres et al in regards to 

their application with solution processed organic semiconductors.183  The hole 

mobility of p(DPP-TTF) semiconductor might be improved by adjusting the structure 

of the polymer. Shorter branched alkyl substituents might be beneficial for increased 

π-stacking interactions and polymer crystallinity.184   

3.5 OPV results for blend layer and single layer 
 

Bulk hetero-junction solar cells (BHJSCs) were fabricated from p(DPP-TTF) 

:PC71BM in both o-DCB and CF. The HOMO and LUMO levels of p(DPP-TTF)  are 

-5.13eV and -3.49eV, respectively, which match well with those of the commonly used 

electron acceptor material, (PC71BM), for bulk heterojunction (BHJ) polymer OPVs.  

The ratio of 1: 4 was found to be optimum for this system. Figure 3.7 shows the OPV 

characterises of p(DPP-TTF):PC71BM (1:4) blend spin cast from CF. The device 

prepared by spin coating of CF solution has a Jsc of 4.9mA/cm2, a Voc of 660 mV and 

a power conversion efficiency of 1.0%.  However, the devices prepared with o-DCB 

showed a 2-fold increase in PCE over those spin coated from CF. These o-DCB 

devices (figure 3.8) exhibited a fill factor of 0.32, a Voc of 710mV and a Jsc of  

8 mA/cm2 and PCE of 1.8% as shown in Table 3.4. Figures 3.7 (right) shows the taping 

mode AFM images of OPV device fabricated by spin-coating of p(DPP-
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TTF):PC71BM(1:4) blend from  chloroform solution annealed at 120°C for 20 minutes 

and reveals a coarse surface morphology consisting of discontinuous film (dark areas) 

with mostly clustered blend matrix. This can be a sign of an increased demixing 

between p(DPP-TTF) and PC71BM.  
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Figure 3.7: I/V curves (left) of OPV fabricated by spin coating of p(DPP-

TTF):PC71BM (1:4) blend from chloroform solution after annealing at 120°C. AFM 

image (right) of p(DPP-TTF):PC71BM films spin-coated on ITO/PEDOT:PSS 

substrates and annealed at 120°C for 20 minutes 
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Figure 3.8:  I/V curves (left) of OPV fabricated by spin coating of p(DPP-

TTF):PC71BM (1:4) blend from o-dichlorobenzene solution after annealing at 120°C. 

AFM image (right) of p(DPP-TTF):PC71BM films spin-coated on ITO/PEDOT:PSS 

substrates and annealed at 120°C for 20 minutes 
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Active layer 

p(DPP-TTF):PC71BM  

Solvents 

used 

Voc,   

V 

Jsc,  
mA/cm2 

FF PCE, 

 % 

1:4 CF 0.66 4.9 0.31 1.0 

1:4 DCB 0.71 8.0 0.32 1.8 

1:0 DCB 0.61 1.8 0.28 0.3 

 

Table 3.4: Comparison of device characteristics for OPV fabricated with using 

different solvents and annealed at 120°C. Here, Jsc is the short circuit current density, 

Voc is the open-circuit voltage, FF is the fill factor, and PCE is the overall power 

conversion efficiency. 

           

      

Figure 3.9: AFM images of p(DPP-TTF):PC71BM films spin-coated on 

ITO/PEDOT:PSS substrates and annealed at  120°C for 20 minutes. Height images for 

1:5 (A) and 1:6 (B) blend ratios from o-dichlorobenzene.  

 

On the contrary the p(DPP-TTF):PC71BM film spin-cast from o-DCB (figure 3.8, 

right) exhibits more homogenous  morphology than that from chloroform (figure 3.7, 

right). This homogeneous morphology provided by more pronounced donor-acceptor 

interactions in this solvent leads to more developed nano-scaled interpenetrating 

network and hence a relatively higher PCE of 1.8%. As the blend ratio increases to 1:5 

and 1:6, the p(DPP-TTF) and PC71BM domains seems to segregate into larger domains 

as observed in figure 3.9. This results in poor charge carrier transport in addition to 

lower fill factor and open circuit voltage.  SMOC devices of p(DPP-TTF) were 

prepared by spin-coating from o-DCB, since bulk hetero-junction solar cell fabricated 
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from p(DPP-TTF) :PC71BM in this solvent showed better performance than that in CF, 

and subsequent annealing at 120°C for 20 minutes. SMOC exhibited a power 

conversion efficiency of 0.3% with a Jsc of 1.8 mA/cm2 and Voc of 610mV. The I/V 

characteristics of the device and the AFM image of the film are shown in figure 3.10.  

The SMOC PCE is modest compared to those of the devices fabricated from donor – 

acceptor block copolymers,66, 185 due to poor charge separation and lack of electron 

mobility in DPP-TTF copolymer. Nevertheless, the design of the DPP-TTF copolymer 

with its electronic properties appears to be elegant for SMOC application.  This 

outcome also gives large input into the field of fully functionalized self-organizing 

molecular devices and molecular electronics in general.43, 186, 187 To rationalise these 

findings, we investigated the semiconductor morphology of the thin films (figure 3.10 

(right)).  Though the overall surface roughness is very low (rms of ca. 1.0 nm), there 

are larger particle-like grain structures embedded into the uniform domains and 

cavities. These particle-like grain structures and cavities are detrimental to charge 

carrier transport and results in an overall lower PCE.  
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Figure 3.10: I/V characteristics (left) for p(DPP-TTF) as a single component OPV and 

AFM height image (right) of pure polymer DPP-TTF film spin-coated on 

ITO/PEDOT: PSS substrates and annealed at 120°C for 20 minutes.   
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3.6 Conclusions 
 

In summary, we have demonstrated that the donor-acceptor copolymer, containing 

DPP and TTF units, is a high mobility p-type semiconductor for organic thin film 

transistors and solar cells. The best solvent for fabrication of OFETs has been found 

to be chloroform, which provides larger crystalline domains with smoother grain 

boundaries.  Here, we report on combinations of the p(DPP-TTF) semiconductor with 

fluoropolymer (cytop) and SiO2 gate dielectrics, which lead to field-effect transistors 

with unprecedented electrical air stability. The best solvent for OPV fabrication is o-

DCB (1.8%), which provides the device with more developed nano-scale 

interpenetrating network compared to chloroform. The effect of the solvent on 

morphology of the films of p(DPP-TTF) and its blends with PC71BM and on device 

performances is similar to that for 5T-TTF. The lack of electron mobility observed in 

OFET measurements could be the reason for low power conversion efficiency in single 

component solar cells.   
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Oligothiophene cruciform with a 
germanium spiro center (5T-Ge): A 
promising material for organic field effect 
transistors 
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4.1 Abstract 
 

Increasing the dimensionality of intermolecular interactions in organic 

semiconducting materials is a promising strategy for improving electronic device 

performance.188, 189 The most studied multidimensional conjugated systems for organic 

electronics are based on star-shaped oligomers and dendrimers, which exhibit 

improved device performance compared to their linear analogues.190, 191 Swivel-type 

oligothiophene cruciforms were shown to form crystalline films and provide 

promising materials for field effect transistors.192 In contrast, rigid spiro-centered 

cruciform conjugated structures were believed to discourage aggregation and were 

therefore considered suitable for applications as highly luminescent materials.193 

Recently it has been shown that a Ge spiro-centered oligothiophene cruciform 

structure (5T-Ge) 4,4',6,6'-tetrakis(3'-hexyl-5'-methyl-[2,2'-bithiophen]-5-yl)-2,2'-

spirobi[thieno[3,4-d][1,3,2]dithiagermole] self-assembles with the formation of 

efficient π-π stacking in two mutually orthogonal directions yielding a material which 

can be used as a donor for efficient bulk heterojunction solar cells.73 Chapter four 

demonstrates the fabrication of field effect transistors using two different solvents 

(chloroform and chlorobenzene) with 5T-Ge as a semiconducting material. We also 

show that the morphology of Ge-cruciform is greatly affected by post-processing 

thermal treatment and that this change in morphology can lead to favourable charge 

transport and improved device performance. 

 

 



111 
 

4.2 Concept of spiro linkage 
 

In recent years, an intense multidisciplinary research effort has generated considerable 

progress in the performances of devices based on OSCs, by using a few classes of 

active materials derived from 1D conjugated system. Although these materials can 

reach high charge-carrier mobilities, the anisotropy of their electronic properties can 

be a source of problems, especially for the fabrication of devices in which the 

directionality of charge transport is particularly critical. Until now, solutions to this 

problem have been sought in the frame of the optimization of the material processing. 

However, this physical approach is likely to complicate device fabrication, especially 

when dealing with large area and flexible substrates. Because these problems clearly 

originate from the anisotropy of linear π-conjugated systems, the development of 

OSCs with higher dimensionality of a conjugated backbone and an isotropic charge 

transport could represent an exciting alternative strategy. Swivel cruciform 2D 

conjugated systems represent a first type of chemical structure solution to the 

anisotropy problem and these compounds have attracted increasing interest.  

 

Figure 4.1: Generic spirocentre structure 
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Spirocyclic compounds have been widely studied for materials applications and have 

demonstrated promising properties for use in a number of organic electronic 

devices194-196 notably as hole transport mediums in highly efficient solid-state dye 

sensitized solar cells (DSSC).197, 198 Spiro-linked conjugated molecules feature two 

conjugated chains which are connected orthogonally via a common tetrahedral sp3-

hybridised atom (figure 4.1).194  Despite the perpendicular arrangement of the two 

halves of the molecule brought about by the sp3 spirocentre there is evidence of 

electronic communication between the two spiro-linked -systems.194 If the extent to 

which the two halves of the molecule interact can be improved, then the benefits of 

longer effective conjugation lengths, such as reduced and tunable HOMO-LUMO gaps 

can be accessed. One way to achieve this could be to increase the electron density 

around the spirocentre.  

A small number of aromatic or extensively unsaturated/conjugated spirocyclic 

bis(dithiolate) compounds featuring C199-201 and Si202 centres have been developed.  

Compounds containing spirocyclic bis(dithiolate) Ge, centres,200, 203 referred to as 2,2’-

spirobi[[1,3,2]dithiagermole], are rarer but some examples were reported since the first 

synthesis of molecules of this class, featuring Si, Ge, Sn and Pb spirocentres (chart 

4.1a), in 1966.204, 205 The electron rich nature of the chelating thiolene moieties as in 

4.1a, and the conductivity and superconductivity observed from its transition metal 

complexes have been widely and continuously explored for almost 50 years.206-209 

However, “complexes” featuring main group element spiro-centres have been much 

less widely explored.210  Similarly linked bis (oligothiophenes), fused to a common all 

carbon spiro [4, 4] nonane or Si centred 5-silaspiro [4, 4] nonane have been reported 

in the 1990’s as shown in chart 4.1b.59, 211  Salbeck and co-workers have developed 
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molecular materials based on hybrid 3D systems combining triphenylamine (TPA) and 

spirobifluorene (chart 4.1 c).191, 197, 212  

 

Chart 4.1: Compounds containing spirocyclic bis (dithiolate) with ‘Ge’ and ‘Si’ spiro-

centres 
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In case of symmetrically spiro-linked compounds, the molecules have two identical 

chromophores connected through a central carbon atom. These conjugated systems 

have been used as hole-transporting materials in light-emitting devices213 and solar 

cells.197 Field-effect transistors have been realized by thermal evaporation of 

compounds 4.1c and 4.1d on bottom-contact SiO2 substrates. The devices show rather 

low hole mobilities of 7×10–5cm2/Vs for 4.1c and 2x10-4cm2/Vs for 4.1d, but a high 

on/off ratio and excellent long-term stability.212, 214   More recently, the same group 

has analysed the charge-transport properties of a series of spiro- linked hybrid 

compounds of the TPA/spirobifluorene family with reference to the parent linearly 

conjugated systems.191 Though, only few examples were reported for OFET 

characteristics in case of spiro-linked compounds, various examples of extended 

conjugated systems with tetrahedral geometry have been developed in recent years.215-

218  Wilson and Griffin first reported tetrahedral molecules with oligo-p-phenylene 

arms.215   

A family of monodispersed star-shaped macromolecules has been prepared (chart 

4.1e). The controlled and efficient synthesis of molecules of this type would provide 

synthetic foundation for the molecular engineering approach to the design and 

construction of complex macromolecular targets. Tetrahedral star shaped molecules 

comprising a silicon centred core and four conjugated terthiophene arms (chart 4.1f) 

with solubilising alkyl or alkilthio-substituents in terminal positions have been used as 

a donor material in heterojunction solar cells.189 The interest in such systems is 

attributed to the random orientation of the conjugated segments in films of the 3D 

compounds, which allows a better absorption of the incident light compared to the 

vertically oriented chains of the linear systems and diminishes anisotropy in charge 



115 
 

carrier mobility. It would be interesting to develop parent systems containing longer 

conjugated branches or segments specifically tailored for shifting the absorption 

towards longer wavelengths. However, the use of the silicon node poses some 

particular problems related to the relative weakness of the silicon–thiophene bond.23 

To this end, charge transport in star shaped or cruciform systems with high 

dimensionality is inferior compared to linear and highly crystalline molecules. It 

remains a challenge, therefore, to identify a core structure that will ‘seed’ a molecule 

with high dimensionality into a material with an isotropic charge transport.188 With all 

these in mind, a novel bis(quinquithiophene) cruciform with germanium as a 

spirocentre has been reported recently.73 The use of a tetrathiolato germanium 

spirocentre in place of the traditional solely carbon based one has been explored.  Ge 

is the first of the group 14 elements to possess a full d-shell and is much more electron 

rich than either C or Si; as such it could be expected to support an increased level of 

spiro-conjugation.   

 

 

Chart 4.2: New 2,2’-spirobi([1,3,2]dithiagermole) molecule. 

The use of a group 14 element in place of a metal centre can give access to purely 

covalent compounds featuring electron rich dithiole rings bound via a neutral, 
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tetrahedral sp3 centre, an area that is largely overlooked for the development of unique 

and useful new materials. The optical HOMO-LUMO gap of 5T-Ge material obtained 

was 2.47eV. The HOMO and LUMO levels were observed as -5.00 and -3.64eV 

respectively. Time-of-flight (TOF) measurements give a mobility of 4.2x10−5cm2/Vs 

for bis(quinquithiophene) material, chart 4.2.73  Thus, in this chapter, the field effect 

mobility for this material has been extensively investigated.  To explore the transport 

properties and processing possibilities of this new material, field-effect transistors 

(FETs) were fabricated by a number of methods some of which are discussed here. 

OFETs were fabricated on PFBT-Au treated SiO2 substrates to evaluate the device 

performance with 5T-Ge as a semiconductor. The representative output and transfer 

electrical characteristics of bottom contact, bottom gate devices A, B,C and D 

fabricated on the chip with the channel length (L) of 10 µm and the width (W) of 1cm 

by spin-coating from two different solvents (CF and CB) are compared. Field effect 

mobilities and threshold voltages (Vth) were calculated from transfer characteristics in 

the saturation regime defined by standard FET models by fitting the √Ids  versus Vgs 

data at Vds = -50V in all the cases. Also extracted from transfer characteristics are the 

turn on voltage (Vth) and the on/off current ratio (Ion/Ioff). The parameters 

characterizing the device performance such as μ, Vth and Ion/Ioff are summarized and 

compared in Table 4.1. 

 

 



117 
 

 

 

Table 4.1:  OFET performance for devices of various configurations fabricated using 

different solvents 

 

4.3 OFET results for devices fabricated by spincoating from 

chloroform solutions 
 

The electrical characteristics of a spiro 5T-Ge in figure 4.2 are given for a device ‘A’ 

measured in N2 atmosphere. The device operated in the p-channel region and revealed 

an average charge carrier mobility of 2.41x10-5cm2/Vs in the saturation regime and 

on/off ratio is 104.   
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Figure 4.2: Output characteristics (4.2a, left) and transfer characteristics (4.2b, right) 

of device fabricated by spin-coating 5T-Ge from chloroform on Si/SiO2 substrates with 

PFBT treated gold electrode 

 Dielectric 

(nm)/Au 

modifying agent 

Solvents 

used  

Annealing, oC Vgs 

interval 

range, 

V 

µ,  

cm2/Vs 

Ion/Ioff 

at Vds of 

-50V 

Vth, 

V 

A 200/PFBT CF 120(straight) 20-55 2.41x10-5  104 -9.23 

B 200/PFBT CB 120(straight) 20-55 4.35×10-6 104 -9.59 

C 200/PFBT CB RT 20-55 5.01x10-6 103 -6.3 

D  200/PFBT CB 120(step anneal) 20-55 1.77×10-5 104 -19.8 
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Figure 4.3: AFM image of 5T-Ge film spin cast from chloroform solution on Si/SiO2 

substrate  

 

Figure 4.3 shows an image of 5T-Ge thin film spin coated from chloroform solution 

which exhibits fibrous crystals with a scatter of grains, the surface roughness value 

being 32.5nm. This morphology may be induced by the propensity of Ge-cruciform to 

aggregation due to 2D π-π stacking interactions. 

4.4 OFET results for devices fabricated by spincoating from 

chlorobenzene solutions 
 

Bottom contact FETs were fabricated on substrates consisting of highly doped silicon 

(the gate electrode), and thermally grown SiO2 as gate dielectric. Pre-patterned source 

and drain Au contacts were chemically treated with PFBT prior to film deposition to 

improve crystallization and charge injection. The organic semiconductor (5T-Ge) is 

dissolved in CB and deposited on these substrates using spin coating method. The 

output characteristics of a device annealed straight at 120oC ‘B’ are depicted in figure 

4.4a for several source-gate (Vgs) voltages and indicates that hole transport is 

characteristic for this material when Au contacts are used. The transfer characteristic 
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of the device at Vds = -50V is shown on the figure 4.4b. The on/off ratio of 104 was 

estimated using semi-logarithmic plot (left Y axis). The field-effect mobility 

(μ=4.35×10-6cm2/Vs) was found using the square root plot (right Y axis). In the case 

of samples annealed straight to 120oC, the tapping mode AFM height image (figure 

4.5a) shows a nice spaghetti-like structure. The rod-like elements of the structure were 

of ~10 µm length and ~1 µm width with the rms value of 24nm. The horizontal 

separations between these crystalline rods were as long as 8µm with random 

alignment. This type of morphology is detrimental for achieving high mobility due to 

rough domain interfaces and unfavorable alignment of these domains to the direction 

of the electric field. This observation was further confirmed with thin film XRD graph 

shown in the figure 4.5b and that compared with 5T-Ge single crystal structure. From 

X-ray analysis Ge-5T crystals show two dimensional stacking structures with pi-

stacking interplanar distance of 3.417Å in one direction and 3.704Å in another.73  
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Figure 4.4: Output characteristics (4.4a, left) and transfer characteristics (4.4b right) 

of OFET fabricated by spincoating 5T-Ge from chlorobenzene solution on PFBT 

treated gold electrode containing Si/SiO2 substrates 
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Figure 4.5: AFM image (4.5a, left) of 5T-Ge film spin-cast from chlorobenzene 

solution on Si/SiO2 substrate and annealed straight at 120oC; (4.5b, right) OFET device 

XRD pattern of crystalline 5T-Ge film (black line) compared with that calculated from 

single crystal X-ray data (blue line) and separate reflexes (red bars with hkl indices 

marked above by red font) the 2θ value of which coincide with the maxima positions 

of experimental pattern (shown in black font) 

The right panel of figure 4.5 shows the experimental XRD pattern of the film (black 

line), along with that calculated from the crystal structure (blue line). Red bars 

represent reflections with marked hkl indices, the 2θ values of which more or less 

coincide with the experimental XRD peak values. In order to study further the 

correlation between morphology and charge transport, we compared the OFET 

performance of devices step-annealed at 50oC, 75oC, 100oC and up to 120oC, to those 

annealed straight at 120oC for 20 minutes. 

4.5 Dependance of OFET performance on annealing temperature 

(chlorobenzene) 
 

Field effect transistor mobilities were measured in BG/BC configurations and FET 

characteristics were recorded on annealed samples. Figure 4.6 shows output and 

transfer characteristics of non-annealed devices whereas figure 4.7 shows an electrical 

characteristics of samples after being step annealed (each step) at 50, 75, 100 and 

 100.00 nm

 0.00 nm

4.0µm



121 
 

finally 120oC for 20 minutes.  The effect of contact resistance on the output 

characteristics of samples annealed straight at 120oC (fig. 4.4a) is stronger than that of 

samples step-annealed up to 120oC (fig. 4.7a).  It can be clearly seen that mobility 

increases 3.5 times moving from 5.01×10-6cm2/Vs for non-annealed (device ‘C’) up to 

1.77×10-5cm2/Vs after being step-annealed up to 120oC (device ‘D’). Meanwhile, the 

samples annealed straight at 120oC exhibited much lower mobility (4.35×10-6 cm2/Vs) 

compared to that of step-annealed devices. However, for all fabrication conditions, the 

on/off current ratio remains quite high indicating the overall good quality of all 

transistors. Although organic semiconducting materials have been known for 

exhibiting improved performance after annealing closer to their glass transition 

temperature,219-221 5T-Ge appears to show lower mobility. 

It is well known that annealing can have a pronounced influence on the morphology 

of organic thin films. Therefore, we investigated the effect of annealing on the 

crystallinity of 5T-Ge cruciform. Tapping mode AFM (figure 4.8) appears to be 

amorphous surface morphology of as cast film. The samples step annealed at 50oC and 

higher up to 100oC reveal similar crystalline structures74. However, the rms surface 

roughness of samples subsequently annealed at 75 and 100oC is almost double (2.2nm 

and 2.3nm) compared to that of samples annealed at 50oC and RT (1.5 and 1nm).   
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Figure 4.6: Output characteristics (4.6a, left) and transfer characteristics (4.6b, right) 

of OFET fabricated by spin-coating 5T-Ge from chlorobenzene solution on Si/SiO2 

substrates with PFBT treated gold electrodes without any annealing. 
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Figure 4.7: Output characteristics (4.7a, left) and transfer characteristics (4.7b, right) 

of OFET fabricated by spin-coating 5T-Ge from chlorobenzene solution on Si/SiO2 

substrates with PFBT treated gold electrodes after being step-annealing from to 120oC 

in 20 minutes steps.  
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Figure 4.8: Tapping mode AFM images of Ge-cruciform annealed at 120oC for 20 

minutes after subsequent annealing at 50, 75, 100oC for 20 minutes 
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Annealing of the same samples further at 120oC for 20 minutes produces broken rod-

like crystalline domains of ~200 nm length and 20nm width (figure 4.8). The rms value 

for the step-annealing device at 120oC is 14nm meanwhile the device annealed straight 

at 120oC from chlorobenzene (fig: 4.5) is 24nm. Annealing the samples at 120oC might 

have given all the molecules similar relatively elevated molecular mobility so that they 

can form thermodynamically stable aggregates, resulting in the long spaghetti-like 

structures shown in figure 4.5a.  

In contrast, successive step-annealing and cooling up to 120oC might have reduced the 

molecular mobility due to the formation of smaller crystals at temperatures lower than 

100oC. Once the temperatures are further raised to 120oC, the crystalline structures 

already formed at 100oC may block movements of mobile molecules to form a dense 

shorter range ordered (DSRO) medium. Nevertheless, this type of DSRO medium 

would be favorable for any type of electronic devices based on charge transport, such 

as solar cells or OFETs. A significant variation in morphology due to different 

annealing protocols is very interesting and may play an important role in device 

performance. This indicates that the charge transport pathways in directions parallel to 

the substrate plane are greatly enhanced by successive annealing and cooling. Here we 

show for the Ge-cruciform that step-annealing leads to the formation of smaller 

crystalline domains which favor isotropic transport compared to those annealed 

directly to the final temperature, where we see the formation of larger crystalline 

spaghetti-like structures which are not favorable for charge transport. Therefore, the 

introduction of the spiro center between two identical moieties creates a great variety 

of morphologies which can be achieved by applying different annealing techniques 

and strongly improves the morphological stability of the corresponding thin films.                                                                                                                                     
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4.6 Conclusions 
 

The highest hole mobility of 2.41x10-5cm2/Vs for the Ge cruciform semiconductor was 

found for OFET devices fabricated by spin-coating from chloroform and annealed at 

120°C. Applying different annealing protocols (stepwise or straight) for OFET spin-

coated from CB a great variety of semiconductor film morphologies has been achieved 

which provide different device performance. Spaghetti-like crystalline morphology 

was produced by single annealing at 120oC, while stepwise thermal treatment at 50oC, 

75oC, and 100oC and finally at 120oC leads to tight grain packing morphology which 

proved to be beneficial for OFET performance. The control over morphology by 

different annealing procedures is provided by the strong propensity of Ge-cruciform 

to form aggregates, due to 2D π-π stacking interaction in the crystalline domains.  
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OFET and morphological characterisation 
of DPP-fluorene based oligomer 
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5.1 Abstract 
 

The organic semiconductor on the basis of a quadrupolar linear conjugated system 

(DPP Linear-c), that consists of 1,4-diketopyrrolo[3,4-c]pyrrole (DPP) central unit and 

two quarterfluorenylphenyl arms at 3 and 6 position of DPP, is described. The strong 

propensity of DPP Linear-c to aggregate in the solid favours hole mobility of the 

semiconductor due to alignment of different molecule’s HOMOs in the aggregates. In 

this chapter, the fabrication of OFETs from this novel p-type semiconductor with 

different dielectrics, to evaluate their effect on the overall device performance, is 

reported. 
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5.2 Introduction 
 

Fluorene is a cyclic aromatic hydrocarbon found in an engine exhaust (Chart 5.1). 

Fluorene has long been known for the intense violet fluorescence, after which it was 

named as  fluorene.222 Fluorene based conjugated oligomers can emit deep blue light 

at an efficiency of up to 99% in solution and 90% in neat solid films,223 which is rare 

in this spectral region. The effect of alkyl substituents at fluorene 9-position is also 

remarkable, as these groups are almost orthogonal to the plane of the molecule’s π-

conjugated system. This allows a fluorene compound’s solubility and aggregation 

behaviour to be modulated independently of its electronic properties.224 These 

properties have been exploited extensively in polyfluorenes that have grown to be a 

major material in organic electronics and photonics,225-227 exhibiting blue 

electroluminescence,228 impressive lasing gain,229-231 and promising performance in 

organic solar cells.232-234  The field of organic electronics has also seen a growing focus 

on oligomer materials,235 with sizes and properties intermediate between small 

molecules and polymers.236 Having a well-defined structure, these monodisperse 

systems are the perfect object for studying  structure/property relationships237-239  and 

exhibit higher field-effect mobilities,140, 240, 241 and better lasing efficiency242-244 than 

their polymeric analogues.  

 

 

Chart 5.1: An illustration of the fluorene structure showing numbering of sites 

available for substitution, and alkyl groups at 9-position 
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Moreover, oligomers are generally devoid of chain folds245 and chain defects246 that 

tend to compromise polymer performance. Even though, the synthesis of long 

oligomers becomes harder in comparison to that of polymers; the more rigorous 

purification techniques available to oligomers are advantageous for practical 

applications.247 Oligofluorene’s LUMO and HOMO energy levels are slightly further 

apart than those of polyfluorenes because of the shorter conjugation lengths and larger 

band gaps.248 A study by Wegner et al reveals that the oligomer length dependence of 

its properties approaches that of the analogous polymer.249  These unique properties of 

oligomers make them an ideal complement to conjugated polymers in organic 

electronics and photonics. This chapter initially focuses on some of the monodisperse 

fluorene based conjugated oligomers as examples, to assess their performance. 

Included herein are examples that contain acceptor units such as diketopyrrolopyrrole 

(DPP) and fluorene donor units in their backbone structures referred as D/A conjugated 

systems, with potential applications to organic electronics and photonics. DPP-

fluorene based compounds synthesized by Yi Qu et al are shown to be colorimetric 

and ratiometric red fluorescent sensors for fluoride anions with high sensitivity and 

selectivity.250 The mechanism of the sensing was explained by the intermolecular 

proton transfer (IPT) process between the amide moiety and fluoride ion and the 

change of the former from electronically neutral (Ar-DPP(NH)-Ar) without a fluoride 

ion to negatively charged (Ar-DPP(N-)-Ar) with a fluoride ion (Chart 5.2a). The 

modulation in the electron-donating capabilities of the lactam group in the presence 

and absence of fluoride directly influences the internal charge transfer (ICT) from the 

nitrogen lone pair to the conjugated system of the sensors.  
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Chart 5.2: a) DPP-fluorene based compound for fluoride sensing alongside with 

quaterfluorene-DPP conjugated systems b) Star DPP c) DPP Linear-c d) DPP Linear-

nc  
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In the presence of fluoride ion, de-protonation of the amide moiety and consequent 

formation of the amide anion enhance the ICT effect from non-substituted lactam unit 

to the electron-deficient conjugated system causing a dramatic change in colour and 

fluorescence of the compounds. This type of fluoride sensing is one of the examples 

of using an NH-containing receptor for molecular recognition of nucleophilic 

anions.251  The DPP unit has been incorporated into conjugated materials that have 

been studied as components in solar cells252 and as efficient light emitters.253 Using 

electro-polymerisation technique tetraaryl substituted DPP has been incorporated into 

cross-linked polymers, featuring conjugation paths both in 2,5 and 3,6-directions of 

DPP.254 Recently, the well-defined star-shaped macromolecular compound with DPP 

core and the four quarterfluorene arms has been synthesised.75 The arms located in the 

3,6-positions are conjugated through the core but the arms in the 2,5-positions act 

independently because the conjugation is disrupted at the lactam nitrogen (fig: 5.2b). 

 

  

                   

          

 

 

   

Chart 5.3:  Schematic representation of a) 1D and b) 2D interactions between 

molecules in DPP aggregates. 

Twofold substitution of the core with quaterfluorenes is represented by Linear-c (chart 

5.2c) and Linear-nc (chart 5.2d), the terminology here refers to the conjugated 

1D aggregation 
2D aggregation 
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pathway, which effectively propagates throughout the central part of the molecule in 

the former and is mostly restricted to quarter-fluorenyl phenylenes in the latter.  The 

DPP Linear-c features the linear conjugated system with more pronounced quadrupole 

moment compared to DPP Linear-nc due to better coupling of quaterfluorenylphenyl 

donor and DPP acceptor units. The crystallinity of DPP Linear-c was assumed to be a 

result of quadrupole-quadrupole interactions in the condensed phase, which lead to the 

alignment of the quadrupoles in one direction as shown in chart 5.3a. Star DPP was 

found to aggregate even in hexane solutions which was explained by intermolecular 

interactions between more electron rich phenylene rings located in the 2,5-positions 

and the electron deficient ones in the 3,6-positions leading to alignment of the 

quadrupole ellipsoids in different directions (2D aggregation, chart 5.3b). This type of 

intermolecular interaction is favoured by the conformational change around the DPP 

core.  

In the isolated molecule the 3-Ph-DPP-6-Ph fragment remains planar, and in the 

aggregated state the tetraphenyl-DPP core adopts a propeller-like conformation in 

which all four phenyl rings are twisted equally. Furthermore, the hydrophobic 

interactions between the solubilising alkyl chains hinder the longitudinal displacement 

of adjacent Star-DPP molecules, assisting aggregation in hexane.75  DPP Linear-nc 

presents a similar pattern to Star DPP in the condensed state due to the 2D aggregation, 

but to a lesser extent, because the initial lower degree of ICT in this conjugated system 

and the linear shape of the molecule do not provide such strong intermolecular 

interactions as in the case of Star DPP. Due to 1-D aggregation of Linear-c (figure 

5.3a) the quarterfluorene arms of different molecules in the aggregate become really 

close to each other in the solid state, which increases the probability of electron 
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hopping from the HOMO of one of the molecules to the SOMO of the cation radical 

of another. This situation is favourable for increasing hole mobility within the domain 

of molecules aggregated in such a way. With this in mind the Linear-c has been tried 

as organic semiconductor for OFET.  The electrochemical HOMO-LUMO gap of this 

compound was reported to be 2.3eV. The HOMO and LUMO levels were observed at 

-5.4 and -3.1eV respectively.75 OFETs were fabricated with different dielectrics to 

evaluate their effect on overall device performance of DPP Linear-c (chart 5.2c). The 

representative output and transfer electrical characteristics of devices A, B, C and D 

with the channel length of 10 µm and the width of 1cm and with different surface 

treatments (ODTS and HMDS) are compared. In each case the devices with identical 

geometry (BG/BC) were fabricated and measured to extract electrical parameters such 

as μ, Vth and Ion/Ioff which are summarized in Table 5.1.  

 

Devices Dielectric 

(nm)/Au/SiO2 

modifying agent 

Solvents 

used 

Vgs 

interval 

range, V 

µ, 

cm2/Vs 
Ion/Ioff at 

Vds of -50V 
Vth, V 

A 200/PFBT CF 20-50 1.77x10-4 104 -19.2 

B 200/PFBT CB 20-55 7.54x10-5 105 -14.0 

C 200/PFBT/ODTS CF 20-50 5.56x10-5 105 -16.7 

D 200/PFBT/HMDS CF 20-50 1.91x10-4 105 -10.4 

 

Table 5.1: The electrical performance of DPP Linear-c OFET devices using various 

dielectrics 

 

 

5.3 OFET results for DPP Linear-c compound 
 

Figure 5.1 shows the output and transfer characteristics of the device fabricated using 

PFBT Au treated source/drain electrodes and untreated SiO2 dielectric. With the PFBT 

treated source/drain electrodes, significant hysteresis in the drain current can be 
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observed when comparing the forward and backward voltage scans in transfer 

characteristics for all these devices.  
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Figure 5.1: Output characteristics (5.1a, left) and transfer characteristics (5.1b, right) 

of the device fabricated by spincoating of DPP Linear-c from chloroform solution on 

PFBT treated gold electrode annealed at 140oC for half an hour 

 

Figure 5.2: Tapping mode AFM images of DPP Linear-c thin film spin cast from 

chloroform solution on SiO2 substrate after annealing at 140oC for half an hour.  

 

This effect is also revealed in the transfer characteristics as well. This non-ideality is 

an indication of an increase in the current in a forward scan due to charge trapping in 

the semiconductor and the decrease in the current due to charge release in the backward 

scan. The trap sites might be associated either with chemical impurities in the 

semiconductor layer, introduced during device processing or morphological structure 
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of semiconductor/dielectric interface. From the transfer characteristics, (5.1b) a 

threshold voltage of 19.2V and a charge carrier mobility of about 1.77x10-4 cm2/Vs are 

derived in the saturation regime, with the on/off ratio being 104. Since the interchain 

interactions should strongly impact on the charge transport properties, we investigated 

the microscopic morphology of DPP/fluorene oligomer thin film. Figure 5.2 shows the 

microscopic morphology of a thin film of DPP Linear-c oligomer. The AFM image 

shows disordered aggregates that are a few hundreds of nm wide and few tens of nm 

high (bright objects), on the SiO2 substrate (dark). The rms value of 58nm was 

calculated for device ‘A’.   
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Figure 5.3: Output characteristics (5.3a, left) and transfer characteristics (5.3b, right) 

of devices fabricated by spin-coating of DPP Linear-c from chlorobenzene solution on 

Si/SiO2 substrates with PFBT treated gold electrode 

 

Figure 5.3 shows the output and transfer characteristics of OFET fabricated by spin-

coating of DPP/oligofluorene from CB solution. The field effect mobility estimated in 

the saturation regime shows the value of 7.54x10-5cm2/Vs which is lower compared to 

the previous case of device ‘A’.  However, the on/off ratio of devices fabricated with 

chlorobenzene and annealed at 140oC increased up to 105.  The corresponding AFM 
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image of thin film spin-cast from chlorobenzene solution is shown in figure 5.4.  The 

AFM image of the film surface shows an uneven morphology with some nanorod like 

crystalline domains. The surface has an rms roughness of 46 nm which is a little bit 

decreased compared to the film spun from chloroform (shown above in figure 5.2). To 

provide better substrate coverage by hydrophobic organic semiconductor and avoid 

pinhole in the films we next used SAM treatment of the gate dielectric. The effect of 

the dielectric surface on device performance was investigated. 

             

 

Figure 5.4: Tapping mode AFM images of DPP Linear-c thin film spin-cast from 

chlorobenzene solution on SiO2 substrate and annealed at 140oC for half an hour.  

 

5.4 Effect of ODTS and HMDS treatment of SiO2 substrates on device 

performance of OFETs with DPP Linear-c as an active layer: 
 

Representative output and transfer curves for ODTS treated Si/SiO2 devices are shown 

in figure 5.5. The FET mobility of the thermally annealed devices at 140oC is found to 

be 5.56x10-5cm2/Vs, with an average on/off ratio of 105.  Although the film quality 

was better than that for non-treated substrates, we could not observe any reasonable 
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transistor behaviour without hysteresis. Since a decrease in mobility was observed for 

device spin-coated on ODTS treated SiO2 substrates, compared to that for device cast 

on untreated SiO2 surface, the HMDS treatment has been chosen for the surface 

modification instead.  General FET studies from many researchers reveals that HMDS 

treatment removes residual water and polar groups on SiO2, leading to an increase in 

field-effect mobility.252   
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Figure 5.5: Output characteristics (5.5a, left) and transfer characteristics (5.5b, right) 

of OFET fabricated by spin-coating of DPP Linear-c from chloroform solution on 

PFBT and ODTS treated Si/SiO2 substrates and annealed at 140oC 
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Figure 5.6: Output characteristics (5.6a, left) and transfer characteristics (5.6b, right) 

of OFET fabricated by spin-coating of DPP Linear-c from chloroform solution on 

PFBT and HMDS treated Si/SiO2 substrates and annealed at 140oC 
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Figure 5.7: Tapping mode AFM image of DPP Linear-c film spin-cast from  

chloroform solution on ODTS modified SiO2 substrate (5.7a, left) and  on HMDS 

modified SiO2 substrate (5.7b, right), after being annealed at 140 oC for half an hour.  

 

Consistently, the FETs fabricated on HMDS treated substrates showed reasonable 

increase in mobility compared to those with ODTS treated dielectrics with almost no 

hysteresis in output characteristics.Figure 5.6 shows the output and transfer 

characteristics of DPP/oligo-fluorene employed FET using BG/BC configuration with 

HMDS modified substrates. This device exhibits mobility of 1.91x10-4cm2/Vs with a 

high on/off ratio of 105.  Due to the combined effects of PFBT and HMDS treatment 

the highest mobility has been observed with no significant hysteresis in output 

characteristics.  Figure 5.7 shows the surface morphology of thin films on ODTS (left) 

and HMDS (right) treated substrates. The film spin-coated on ODTS treated substrate 

(device ‘C’) exhibits quite rough surface morphology with the rms value of 55.5nm 

which is very similar to that of device ‘A’ (rms of 58nm). The strong hydrophobic 

interactions between octadecyl chains of ODTS treated surface and Linear-c alkyl 

chains lead to non-homogeneous distribution of small crystalline domains along the 

surface of substrate. Besides, non-favourable orientation of ordered domain due to 

 232.38 nm
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 15.77 nm
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these hydrophobic interactions in the case of device ‘C’ is responsible for more than 

threefold drop of mobility in comparison to device ‘A’. On the contrary, methyl groups 

of HMDS treated SiO2 surface are just enough to provide homogeneous distribution 

of the smaller crystalline domains (rms value of 3.78nm) all over the substrates which 

yields slightly improved mobility of device ‘D’ compared to device ‘A’.    

5.5 Conclusions 
 

In conclusion, we have demonstrated a p-type semiconductor material DPP Linear-c. 

The morphology and its effect on field effect mobility were studied using various 

dielectric surface treatments. At annealing temperature of 140oC the fibre domains 

were formed, which gave the highest mobility. ODTS and HMDS were used to modify 

the SiO2 surface. The morphology of DPP Linear-c layer was different for each surface 

treatment. Larger crystalline structures were observed for films spin-coated on non-

treated and ODTS treated SiO2 substrate whereas film spin cast on HMDS treated 

surface revealed small domains distributed homogeneously all over substrate which 

led to the best performing OFETs with a maximum mobility of 1.91x10-4 cm2/Vs and 

a high on/off ratio of 105. 
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6.1 Abstract 
 

Chapter six focuses on (1) the synthesis and characterization of thiophene 

perfluorophenylene based materials for organic field effect transistors (OFET) and (2) 

the optimization of OFET device fabrication.  Charge transport properties of thiophene 

based semiconductor are expected to be modified by incorporation of perfluorinated 

phenylene units. By the introduction of electron-withdrawing fluorine substituents, the 

energies of unoccupied orbitals can be lowered, making n-type charge transport 

channels possible, however, most of the organic semiconductors have been found to 

be p-type semiconductors. The electron-rich (donor)/electron-deficient (acceptor) 

intermolecular interactions sufficiently promote molecular π-π overlap which 

improves electronic properties of materials and make them attractive for OFET 

application. The presence of non-covalent interactions between thiophene and 

perfluorophenylene units also results in planar structures and improves their 

conjugation. Self-assembly and planarization of thienyl-perfluorophenyl oligomers in 

the solid state are identified by a combination of x-ray diffraction studies, absorption 

spectroscopy, and cyclic voltammetry. The x-ray diffraction data show that these 

materials exhibit flip stacking and thiophene-fluorine molecular interactions. We 

discuss OFET results with respect to the corresponding morphology determined by 

AFM and X-ray diffraction measurements. 
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6.2 Introduction 

 

π- Conjugated halogen substituted organic materials are prone to self-assemble into 

well-ordered thin films and have significant potential for OFET application. The 

electronic structure of this type of organic semiconductor has a great influence on the 

charge transport mobility in thin films, and electron transports (n-type) is facilitated 

by a low energy barrier to the injection of electrons. This has been attributed to the 

halogens which lower both the highest occupied molecular orbital (HOMO) and the 

lowest unoccupied molecular orbital (LUMO) energy levels in the molecule or 

polymer.255  

Fluorinated organic molecules exhibit series of features such as thermal and oxidative 

stability, enhanced hydrophobicity and high lipophobicity. Amongst the 

electronegative substituent (–F, –CN, –Cl, –NO2, –C=O, etc.)256, according to their 

van der Waals radii, fluorine is the smallest one, r=1.35 Å, and larger than hydrogen 

by only 0.15 Å. The aforementioned features of fluoroorganic compounds are related 

to the unique properties of the fluorine atom to be the most electronegative element, 

with a Pauling electronegativity of 4.0.257 The use of fluorine substituted organic 

semiconductor molecules in a p-type channel is counterintuitive because fluorine 

substitution typically transform a p-type semiconductor to an n-type semiconductor.59  

Stabilization of LUMO energy level results in an increase of electron affinity, that 

appears to be an important feature for enhancing the electron charge carrier mobility 

(n-type).258,259 Thus, it is easier for the LUMO level to accept electrons and therefore 

the material will have electron carrier instead of hole carriers. Additionally, these 

fluorine atoms often have an influence on inter and intramolecular interactions by 
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forming non-covalent C----F, F----F and C-F···H, C-F···S bonding which in turn 

results in planar structures in the solid state.80 Thus, the introduction of fluorine into 

conjugated organic compounds allow for the energy gap of materials to be modified 

with significant impact on optical and electrical properties. Therefore, substitution 

with fluorine atoms can be used to generate organic p-type, n-type or even ambipolar 

semiconducting materials with improved stability.  

 

Chart 6.1: List of oligomers 6.1a-6.1e  

The organic semiconductors (6.1a-e), displayed in table 6.1 have been synthesized and 

tested for OFET applications. Some of them showing remarkable n-type characteristics 

in OFETs, others maintaining the p-type character and exhibiting enhanced 

environmental stability.260 The oligomer compounds 6.1a-c, synthesized by Antonio 

Fachetti79, via Stille or Suzuki cross-coupling reactions, exhibit regiochemically 

modulated semiconducting behaviour. Due to the different position of the 
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perfluorinated arene units in the conjugated backbone the systems 6.1a and 6.1b show 

higher mobility than compound 6.1c. Oligomers 6.1a and 6.1b exhibit n and p type 

character, respectively, whereas none of these two shows ambipolar charge carrier 

properties. Both compounds form π–π stacking in the solid state.  Due to limited 

twisting of the arene–thiophene units the compounds 6.1a and 6.1b display planar 

configuration of the conjugated backbone whereas, compound 6.1c, containing the two 

consecutive perfluorophenylene units, has considerably higher torsional angle.  For p-

type materials, the HOMO levels are typically -4.9–5.5eV, while for n-type materials 

the LUMO levels are normally at -3–4eV. In the case of compounds 6.1a-b efficient 

charge transport is attributed to the extended pi-system with strong intermolecular 

overlaps.28   

 

 

Table 6.1: HOMO and LUMO levels, mobility (µ), and band gap values for 

compounds 6.1a-e. 

 

In particular, the oligomer 6.1a is found to be n-type semiconductor, demonstrating 

that fluoroarene end group promotes charge carrier sign inversion, independent of the 

thiophene core extension. Interestingly, this compound with the LUMO values of  

-2.85eV and -2.69eV for solution (THF) and film respectively showed electron 

Oligo

mers 

ELUMO[eV] EHOMO[eV] Band gap, 

eV 

µ 

cm2/Vs 

Ion/Ioff 

value 
THF FILM THF FILM 

6.1a -2.85 -2.69 -5.48 -5.27 2.58   0.08 (n) >105 

6.1b -2.82 -2.67 -5.64 -5.32 2.65   0.01 (p) 105 

6.1c -2.81 -2.53 -5.81 -5.40 2.87 4X10-5(p) 102 

6.1d    -3.59     -    -5.99            - 2.40 (opt)   0.45  (n)    108 

6.1e  -2.96, 

DCM 

    -      -       - 2.96 (opt)      -     - 
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mobility of 0.08cm2/Vs and Ion/Ioff value of 108.  Due to higher electron affinity, the 

low lying LUMO level was observed, which is likely responsible for the n-type 

conductivity of the compound 6.1a.261  A narrow band gap of 2.58eV was found for 

this compound.  Compound 6.1b exhibits hole mobility of 0.01cm2/Vs with current 

on/off ratio of 104 and the band gap of 2.65eV.  Moreover in a film, ELUMO values are 

maintained in a narrower range of -2.69 and -2.67 for materials 6.1a and 6.1b 

respectively. The perfluoroaryl rings of both compounds contribute more significantly 

to the LUMO, as expected when compared to compound 6.1c. Oligomer 6.1c showed 

significantly lower hole mobility of 4x10-5cm2/Vs with on/off ratio of 102. The LUMO 

level of -2.53eV was observed but not sufficiently low for electron charge injection, 

in compound 6.1c79.  Simply switching to perfluorobenzoyl substitution by Friedel-

Crafts acylation followed by Stille coupling reaction resulted an n-type 

semiconducting oligothiophene 6.1d synthesized by J.A. Letizia.262  

When applying a positive gate voltage the material 6.1d shows excellent OFET 

performance as n type semiconductor.28, 261, 263 This compound reveals the HOMO 

level of -5.99eV with a very low-lying LUMO level of -3.59eV.  UV-Vis absorption 

in THF indicates that the optical band gap (Eg) is 2.40eV. Due to the strong electron 

withdrawing resonance effect of perfluorobenzoyl group, LUMO level was decreased 

enough to provide high electron  mobility, μ = 0.45+0.07cm2/Vs for OFET fabricated 

by vapour deposition film with Ion/Ioff  value of 108.262   Thiadiazole based oligomer 

6.1e, synthesized via formation of hydrazone followed by sulphur insertion and 

attaching perfluorophenyl units by Stille coupling reaction, was characterized using 

electrochemistry (ΔEelec) and absorption spectroscopy (ΔEopt).  However, no oxidation 
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waves were observed for the electron deficient thiadiazole 6.1e as a consequence of 

enhanced stabilization of the HOMO level. An increased optical band gap of 2.96V, 

LUMO level of -2.96V and two reduction waves at -1.48V and -1.71V were exhibited 

by this compound. 

6.3 Results and discussion 
 

 

 

Chart 6.2: Synthesis of the compounds 2,5-bis (2,3,5,6-tetrafluoro-4-(thiophen-2-yl) 

phenyl)thiophene (6.2b) and 5,5’-(perfluoro-1,4-phenylene)bis(2-(perfluorophenyl) 

thiophene (6.2e) 

Following the previous results obtained in Prof Skabara group16, 261, 264, thiophene 

oligomers bearing perfluorophenylene core (i.e., fluorinated phenylene units) have 

been synthesized as potential organic semiconductor materials especially for organic 

field-effect transistors (OFETs).  Progressing with this project, the compounds were 

synthesized according to the chart 6.2.  Initially, thiophene was lithiated at -78oC 

followed by addition of hexafluorobenzene to the reaction mixture, which produced a 
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very exothermic reaction.  In other words, the lithiation of thiophene involved a 

deprotonation step, and reaction with hexafluorobenzene involved nucleophilic 

substitution reaction at the aromatic center (SNAr reaction).  The reaction between 

thiophenyl lithium species and hexafluorobenzene had been known to produce 2, 2’-

(perfluoro-1, 4-phenylene) dithiophene 6.2a as the sole product16, more detailed 

examination of this reaction allowed us to isolate another product of this reaction, 

previously unknown, 2,5-bis(2,3,5, 6-tetrafluoro-4-(thiophen-2-yl) phenyl) thiophene 

6.2b and indicated that the yield of  the initial target compound 6.2a is lowered by 

formation both compound 6.2b and polymeric species 6.2c due to possible lithiation 

of thiophene on both α-positions. To diminish the effect of this route on the yield of 

the target compound 6.2a the reaction was attempted using a large excess of thiophene.  

Even at high ratio of thiophene to BuLi (5:1 equivalents) it was not possible to avoid 

formation of compounds 6.2b and 6.2c by suppression of lithiation on the other α-

position of thiophene, probably due to higher acidity of compound 6.2a compared to 

unsubstituted thiophene. The polymer 6.2c was separated by filtration. Column 

chromatography was performed to separate the mixture of compounds 6.2a and 6.2b 

with hexane as eluent. The reaction conditions were varied, and the procedure was 

optimized to achieve the maximum yield of both compounds 6.2a and 6.2b.  

The following step consisted of introducing trimethyltin group in the compound 6.2a.  

This was achieved by lithiation of the compound 6.2a with two equivalent of n-BuLi 

at -78oC, followed by quenching with trimethyltin chloride, which afforded 

((perfluoro-1,4-phenylene)bis(thiophene-5,2-diyl))bis(trimethylstannane)265, 6.2d. By 

microwave acceleration, the stannylated product was then coupled with 
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iodopentafluorobenzene via Stille coupling reaction using as the tetrakis 

(triphenylphosphine) palladium (0) catalyst at 120oC, in THF solution. The yield of 

the target molecule, 5,5’-(perfluoro-1,4-phenylene)bis(2-(perfluorophenyl)thiophene) 

6.2e, was 15%. Attempts to improve the yield by changing the solvent to DMF, 

dioxane; altering the temperature of the reaction were unsuccessful.266  

6.4 UV-Vis and CV spectra of the organic semiconductors 6.2b and 
6.2e 
 

Optical absorption and emission spectra of 2,5-bis(2,3,5,6-tetrafluoro-4-(thiophen-2-

yl)phenyl)thiophene, 6.2b and 5,5’-(perfluoro-1,4-phenylene)bis(2-

(perfluorophenyl)thiophene, 6.2e were measured.  The absorption spectrum of 

compound 6.2b, figure 6.1, shows π-π* transition with a maximum λabs) at 359 nm.  
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Figure 6.1: Absorption and emission spectra of 2,5-bis (2,3,5, and 6-tetrafluoro-4-

(thiophen-2-yl)phenyl)thiophene (6.2b) measured in CH2Cl2  

 

The splitting of the band in the emission spectrum due to vibrational coupling shows 

two peaks at 413 and 435 nm. From the onset of red edge of absorption, optical band 

gap for compound 6.2b was calculated to be 3.00eV. The cyclic voltammetry of 

compound 6.2b was performed in dichloromethane (figure 6.2). This compound 
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exhibits HOMO/LUMO level of –6.02/-2.85eV with electrochemical band gap of 

3.17eV. 
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Figure 6.2: Monomer oxidation  (left) and reduction (right) of ca. 9.9 x10−5 M CH2Cl2 

solution of 2,5-bis(2,3,5,6-tetrafluoro-4-(thiophen-2-yl)phenyl) thiophene (6.2b), on a 

glassy carbon working electrode, with an Ag wire reference electrode,  Pt counter 

electrode, , 0.1 M TBAPF6 as supporting electrolyte, at a scan rate of 100mVs−1. The 

data is referenced to the Fc/Fc+ redox couple. 

The oxidation process of compound 6.2b shows two irreversible peaks at +1.34 and 

+1.55V related to the sequential removal of two electrons from the thiophene units 

with formation of a radical cation and dication respectively. The reduction process 

shows irreversible peak at –2.24V, from addition of electrons to tetrafluorobenzene 

units of this compound. The absorption and emission spectrum of compound 6.2e are 

displayed in figure 6.3.  The absorption maximum at 353 nm is hypsochromically 

shifted by ~6 nm compared to that of 6.2b due to the greater steric effect of fluorine 

atoms. The emission spectrum showed two peaks at 406 and 428 nm. The optical band 

gap was determined to be 3eV.  
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Figure 6.3: Absorption and emission spectra of   5,5’-(perfluoro-1,4-phenylene) bis 

(2-(perfluorophenyl)thiophene (6.2e) measured in CH2Cl2 respectively 
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Figure 6.4: Oxidation (left) and reduction (right) of the compound 6.2e (ca. 10−4 M in 

CH2Cl2) on a glassy carbon working electrode, with Ag wire reference electrode, Pt 

counter electrode,  0.1 M TBAPF6 as supporting electrolyte at a scan rate of 100mVs−1. 

The data is referenced to the Fc/Fc+ redox couple. 

 Onset of 

Oxidation, 

V  

Onset of 

Reduction, 

V 

HOMO, 

eV 

LUMO, 

eV 

Electroche-

mical band 

gap, eV 

Optical 

band gap, 

eV 

6.2b +1.22 -1.95 -6.02 -2.85 3.17 3.00 

6.2e +1.41 -1.91 -6.21 -2.89 3.32 3.00 

 

Table 6.2: Representation of oxidation/reduction onsets, HOMO-LUMO, and band 

gap values for compounds 6.2b and 6.2e 

On cyclic voltammogram of compound 6.2e the irreversible oxidation (+1.66V) and 

reduction (-2.0V) peaks were observed (Figure 6.4). The lower electrochemical band 
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gap for 6.2b is probably attributed to the more destabilised HOMO due to the presence 

of three thiophene donor units compared to two ones in 6.2e. The low optical band gap 

for both compounds (6.2b and 6.2e) compared to corresponding electrochemical band 

gap attributed to the formation of excitons upon photoexcitation. The larger Stokes 

shifts compared to reported thiophene-perfluorobenzene system (5,5'-

bis(perfluorophenyl)-2,2'-bithiophene)267 observed for both compounds could be 

explained by more planar  geometry of 6.2b and 6.2e  in the excited state. Results from 

cyclic voltammetry indicate that 6.2b has a lower ionization potential, while 6.2e 

shows a little bit higher electron affinity than 6.2b.  Trends from the optical absorption 

and emission parameters of both fluorinated compounds can be directly correlated to 

electrical performances in field effect devices.  Collection of UV-Vis and CV data are 

listed in table in 6.2. 

6.5 Atomic Force Microscopy and crystal data  
 

To evaluate the potential of these (6.2b and 6.2e) compounds as organic semiconductor 

materials, attempts were made to fabricate OFETs using evaporation methods on bare 

Si/SiO2 substrates. There was no FET transistor behaviour observed for either 

compounds. The solution process technique was tried for fabrication of OFETs. Thin 

films of compound 6.2b and 6.2e, were spin-coated as an active layer from 

chlorobenzene on Si/SiO2 substrates. The films, however, afforded morphologies for 

both compounds, which did not support OFETs.  Several attempts to form thin films 

by varying solvent and spin coating rate invariably afforded larger crystals. In case of 

compound 6.2b, AFM shows the presence of distinct domains in thin film of 6.2b (fig. 

6.5A) and section analysis of the sample revealed that the step heights between domain 
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levels measured between 2.5 and 3.0 nm. In the case of compound 6.2e, (fig. 6.5B) 

bulk crystals were randomly observed and once again not suitable for field effect 

transistors. Hence, this observation indicates the necessity of optimizing chemical 

components along with the device fabrication procedure optimization, such as spin 

coating conditions. Subsequently, a study on combining, or blending, two small 

compounds (6.2b and 6.2e) has been employed to form nano-structured tuned film.  

This supramolecular approach to fabrication of thin films explores an intermolecular 

packing in such a way that improves the mobility.   

          

 

Figure 6.5: Atomic Force Microscopic images of compound 6.2b (A) and 6.2e (B) 

and blend of two compounds 6.2b and 6.2e (C) 
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The AFM image (fig. 6.5C) exhibits fibrillar structures confirming that the blend of 

two compounds has a different morphology. Fabrication of OFETs using compounds 

6.2b and 6.2e as active layers is currently under progress in the laboratory. To illustrate 

the intermolecular interactions, we performed the X- ray crystal analysis of compound 

6.2b. As shown in figure 6.6, there are apparent face to face π-π stacking interactions 

between perfluorobenzene and thiophene with interplanar distance of 3.51Å, a similar 

value (3.62Å) reported for perfluorobenzene system 5,5'-(perfluoro-1,4-

phenylene)bis(3-methylselenophene).261, 268 In the view of the crystal structure, the 

compound exhibits almost planar though slightly twisted conformation which might 

be due to the steric repulsion between the thiophene and perfluorobenzene units. 

 

 

Figure 6.6: Crystal structure and interplanar distance of compound (6.2b) (2,5-

bis(2,3,5,6-tetrafluoro-4-(thiophen-2-yl)phenyl) thiophene) 
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 The planarity of the molecule arises from attractive intramolecular S-F interactions 

(2.74Å)269 and strong F---F interactions (2.57Å). Due to the presence of the 

aforementioned face to face π-π stacking interactions strong electronic charge 

transport can be expected.  It is clearly seen from the figure 6.7, herringbone packing 

has been detected in the crystal structure suggests that monomer 6.2b may work well, 

as semi-conductor for field effect transistors.256, 267, 270 

 

 

Figure 6.7: π-π Stacking herringbone structure of compound (6.2b) 2,5-bis(2,3,5,6-

tetrafluoro-4-(thiophen-2-yl)phenyl)thiophene 

 

6.6 Conclusions 
 

This chapter attempts to give an overview of new semiconductor materials for organic 

field effect transistors from the viewpoint of synthetic chemistry. In the field of organic 
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electronics, the instability of the materials and the lack of n-type semiconductor are 

the two important key issues hindering the commercialization of devices. Through 

band gap engineering, the LUMO energy level can be decreased with fluorine 

functionalization that might lead to ambipolar or electron transport.  Based on results 

of this chapter and the studies from other research groups, n-channel materials design 

include: 1) incorporation of electron withdrawing substituents on π-conjugated 

frameworks to enhance stability of the materials towards oxidation and decrease their 

LUMO level to the range of -4.0 to -4.1eV; 2) introduction of non-covalent interactions 

leading to structural planarity that increase molecular packing and stabilise doped 

state. In summary, two donor-acceptor based organic semiconductors have been 

described. Future work will be focusing on the optimization of these materials for 

electron-transport applications considering their synthetic accessibility, stability and 

high device performance. 
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Chapter 7  
 

 

 

 

 

Summary and conclusions 
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The purpose of this thesis was the synthesis and characterisation of a new electro-

deficient, potentially n-type, organic semiconductors 6.2b, 6.2e and the study of the 

behaviour of four p-type organic semiconductors [5T-TTF, 5T-Ge, p(DPP-TTF) and 

DPP Linear-c]. Even though the two of the latters (p(DPP-TTF) and DPP Linear-c) do 

contain electron deficient DPP-unit the more spatially extended character of the 

HOMO make them exclusively p-type materials. The OFETs have been fabricated and 

their output and transfer characteristics have been analysed. In this work, electrodes 

and gate dielectric surface were modified by SAM. BG/BC field-effect transistor 

mobility of 9.56x10-3cm2/Vs was exhibited by 5T-TTF film spun onto ODTS (SAM) 

treated SiO2 gate dielectric from chloroform solution with the on/off ratio of 105. AFM 

characterization of the spin coated film reveals crystallinity, with the size of crystalline 

domain being highly dependent on the solvent used for spin-coating. For p(DPP-TTF) 

the two geometries of OFETs are investigated. In a bottom-contact, top-gate OFET 

geometry, combinations of a polymeric organic semiconductor with cyclic 

fluoropolymer (cytop) dielectric lead to OFET mobility of 5.3x10-2cm2/Vs with 

excellent air stability. The bottom-contact, bottom-gate layout, however, produced the 

lower performance of mobility than top gate configuration.   

Both chapters 2 and 3 discussed the effect of SAMs on the electrode and dielectrics 

surfaces on device performance due to an improved charge injection and microscopic 

ordering in the channel of a semiconductor. The choice of the solvents was also 

important. The results revealed that chloroform was the best solvent for fabricating 

OFET using 5T-TTF and p(DPP-TTF) as semiconductors due to  the solvation energy 

effect which led a larger domain size of semiconductor film and higher OFET mobility.  
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The hole mobility of 2.41x10-5cm2/Vs for Ge cruciform semiconductor was found for 

OFET devices fabricated by spin-coating from chloroform. In this work it has been 

shown that this material has good tendency to crystalize and form crystalline thin films. 

Two sets of devices have been fabricated changing the annealing temperature regime 

(straight and stepwise) when chlorobenzene used as a solvent. Spaghetti-like 

crystalline morphology was produced by single annealing at 120oC, while stepwise 

thermal treatment led to tight grain packing morphology which proved to be beneficial 

for OFET performance. By applying different annealing protocols (stepwise or 

straight) a variety of semiconductor film morphologies has been achieved which 

provide different device performance. The control over morphology by different 

annealing procedures is provided by the strong propensity of Ge-cruciform to form 

aggregates, due to 2D π-π stacking interaction in the crystalline domains. Overall, the 

best performance for devices fabricated by spin-coating 5T-Ge from CF solution is 

achieved after stepwise annealing of the thin film up to 120oC using CB solution.  

In chapter 5, DPP Linear-c oligomer shows a strong dependence of field-effect 

mobility on the gate dielectric surface modification, with almost an order of magnitude 

difference being observed between different dielectrics. From the results obtained 

from DPP Linear-c, it is found that the field-effect mobility of thin film increases from 

ODTS treated dielectric surface to oxygen-plasma (OP) treated gate dielectric SiO2 

surface and hexamethyldisilazane (HMDS) treated dielectric surface, from 5.56x10-5 

to 1.77x10-4 and 1.91x10-4cm2/Vs respectively. The methyl groups of HMDS treated 

SiO2 surface are just enough to provide homogeneous distribution of the crystalline 

domains all over the substrates, which yields improved mobility of device. Whereas 
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orientation of domains on ODTS treated SiO2 surface is not favourable for field effect 

mobility.  

Finally, chapter 6 deals with the synthesis of two novel compounds from the family of 

perfluorobenzene thiophene small molecules. Introduction of highly electronegative 

halogen (fluoro) elements onto conjugated backbone molecules enhances electron 

affinity for n-type semiconductors. Both compounds show optical band gap of 3eV 

and electrochemical band gap of 3.17eV (6.2b) and 3.32eV (6.2e). Trends from the 

optical and CV parameters of both fluorinated compounds can be directly correlated 

to electrical performances in field effect devices. However, morphological studies 

indicate that both compounds form bulky crystalline domains at every attempt of spin-

coating and this is detrimental for field effect transistors. A new approach is on the 

way to employ mixing these two novel small molecule materials and to produce the 

semiconductor with improved nano-morphology and field effect mobility. 

Computational studies and OFET characterisations are also in progress to fully 

understand this unique class of semiconductors.  

In this thesis, BHJ solar cells with two different semiconductors (5T-TTF and DPP-

TTF polymer) were fabricated and characterised. Initially, BHJ solar cells using 5T-

TTF as a donor material and PC71BM as an acceptor were investigated. Devices using 

chloroform exhibited a Jsc of 7.44mA/cm2 and a Voc of 700mV with a fill factor of 0.33 

and a PCE value of 1.7%. The further improvement was achieved by using DCB as a 

solvent, which produced Jsc of 9.81mA/cm2 and a Voc of 780mV and a fill factor of 

0.33 and a PCE value of 2.5%. Secondly, DPP-TTF copolymer donor material was 

characterised using two different solar cell concepts. D/A blended BHJ solar cell and 
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a single material organic solar cell (SMOC) were described. The overall efficiency of 

the BHJ polymer devices exhibited a PCE of 1.8% with Voc of 710mV and Jsc of 

8mA/cm2. SMOC exhibited a power conversion efficiency of 0.3 % with a Jsc of 

1.8mA/cm2 and Voc of 610mV.  The results obtained from these materials offer great 

opportunities to develop systems with interesting energy harvesting properties. 
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Chapter 8  
 

 
Experimental section 
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8.1 OFETs fabrication and characterization 
 

All solvents and SAM reagents were purchased from Sigma Aldrich ltd., UK.  

Commercially available (Fraunhofer institute) n-doped silicon chips with 200+10 nm 

of thermally grown SiO2,  prefabricated interdigiated Au fingers (50 nm Source/Drain 

electrodes) having capacitance per unit area of 1.7x10-8 F/cm2 were used as substrates.  

8.1.1 5T-TTF oligomer 

 

All OFET devices in the case of 5T-TTF molecule were fabricated using BG/BC 

configuration. Gold electrodes were treated with 7mM PFBT isopropanol solution for 

20 minutes. Insulator surfaces were treated with ODTS or were left untreated. 

Substrates treated with ODTS were soaked for 30s in a 3 mM ODTS solution in 

toluene and rinsing with toluene. Both PFBT and ODTS treatment were performed 

under an ambient atmosphere. SAM modified substrates were then moved into a 

Nitrogen filled glove box for active layer deposition. Active semiconductor materials 

were prepared by dissolving 10 mg of 5T-TTF in 1ml of CF and CB separately. The 

active layers were then deposited on top of SAM treated surface by spincoating method 

at 800 rpm for 60s and annealed subsequently at 120°C for 20 minutes. In all 

measurements, we used a channel length (L) of 10 um and a channel width (W) of 1 

cm. The electrical characteristics of the FETs were measured in an inert environment 

using Keithley 4200 source/measure units. Field effect mobilities and threshold 

voltages (Vth) were calculated in the saturation regime defined by standard FET 

models by plotting the √Ids  versus Vgs data at Vds = -50V for all devices using the 

following equation:  
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                      𝜇𝑠𝑎𝑡 =
2𝐿

𝑊∁𝑖 
× (

𝜕√𝐼𝑑𝑠

𝜕𝑉𝑔
)

2

, 𝑉𝑇 =
√𝐼0

𝜕√𝐼𝑑𝑠
𝜕𝑉𝑔

                                       (15) 

Where Ids is the source drain current, µ is the carrier mobility, ∂ (Ids)
1/2/∂Vgs is the slope 

and (I0)
1/2 is the intercept of the plot.  Vg is the gate voltage, L is the channel length, 

W is the channel width and Ci is the capacitance per unit area of an insulator material. 

Also extracted from transfer characteristics is the on/off current ratio (Ion/Ioff).  

8.1.2 DPP-TTF polymer 

 

Two different types of configurations were used for DPP-TTF OFET fabrication: 1) 

BG/BC configuration 2) TG/BC configuration 

I) BG/BC configuration 

Commercially available SiO2 (insulator) surfaces were soaked for 30s in a 3 mM 

ODTS solution in toluene and rinsing with toluene while gold electrodes were left 

untreated. ODTS treatment was performed under an ambient atmosphere. SAM 

modified substrates were then moved into a Nitrogen filled glove box for active layer 

deposition. Active semiconductor materials were prepared by dissolving 6 mg of DPP-

TTF polymer in 1 ml of CF and CB separately. The active layers were then deposited 

on top of SAM treated surface by spincoating method at 1000 rpm for 60s and annealed 

subsequently at 200°C for half an hour. In all measurements, we used a channel length 

(L) of 10 um and a channel width (W) of 1 cm. The electrical characteristics of the 

FETs were measured in an ambient environment using Keithley 4200 source/measure 

units. Field effect mobilities and threshold voltages (Vth) were calculated in the 
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saturation regime defined by standard FET models by plotting the √Ids  versus Vgs 

data at Vds = -50V for all devices using the following equation (15)  

 

II) TG/BC configuration  

Gold source and drain electrodes (70 nm) were deposited by high vacuum thermal 

evaporation on top of the silicon substrate using a shadow mask which provided 

channel length (L) of 40 µm and a channel width (W) of 1500 µm. Substrates treated 

with ODTS were soaked for 30s in a 3 mM ODTS solution in toluene and rinsed with 

toluene. The active layers were then deposited on top of SAM treated surface by spin 

coating method (1000 rpm) and annealed subsequently at 200°C for half an hour. 

Cytop was then added and annealed at 100oC for half an hour. These samples were 

then placed in the evaporator chamber for deposition of aluminium (70nm) gate 

electrode. The prepared OFETs were then characterised. The electrical characteristics 

of the FETs were measured using Keithley 4200 source/measure unit. Field effect 

mobilities and threshold voltages (Vth) were calculated in the saturation regime defined 

by standard FET models by plotting the √Ids  versus Vgs data at Vds = -70V (CB and 

CF) for all devices using the following equation (15). The carrier mobility was also 

calculated in the linear regime from the slope plotting drain current versus gate voltage 

(Vgs) of -15V(CF) and -20V(CB). The calculations in linear regime were done by the 

following equation (16):  

𝜇𝑙𝑖𝑛 =
𝜕𝐼𝑑𝑠,𝑙𝑖𝑛

𝜕𝑉𝑔
 ×

𝐿

𝑊∁𝑖 𝑉𝑑 
 , 𝑉𝑇 =

𝐼0

𝜕𝐼𝑑𝑠,𝑙𝑖𝑛

𝜕𝑉𝑔

−
𝑉𝑔𝑠

2
                                       (16) 
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8.1.3 5T-Ge cruciform 

 

To characterize 5T-Ge cruciform, OFET devices were fabricated using BG/BC 

configuration. Gold electrodes on Si/SiO2 substrates were treated with 7mM PFBT 

isopropanol solution for 20 minutes. Insulator surfaces were left untreated. PFBT 

treatment was performed under an ambient atmosphere. SAM modified substrates 

were then moved into a Nitrogen filled glove box for active layer deposition. Active 

semiconductor materials were prepared by dissolving 10mg of 5T-Ge cruciform in 1ml 

of CF and CB separately. The active layers were then deposited on top of SAM treated 

surface by spincoating method at 800 rpm for 60s. One set of samples were annealed 

straight at 120°C for 20 minutes, another set of samples were step-annealed at 50, 75, 

100 and 120°C for 20 minutes each. In all measurements, we used a channel length 

(L) of 10 um and a channel width (W) of 1 cm. The electrical characteristics of the 

FETs were measured in an inert environment using Keithley 4200 source/measure 

units. Field effect mobilities and threshold voltages (Vth) were calculated in the 

saturation regime defined by standard FET models by plotting the √Ids  versus Vgs 

data at Vds = -50V for all devices using the equation 15. 

8.1.4 DPP Linear-c macromolecule 

 

To characterize DPP Linear-c macromolecule, OFET devices were fabricated using 

BG/BC configuration. Gold electrodes on Si/SiO2 substrates were treated with 7 mM 

PFBT isopropanol solution for 20 minutes. Insulator surfaces were treated with n- 

ODTS and  hexamethyldisilazane271 (HMDS). Substrates treated with ODTS were 

soaked for 30s in a 3 mM ODTS solution in toluene and rinsed with toluene. Both 
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PFBT and ODTS treatment were performed under an ambient atmosphere, while 

substrates treated with HMDS were spun at 3000 rpm/60s to dry before annealing at 

100°C for 10 minutes. SAM modified substrates were then moved into a Nitrogen 

filled glove box for active layer deposition. Active semiconductor materials were 

prepared by dissolving 30mg of DPP Linear-c in 1ml of CF and CB separately. The 

active layers were then deposited on top of SAM treated surface by spincoating method 

at 800 rpm for 60s and subsequently annealed at 140°C for 20 minutes. In all 

measurements, we used a channel length (L) of 10 um and a channel width (W) of 1 

cm. The electrical characteristics of the FETs were measured in an inert environment 

using Keithley 4200 source/measure units. Field effect mobilities and threshold 

voltages (Vth) were calculated in the saturation regime defined by standard FET 

models by plotting the √Ids  versus Vgs data at Vds = -50V for all devices using the 

equation 15. 

8.2 Solar cell fabrication and characterization 
 

The devices were fabricated with a conventional structure of 

Glass/ITO/PEDOT−PSS/(D/A)/Ca(40nm)/Al(40nm), using a solution process for 

depositing hole-collecting layer and donor-acceptor blend. The 100 nm thick layer of 

ITO coated glass substrates was cleaned by ultrasonic treatment in acetone, and 

isopropyl alcohol for 5 minutes and dried by a nitrogen flow. A thin hole collecting 

layer of poly(ethylenedioxythiophene)/poly(styrenesulfonate) (PEDOT/PSS), was 

spin coated at 4000 rpm on the ITO/glass substrate. After baking at 120oC for 20 

minutes, the substrates were transferred into nitrogen-filled glove box and the rest of 

the OPV device processing and characterisations were carried out in the glove box. 
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The donor-acceptor (D/A) blend with different ratio were prepared in CF and o-DCB 

solutions and stirred for 12hrs before spin-coating at 800 rpm. Finally, a 40 nm of 

calcium and 40 nm of aluminium layer were deposited on the active layer under high 

vacuum (2×10-6 mbar). The effective area of each cell (4 mm x 1.5 mm) was defined 

by the shadow mask. The current density−voltage (I−V) curves of photovoltaic devices 

were obtained by a Keithley 4200 source/measure unit. The photocurrent was 

measured under AM 1.5 (100 mW/cm2) irradiation using a Newport solar simulator, 

calibrated with a standard Si solar cell.  The efficiency of solar cell was calculated by 

the following equation: 

 η
𝑚𝑎𝑥

=
𝑉𝑂𝐶 . 𝐼𝑆𝐶 . 𝐹𝐹

 P𝑖𝑛

                               (17) 

Where Voc  - Open-circuit voltage, Isc - short circuit current, FF - Fill factor. 

 

8.3 Synthesis 
 

1H spectra were recorded on a Bruker Avance / DPX400 at 400.13 and 100.61 MHz 

and Bruker Avance / DRX500 at 500 MHz and 125.75 MHz in CDCl3; chemical shifts 

are given in ppm; all J values are in Hz. MS MALDI-TOF spectra were recorded on a 

Shimadzu Axima-CFR spectrometer (mass range 1-150 000 Da). Elemental analyses 

were obtained on a PERKIN ELMER 2400 elemental analyser. Melting points were 

taken using a TA Instruments Q1000 DSC using a heat rate of 10°C/min. UV-Vis 

absorption spectra were recorded on a UNICAM UV 300 instrument.   Baselines of 

solvents were measured before analysis and solution spectra were recorded in 1 cm 

path length quartz cells between 190 and 1100 nm. Emission spectra were measured 
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on a Perkin Elmer LS45 fluorescence spectrometer with excitation at 370 nm. 

Commercial TLC plates (Silica gel 60 F254) were used for TLC chromatography and 

column chromatography was carried out on silica gel Zeoprep 60 Hyd (40-63 µm 

mesh). Solvents were removed using a rotary evaporator (vacuum supplied by low 

vacuum pump) and, when necessary, a high vacuum pump was used to remove residual 

solvent. Dry solvents (tetrahydrofuran, hexane, toluene) were obtained from a solvent 

purification system (SPS 400, innovative technologies) using alumina as the drying 

agent; any other dry solvent (DMF) were purchased from Aldrich. All reagents and 

solvents were purchased commercially from Sigma Aldrich.  The Crystals were made 

by the thermal gradient sublimer under the vacuum of 10-3mbar.  

8.3.1 Synthesis of 2,2'-(perfluoro-1,4-phenylene)dithiophene (6.2a) and  2,5-

bis(2,3,5,6-tetrafluoro-4-(thiophen-2-yl)phenyl)thiophene  (6.2b) 

Thiophene was dissolved in dry tetrahydrofuran (75ml) and cooled to -78oC under 

inert nitrogen atmosphere. N-Butyl lithium solution was added drop wise, under 

stirring. After complete addition, the yellow solution was warmed to room temperature 

over a period of 1 hour followed by the addition of hexafluorobenzene rapidly.  The 

resulting viscous orange solution refluxed for 24 hours.  The reaction mixture was 

allowed to cool to room temperature and diluted with chloroform. The resulting 

precipitated solution was filtered through sintered crucible leaving a yellow coloured 

solid of the polymer 6.2c.  The CHCl3 and THF fractions were concentrated under 

reduced pressure yielded yellow coloured solid mixture.  The thin-layer 

chromatography technique showed two spots. Using hexane as eluent, the products 

were separated by column chromatography to give the products of 2,2'-(perfluoro-1,4-
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phenylene) dithiophene 6.2a and 2,5- bis(2,3,5,6-tetrafluoro-4-(thiophen-2-

yl)phenyl)thiophene 6.2b. Table 8.1 summarises different reaction conditions and the 

ratio of materials used for this reaction. The reaction products are purified by 

recrystallization from CH2Cl2/methanol affording compound 6.2a as a fine white 

powder and compound 6.2b as a yellow solid material.  m/z: 544.05, 1HNMR: 7.23 

(2H, dd, 3J=4.8 Hz, 3J=4.0 Hz), 7.59 (2H, d, 3J=4.8 Hz), 7.71 (2H, d, 3J=4.0 Hz), 7.76 

(2H, S). The value of elemental analysis calculated for compound 6.2b: C, 52.94; H, 

1.48; S, 17.67 %. Found: C, 53.20; H, 1.32; S, 18.01 %. For the product 6.2a the 

obtained data are comparable with the literature.16  
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 THF  

 

Thiophene n-BuLi C6F6 Oligo

mers 

 

M/V Yield Poly

mer 

(6.2c) 

1 50 

ml 

2g, 1.9ml,  

23.76 mmol    

(1eq) 

 

At -80oC , 

2.10M, 

24mmol, 

11.42ml 

(1.01eq) 

1.37ml,(0.5eq) 

 Exothermic 

was observed 

 

6.2a  

 

30mg 

 

0.8% 

 

2.28g 

2 25 

ml 

2g, 1.9ml, 

 23.76 mmol  

(1eq) 

 

 

At -80oC , 

2.29M, 

24mmol, 

10.5ml 

(1.01eq) 

 

2.21g,(0.5eq) 

Maintained  

 -30 oC 

Exothermic was 

observed 

6.2a  

 

 

6.2b  

600mg 

 

 

 

18mg 

16% 

 

 

 

0.6% 

 

 

2.30g 

 

 

 

3 50 

ml 

4g, 3.8ml, 

47.5 mmol  

(1eq) 

 

 

At -80oC , 

2.21M, 

48mmol, 

21.7 ml 

(1.01eq) 

 

4.42g,(0.5eq) 

Maintained   

-30oC 

Exothermic was 

observed 

6.2a  

 

 

6.2b 

1.17g 

 

 

 

140mg 

15.6% 

 

 

 

2.16% 

 

 

 

2.90g 

4 100 

ml 

10g, 9.17ml 

(5 eq) 

 

[1 eq would 

be 

2g, 1.9ml, 

23.76 mmol] 

 

At -80oC, 

2.16M, 

24mmol, 

11.1ml 

(1.01eq) 

2.21g,(0.5eq) 

 Maintained  

     -30oC 

 Exothermic 

was not 

observed. 

6.2a  

 

 

6.2b 

470mg 

 

 

 

350mg 

12.6% 

 

 

 

10.8% 

 

 

3.33g 

 

 

5 75 

ml 

6g, 5.504ml 

(3 eq) 

 

[1 eq would 

be2g, 1.9ml, 

23.76 mmol] 

 

At -80oC 

2.16M, 

24 mmol, 

9.6ml 

(1.01eq) 

2.21g,(0.5eq) 

 Maintained  at 

room 

temperature, 

Exothermic was 

observed 

 

  

6.2a  

 

 

6.2b  
 

 

640mg 

 

 

 

295mg 

 

17.1% 

 

 

 

9.13% 

 

 

 

1.87g 

 

 

 

 

Table 8.1:  Experiments with various ratios of reagents and various reaction conditions 
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8.3.2 Synthesis of (perfluoro-1,4-phenylene)bis(thiophene-5,2-

diyl))bis(trimethylstannane) (6.2d) 

 

A solution of n-BuLi (6.01ml of 2.5 M solution in hexanes, 13.360 mmol) was added 

drop wise to a stirred at -78°C solution of dry tetrahydrofuran containing the 

compound 6.2a (2 g, 6.632 mmol) in 200 ml of THF. The reaction mixture was stirred 

for 1.5 hours at the same temperature, followed by drop wise addition of 14 ml (13.36 

mmol) of Me3SnCl solution.  The resulting reaction mixture was stirred at -78°C for 2 

hours. After reaching the room temperature, the reaction mixture was concentrated in 

vacuum, and the residue was extracted with a CH2Cl2 and washed with brine. The 

organic fractions were dried over Na2SO4, and concentrated in vacuum, to yield 3.5g 

(85%) of compound 6.2d. 1HNMR: 0.43 (18H, s), 7.28 (2H, d, J3=3.6 Hz), 7.76 (2H, 

d, J3=3.2Hz). 

8.3.3 Synthesis of  5,5'-(perfluoro-1,4-phenylene)bis(2-

(perfluorophenyl)thiophene) (6.2e) 

A solution of 0.124 ml (0.938 mmol) of iodopentafluorobenzene, 0.200g (0.313 mmol) 

of compound 6.2d, and 5 mg (0.05 mmol) of Pd(PPh3)4 in 2.5 ml of  anhydrous 

tetrahydrofuran was stirred at 125°C in a sealed vial (2.5-5ml type) for 12 hours in the 

microwave, the pressure being maintained at 7 bar. After cooling to room temperature, 

the precipitate was separated by filtration. After the recrystallization, the yield of the 

compound 6.2e was 25mg (15.6%, Melting point: 218°C - 221°C). m/z: 645.90, 

1HNMR: 7.63 (2H, d, 3J=4.0 Hz), 7.77 (2H, d, 3J=4.0Hz). 
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Figure 8.1: 1H NMR spectrum of 2,5-bis(2,3,5,6-tetrafluoro-4-(thiophen-2-

yl)phenyl)thiophene  (6.2b) 
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Figure 8.2: 1H NMR spectrum of ((perfluoro-1,4-phenylene)bis(thiophene-5,2-

diyl))bis(trimethylstannane) (6.2d) 
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Figure 8.3: 1H NMR spectrum of 5,5'-(perfluoro-1,4-phenylene)bis(2-

(perfluorophenyl)thiophene) (6.2e) 
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Atomic force microscope (AFM) images were recorded by Digital Instruments, Vecco 
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is close to the sample surface repulsive forces occur between the sample and the tip 

leading to a deflection of the cantilever. A laser beam is reflected off the cantilever to 

measure this deflection. The reflected beam is detected by a photodiode, allowing 

information about the surface topology to be recorded. The image processing software, 

WSxM V.5.0, was downloaded from www.nanotec.es software products. This 

software was used to produce all the AFM images shown in this thesis and also to 

obtain the RMS roughness and height distribution data.272 

 

 

 

Figure 8.4: Schematic representation of atomic force microscopy 

 

8.5 X-ray diffraction (XRD) 
 

Thin film XRD data was collected on PANalytical Xpert diffractometer. The films 

were illuminated at a constant incidence angle of 0.2˚ with a wavelength of 1.54 Å (Cu 

Anode) and incident energy of 40 keV. Bragg’s equation (d= 𝜆/2sinθ) was used to 

calculate interplanar distance. Ge-5T single crystal data were analysed from both 

Mercury and Diamond (CCDC) software.  

 

http://www.nanotec.es/
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