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Tetrathiafulvalenes (TTFs) are an appealing class of organic small molecules giving rise to 

some of the highest performing active materials reported for organic field effect transistors 

(OFETs). Because they can be easily chemically modified, TTF-derivatives are ideal 

candidates to perform molecule-property correlation studies and, especially, to elucidate the 

impact of molecular and crystal engineering on device performance. A brief introduction into 

the state-of-the-art of the field-effect mobility values achieved with TTF derivatives 

employing different fabrication techniques is provided. Following, structure-performance 

relationships are discussed, including polymorphism, a phenomenon which is crucial to 

control for ensuring device reproducibility. It is also shown that chemical modification of 

TTFs has a strong influence on the electronic structure of these materials, affecting their 

stability as well as the nature of the charge carriers, leading to devices with p-channel, n-

channel or even ambipolar behaviour. TTFs have also shown promise in other applications, 

such as phototransistors, sensors, or as dopants or components of organic metal charge 

transfer salts used as source-drain contacts. Overall, TTFs are appealing building blocks in 
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organic electronics, not only because they can be tailor designed to perform fundamental 

studies, but also because they offer a wide spectrum of potential applications. 

 

1. Introduction 

 

The first idea of an insulated-gate field-effect transistor was presented in the 1926's by 

Lilienfeld et al.,[1] but it was only in 1947 that the point-contact-transistor was demonstrated 

by Brattain, Bardeen and Shockley.[2] Germanium, which was the first used material in diodes 

and transistors, was soon replaced by silicon. The invention of the integrated circuit (Metal 

Oxide Semiconductor Field-Effect Transistor (MOSFET)) in 1960 was another important 

milestone towards the information age as since then the microelectronic industry grew 

rapidly.[3,4] In the 1980's Organic Field-Effect Transistors (OFETs) started to appear[5,6] 

raising a huge interest from a fundamental point of view as well as from a technological 

perspective. The main advantage of OFETs with respect to inorganic-based electronics is that 

the processing characteristics of organic semiconductors are potentially compatible with 

electronic applications where low-cost, large area coverage and structural flexibility are 

required. Further, the possibility to design and synthesize organic semiconductors for specific 

purposes or for tuning the device properties represents a clear added value. In fact, the first 

organic-based devices are already emerging in the market. Among them we find flexible, 

glass-free electronic papers,[7] curved smart phones,[8] or OLED based TV screens.[9] 

The basic configuration of an OFET comprises three electrodes (source, drain and gate), a 

dielectric layer, and an active semiconductor film in close contact with the dielectric. In sharp 

contrast to inorganic field-effect transistors, OFETs are generally driven in the accumulation 

regime, which means that charge carries are accumulated at the interface between the organic 

semiconductor and the dielectric when an electric field is applied by the gate voltage (VG). 

Considering this, it is important to keep in mind thus that the charge carrier transport in an 
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OFET is known to take place in the first few molecular monolayers of the organic 

semiconductor.[10] Other than that, in principle, the organic field-effect transistor behaves 

similarly to its inorganic counterpart and, in fact, classical MOSFET theory is often applied to 

describe its electrical characteristics.  

Organic semiconducting materials can be classified into two major groups:[11] i) conjugated 

polymers which can be either of amorphous (e.g. polytriarylamines (PTAA)), or 

polycrystalline nature (e.g. polythiophenes), and ii) small conjugated molecules (e.g. 

pentacene, oligothiophene, tetrathiafulvalene, perylene diimide). Typically, polymers can be 

easily processed from solution, but molecular disorder limit the charge transport.[12] On the 

other hand, small molecules form more crystalline structures, but, since they are more 

difficult to process from solution, they are often deposited employing vacuum deposition 

techniques. To circumvent this issue, solubilising groups have been incorporated into small 

molecule semiconductors in an attempt to impart solubility to the constituent molecules 

without disturbing the formation of suitable molecular packings for charge transport. 

From a fundamental point of view, the charge transport properties of an organic molecule are 

strongly related to the Highest Occupied Molecular Orbital (HOMO) and the Lowest 

Unoccupied Molecular Orbital (LUMO), schematically shown in Figure 1. Extending this 

view towards an organic solid it becomes very clear that the relative position of the HOMO – 

LUMO as well as the intermolecular interactions reflected in HOMO/HOMO, in case of p-

channel materials, and LUMO/LUMO overlap, in n-channel materials, play a crucial role. 

Usually the more simplified scheme in Figure 1 is successfully used to describe the electrical 

characteristics of different devices. 
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Figure 1. .Schematic representation of energy levels important to consider for charge 
transport in organic solids. Vacuum level (VL), Highest Occupied Molecular Orbital 
(HOMO), Lowest Unoccupied Molecular Orbital (LUMO), Fermi Energy (EF) and Energy 
Gap (EG) of a) isolated organic molecule, b) organic solid and c) simplified model. 
 
 

The key parameter in OFETs is the field-effect mobility (µFE). In an ideal device this value is 

close to the intrinsic mobility (µ) of the active material which is mainly determined by the 

p−p intermolecular interactions and therefore, it is closely related to the crystal packing. 

However, in reality there are many other factors affecting the measured mobility. Contact 

resistance can appear if the HOMO, for a p-channel material, or the LUMO, for an n-channel 

material, is not well-aligned with the metal work function. Besides µFE, on-off current ratio is 

an important device parameter in OFETs and values exceeding 106 have been reported in 

literature.[13] 

Further, many factors, such as the degree of crystallinity, the thin film morphology (i.e. grain 

boundaries) or the presence of defects at the dielectric/semiconductor interface can play a 

crucial role in the final device performance. The fundamental material characteristics of 

organic semiconductors are most clearly measured in single-crystals. Indeed, single crystal 

OFETs[14] can be regarded as model systems in order to carry out correlation studies between 
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crystal structure and device performance since in these devices issues originating from grain 

boundaries, film morphology and crystallinity can be minimized. 

Among the different families of small molecules organic semiconductors, tetrathiafulvalenes 

(TTFs) have been extensively studied in the last few years. After the discovery of the first 

organic metal tetrathiafulvalene-tetracyanoquinodimethane (TTF-TCNQ) back in 1973,[15,16] a 

vast number of metallic and even superconducting charge transfer salts based on TTFs were 

reported.[17] However, the application of TTFs as organic semiconductors was only realised 

more than 25 years later.[18] The generally good solubility of this material in common organic 

solvents and its well-known chemistry, permits the design and synthesis of new materials 

almost at will. This, together with the good field effect mobility reported for some TTF 

derivatives-based OFETs, makes this molecule an ideal system to perform correlation studies 

of the device characteristics with respect to structural and morphological related aspects. In 

addition, by proper design and synthesis the electronic or crystal structure can also be 

significantly tuned. This feature paper aims at showing how different molecular, material and 

device parameters can affect the final OFET performance. This is elucidated considering 

recent work performed in the fabrication of TTF OFETs, which can be considered as model 

systems. 

 

2. Tetrathiafulvalene as organic semiconductors 

 

Tetrathiafulvalene (TTF, Figure 2, top) is a rich electron donor organosulfur compound. 

Oxidation of the TTF ring system leads to the cation radical and dication species sequentially 

and reversibly within a very accessible potential window.[19,20] Each dithiolylidene ring of the 

neutral TTF has 7 π electrons: 2 for each sulphur atom and 1 for each sp2 carbon atom. 

Removing one of these electrons (i.e. oxidation) from the neutral TTF leads to the formation 

of a radical cation where one of the two rings becomes aromatic with a delocalization of the 
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remaining electron system in the fulvalene moiety. Similarly, when a second electron is 

removed from the TTF rings, the radical dication consisting of 6 π electrons per ring is 

formed. Thus, the oxidised TTF species are thermodynamically very stable. By adding 

electron withdrawing or electron donating groups to the TTF core the redox potentials, and 

thus, the HOMO and LUMO levels, can be easily tuned. This property makes them very 

versatile for fundamental studies and the ideal starting material for tailor-made organic 

semiconductors.[21,22] 

From a supramolecular point of view, TTFs show a high tendency to form ordered stacks or 

two-dimensional sheets, which are stabilized by both intermolecular p−p and S···S 

interactions (Figure 2, bottom). 

 

 
Figure 2. Tetrathiafulvalene derivatives (TTF). Top. Oxidation processes of tetrathiafulvalene 
(TTF) to radical cation and dication species. Bottom. Schematic representation of the main 
intermolecular interactions, π - π orbital overlap and S···S interactions, that govern the 
supramolecular organization of TTF crystals. π - orbitals above and below the molecular 
plane and sulfur (S) atoms are shown in light blue and red, respectively. 
 
 

TTF-derivatives are generally soluble in conventional organic solvents and stable, avoiding 

strong acid conditions or strong oxidants, to a large number of synthetic transformations 

which are important features for the design of customized active materials in potential 
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devices.[18] The solubility can be further increased by adding functional groups such as alkyl 

chains making them suitable for solution processing at higher concentrations.[23,24]  

 

 

3. State-of-the-art of TTF OFETs 

 

TTF OFETs have been studied using a wide range of material deposition methods and 

achieving performance matching those reported with benchmark semiconductors.[25] Here we 

will discuss some of the best performing devices, but for a detailed description of the 

performance of TTF OFETs we refer the reader to reference.[21] 

A suitable technique to prepare homogenous thin-films in a controlled fashion is thermal 

evaporation. Since organic materials typically sublimate at low temperatures a crucible heated 

by an electrical current in high vacuum permits the deposition of thin-films. Table 1 gives a 

summary of some of the best mobility values reported for TTF derivatives prepared from 

vacuum deposition. As it can be seen, in thermally evaporated thin film OFETs mobility 

values above 0.1 cm2/Vs have been obtained with different derivatives. [26–31] It should be 

considered that the evaporation parameters such as vacuum pressure, substrate pre-treatment, 

substrate temperature and deposition rate can lead to considerable variations in thin-film 

morphology for a specific active material.[32,33] For instance, in di(biphenyl)-tetrathiafulvalene 

(DBP-TTF) evaporated films a larger grain size, confirmed by X-ray analysis, has been found 

for films evaporated at 80oC compared to films evaporated at room temperature.[29,34] 

Additionally, substrate pre-treatment by the application of a monolayer such as, HMDS 

(hexamethyldisilazane),[28,35] OTS (octadecyltrichlorosilane)[36,37] or the use of polymeric 

substrates such as PC (polycarbonate), PMMA (poly(methyl methacrylate)), PS 

(polystyrene)[38] or CYTOP has a crucial influence on the film formation.[13,39] Dibenzo-

tetrathiafulvalene (DB-TTF) has been the most studied TTF derivative due to its facile 
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synthesis and p-extended nature. However, reported DB-TTF evaporated thin films display a 

wide range of mobility values.[33,40–42] Polycrystalline-film morphologies of DB-TTF were 

investigated on Si/SiO2 surfaces treated with HMDS following a variety of methods for the 

oxide functionalisation. Depending on such pre-treatment method, the hydrophobocity of the 

surfaces was modified, which, in turn affected the lateral grain sizes of the evaporated DB-

TTF film from 0.2 up to 20 µm. When the surfaces were more hydrophobic, the surface 

diffusion of DB-TTF molecules was favoured promoting the two-dimensional growth as well 

as the coalescence of the grains. Accordingly, the OFET performances ranged from 0.35 to 

0.55 cm2/Vs, being the highest values achieved when the grain sizes were maximised.[35] This 

clearly reflects the importance of the dielectric surface on the device performance. It should 

be also mentioned that DB-TTF thin film OFETs show typically high positive threshold 

voltage values and are not very stable in air. However, it was reported that the 

functionalisation of DB-TTF with tert-butyl groups significantly improved the ambient 

stability of the devices, which was tentatively attributed to a passivation effect of the bulky 

tert-butyl groups that suppressed the generation of traps at the interface.[40] Thermally 

evaporated thin-film transistors based on octamethylene-tetrathiafulvalene (OM-TTF) 

modified with t-butyl showed higher performance compared to the parent OM-TTF but, here 

the effect was ascribed to the promotion of a standing molecular arrangement.[43] High hole 

mobilities have been reported for other DB-TTF analogues such as those with fused bisimides 

and benzothiadiazole, giving values of up to 0.4 and 0.73 cm2/Vs, respectively, for thin films 

evaporated on top of OTS treated SiO2 dielectric at moderate substrate temperatures 

(30 oC).[40,43–46] Cyano-substituted TTF has shown to form good evaporated thin films on a 

SiO2 substrate on account of the good affinity of the polar cyano groups to the inorganic 

substrate, exhibiting a mobility of up to 0.02 cm2/Vs.[27] 

The highest OFET mobility in an evaporated thin-film TTF-derivative has been found for 

hexamethylene-tetrathiafulvalene (HM-TTF). Thin films of this material were vacuum 
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deposited on Si/SiO2 substrates coated with a thin film of a series of different polymers. All 

the films produced exhibited similar X-ray diffraction patterns, but by AFM and X-ray 

analysis it was concluded that the grains in the films on PS were highly oriented with their b-

axes perpendicular to the surface, while they were not oriented on the other surfaces. 

Interestingly, the devices on PS exhibited a field effect mobility as high as 6.9 cm2/Vs, again 

elucidating the importance on the organic semiconductor-dielectric interface.[13] HM-TTF 

substituted with bulky alkyl groups have also shown high mobilities.[47]  

Another important parameter is the base pressure employed during thermal evaporation of a 

TTF material, which can have a considerable impact on the film quality. In contrast to what is 

expected, in the case of tetramethyl-tetrathiafulvalene (TM-TTF), higher performance was 

achieved when the thin films were prepared under low vacuum conditions achieving a 

maximum mobility of 0.55 cm2/Vs.[39] However, the highest reported mobility value for this 

material was realized in TCNQ/TM-TTF self-contacted transistors with a value of up to 0.68 

cm2/Vs (see Source-Drain contacts Section).[30] 

A widely used technique to grow high quality single crystals is vapour transport which is 

often also used for efficiently purifying organic materials. An inert gas is typically used to 

transport the sublimated organic material from the heat source along a glass tube with a 

controlled temperature gradient. The organic material condensates at the other end of the glass 

tube at lower temperature. Despite that this technique has been extensively used for growing 

pure crystals of benchmark semiconductors such as acene or thiophene derivatives, there are 

not many reports on TTFs. For single crystals of tetramethyl-tetraselenefulvalene (TM-TSF) 

fabricated using this technique a moblilty of about 0.2 cm2/Vs was extracted at room 

temperature using a polyethylene terephthalate (PET) film as a dielectric.[48] A thermally 

activated charge transport, independent of the source/drain materials used, i.e. Au and 

graphite paste, was observed in these devices.[48] The intrinsic charge transport properties of 

single crystals of the same material have also been extracted by using an air gap as gate 
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dielectric exhibiting mobility values in the linear regime of around 4 cm2/Vs at room 

temperature.[49] In these samples, the mobility increased for a range of temperatures following 

a metal-like behaviour reaching a maximum value, after which µ decreased with further 

lowering the temperature.[49] Remarkably, OFETs based on single crystals of HM-TTF 

obtained by vapour transport gave a mobility of 11.2 cm2/Vs when the organic metal TTF-

TCNQ was used as source-drain contacts.[50] This mobility value is among the highest 

reported for organic semiconductors.  

 
Table 1. OFET mobility values reported in thermally evaporated thin-films and single crystals 
grown by physical vapour deposition of TTF derivatives. 
 

 TTF molecular structure TTF name Mobility 
(cm2/Vs) Ref. 

Thin 
Films 

S

SS

S  
HM-TTF 6.9 [13] 

S

SS

S

S

S N
S

N

 

Benzothiadiazole 
fused TTF 0.73 [46] 

S

SS

S

C(CH3)3(H3C)3C

 

HM-TTF 
derivative 0.98 [47] 

S

SS

S  
TM-TTF 0.68 [30] 

S

SS

S

C(CH3)2C2H5C2H5(H3C)2C

 

HM-TTF 
derivative 0.60 [47] 

S

SS

S

N

N N

NCl

Cl  

Diquinoxalino-
TTF 0.64 [28] 

S

SS

S  
DB-TTF 0.55 [35] 

S

SS

S  
DN-TTF 0.42 [36] 

S

SS

S

NN

O

O

O

O

C6H13 C6H13

 

DB-TTF 
bisimide 0.40 [44] 
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S

SS

S C4H9

C4H9

 
DC4-DB-TTF 0.31 [40] 

S

SS

S  

DBP-TTF 0.11 [29] 

Single 
Crystals 

S

SS

S  
HM-TTF 11.2 [50] 

Se

SeSe

Se  
TM-TSF 4 [49] 

 

 

As previously mentioned, one of the most appealing characteristics of TTF derivatives is that 

they are typically soluble in common organic solvents. Thus, solution processed devices have 

been reported employing TTFs (Table 2). An attractive technique for the preparation of thin 

films using soluble materials is the so-called Zone Casting technique.[51,52] Controlled supply 

of a TTF solution in a high boiling point solvent at controlled temperature to a substrate with 

controlled temperature using a constant flow rate and movement of the substrate permits the 

crystallization of highly ordered thin-films. This technique was applied with tetrakis-(alkyl)-

tetrathiafulvalenes (TTF-4SCn) and DT-TTF, which showed a mobility of up to 0.25 

cm2/Vs[53] and 0.17 cm2/Vs,[54] respectively. 

Spin-coating is another solution based technique that has been employed to process TTFs for 

preparing homogenous thin films.[23,55–58] For this purpose, also TTFs bearing alkyl chains 

have been employed in order to increase the solubility to some extend and to realise more 

viscous solutions with higher TTF concentration. Thus, N-alkyl-substituted bis(pyrrolo[3,4-

d])tetrathiafulvalenes (PyTTs) with mobilities of up to 0.013 cm2/Vs have been achieved with 

films prepared by spin-coating.[23] Furthermore, the modification of DB-TTF with alkyl-

chains  promotes the molecules to stand perpendicular to the substrate and the deposited films 

show similar performance as those found in thermally evaporated films of DB-TTF.[58] Spin 
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coated films of linear benzene-fused bis-tetrathiafulvalenes (benzene-bisTTF)  exhibited a 

mobility of up to 0.02 cm2/Vs.[24,55,56] One of the highest field-effect moblitities in OFETs 

prepared by spin-coating has been reported for a bis-tetrathiafulvalene fused-naphthalene 

diimide (TTF-NDI-TTF) using high concentrations of 10 mg/ml in chloroform. The resulting 

thin films after vacuum annealing at 160 oC revealed a mobility of 0.31 cm2/Vs.[56] 

Previously, it was mentioned that not much work has been focused on the fabrication of TTF 

single crystal OFETs prepared from the vacuum phase. However, due to their high tendency 

to crystallise from solution, substantial efforts have been devoted to the preparation of 

solution processed TTF single crystal OFETs, achieving very high OFET mobility values 

comparable to the ones reported for vapour grown organic semiconductors. The most 

extended technique that has been used to grow crystals is by drop casting a solution of the 

TTF in a high boiling point solvent on the top of the substrate and allowing the solvent to 

evaporate slowly.[38,59–63] In this approach, the substrate might contain pre-fabricated 

electrodes or otherwise the crystals formed can also be manually connected with a conducting 

graphite paste. Single crystals grown by drop casting using a variety of TTF derivatives have 

resulted in devices reaching mobilities of up to 6.2 cm2/Vs for the α polymorph of DT-

TTF.[61,64–66]  

An interesting study has been recently reported by Liu et al. where large oriented TTF single 

crystal microwire arrays were grown on top of Si/SiO2 substrates in the saturated solvent 

atmosphere using an optimised concentration.[67] This group further extended this 

methodology with DB-TTF casting multiple droplets of the semiconductor solution in 

dichloromethane at predetermined regions on a substrate and allowing them to evaporate 

slowly. The fusion of two adjacent droplets provided a region with a lower evaporation rate 

resulting in well-aligned microwires located at a definite position.[68]  

HM-TTF has also given the highest mobility in solution prepared single crystals, as in the 

case of evaporated thin films or single crystals grown by vapour transport, giving devices with 
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a mobility of up to 10.4 cm2/Vs when organic contacts were used.[50] Here, the crystals were 

obtained by the slow cooling and evaporation of a solution of the TTF derivative over several 

weeks at room temperature. 

Another appealing crystallisation strategy was reported for benzothiadiazole-

tetrathiafulvalene (BT-TTF). This material was dissolved in a mixture of high boiling point 

solvents and then methanol was added forming a suspension of crystals. Such suspension was 

then drop casted on the device that gave mobilities of up to 0.36 cm2/Vs.[69]  

 

Table 2. OFET mobility values reported in solution processed thin-film and single crystals of 
TTFs.  
 TTF molecular structure TTF name Method Mobility 

(cm2/Vs) Ref. 

Thin 
Films 

S

SS

S SC18H37

SC18H37C18H37S

C18H37S  

TTF-
4SC18 

Zone 
Casting 0.25 

[53] 

[70] 

S

SS

S

SS

 
α-DT-TTF Zone 

Casting 0.17 [54] 

S

SS

S

S

S

RS

RS

R
 = -

C6H13

S

S

S

S SR

SR

N

N

O O

O O

C8H17

C10H21

C8H17

C10H21  

TTF-NDI-
TTF 

 

Spin 
Coating 0.31 [56] 

S

SS

S C8H17

C8H17

 

DC8-DB-
TTF 

Spin 
Coating 0.11 [58] 

S

SS

S S

SS

S

SR

SR

RS

RS

R
 = -

C6H13

 

benzene-
bisTTF  

Spin 
Coating 0.02 [55] 

S

SS

S

N
-
RR

-
N

R
 = n-

C16H33
R

 = n-
C20H41  

PyTTF Spin 
Coating 0.01 [23] 

Single 
crystals 

S

SS

S  
HM-TTF 

Slow 
cooling and 
evaporation  

10.4 [50] 
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S

SS

S

SS

 
α-DT-TTF Drop 

casting 6.2 [66] 

S

SS

S

C(CH3)3(H3C)3C

 

HM-TTF 
derivative 

Slow 
evaporation  2.3 [47] 

S

SS

S

RR

R
 = -

C(CH3)2C2H5  

S

SS

S

RR

R
 = -

C(CH3)2C2H5  

HM-TTF 
derivative 

Slow 
evaporation  1.4 [47] 

S

SS

S  
α-TTF Drop 

casting 1.2 [59] 

S

SS

S  
DB-TTF Drop 

casting 1.0 [62] 

S

SS

S

O

O

O

O  

BNQ-TTF Drop 
casting 0.44 [38] 

S

SS

S N
S

NN

S
N  

BT-TTF 

Addition of 
an anti-

solvent to a 
solution 

0.36 [69] 

S

SS

S  
β-TTF Drop 

casting 0.23 [59] 

S

SS

S

SS

 
β-DT-TTF Drop 

casting 0.16 [65] 

S

SS

S

SS

 

TTDM-
TTF 

Drop 
casting 0.15 [63] 

 

 

Representative electrical output and transfer characteristics are shown in Figure 3 for a 

thermally evaporated thin film of DB-TTF bisimide with top Au source and drain contacts. 

These devices exhibited mobilities in the range 0.12-0.40 cm2/Vs and on-off ratios of 106-108. 
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Figure 3. a) Output and b) transfer characteristics reported for an OFET based on DB-TTF 
bisimide evaporated thin film in a top contact configuration. Reproduced with permission 
from reference.[44] 
 

 

Considering all the above, TTF derivatives have proven to be an important class of organic 

semiconductors suitable for most of the conventional deposition techniques exhibiting 

performance values comparable with other state-of-the-art materials. Field-effect mobilities, 

however, depend strongly on several parameters which have to be optimized to achieve high 

device performance. Related to this, devices based on TTF-derivatives have displayed a wide 

range of performances, reflected in mobility values that are scattered over several orders of 
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magnitude.[21] The following sections aim to provide more insights regarding some of the 

aspects that influence TTF device performance. 

 

4. Tuning crystal structure – Polymorphism 

 

The use of correlations between crystal structure and device performance as a means to 

understand transport mechanisms, and to facilitate the design of new promising organic 

semiconductors, is a complex subject. TTFs are a good platform to perform such correlation 

studies since it is possible to synthesize derivatives with very small variations in their 

molecular structure but which can significantly affect their solid-state organization.  

An illustrative example of such an approach is the work by Saito and col.[71] where they  

investigated the OFET properties of a family of TTF derivatives bearing four alkylthio groups 

with different chain lengths, namely TTSCn-TTF with n= 8, 14, and 18. These systems were 

previously reported to exhibit a high conductivity for n ≥4 due to the strong interchain 

interaction between the alkylchains that result in a fastener effect of the TTF moieties.[72] Thin 

film OFETs were prepared by drop casting and it was seen that the mobility increased with 

the length of alkylchains up to ~10-5 cm2/Vs. This observation was in accordance with powder 

X-ray measurements that indicated that the distance between adjacent TTF moieties was 

lower when n was higher. Later on, OFET devices were also prepared with TTCn-TTF with 

n= 12, 18, and 22 by zone casting and the same tendency was found. However, in this case, 

mobilities of up to ~0.1 cm2/Vs were achieved.[70] This difference is probably due to the fact 

that the zone casting technique produces higher crystallinity films than drop casting. Further, 

since by zone casting the films prepared are anisotropic, it was observed that the mobility 

measured along the casting direction, which corresponds to the TTF stacking direction, was 

two orders of magnitude higher than when the measurements were performed in the 

perpendicular direction.[53]  
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Similarly, a set of bis-(N-alkylpyrrolo[3,4-d]tetrathiafulvalene (PyTTF) derivatives with long 

alky chains were investigated as semiconductors when spin-coated on OFET structures.[23] 

Again, shorter chains (i.e., n-butyl or octyl groups) gave a lower OFET mobility of ~10-5 

cm2/Vs, while for derivatives with n-dodecyl or longer alkyl chains higher mobility values of 

up to ~10-2 cm2/Vs were reached. By X-ray analysis, it was clear that in the former 

compounds the molecular overlap along the stacking direction is very small owing to the 

slipping of molecules along the long axis direction, although intermolecular S···S side-by-

side interactions are present. On the other hand, the molecules with long alkyl chains 

crystallize in a 2-D arrangement showing close stacking between PyTTF moieties as well as 

transverse intermolecular interactions through S···S contacts. The existence of a 2-

dimensional electronic layer is known to be a key requirement to achieve high OFET 

performance. 

In addition to the investigation of the effect of the chain length of the TTF substituents, the 

influence of fusing heterocycles on the TTF core on the crystal packing has also been 

explored. It is widely known in the field of TTFs that the p−p, S···S and C-H···S interactions 

largely determine the solid-state arrangement of these materials. Thus, we previously reported 

a series of symmetric and asymmetric TTF molecules with fused five-member rings 

containing a sulphur atom. In the studied molecules the position of this heteroatom as well as 

the aromaticity of the ring was varied (Figure 4a).[63] OFETs based on solution-grown single 

crystals of these molecules were then fabricated. It was observed that the derivatives with at 

least one aromatic fused ring with the sulphur atom in position 3 of the thiophene ring 

exhibited OFET mobilities of around 1 or 2 orders of magnitude higher. The single crystal X-

ray analysis revealed that molecules exhibiting higher performance crystallised in a 

herringbone pattern with short intra-stack as well as inter-stack molecular overlap (Figure 4a). 

In contrast, the rest of the derivatives crystallised following a brickwork-type motif, forming 

chains of quasi planar molecules interacting side-by-side that stack into layers. Transfer 
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integral calculations also confirmed a higher intermolecular overlap in the herringbone-type 

crystals, in agreement with the OFET measurements. Noticeably, it was also found that 

asymmetric molecules showed poorer performance compared to the symmetric ones, and that 

the positional disorder caused by ethylenethio groups was detrimental to the device 

characteristics (i.e., leading to higher threshold voltages). Therefore, this study shows that, for 

this group of molecules, two types of 2-D electronic structures were formed and that the 

herringbone pattern is more favourable for electronic transport. Interestingly, (α)DT-TTF, 

which bears two aromatic rings but with the sulphur in position 2 of the thiophene ring, and a 

tert-butyl functionalised (α)DT-TTF were also investigated in transistors. However, these 

molecules crystallise in structures where the TTF moieties form trios or dimers, respectively, 

resulting in structures with a lower electronic dimensionality (Figure 4b-c).[37,40] Accordingly, 

the OFET mobility of their thin films are much lower. 
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Figure 4. Molecular structures of the different TTF derivatives with fused S-heterocycles and 
packing motives. a) bis(ethylenethio)-tetrathiafulvalene (BET-TTF), 
(ethylenethio)(thiodimethylene)-tetrathiafulvalene (ETTDM-TTF), dithiophene-
tetrathiafulvalene (DT-TTF), thiophene)(thiodimethylene)-tetrathiafulvalene (TTDM-TTF), 
(ethylenethio)-(thiophene)-tetrathiafulvalene (ETT-TTF). b) (α)-dithiophene-
tetrathiafulvalene c) tert-butyl substituted (α)-dithiophene-TTF. Reproduced with permission 
of references.[37,40,63] 
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Mori et al. also performed a structure-OFET performance correlation study of TTF derivatives 

functionalized with phenyl groups and found that variations in their herringbone structure 

affect the OFET mobility (Figure 5a).[41] The highest mobility in evaporated thin-films was 

achieved for DB-TTF and DBP-TTF. The mobility of alkylphenyl TTFs dropped by about 

two orders of magnitude going from compound 3 to 5 of Figure 5. In compound 7 it went a 

further two orders of magnitude down, and in 6 no OFET behaviour was measured. Single 

crystal X-ray revealed that while DB-TTF crystallises in an ideal two-dimensional network 

(Figure 5c), compounds 3 and 4 show only one-dimensional interactions due to the fact that 

the adjacent molecules in one direction of the herringbone plane are slipped along the long 

molecular axis (Figure 5d). This is probably caused by the bent structure of the molecules. In 

the case of compound 6, although the packing looks also like a herringbone structure, all 

neighbouring molecules are also slipped along the molecular axis, hence destroying the two 

dimensional contacts and leaving each TTF molecule highly isolated (Figure 5e). Finally, 

compound 7 was found to crystallise in zig-zag chains but only short S···S contacts were 

found within the chains, and not between chains (Figure 5b). This one-dimensional character 

could account for the lower OFET performance of this material.  Despite all these studies, it 

should be kept in mind that the X-ray diffraction patterns of the thin films revealed that the 

crystal structure of the films were in some cases differing from the single crystal structure, or 

that in some films, there was more than one coexisting phase. In other correlation studies, 

similar findings related to the formation of crystal structures in thin films differing from the 

ones found in the resolved single crystal structures were reported.[73,74] This highlights the 

complexity of controlling polymorphism, and the crucial importance of identifying the actual 

crystal structure of the processed semiconductor in the device to fully understand the 

relationship between structure and device performance.  
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Figure 5. a) TTF derivatives functionalized with phenyl groups. b) Crystal structure of 
compound 7. Schematic representation of herringbone patterns found for compound 2 (DB-
TTF) (c), 3 and 4 (d) and 6 (e). The light grey molecules are slipped by a half molecular unit 
with respect to the dark molecules perpendicular to the sheet. Reproduced with permission 
from reference.[41] 
 

 

Polymorphism is the ability of a given material to arrange atoms or molecules in more than 

one solid form or crystal structure. It is well known that, owing to the weak interaction 

energies, organic molecules are prone to polymorphic formation in the solid state and, 

therefore, polymorphism is a well-known phenomenon in organic materials.[75] Organic 

semiconductors can therefore crystallise in a variety of polymorphs that can yield different 

device performance. The crystallographic description of polymorphs of benchmark organic 

semiconductors (i.e. oligothiophenes[75–84] and acenes[84–95]) that can be formed varying the 

crystallisation methods have been published. However, works on the OFET performance of 

the different polymorphic modifications of a certain semiconductor are still very 

scarce.[60,84,96–101] 
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In the family of TTFs, two polymorphic forms for the parent TTF compound were reported 

more than twenty years ago.[102,103] Recently, and taking into account the importance of the 

solvent in solution crystallization processes, OFETs based on these two phases have been 

fabricated crystallizing the material on octadecyltrichlorosilane (OTS) modified SiO2 

substrates.[59] Crystals of the pure α-phase were obtained from n-heptane or n-hexane, 

whereas from chlorobenzene solutions the pure β-phase was produced. The maximum 

mobility achieved for the α-phase was near 1.20 cm2/Vs, while β-phase crystals exhibited a 

mobility of about one order of magnitude lower, reaching a maximum value of 0.23 cm2/Vs 

(Figure 6). The crystal structure of β-phase can be described as zig-zag chains sustained by 

S···S interactions. In contrast, the α-phase has a herringbone motif with a short b-axis leading 

to a strong p-stacking along this direction and with short S···S inter-stack contacts, that is, 

shows a structure with higher bi-dimensionality, which is in accordance with the better 

performance of this polymorph (Figure 6). 

 

Figure 6. Crystal structure of the two polymorphic TTF phases α (a) and β (b), and OFET 
mobility values obtained for α (c) and β (d) polymorphs. Reproduced with permission from 
reference.[59] 
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Further, dithiophene-tetrathiafulvalene (DT-TTF) has been acknowledged as one of the best 

performing TTF organic semiconductors, giving a mobility of up to 6.2 cm2/Vs in solution 

grown single crystals.[61,64,66,104] However, it was observed that during the crystallization 

process, crystals with two morphologies coexist: some long plate crystals and some hexagonal 

ones.[65] Lattice phonon confocal Raman spectroscopy and X-ray diffraction measurements 

confirmed that the different shaped crystals did indeed belong to two polymorphic forms, 

namely α- and β-DT-TTF. The former corresponded to the long plates and the phase that had 

been previously investigated in single crystal devices. These crystals crystallize in the 

monoclinic system, space group P21/a, with two centrosymmetric molecules per unit cell.[105] 

The molecules arrange in a herringbone structure with the long axis tilted almost 20o to c axis 

and faced along b, the shortest crystal axis, which corresponds to the stacking direction of the 

molecules and, thus, where the π-π interactions are maximized (Figure 4a). Although the 

single crystal structure of β-DT-TTF was not resolved, it was observed that this phase 

coincides with the one formed in evaporated thin films. The diffraction patterns of these films 

exhibited only the presence of peaks related to a periodicity of 13.18 Å, which is slightly 

larger than the (001) spacing of the α-phase (13.11 Å). By 2D-grazing incidence diffraction 

analysis and in out-of-plane geometries, it was concluded that this β-phase belongs to the 

same space group as the α-phase and also follows a herringbone pattern. The device 

performance of these two modifications of DT-TTF crystals were studied in detail using 

solution prepared single crystal OFETs on SiO2 and Parylene C as dielectric. Mobility values 

between 0.6 and 1.2 cm2/Vs, and between 0.03 and 0.17 cm2/Vs, for the α-DT-TTF and β-DT-

TTF, respectively, were achieved. This result is in agreement with the crystallographic studies 

that showed that, despite having two polymorphs with very close crystal structures, the α-

polymorph showed closer molecular packing along the crystalline b-axis.[65] 
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The complexity of polymorphism becomes clearly illustrated with the most studied TTF 

derivative in OFETs, DB-TTF. Single crystals OFETs reaching 1 cm2/Vs [61,62] have been 

reported for solution-processed DB-TTF single crystals, whereas in devices based on vacuum 

sublimed thin films, the field-effect mobility values reported range from 10-2 cm2/Vs to 10-1 

cm2/Vs.[33,35,40,41] Remarkably, up to four different polymorphs have been identified for this 

material,[106,107] although only two of them have been investigated in OFETs: the 

thermodynamically more stable α-phase, which was studied as single crystal, and the 

kinetically more favourable γ−phase, typically found in thin films 

Considering all above, it has been shown with this family of semiconductors that minor 

modifications in the molecular structure might strongly affect the intermolecular interactions 

and, hence, the device performance. Additionally, it should be highlighted that some works 

have also shown that intramolecular interactions can also have a key role in controlling 

efficient molecular packing arrangement.[108,109] That is, intramolecular interactions such as 

hydrogen bonding or intramolecular charge transfer might affect the molecule geometry 

which, concomitantly, induces changes in the solid-state organization. This approach has 

hardly been employed in this field, but could provide new tools for controlling the self-

assembly of semiconductors. 
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5. Electronic modulation 

 

Carrying out synthetic modifications to an organic semiconductor core is not only a suitable 

route to tune the crystal packing but also constitutes a way to adjust the molecular electronic 

structure. As mentioned, TTFs molecules are intrinsically strong electron donors and, thus, 

they are potential p-channel organic semiconductors. However, very often TTFs show HOMO 

energy levels above -4.9 eV, which results in a poor stability of these materials in ambient 

conditions. Many thin films of TTFs become doped by oxygen exposure, which is then 

reflected in the OFET characteristics with high off currents (i.e., low on/off ratio) and positive 

threshold voltages. For instance, DB-TTF gives rise to devices with good OFET mobility but 

that are extremely unstable in air. To overcome this, a few research groups have focused on 

synthesising DB-TTF derivatives with electron-withdrawing groups in order to shift down the 

HOMO levels. In this direction, electron deficient heterocycles such as imides[44,110,111] and 

2,1,3-chalcongendiazole[73,74] rings  have been fused to the DB-TTF core (Figure 7a). The 

HOMO levels were lowered to values in the range from -5.1 to -5.3 eV, giving rise to devices 

that exhibited a high performance and, importantly, good ambient stability during several 

weeks. 

Attaching electron acceptor groups to TTFs in addition to diminish the HOMO level to some 

extent, also results in a more important decrease of the LUMO. It is generally assumed that 

the LUMO level has to be lower than -3.5 eV, or preferably -4.0 eV, to ensure electron 

injection and stability at ambient conditions.[110] Further, for hole injection, typically the 

HOMO level has to be between -4.9 and -5.5 eV.[112] Hence, with balanced orbital energy 

levels and efficient HOMO-HOMO and LUMO-LUMO overlap, donor-acceptor systems are 

potential candidates as ambipolar semiconductors. The first example of an ambipolar TTF 

material was found for bis(naphthoquinone)-TTF (BNQ-TTF) (Figure 7b).[38] This derivative 

had an HOMO and LUMO level at - 5.20 eV and -3.43 eV, respectively. The OFET mobility 
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measured in nitrogen atmosphere was around 10-2 cm2/Vs for holes and 10-4 cm2/Vs for 

electrons, but in air the devices only showed p-channel transport. Similar results showing 

ambipolar transport were obtained for the dyad formed by a 4,8-dicyano substituted 

benzothiazole fused to a TTF (CN-BTD-TTF): µh~µe~10-5 cm2/Vs).[113] Further, largely 

extended p-conjugated electron deficient moieties that have been proved to behave as 

efficient n-channel semiconductors such as perylenediimide (PDI) and naphtalenediimide 

(NDI), have also been fused to TTFs (Figure 7b).[56,114] In both resulting dyads the HOMO-

LUMO gap was significantly reduced to 1.1 eV for PDI-TTF and 0.8 eV for NDI-TTF 

derivatives. Thin films of these donor-acceptor systems prepared from solution-coating 

showed ambipolar behaviour reaching mobilities in air of µh=0.03 cm2/Vs and µe=0.003 

cm2/Vs.[56] 

Interestingly, the introduction of halogen groups or trifluoromethyl groups to quinoxalinoTTF 

has resulted in turning a presumably p-channel material into an n-channel material (Figure 

7c).[28,115] High electron mobilities of the order 0.01-0.11 cm2/Vs were realised with these 

materials. The loss of the p-type characteristics can be rationalised by the large shifting of the 

HOMO energy levels below -5.5 eV, preventing efficient hole injection. By modifying the 

number of halogen atoms or by replacing the trifluoromethyl group with a methyl group, the 

frontier energy levels were shifted upwards and only p-channel transport was observed in the 

OFET devices. Thus, these results demonstrated that through chemical synthesis the OFET 

polarity can be determined. 
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Figure 7. a) TTF derivatives with electron-deficient groups that promote ambient stability to 
the resulting devices. b) TTF derivatives that exhibit ambipolar OFET characteristics. c) TTF 
derivatives that behave as n-type semiconductors. 
 
 

It has been argued that as long as considerable HOMO-HOMO and LUMO-LUMO electronic 

interactions are present, hole and electron conduction are both generic properties of organic 

semiconductors. However, the observation of such ambipolar behaviour in OFETs depends on 

the matching of the energy levels between the HOMO and LUMO of the molecule and the 

metal workfunction for ensuring charge injection.[116,117] DT-TTF shows a low lying HOMO 

level of about -4.9 eV, and a high lying LUMO of about -1.2 eV.[118] The large bandgap, 

mostly related to the high LUMO energy level in this material, is a limitation for efficient 

electron injection and is related to n-channel behaviour. Theoretical calculations, however, 

demonstrate that efficient and balanced HOMO-HOMO and LUMO-LUMO interactions can 
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be found in α-DT-TTF crystal.[119] Kelvin Probe Microscopy (KPM) experiments carried out 

in single crystal α-DT-TTF OFET devices during operation in air have shown evidence of 

intrinsic ambipolar transport in this material.[119] Figures 8a shows the effective potential drop 

following the channel recorded as a function of the gate bias (Figure 8b shows the associated 

profiles). The observation of S-shaped potential curves of the transistor channel is indicative 

of ambipolar transport, although OFETs devices only exhibited p-channel behaviour. This 

finding supports the idea that n-transport is not limited to materials with high electron affinity 

and that macroscopic electrical aspects such as contact resistance might mask the observation 

of the material intrinsic transport properties. 

 

 

Figure 8. Ambipolar behaviour of a DT-TTF single crystal OFET in the transistor channel. 
(a) Three-dimensional view of the contact potential difference (CPD) along the transistor 
channel for gate voltages from VG = +10 V to -10V in steps of 0.5 V and a constant drain 
voltage of VD = -5 V. (b) CPD profiles with the edge of source and drain indicated by dashed 
lines. The inset gives a schematic distribution of the charge carriers in the transistor channel. 
Reproduced with permission from reference.[119] 
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6. Theoretical modelling of charge transport in TTF derivatives 

 

Theoretical efforts to understand the relatively high room temperature mobilities observed in 

TTF-based OFETs based have primarily focussed on thermally induced hopping of localised 

charge carriers. For organic molecular crystals, this typically entails using electronic structure 

methods (e.g. Density Functional Theory) to calculate the relevant terms according to the 

semi-classical Marcus theory[120] which describes this type of transport mechanism. 

Specifically, the charge transfer rate (k) between adjacent TTF molecules is predicted to be 

given by: 
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where J is the electronic coupling transfer integral between the charge donating molecule and 

the charge accepting molecule, λ is the reorganisation energy of the system associated with 

charge transfer, and kB and T are the Boltzmann constant and the temperature, respectively. 

Clearly, in this model, J should be increased and λ should be decreased for maximising 

charge mobilities. Both J and λ can, and usually do, differ depending on whether the transport 

involves hole-like or electron-like carriers. Although λ is a characteristic single value for any 

particular crystal, J is a variable which generally depends on the relative positions and 

orientations of neighbouring molecules and the shapes of their frontier.[121] As such, the 

angular dependence of J for holes (JHOMO, for intermolecular HOMO overlap) and for 

electrons (JLUMO, for intermolecular LUMO overlap) can be used (together with λ) to calculate 

the respective favoured directions for charge transport through the respective crystal. Such 

plots have been used for TTF-derivative crystals for helping to rationalise experimental 

mobility data,[38,111,122] and to predict the extent of anisotropy of hole and electron mobilities 

in as-yet synthesized TTF-derivative compounds.[123,124] The wide range of calculated 

behaviours stems from the many synthetic options open for chemical, and thus electronic 
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modification of TTF-derivative molecules and the large number of crystal packings that they 

can potentially exhibit. As mentioned above, of particular interest in this context is the recent 

discovery of TTF-derivative compounds which may have suitable transport properties of for 

use as ambipolar semiconductors (i.e. able to efficiently and stably transport both holes and 

electrons).[38,111] In Figure 9 we show an example of theoretically derived directional charge 

mobility plot for DB-TTF bisimide; a potential ambipolar TTF-derivative. 

 

Figure 9. Anisotropy of hole and electron mobilities of DB-TTF bisimide calculated in: a) the 

a-b plane, and b) the a-c plane. Taken with permission from reference.[111] 

 

At 0 K the intermolecular interactions described by J would be undisturbed throughout 

the crystal allowing for full delocalisation of charge carriers, thus entailing band-like transport. 

At finite temperatures, thermal disorder causes the intermolecular couplings to fluctuate. This 

modulates the values of J between all molecules in all directions, tending to localise the 

charge carriers.[125] Application of the Marcus theory to organic molecular crystals has tended 

to assume full localisation of the charge carriers on individual molecules. Clearly, however, 

for compounds such as TTF-derivatives, the electronic coupling helping to drive the observed 

high mobilities should also be high, thus promoting locally delcocalised charge carriers which 
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should be more resilient to thermal disruption. Currently, there is no direct experimental 

evidence to assess the degree of charge carrier delocalisation in TTF-derivatives.  

Measurements on pentacene, an organic molecular compound with comparable mobilities to 

the best performing TTF-derivatives, however, have confirmed that each carrier is delocalised 

over ~10 molecules.[126,127] 

The degree of delocalisation of the charge carriers in TTF-derivatives, and, more 

generally, the role of the extended molecular environment on charge transport, is particularly 

important for calculations of λ. Typically, however, one estimates the full reorganisation 

energy associated with the charge transfer process, λtot,  by calculating the internal fraction, 

λint (i.e. the local molecular part) by either: (i) the energy change that occurs when a relaxed 

charged molecule interchanges a charge with a relaxed neutral molecule and both 

subsequently structurally relax, or (ii) the sum of the shifts in structural displacements due to 

characteristic normal modes going from the molecular charge donor to the molecular charge 

acceptor. Although TTF-derivative molecules tend to be planar when in a crystal, many TTF-

derivative molecules in free space adopt a boat like conformation when neutral, and are only 

planar when positively charged.[128] The use of only a single unconstrained TTF-derivative 

molecule to calculate λint will thus include this non-crystal-like structural relaxation leading to 

spuriously high λint values. One suggested way to indirectly incorporate the effects of 

molecular packing, and thus to get a better estimate of λint within a crystal, is to constraint the 

all atoms of neutral TTF molecules to move only in a single plane.[129] This constraint has 

since been adopted by other works using both (i) and (ii) approaches.[123,130–132] Calculation of 

λint using approach (ii) can also be performed using only experimental molecular vibrational 

data provided from Raman spectra. Such an experiment has been done for the DT-TTF crystal 

giving a λint value of 0.220 eV which matches well the theoretical value from DFT 

calculations (0.243 eV) using approach (i) and the molecular planarity constraint.[130] 
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Although structural constraints thus provide an experimentally verified means to 

provide reasonable theoretical estimates of λint for individual TTF-derivative molecules in a 

crystal, the full reorganisation energy, λtot, includes contributions from long range structural 

polarisation (and subsequent electronic relaxation). The degree of structural polarisation is 

usually linked with the degree of charge delocalisation with more delocalised charge carriers 

tending to be less polarising and vice versa. Alternatively, we can say that between the 

extremes of fully delocalised band transport and highly localised molecular polarons, there is 

a range of charge carrier possibilities which can be thought of as partially delocalised 

polarons. To explore the effect of charge delocalisation, DFT calculations in which a single 

charged molecule is embedded in between two rigid neighbouring DT-TTF molecules which 

are fixed in their crystal positions have been performed. The resulting charge delocalisation 

away from the embedded molecule leading to a more neutral-like geometry and an 82% drop 

to 0.042 eV of λint (not λtot as no environmental structural relaxation is permitted) with respect 

to that calculated for a planar single molecule.[129] The resulting λint is more in line with λint 

values from other high mobility organic molecular crystals such as pentacene.[133] tending to 

support the occurrence of this phenomenon. We note that similar reductions λint in have been 

calculated for TTF and BDH-TTP using structurally fixed embedding molecules.[134] The 

extent of charge delocalisation in such models can be varied via use of greater or less Hartree-

Fock exchange in the calculations, tending to localise and delocalise charge on the central 

molecule respectively. Calculating λint using same three molecule embedding set-up but with 

more localised charge on the embedded molecule also results in a large relative decrease in 

λint, but mainly due to electronic polarisation.[118] Unlike delocalisation, however, the 

reduction in λint due to electronic polarisation is found to be highly susceptible to disruption by 

thermal disorder and thus partial delocalised polaronic carriers are probably more likely to be 

the thermally activated carriers in TTF derivatives. Explicit modelling of the effects of 

partially delocalised carriers in an extended structurally and electronically responsive 
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environment is computationally very demanding for electronic structure calculations and thus 

direct estimates of λtot from theory are currently unavailable. Simple general models using a 

dielectric continuum have estimated the environmental contribution to λtot to be 0.2-0.3 eV for 

a typical organic molecular crystal.[135] For DT-TTF a few studies have used models 

containing two or more structurally flexible embedding molecules which, in principle, are 

able to incorporate a proportion of λtot.[118,136,137] Calculated parameters from such models tend 

to support the experimental mobility measurements. Such calculations better reflect the 

complex interactions in real TTF-derivative samples and will permit a better validation of 

theoretical methods in order to further improve our fundamental microscopic perspective into 

the nature of the charge carriers and their transport in TTF-derivatives. 



  

34 
 

7. Source-Drain contacts 

 

The field-effect mobility extracted in a transistor is not an intrinsic parameter of an organic 

semiconductor but a device parameter. Certainly, the same material, depending on how is 

integrated and the configuration of the device, can give rise to different OFET mobility values. 

Contact resistance can play an important role in device performance. This has been observed 

also in TTF OFETs. Thin film OFETs of DB-TTF were investigated using different source 

and drain metal materials: Au, Ag, Cu and the organic charge transfer (CT) salt 

(TTF)(TCNQ), where TCNQ stands for tetracyanoquinodimethane.[42] The mobility and also 

the contact resistance were found to change with the metal workfunction. The organic metal 

resulted in the lower contact resistance devices, which was attributed to small potential shift 

on the organic/organic interface compared with the organic/metal interface.[138] In agreement 

with these results, OFETs based on single crystals of hexamethylene-tetrathiafulvalene (HM-

TTF) exhibited a mobility of 0.02 cm2/Vs when Au was employed as source-drain but reached 

a mobility exceeding 10 cm2/Vs when gold was replaced by (TTF)(TCNQ).[50] 

 Single crystals of DT-TTF were also grown on evaporated (TTF)(TCNQ) electrodes 

by drop casting a solution of the material in either toluene or chlorobenzene.[66] It was 

observed that the average OFET mobility in devices prepared from PhCl solutions reached a 

value of 2.5 cm2/Vs (maximum value of 6.2 cm2/Vs), which was four-fold more than that 

obtained from devices prepared from solutions of DT-TTF in toluene. The latter devices 

showed mobilities only slightly higher than when gold was used as contact. These 

discrepancies in performance were attributed to differences in the contact resistances as 

demonstrated by KPM measurements. The utilization of a more polar solvent (i.e., PhCl) led 

to a certain re-dissolution of the organic metal with a subsequent co-precipitation of the two 

materials (i.e., organic metal and organic semiconductor). This result therefore highlights the 
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importance of the contacts in OFETs, not only in terms of energy alignment, but also with 

respect to the interface morphology. 

 Considering that the conducting charge transfer salts are based on TTFs, Mori et al. 

introduced the concept of “self-contacting” TTF OFETs. This was achieved by evaporating 

TCNQ through a shadow-mask on thin films of tetramethyl-TTF or HM-TTF.[30,31] The areas 

in which the TCNQ was evaporated on the TTF derivative were conducting due to the 

formation of a CT salt, whereas the remaining regions of the film were used for the active 

material. A similar approach was used to evaporate the organic semiconductor on pre-

patterned TCNQ films. All these devices exhibited a very low contact resistance and high 

mobility. This has also been successfully realized by ink jet printing a solution of TCNQ on a 

HM-TTF evaporated thin film.[139] It was observed that the chosen solvent has to dissolve the 

dopant well (in this case, TCNQ) but only poorly dissolve the organic semiconductor in order 

to have an appropriate reaction rate for the formation of the charge transfer complex salt. If 

the reaction is too fast the resulting morphological connection between the electrode and the 

semiconductor is worse. The authors claim that this method guarantees a good energy 

matching since the Fermi level of the electrode will be located between the HOMO of the 

TTF derivative and the LUMO of TCNQ, and as a consequence, the Fermi level will be close 

to the HOMO level of the active material (Figure 10). 
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Figure 10. Energy level alignment in “self-contact” transistor. HM-TTF as active material 
and TCNQ as dopant to form a CT conducting salt that serves as source-drain electrodes. 
Reproduced with permission from reference.[139] 
 
 
 
8. Other perspectives 

 

 An appealing field of applications for organic-based devices that has become very 

attractive in the last decades is sensors.[140] Single crystal and thin film TTF OFETs were 

previously demonstrated to exhibit a large photoresponsivity, and therefore, light can operate 

as an additional gate to modulate the density of charge carriers.[141,142] Such devices could be 

suitable for the detection of light. In this context, a p-conjugated donor-acceptor dyad 

composed of a tetrathiafulvalene-fused perylenediimide (TTF-PDI) was synthesised. 

Interestingly, wavelength-dependent photo-response measurements of the TTF-PDI dyad 

measured in an OFET configuration resembled its absorption profile extracted from a thin-

film coated on a transparent quartz substrate (Figure 11).[114] A significant photo-response at 

an energy corresponding to PDI-localized electronic p−p* transitions was observed (energy 

range from 2.2 to 2.5 eV) and, further, a more moderate effect due to an intramolecular charge 

transfer from the HOMO localized on the TTF unit to the LUMO localized on the PDI moiety 
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was also detected (between 1.1 and 1.5 eV). This work clearly elucidates the interplay 

between intra- and intermolecular electronic processes in organic devices and opens the door 

to the exploitation of such devices for wavelength selective photo-detectors. 

Materials able to detect chemical vapours are also attractive for niche applications 

where organic materials can potentially outperform their classical counterparts. With TTF 

OFETs the detection of DECP (diethyl chlorophosphate) or POCl3, stimulants of phosphate-

based nerve agents, have been demonstrated. In these devices the off-current was used as 

output of the sensor, and levels down to 10 parts per billion (ppb) of these vapours could be 

effectively detected. The same system was further used to detect low concentrations of TNT 

(100 ppb)  since the saturation current and hole mobility decreased when the devices 

interacted with the TNT vapours.[46] 
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Figure 11. External photon-to-photogenerated charge conversion efficiency as a function of 
incident photon energy. a) OFET Photo response using light of a solar simulator at 100 
mW/cm2. b) Spectrum measured for a TTF-PDI thin-film OFET device and a solution 
processed thin-film on a quartz slide (inset). Reproduced with permission from reference.[114] 
 

 

Due to the fact that they are good electron donors, TTFs can also be used as n-type doping in 

organic semiconductors.[143] In agreement with the standard model commonly used for 

crystalline semiconductors, controlled doping can have a strong impact on the electrical 

characteristics. The device performance of the n-channel organic semiconductor, N,N’-di((Z)-

9-octadecene)-3,4,9,10-perylene tetracarboxylic diimide has been dramatically increased by a 

factor of up to 30 by blending it with TTFs.[144] However, this effect was attributed more to a 
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structural modification rather than an electronic one. Indeed, the off-currents in these devices 

where not significantly affected by the blends, indicating that the conductivity was not altered. 

Hence, the enhanced mobility was attributed to the facilitated charge transport due to the 

increased stack-ordering and crystallinity as well as decrease in grain boundaries in the spin-

coated films. 

TTF derivatives have also been extensively used as the donor component of charge transfer 

salts for over forty years. Such conducting salts have also been more recently applied as metal 

contacts in organic transistors. Although this is beyond the scope of this review, we 

recommend references [145] and [138] to the reader, where the use of charge transfer salts in 

devices is reviewed. 

 
9. Conclusions 
 

TTF derivatives are an appealing class of organic small molecules and are among the most 

investigated organic semiconductors for organic electronics. They are fascinating due to their 

high performance, their easy processability, and the possibilities they offer to be chemically 

modified for specific applications. It has been shown in this work that the properties of TTFs 

can be adapted to the processing needs of different fabrication methods and high OFET 

mobility values have been achieved both in vacuum deposited and in solution processed 

materials. Due to fact that different derivatives can be relatively easy prepared, they can be 

used as model organic semiconductors systems in order to understand the influence of the 

crystal structure on the device performance. However, it should be taken into account that in 

thin films of organic semiconductors different polymorphs might coexist, and therefore, the 

comparison of single crystal OFETs can give us a better understanding of the structure-

property correlation. In this sense, TTFs also are a promising platform since they can 

generally be easily crystallised from solution. Furthermore, their electronic structure can be 

also tuned in order to provide ambient stability or even to modify they behaviour in devices 
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resulting in p-channel, n-channel or even ambipolar transport characteristics. From a 

fundamental point of view, TTFs have been a subject of study for many years in organic 

electronics, but they might also show great potential in novel niche applications as for 

instance in sensor devices. Taking all into account, to move towards applications the 

challenge now is to find solution processed methodologies that permit to fabricate stable 

devices with an imperative control of the crystal phase formed and film morphology to 

achieve high reproducibility. 
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