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Abstract: We review the progress in the performance of organic field effect transistors that has been reported in the
last 30 years, with a major emphasis on the last 10 years. We focus on the best performing organic semiconductors, and
elucidate the underlying relations between the chemical and physical structures of the materials in the solid state and

their electronic properties.
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1. Introduction

Organic semiconductors have been studied for the last 60 years [1]. They have already had a significant
technological impact in optoelectronic applications such as xerography, organic electroluminescent devices [2—
4], and organic photovoltaic cells [5-9]. Organic thin-film field-effect transistors (OTFTs), on the other hand,
despite their great promise, have not found their way into commercial products by the time of writing. The
main reason for this is likely the existence of competing inorganic semiconductor thin film technologies, such
as the entrenched hydrogenated amorphous silicon (a-Si:H) thin film transistor (TFT) technology (field effect
mobility between 0.1 and 1 cm? V=1 s71), which is used in active matrix liquid crystal displays (AMLCDs)
[10], and ZnO, which is a newer technology, exhibits higher mobility than a-Si:H (about 10 cm? V=1 s71)
[11], and can be compatible with some plastic substrates. However, in the last 3 years, tremendous progress
in OTFT performance has been observed, and this can be a game changer, as it can enable applications
previously unattainable by OTFTs, including AMLCDs and active matrix organic light emitting diode displays
(AMOLEDDs) on transparent plastics. AMOLEDDs require TFT performance higher than that offered by
a-Si:H TFTs, and closer to the performance of polycrystalline Si transistors. In this review we focus mainly on
the extraordinary OTFT performance improvements that have taken place in the last few years. We restrict
our review to transistors in which the organic active layer is a thin film. It has been shown that just a
few complete monolayers of an organic semiconductor are sufficient for proper transistor operation [12,13].
We include representative examples from various classes of organic semiconductors, fabrication processes, and
OTFT designs. Some older papers that, in the authors’ opinion, played a pivotal role in shaping the OTFT field
are also reviewed briefly, but the reader is encouraged to look up a number of previously published review papers
that cover that period in more detail [14-25]. In addition, reported results from single crystal organic field effect
transistors will be used to estimate the upper limits of mobility for the various organic semiconductors and to

gain a better understanding of the underlying device physics.
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As with inorganic semiconductors, organic semiconductors can function as either p-type or n-type. In
p-type semiconductors the majority carriers are holes, while in n-type the majority carriers are electrons.
Interestingly, most organic semiconductors exhibit strong trapping of electrons but much weaker trapping
behavior for holes. As a result, reported organic field-effect transistors (OFETSs) typically show p-type, but not n-
type conduction even with the necessary low work function electrodes, except for a few organic semiconductors
that possess high-electron-affinity. An explanation for this behavior was provided in a paper by Chua et
al., who demonstrated that the use of an appropriate hydroxyl-free gate dielectric can yield n-channel FET
conduction in most conjugated polymers, which would exhibit exclusively p-type characteristics with a standard
SiO9 gate dielectric [26]. Based on this understanding, we will not make a specific classification of organic
semiconductors as p-type or n-type in this paper—this had been traditionally the modus operandi in earlier
OTFT reviews—since the same organic semiconductors can be rendered p-type or n-type with appropriate
doping on an appropriate dielectric.

2. Progress in performance of OTFTs, 1984 to 2014

In 2 previous papers written more than a decade ago [19,27] we presented a semilogarithmic plot of each year’s
highest reported field-effect mobility value from TFTs based on various organic semiconductors. Herein, we
include an updated version of that plot (Figure 1). The data of Figure 1 are represented in tabular form in the
Table, which comprises the data in the referenced plot and also the highest field effect mobilities demonstrated
using organic semiconductor thin films subsequent to the earlier report [19], namely during the last 12 years.
The highest mobilities measured from OFETs with macroscopic, 3D single crystal channels are also included in

Figure 1 (red plot) and the Table for comparison.
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Figure 1. Semilogarithmic plot of each year’s highest reported field-effect mobility value from TFTs based on various

organic semiconductors. Pre-2002 data (black circles) from reference 19. Figure 1 includes updated data based on the

contents of the Table that also comprises the highest field effect mobilities demonstrated using organic semiconductor

thin films during the last decade (blue circles). The highest mobilities measured from OFETs with macroscopic, 3D

single crystal channels are also included for comparison (red triangles).
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Table. Compilation of the highest field effect mobilities demonstrated using various organic semiconductor thin films

from 1984 to 2014. The highest mobilities measured from OFETs with macroscopic, 3D single crystal channels are also

included for comparison.

Year Mobility*] Material (deposition method) Reference
(em?2V~-1s71) (v) = vacuum deposition
(s) = from solution
(s.c.) = macroscopic single crystal OFET
1964 NRIT Cu-phthalocyanine (v) 28
(first demonstration of field effect in small organic
molecules)
1983 NR Polyacetylene (s) 10
(first demonstration of field effect in polymers)
1984 1.5 x 107° Merocyanine 29
1986 10-° Polythiophene (s) 30
1988 1072 Polyacetylene (s) 31
10:2 Phthalocyanine (v) 32
10 Poly(3-hexylthiophene) (s) 33
1989 1073 Poly(3-alkylthiophene) (s) 34
1073 a—sexithiophene (v) 35
1992 0.027 a—sexithiophene (v) 36
2 x 1073 Pentacene (v) 36
1993 0.05 a — w-dihexyl-sexithiophene (v) 37
0.22 Polythienylenevinylene (s) 38
1994 0.06 a — w-dihexyl-sexithiophene (v) 39
1995 0.03 a—sexithiophene (v) 13
0.038 Pentacene (v) 40
1996 0.02 Phthalocyanine (v) 41
0.045 Poly(3-hexylthiophene) (s) 42
0.62 Pentacene (v) 43
1997 1.5 Pentacene (v) 44
0.13 a — w-dihexyl-sexithiophene (v) 27
0.05 Bis(dithienothiophene) (v) 45
0.01 trans-trans-2,5-Bis-[2-5-(2,2/- 46
bithienyl)ethenyl]thiophene (BTET) (v)
1998 0.1 Poly(3-hexylthiophene) (s) 47
0.23 a — w-dihexyl-quaterthiophene (v) 48
0.15 Dihexyl-anthradithiophene 49
2000 0.1 a — w-dihexyl-quinquethiophene (s) 50
2002 0.89 Pentacene from precursor (s) 51,52
2003 3.4 Pentacene (v) 53
2004 15.0 Rubrene (s.c.) 54,55
2005 0.7 Rubrene (s) 56
2005 1.0 Triethylsilyl derivative of anthradithiophene (s) 57
2005 1.8 5,5’-bithiazole with trifluoromethylphenyl end | 58
groups (n-type) (v)
2006 2.0 2,7-Diphenyl[1]benzothieno[3,2-b]|benzothiophene | 59
(or DPL-BTBT) (v)
2007 1.8 TIPS-pentacene (s) 60
2007 15.0 - 40.0 Pentacene (s.c.) 61
2007 43.0 Rubrene (s.c.) 62
2007 10.0 Hexamethylenetetrathiafulvalene (HMTTF) (s.c.) | 63
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Table. Continued.

2007 10.0 titanyl phthalocyanine (TiOPc), a-phase (v) 64

2009 8.3 dinaphtho|2,3-b:2/,3/- f]thieno[3,2-b]-thiophene 65
(DNTT) (s.c.)

2011 31.3 2,7-dioctyl[1]benzothieno|[3,2-b][1]benzothiophene | 66
(Cs-BTBT), (s.c.), (ink-jet printed), (s)

2011 4.6 TIPS-pentacene (s), with strained lattice 67

2011 8.0 C1o-DNTT (v) 68

2011 | 1L.0 C10-DNTT (s) 69

2011 16.0 dianthracen-[2,3—0:2/,3/ — | 70
f]thieno[3,2—b]thiophene (DATT) (s.c.)

2012 4.3 Hexacene (s.c.) 71

2012 17.2 Asymmetric C13-BTBT (v) 72

2012 10.5 Alternating D-A polymer with donor moiety, | 73

dithienylthieno[3,2-
b]thiophene (DTT) and acceptor moiety, N-alkyl
diketopyrrolo-pyrrole (DPP) (s)

2013 11.0 TIPS-pentacene (s), OTFTs with single crystal do- | 74
mains and nonequilibrium crystal structure.

2013 15.6 End-substituted  bis(benzothieno)naphthalenes | 75
(BBTN) (v)

2014 144 (D-A) polymer semiconductor: 76
poly(thienoisoindigo-alt-naphthalene)  (PTIIG-
Np) (s)

[*] Measured at room temperature

[{INR= Not reported

The Table lists the highest field-effect mobility (u) values, as reported in the literature, annually from 1984
to the present time for each of several important organic semiconductors. For a specific organic semiconductor
that already has an entry in the Table and Figure 1 for any previous year, a new mobility value is entered
only if it is higher than the value of the preceding entry. Additionally, the Table provides information on the
deposition method used to make the thin film channels in OTFTs ((v) = vacuum deposition, (s) = deposition
from). In cases that the data refer to macroscopic single crystal OFET measurements, the designation “s.c.” is
used. For specific protocols and methods for measuring the field effect mobility of organic semiconductors used
as active channels in thin film transistors, the reader is directed to reference 19.

From the Table and Figure 1, we can observe that in the 12 years since our previous comprehensive
review of the progress in organic thin film transistors [19] serious increases in mobility have taken place. While
in 2002 organic semiconductor thin film mobilities rivalled the mobility levels of a-Si:H TFTs (mobility up to
1 cm? V=1 s71) today there are a few classes of organic semiconductors whose thin films exhibit field effect
mobilities 1 order of magnitude higher. Such performance improvements are the result of several new scientific
and technological developments: (i) Molecular design and synthesis of new organic semiconductor materials, in
order to optimize the electronic properties of the individual molecules, and in addition facilitate the control of the
molecular arrangement within the organic solid. The latter, in turn, allows the maximization of the molecular
orbital overlap and the minimization the = — 7 stacking distance of nearest neighbor (n.n.) molecules, and thus
the enhancement of the electronic transport properties. (ii) Improved organic semiconductor deposition and/or

growth processes and improved interfaces [44,77-79] that result in lower impurity levels, fewer structural defects
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(vacancies, dislocations, stacking faults, grain boundaries), and better molecular packing and orientation. (iii)
Better device configuration and/or design, component materials, and fabrication processes.

Based on the semiclassical Marcus electron transfer theory [80,81] and further theoretical work [82-85],
charge transfer in defect-free organic semiconductors depends mainly on electron—electron and electron—phonon
interactions. According to the formalism in these works, there are 2 main parameters describing the charge
transfer rate kgpr: the transfer integral (¢) and the reorganization energy (), as expressed by the following

equation [86]:

kpr = %\/ﬁﬁ exp (—ﬁ) , where T is the temperature, h is the Planck constant,and kp is

the Boltzmann constant. ¢ represents the extent of electronic coupling and thus the molecular orbital overlap
between n.n. molecules, and depends strongly on the m — 7w stacking distance and the orientation of the n.n.
molecules relative to each other. The term A represents the amount of energy required to impose the geometrical
reorganization of the molecular structure resulting from the transfer of a single charge to the molecule (internal
contribution), as well as the change in polarization of the surrounding medium (external contribution) [86].
An organic semiconductor exhibiting a large transfer integral and small reorganization energy is a promising
candidate for producing high electron or hole mobility.

Organic semiconductors can be small molecules, oligomers, or polymers. What these 3 molecular systems
have in common is a long 7-conjugated section or sections, often called the conjugated core(s). The conjugated
core can extend from one end to the other in small molecules or oligomers, or can be a major portion of the repeat
unit (monomer) in a polymer. The mw-conjugated core is the structure that is responsible and necessary for carrier
delocalization along the long axis of the molecules, and thus intramolecular charge transport. Intermolecular
charge transfer between n.n. molecules is enhanced by increasing the overlap of the 7-orbitals of n.n. conjugated
cores. A typical conjugated core can consist of a number of fused benzene rings arranged in a linear fashion as
for example in the acene series (Scheme la). Modified conjugated cores have been designed starting with an
acene and replacing 1 or more of the fused benzene rings with 1 or more 5-member heterocyclic systems rings,
respectively, containing a heteroatom (e.g., S, Se, and N). Two examples of such substitution are pentaceno[2,3-
b]thiophene (Scheme 1b) [87], where 1 end ring of hexacene is replaced by a thiophene ring, and dianthra[2,3-
b:2/,3/-f]thieno[3,2-b]thiophene (DATT, Scheme 1c), a heteroarene with 8 fused aromatic rings from which the
2 central rings are thiophene [70,88]. Such heteroatoms can strongly affect the electronic properties of an organic
semiconductor (conduction and valence band levels, band gap, etc.) as well as n.n. intermolecular interactions.
A review of the effect of heteroatom substitution on crystal structure and n.n. intermolecular interactions can

be found in a recent paper by Dong et al. [89].

Further modification of the conjugated core can take place by changing the core substituents, for example
from a typical hydrogen substitution in pentacene to a substitution with electron withdrawing groups, such as
halogen atoms or CN. Such substitution usually leads to more environmentally stable organic semiconductors
and often a conversion from p-type dominant character to n-type. Both of these consequences are the result of the
increase in both the electron affinity and ionization potential of the core-substituted molecule. A representative
case is the core substitution of pentacene H with F to form perfluoropentacene, which converts p-type pentacene

to n-type perfluoropentacene (Scheme 1d) [90].

Side chains attached on conjugated cores increase the solubility of the organic semiconductor, and more
importantly they influence strongly the molecular packing and orientation in the solid (thin film or 3D crystal).

As a result they have a substantial impact in the processability and performance of organic semiconductors. The
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synthesis and fabrication of OTFTs based on polycrystalline, vapor deposited atsexithiophene (6T, Scheme le
with n = 0) [35,36] and its derivative with insulating end-attached alkyl side chains o —w-dihexyl-sexithiophene
(DH6T, Scheme 1le with n = 6) [37] films reported by Garnier et al. played an important role in the evolution
of the field of organic transistors. These publications delineated the strategies that should be followed as far as
molecular orientation and packing are concerned in order to increase the performance of OTFTs. In the case of
chain- or rod-like molecules, such as thiophene oligomers, large m-conjugation lengths along the long axis of the
molecule and close molecular packing of the molecules along at least 1 of the short molecular axes (7-stacking)
were shown to be 2 important conditions for high carrier mobility. These principles also operate in OTFTs

based on polycrystalline, vapor deposited pentacene thin films, which does not have side-chain substitution

[19,40,44].
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Alkyl or aryl substitution at peri-positions of the archetypal pentacene and tetracene molecules has
also been studied [91,92]. The 6,13-bis(triisopropylsilylethynyl)pentacene (TIPS-PEN, Scheme 2a) not only
is solution processable but also changes its packing arrangement from the standard herringbone pattern of
pentacene to a face to face 2D-bricklayer arrangement that increases molecular orbital overlap and enhances
mobility. Mobilities up to 1.8 cm? /Vs were measured from drop cast films in 2007 [60], which was later increased
to 4.6 cm? /Vs in a strained metastable thin film that exhibited a reduced m — 7 stacking distance compared to
unstressed films. Recently, Diao et al. reported OTFTs with mobility up to 11 cm? /Vs by using a micropillar-
patterned printing blade to induce recirculation in the TIPS-pentacene solution to enhance crystal growth and
engineer the curvature of the solution meniscus to control crystal nucleation, an impressive performance for
solution processed transistors potentially compatible with large-area, roll-to-roll fabrication.

A longer conjugated core results in higher mobility, as shown clearly by comparison of the experimentally
measured single crystal mobilities of the members of the acene series anthracene, tetracene, and pentacene,
which are 0.02 (at low temperature), 0.4 [93] to 2.4 [94], and 15 to 40 cm? /Vs [61], respectively. The same

trend was also demonstrated by theoretical modelling, for all the members of the acene series from naphthalene
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to hexacene, in which the mobility increases monotonically from 0.0511 to 1.461 cm? /Vs [71]. Unfortunately,
the increased mobility with longer conjugation lengths is accompanied by reduced environmental stability and
solubility of the longer acenes. The former is a consequence of the increase of the HOMO level of the acene
molecules with conjugation length. Going from anthracene to hexacene the HOMO level rises from —5.7 eV
to —4.7 eV [71,95], which makes the longer acenes more prone to oxidation. The use of heterocyclic rings in
place of one or more benzene rings in fused ring conjugated systems (e.g., heteroacenes) has proven to be a
successful strategy for increasing their stability as well as their charge transport performance. The degree of
aromaticity of the heteroacenes is lower than that of the corresponding acene compounds, due to the increased
charge localization induced by the heteroatoms. Thus, while the conjugation length remains extended, the
HOMO levels remain high (higher than the corresponding acenes with equal conjugation length), which results

in an improved environmental stability without compromising performance [59,95].

X
7

<
[
4

X
7

C8H17
(b)

(©)

Scheme 2

Inserting 2 fused thiophene rings in the middle of acene molecules has shown very promising performance
and stability. In 2006 vacuum deposited films of 2,7-diphenyl[1]benzothieno[3,2-b]benzothiophene (or DPh-
BTBT) exhibited a mobility value of 2.0 cm? V=1 s=! [59], and in 2011 ink-jet printed single crystals of
another BTBT side chain derivative (2,7-dioctyl[1]benzothieno[3,2-b][1]benzothiophene or Cg-BTBT, Scheme
2b) exhibited unprecedented mobilities for a solution processed organic semiconductor channel, up to 31.3 cm?
V~1 71 [66]. Vacuum deposited films of asymmetrically substituted C13-BTBT (1 sided end substitution)
exhibited mobility up to 17.2 cm? V1! s~! in 2012 [72], another very high mobility value that a few years
ago was practically unthinkable for organic semiconductor thin films. Another promising molecule of this
class, dinaphtho[2,3-b:27,3/- f|thieno[3,2-b]-thiophene (DNTT, Scheme 2¢) exhibited single crystal mobility of
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8.3 cm? V1 71 in 2009 [65], while the mobility of vacuum deposited films of DNTT was 3.1 cm? V!
s~! [87]. In a demonstration of the effectiveness of end substitution of the conjugated core in enhancing
charge transport performance, the mobility of vacuum deposited films of alkyl end-substituted C1o-DNTT was
increased to 8.0 cm? V1 s~! [68], and that of solution processed films of the same molecule reached a value
of 11.0 em? V~1 s~! [69]. Such performance, coupled with the enhanced stability of this class of organic
semiconductors, is very promising for the future of large area flexible electronics. A derivative of DNTT,
dianthra-[2,3—b:2/,37 — f]thieno[3,2 —b]thiophene (DATT, Scheme 1c¢), which was predicted by computational
studies to have high mobility characteristics [70], was synthesized, and single crystal OFETs were fabricated
that indeed exhibited very high mobilities (16 cm? V=1 s~! in the linear regime) [70].

In a very recent paper, Kurihara et al. [75] synthesized end substituted bis(benzothieno)naphthalenes
(BBTNs, Scheme 3a), a heterocyclic system with 6 fused rings, of which 4 are benzene and 2 thiophene rings
(second and fifth ring). Thus the central part of the BBTN molecule is a naphthalene moiety. The highest
mobility of 15.6 cm? V=1 s~ was exhibited by vacuum deposited thin films of the C7-BBTN molecule. The
molecular arrangement in the solid state was a typical herringbone structure with the long axis of the molecules

being almost perpendicular to the substrate, a typical effect of the alkyl chain end substitution [37].
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Hexamethylene tetrathiafulvalene [96] (HMTTF, Scheme 3b) single crystals showed mobility of 10 cm?
V~1 57! [63], which is the highest mobility among the promising class of organic semiconductors based on
derivatives of the widely studied TTF molecule. HMTTF crystallizes in a ‘bricklayer’ packing motif (like TIPS-
PEN), in which the molecules are stacked along the short b-axis with strong = — 7 stacking interactions [57].
As a result, each molecule has large co-facial overlaps (7 — 7 interactions) with 2 molecules in the layer above it
and 2 molecules in the layer below it. Furthermore, it has edge-to-edge interactions with the nearest neighbor

molecules within its own layer (Figure 2).
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Figure 2. Bricklayer molecular stacking motif along the short axis of an organic semiconductor molecule that crystallizes
in this way (e.g., TIPS-PEN or HMTTF).

Titanyl phthalocyanine (TiOPc), an approximately 2D molecule crystallizing in its a-phase structure,
also adopts a ‘bricklayer’ packing configuration that leads to strong m—7 interactions, and resulted in mobilities

up to 10 cm? V! s~ measured in vacuum deposited thin films.
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In the class of polymeric organic semiconductors, there has been tremendous progress in performance
recently. Li et al. [73] reported that through synthesis and processing optimization of a conjugated, alternating
donor-acceptor (D-A) polymer comprising a relatively strong donor, dithienylthieno[3,2-b]Jthiophene (DTT),
and a weaker acceptor, N-alkyl diketopyrrolo-pyrrole (DPP), a simple DPP-DTT-based conjugated polymer
could be produced, which exhibited very high hole mobility for a solution-processable polymer (up to 10.5 cm?
V1 s71) [73] together with a high current on/off ratio of 10¢. Excellent shelf-life and operating stability under
ambient conditions is another important positive attribute of these D-A polymers.

Very recently, Kim et al. [76] reported the synthesis of another (D—A) polymer semiconductor: poly(thie-
noisoindigo-alt-naphthalene) (PTIIG-Np) exhibiting an unprecedented mobility, of 14.4 cm?/Vs, for a poly-
mer film. The authors used PTIIG-Np with a high-kgate dielectric, poly(vinylidenefluoridetrifluoroethylene)
(P(VDF-TFE)). The mobility was improved more than 2-fold by the use of a high-kgate dielectric [76], while
it reduced the operating voltage of the device, at the same time [97]. This demonstrates the importance of
optimizing all the components of an OTFT in order to extract the maximum performance from an organic
semiconductor channel. Solution-processable polymer semiconductors with such high field effect mobility are

ideal for low-cost large-area electronics fabrication using continuous R2R processing.

3. Conclusions

There has been serious progress in OTFT performance during the last decade. Our understanding of the
properties of organic semiconductors and the operation of OTFT devices has improved substantially, and this
has paved the way towards better OTFT performance. Advances in device performance are the result of
the introduction of newly designed materials obtained either by chemical modification of existing ones or by
the synthesis of completely new structures, followed by optimization of the deposition processes in order to
perfect their morphology and structural order. At present, we have reached the point where an initial product
application of OTFTs can be seriously considered and be commercially competitive. The research phase has
progressed enough to enable the initiation of the long development phase. In the latter phase, process control,
repeatability, and device yields are the deliverables of the development team. Of course the commencement of
the development phase does not mean that the quest for new and better organic semiconductors will cease. It
just means that the performance of the current crop of organic materials is good enough for the industry to

seriously consider investing in product applications based on organic semiconductors.
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