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Organic molecular solids as thin film transistor semiconductors
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The use of discrete organic compounds as active materials in transistors is described, beginning with a-sexithiophene (a-6T) and
progressing to other thiophene oligomers and nonthiophene semiconductors. Device operation, molecular design, synthesis, film

morphology and transport of holes and electrons are covered.

Thin film transistors (TFTs) based on organic semiconductors
are envisioned as key components of plastic circuitry for use
as display drivers! in portable computers and pagers, and as
memory elements in transaction cards and identification tags.?
Such transistors are by no means expected to replace silicon
in high performance or high density devices, but instead are
aimed at applications where ease of fabrication, mechanical
flexibility and avoidance of high temperature excursions are of
particular importance. Organic TFTs are just one class of
organic devices, of which rectifiers, light-emitting diodes, photo-
detectors, solar cells, electro-optic switches and sensors are
other representative examples.!* Since each of these latter
devices would merit extensive discussion in their own right if
treated here, they will instead be considered to be outside the
scope of the present discussion, which will be devoted exclus-
ively to materials issues relevant to the development of
organic TFTs.

A generic embodiment of a TFT device is shown in Fig. 1.3
The ‘off” state is defined as the case of little or no current
flowing between the source and drain electrodes at a given
source—drain voltage, while the ‘on’ state refers to the case
where substantial source-drain current flows at that voltage.
Switching between the two states is accomplished by the
application and removal of an electric field from the gate
electrode across the gate dielectric to the semiconductor—
dielectric interface, effectively charging a capacitor. When the
TFT operates in the so-called accumulation mode, the charges
on the semiconductor side of the capacitor, injected from the
source, are mobile and conduct the source-drain ‘channel’
current. For ‘p-type’ semiconductors, where the organic mol-
ecules would be considered electron donors, the carriers are
holes, while electron-accepting organics are ‘n-type’ and form
channels of electrons. In the absence of a gate field, there is
no channel and ideally no source-drain conduction. In prac-
tice, however, there can be adventitious off-currents caused by
impurities in the semiconductor and by leakage pathways.

While the device structure is fairly specifically defined, there
is some possible variability. The source and drain electrodes
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Fig. 1 Schematic structure of an organic TFT, with the usual ‘bottom
contact’ geometry. The substrate is conductive and often consists of
heavily doped Si. The dielectric would then be SiO,. The source, drain
and gate contacts are typically gold, but other metals or conductive
composites can be used.
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can be fashioned directly on the gate dielectric as in Fig. 1, in
an arrangement known as ‘bottom contacts’, or alternatively,
on top of the semiconductor, the so-called ‘top contact’
geometry of Fig.2. In the former arrangement, charge need
only be injected laterally from the source to form the channel,
while the latter alternative requires perpendicular charge trans-
port as well. This could be aided by selective doping of the
semiconductor under the contacts.* The top contact geometry
has the advantage of larger and more intimate metal-semicon-
ductor charge transfer interfaces than does the bottom contact
geometry.* As will be discussed below, the active material can
comprise two or more semiconductors, varying in bandgap,
band energy, or type, either mixed or in separate layers. The
metal and dielectrics can be composed of a variety of materials
as well.# Finally, the TFTs can be assembled and cascaded to
form higher-order circuit elements.

The semiconductor must possess several distinct but inter-
related attributes. The material must accept charge without a
substantial barrier from the source electrode. The charge must
migrate quickly between the source and the channel without
large hysteresis. The mobility must be high enough to allow
useful quantities of source—-drain current to flow, modulated
by accessible voltage and power. The semiconductor and other
materials with which it is in contact must withstand the
operating conditions without thermal, electrochemical or photo-
chemical degradation. These requirements define the neces-
sary band levels, bandgaps and surface states for the
semiconductors to perform, as illustrated in Fig. 3. Again, at a
‘reasonable voltage’, the highest occupied and lowest unoccu-
pied molecular orbitals (analogous to valence and conduction
band energy levels in inorganic semiconductors) must be
altered so that holes or electrons will enter the channel region
as needed, without creating chemical instability.> Too high a
bandgap would probably mean that the bands themselves
would be too far in energy from the voltage-modified charge
carrier energies at the semiconductor interfaces. For a given
level of chemical or morphological defects, the probability of
trap states would also increase in high bandgap materials.
However, too low a bandgap or low charge carrier energies
increase the likelihood of thermal excitation or chemical doping
of the materials, making them difficult to turn ‘off’. The
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Fig. 2 TFT structure illustrating the ‘top contact’ geometry
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Fig. 3 Relative electronic energy levels of TFT components, under
hole-injection  (p-channel) and electron-injection (n-channel)
conditions

surfaces of the metal contacts and the surface functionality of
the dielectric affect these performance characteristics by influ-
encing the interfacial charge carrier energies, determining the
local solid state structure of the semiconductor and acting as
sites of unwanted traps and chemical reactions.

The two performance parameters that must be optimized in
TFTs are field effect mobility (uyg) and on/off ratio. The former
is related to the absolute quantity of ‘on’ current (I,,) that can
be induced in the device, and is defined for the regimes where
current is linear with respect to source—drain voltage, and
‘saturated’ (independent of source—drain voltage) in eqn. (1)
and (2), respectively,

Ton =[WCiugg Vo (Vo—Vo)]/L (1
Ion=[WCiprg (Vo — VO)ZJ/QL (2)

where W and L are channel width and length, respectively, C;
is the capacitance per unit area of the gate dielectric, and V},
Vs and V, are the drain—source, gate—source and threshold
voltages, respectively.

The latter expresses this current relative to the current (I )
that would flow in the absence of a gate field, as in eqn. (3),

TIon/lose= e Ci Vo /2uph (3)

where . and p are the mobility and density of residual charge
and h is the height of the semiconducting layer.

As will be discussed below, useful on/off ratios (>10°) can
now be obtained from several organic semiconductors. While
these materials have moderate mobilities, their intrinsic con-
ductivities can be rendered vanishingly small through proper
synthesis and purification techniques, leading to very low ‘off’
currents and lowering the denominator of the on/off ratio.
Obtaining practically useful mobilities (>0.1 cm* V™! s71) is
not as facile,® as the intermolecular overlaps in most organic
crystals are small and near-surface crystalline morphologies
are imperfect. It would therefore be tempting to increase the
‘on’ current through chemical doping. This tactic has been
extensively considered, and it was concluded that the off-
conduction increases more rapidly with doping level than does
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mobility. Thus, the mobility of several different semiconductors
approached 0.1 cm? V™ !s™! at high dopant concentrations,
but the conductivity became so high that the on/off ratio fell
below 1.7

This key observation implies that molecular crystalline solids
can be expected to be superior to polymeric semiconductors
in TFTs. While much early TFT work was performed on
conducting polymers such as polythiophene,'® these materials
are doped almost by definition, and probably cannot be
purified to the same degree as discrete molecular compounds.
While the polymer mobilities may have been respectable,
largely because of the doping, the on/off ratios were not
utilizable. However, from a processing standpoint, polymeric
materials are still advantageous in that inexpensive condensed-
phase deposition techniques are available that would avoid
the high vacuum steps associated with the present use of
molecular solid semiconductors, and thus remain attractive for
further study.

Unsubstituted thiophene oligomers

The introduction of molecular crystals as TFT semiconductors
may be credited to F. Garnier and his collaborators at CNRS,
who first demonstrated devices with significant mobilities,
on/off ratios and saturation behaviour using oligomeric thio-
phenes, chiefly the unsubstituted hexamer. The characteristics
of such an early device are shown in Fig. 4. The preponderance
of subsequent data on organic TFTs has also been obtained
using a-sexithiophene (a-6T) as the semiconductor, so it is
appropriate to probe the relevant chemistry, morphology and
device physics of this compound in some detail.

There are three principal ways to synthesize o-6T from the
commercially available terthiophene (2-3T), as shown in
Scheme 1. Neutral o-3T may be oxidatively dimerized by ferric
chloride in a nonpolar aromatic solvent, by a method described
in a European Patent Application.® The chief advantage of
this method lies in the convenience of the reaction conditions.
The disadvantages are the undesirably large quantity of iron
retained in the crude solid product and the finite probability
of bond formation at carbons other than the terminal ones.
Cleaner products are obtained when the o-3T starting material
is first deprotonated with butyllithium or another strong
lithium base, and then oxidized with copper (1) chloride.! This
is probably the most widely employed method, and avoids the
possibility of nonselective coupling. However, a minor side
reaction occurs which places chloro groups at terminal carbons
of the a-6T product.!! Despite the low concentration of this
contaminant, it is difficult or impossible to remove and could
disrupt the solid state structure of films made from the product.
Therefore, a third method was developed where the oxidizing
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Fig. 4 Current—voltage plots for an early a-6T TFT [ref. 24(a)], with
kind permission from Elsevier Science S.A., P.O. Box 564,
1001 Lausanne, Switzerland
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agent for the lithiated a-3T is ferric acetylacetonate.!!!? Besides
again avoiding undesired regiochemistry, no terminally substi-
tuted a-6T products are detected even in crude products
prepared this way.

The isolation of a suitable crude product is only the first
step towards obtaining device-grade o-6T. It is also necessary
to thoroughly triturate the crude product to remove small
organic and inorganic impurities, and then recrystallize and
sublime the product under inert atmosphere and vacuum,
respectively, before reliable device characterization can be
attempted. Establishment of this protocol was a key step in
determining reliable and encouraging performance parameters
for a-6T in TFTs.!* These principles have also enabled high
mobilities and on/off ratios to be observed in a variety of other
compounds, as will be described later. The value of ultrapur-
ification to organic device performance had already been well
delineated for other classes of devices.®!3

a-6T Can be deposited in thin film form with a variety of
morphologies. The deposition temperature, evaporation rate
and functionality of the substrate all influence the grain size
and molecular orientation of the films.!* At room tempera-
ture and slow to moderate deposition rates (<5As71) on
polar surfaces, grain sizes on the order of 100 nm are obtained,
with a preference for flat platelets containing molecules nearly
perpendicular to the substrate, although some parallel molecu-
lar orientation also occurs. The molecular layer spacing is
23-24 A, close to the molecular length. Very fast deposition or
a substrate temperature of 77 K produces smaller grains,
molecules parallel to the substrate and slightly larger layer
spacing. On the other hand, a much higher substrate tempera-
ture of 260°C results in exclusive perpendicular molecular
orientation observable by X-ray and electron diffraction,
UV-VIS dichroism and conductivity anisotropy. Elongated
crystallites and new polymorphs are also observed, some of
which may be mesophases,'® with layer spacings distinct from
those observed after room temperature deposition. The highest
hole mobilities are observed with high temperature depositions
because of the favourable morphology and because of the
additional purification that occurs during film growth. Rapid
thermal annealing or melt growth of the films leads to much
larger crystalline domains, several micrometers in size, but
with extensive fractures that limit the overall hole mobility.!®

The single crystal structure of o-6T, and indeed, any of the

unsubstituted oligomers higher than o-3T, has proved elusive
until very recently. The structure of the trimer was determined
in 1989, and was found to be nearly flat, with torsional angles
of 6-9°.7 The tetramer with terminal methyl groups was found
to adopt a herringbone packing motif with a substantial tilt
of the molecules with respect to the long unit cell axis.!® This
type of structure is common to many conjugated organics and
will be seen to be a harbinger of the a-6T structure in many
respects. The torsional angles between thiophene rings in the
dimethyl a-4T are between 3 and 4°.

Several higher oligomer structures with internal alkyl and
alkylthio substituents have been crystallographically deter-
mined.'® Distortions imparted by the substituents include
larger torsional angles, rotational disorder and poor intermol-
ecular overlap. While certainly providing valuable insight,
especially at the single molecule level, these compounds are
not close models for the superstructures of the high oligomers.
Crystalline polythiophene has been examined by X-ray diffrac-
tion, and the herringbone structure, chain planarity and alter-
nating disposition of the thiophene rings have been established
therein.?° These structural features might therefore be reason-
ably predicted for unsubstituted high oligomers such as a-6T.

Crystal structures of a-6T were at last described in 1995.%
Carefully controlled, solventless growth procedures were used
to obtain the crystal specimens. Surprisingly, two different
structures were found. They share the flat single molecule
structure, monoclinic unit cell and herringbone packing
common to several of the analogues described above. However,
they differ in the position, density and orientation of the
molecules with respect to the unit cell axes. For the so-called
‘high temperature’ polymorph,?’? shown in Fig. 5, the energy
band dispersions were calculated along the three principal axes
of the reciprocal lattice. Significant dispersions were found
along two of the axes, where ‘sideways’ carbon—sulfur contacts
near the van der Waals distance occur. From this calculation,
it could be inferred that high mobilities would be observed in
those two dimensions. Furthermore, X-ray diffraction shows
that the related oligomers a-4T and o-8T pack in arrangements
virtually identical to that of a-6T, both as bulk solids and with
respect to substrate surfaces in thin film form, a prediction
borne out by a very recent single crystal study.??

In the initial demonstration of organic TFTs,? it appeared
that the hexamer represented the minimum length for substan-
tial mobility among the oligothiophenes. The value obtained,
on the order of 1074*cm? V™! s™!, was similar to that pre-
viously observed in conjugated polymers, and was probably
similarly dependent on doping and defect levels. Immediately
subsequent work?* indicated a strong dependence of mobility
on the nature of the gate dielectric and further emphasized the
hexamer as the optimal length. A thorough and understandable
model was also presented to account for the behaviour of the

Fig. 5 Herringbone packing motif and unit cell definition for the ‘high
temperature’ phase of o-6T
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devices, using the standard equations and also including the
role of traps in determining the threshold voltage, above which
the most significant gate-induced currents are observed.
Finally, it was predicted that improved purification of the o-
6T would lead to higher mobilities, along with a preliminary
verification.

Indeed, it was later rigorously shown that improved refine-
ment methods described above lead not only to higher mobili-
ties, well above 0.01 cm? V~!s™!, but also greatly reduced
off-currents, so that the on/off ratio reaches one million and
the semiconductor could be described as intrinsic.!'?
Characteristics of such a device are shown in Fig. 6, where it
may be noted that the current is at the detection limit at zero
gate voltage, without the need for extra ‘depletion’ voltage.
Improvements were also noted for o-4T and o-8T; in fact, the
latter compound had mobility comparable to the hexamer,
and a-4T was noteworthy for its extremely low off-current.!!
A careful analysis of the film thickness and channel length
dependencies of the field-induced currents showed that the
channel in o-6T is confined to an extremely thin region,
perhaps as thin as 50 A, near the dielectric.2’ A ‘two-dimen-
sional’ solid is formed, not primarily because of the mor-
phology, which does happen to be anisotropic, but mainly
because of the potential well that forms near the dielectric
interface and that extends only one to a few monolayers
outward. A hint that the mobility could be further enhanced
was derived from a positive mobility dependence on source—
drain voltage above 0.1 MV cm ™ !. These more detailed obser-
vations were incorporated into a more comprehensive model
that also takes into account circuit elements arising from the
unpatterned deposition of the semiconductor and features of
the external circuit.?® It has also been shown that the tempera-
ture dependence of the a-6T mobility from 4 K to ambient is
nonmonotonic, with a minimum near 45 K.27 This behaviour
is consistent with Holstein’s theory for small polaron motion,
and data can be fitted by the same set of parameters on both
sides of the minimum, except at the very lowest temperatures,
as shown in Fig. 7. Since these parameters (polaron binding
energy and carrier—lattice coupling) are associated with bulk
material properties, it is unlikely that the microscopic mobility
is limited by grain boundaries, and likely that the mobility can
be enhanced by uncovering materials for which these param-
eters are more favourable. There are also indications that
crystalline disorder affects the polaron binding energies. Most
recently, using a different approach, an enhanced mobility of
>0.07 cm? V™! s7! has been observed by constructing transis-
tors from single crystals of a-6T mounted on the gate dielectrics
with source and drain electrodes deposited on the opposite
face of the crystal.?® It is not yet known whether the single
crystal is in a phase with more favourable (lower) values of
the Holstein parameters, or whether the high mobility is due
to the avoidance of gross cracks and contact delamination.
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Fig. 6 Current—voltage plots for an ‘intrinsic’ (dopant-free) o-6T TFT.
Note that the current scale is logarithmic.
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Fig. 7 Temperature dependence of the mobility of «-6T. The squares
are experimental data and the solid curves are fits to the Holstein
theory.

Unsubstituted oligothiophenes have been applied to elec-
tronic devices as Langmuir-Blodgett films*® as well as by
evaporation. Besides TFTs, Schottky diodes*® and active
optical devices®! have been fabricated. The interplay of optical
and electronic effects in thiophene oligomers has recently been
investigated.®?

End-substituted thiophene hexamers

The placing of substituents on oligothiophenes is an attractive
strategy because of the possibility of electronic tuning,
increased processing options and control of the film mor-
phology. As discussed above, substitution anywhere other than
at the 4- or 5-carbons of the terminal rings leads to severe
distortions of the conformation and intermolecular overlap
and would probably be unproductive. Benefits have in fact
been realized by the 5-alkyl substitution of a-6T.333* Two
synthetic strategies have been developed for accomplishing
this, outlined in Scheme 2. In the first, commercially available
alkylthiophenes are appended to S5-bromobithiophene wvia
alkylthienylzinc reagents to form alkylterthiophenes, which are
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then lithiated and dimerized.>* A second route begins with the
acylation of a-3T followed by deoxygenation of the product.>*
The first route avoids the limited yield associated with the
acylation step, but requires careful chromatography. The
second route employs simpler chromatography because of the
polarity contrast of the acylterthiophene intermediate and
provides greater choice over the nature of the eventual alkyl
substituent. Unlike the case of the unsubstituted derivatives,
CuCl, is a suitable coupling reagent for the alkylterthienyl-
lithiums because no chlorinated hexathienyls can form, and it
is advantageous to utilize the relatively high reactivity of CuCl,
to intercept the lithiated compounds before they can isomerize
to (1-lithioalkyl) compounds.

Dihexylated o-6T forms a much smoother, orientationally
homogeneous film than does the unsubstituted parent.®® The
ordered domains are larger and the hexathienyl cores are
directed at a slight but consistent tilt angle relative to the
substrate normal. The influence of the alkyl chains on the
morphology is manifest in the three melting transitions, evi-
dence of mesophases, observed with this compound.® The
mobility is 0.05cm? V™! s~!, higher than typically achieved
without substitution, and less prone to diminution by contami-
nants than that of a-6T. The dihexyl compound has been used
in devices where organic conductive leads were printed on
plastic substrates.*® Use of dodecyl substituents on o-6T yields
a material with mobility comparable to the parent, even though
the proportional volumes of the active moieties and inert
substituents are comparable.>® The melting points are further
lowered and the solubility is increased. It has been demon-
strated that oligothiophenes with fused tetrahydrobenzo
endcaps may be deposited with extremely low conductivities,
useful for low off-currents, although these films are susceptible
to oxygen doping.>’

In an attempt to lower the barrier to hole injection, a-6T
with hexylthio substituents was synthesized.>* Unfortunately,
doping and decomposition levels were too high for this material
to be considered useful. Routes to additional o-6T derivatives
with more elaborate substituents, including polyethers and
electron withdrawing substituents such as formyl and cyano,
have also been devised.*®

Fused ring compounds

In trying to determine whether catenated thiophenes are
essential to the construction of organic semiconductors, a
compound with the thiophenes incorporated into fused benzo-
dithiophene rings was prepared.>® The synthesis is based on
what was originally reported for that ring system, followed by
ferric acetylacetonate coupling (Scheme 3). A mobility of
0.04 cm? V- 1s™! was observed, despite fewer sulfurs, fewer
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total heavy atoms and a different linkage compared to o-6T.
The melting point of this compound is very high, over 400 °C,
and the morphology consists of smooth interconnected grains
with perpendicular orientation. These favourable properties
are best obtained when the substrate temperature is 100 °C.
The conformation of the molecule would be expected to be
flatter than that of o-6T.

At the same time, the semiconducting properties of penta-
cene? were revisited.* The mobility of pentacene turns out to
be extremely sensitive to the deposition conditions. Variations
in the deposition rate over 1-2 orders of magnitude and
substrate temperature over just tens of degrees about ambient
produces films ranging from 107° to 3x 10 2cm? V- 1571,
This is due to the striking changes in morphology that
accompany these variations. At the extremes of low tempera-
ture and/or low deposition rate, amorphous films are produced,
while at more moderate deposition rates and slightly elevated
temperatures, polycrystalline films reminiscent of thiophene
oligomers are obtained. A novel liquid-phase deposition of a
soluble pentacene Diels—Alder adduct followed by in situ
thermal conversion to pentacene produced a mobility of
1073 ecm? V157! and represents a first approach to higher-
order devices including ring oscillators and logic gates made
without high-vacuum deposition of the semiconductor.> The
morphology of these latter films was considered to be
amorphous.*°

More recently, mobilities as high as 0.6 cm®> V™' s~ ! were
reported for pentacene deposited at elevated temperature using
top contact geometry.*! This is a breakthrough value for
organic TFTs, similar to the hole mobility measured in highly
purified organic single crystals such as naphthalene and anthra-
cene using transient photoconductivity techniques,® and also
approaches the electron mobility of amorphous silicon.*? The
exceptional performance of this form of pentacene has been
traced to its forming large (1-10 micron) thin film single crystal
domains, on the order of the device sizes.*® Fig. 8 shows a
comparison of the device characteristics and electron diffrac-
tion patterns of TFT films deposited at ambient temperature
and 85°C. The high temperature electron diffraction pattern
shows single crystallinity, with the long molecular axes perpen-
dicular to the substrate. The highest mobility is associated
with this morphology.

Pentacene shares the flat ribbon shape common to the
thiophene oligomers and the benzodithiophene dimer discussed
above. However, its lack of heteratoms indicates that sulfurs
are not essential for either favourable morphology or high
mobility. It would still be an open question as to whether the
ribbon shape is necessary. Some evidence to the contrary has
been derived from phthalocyanines, which are planar but four-
fold symmetric. Fair mobilities have been reported for phthalo-
cyanine derivatives in highly conductive states.” More recent
work has identified phthalocyanine derivatives which show
mobility comparable to o-6T and edge-on morphologies in
undoped, low conductivity states.** Thus, TFT films can
conceivably be fabricated from compounds lacking sulfurs and
high aspect ratios.

In the course of our own compound screening, we have
considered p-type compounds such as biphenylenediamines*®
commonly used in organic light-emitting diodes and 5,7,12,14-
tetrathiapentacene for TFTs. These compounds are not strictly
planar and to date have not shown high TFT mobilities. Our
present belief is that planarity is extremely important in
designing high mobility p-type compounds.

n-Channel organic transistors

The range of organic compounds that transport predominantly
electrons is much more limited than those which are effective
hole transporters. The highest mobilities have been found with
Ceo-based TFTs:*6 0.08 cm? V! s~ for the neat material, and
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Fig. 8 Current-voltage plots for pentacene deposited on (q) ambient-
temperature and (b) 85°C (bottom figure) substrates. The insets are
plots to determine the threshold voltages, and the electron
diffractograms.

a factor of 3—4 higher for devices grown on substrates pre-
treated with tetrakis(dimethylamino)ethylene. The character-
istics are shown in Fig. 9; the signs of the gate voltage and
drain current are opposite those for p-type devices. These
devices are all much more sensitive to the atmosphere than
are p-type devices, partly because of the chemical sensitivity
of Cq, itself, and partly because of the inherent oxygen sensi-
tivity of electrons (‘radical anions’) in organic materials.
Temperature- and field-effect mobility have also been measured
for a Cg,/C,, mixture containing about 10% C,,.4

Another class of electron carriers are the dyes based on
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Fig. 9 Current—voltage plots for an n-channel, C¢p-based TFT
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perylenetetracarboxylic dianhyride (PTCDA) and its deriva-
tives PTCDI and NTCDA.
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PTCDA has an electron mobility of 10 5 to 10 4cm? V™1 s !
in TFTs.*® The low mobility is due in part to a morphology
which has the molecules lying flat on the surface of the
dielectric. Interestingly, PTCDA transports mainly holes in the
molecular stacking direction, which happens to be perpendicu-
lar to the direction of transport in a TFT. Slightly lower
mobilities are found with substituted and unsubstituted
imides,*® probably reflecting the expected lower electron affin-
ities of the imides. On the other hand, NTCDA shows higher
mobility than the more delocalized PTCDA.>° Although all of
these compounds are more stable than Cg,, the devices again
degrade rapidly with operation in air. This degradation is
reversible, and the devices resume their normal operating
characteristics when moisture is removed from the ambient. It
is possible that higher apparent mobilities would arise from
use of lower work function electrodes, compounds with
improved morphologies or molecules with higher electron
affinities. These routes are being explored. For example, tetracy-
anoquinodimethane has a very high electron affinity, but only
a fair mobility in a highly doped state.”

One higher order effect that has been demonstrated using
n-type semiconductors is related to complementary circuit
fabrication. Heterostructure field effect transistors displaying
distinguishable n- and p-type behaviour in the same devices
have been made from thiophene hexamers as p-type materials
and Cg,, or PTCDA as n-type.”! This double polarity behav-
iour is shown for a-6T/Cg, in Fig. 10. The function of such a
device could be determined in a circuit by the sign of the gate
voltage applied to it. Circuits containing complementary tran-
sistors are important where low power dissipation is a major
consideration.

Summary and outlook

The range of organic molecules displaying substantial semicon-
ducting action in TFTs has been expanded to include various
shapes and constitutions. Several approaches to high hole
mobility have been uncovered, and electron mobility may also
now be seriously considered. A major ongoing challenge is to
produce the highest mobility morphologies without the high
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Fig. 10 Current flow at constant absolute source-drain voltage in a
single o-6T/Cg, heterostructure TFT as a function of sign and magni-
tude of the gate voltage. Substantial currents for both negative drain
and gate (p-channel) and positive drain and gate (n-channel ) operation
are observed.

vacuum deposition procedure, to achieve the most valuable
gains in process efficiency. Once devices are fabricated in this
manner, their packaging and reliability will be an additional
serious concern. The issues of process sequence and long term
stability should evolve as the main foci of future organic TFT
investigations.
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