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Abstract: As the performance of organic field-effect transistors improves, the limitation due to charge carrier injection at
source and drain electrodes becomes crucial. This review describes the various solutions that have been developed to
work around this issue. The most widespread method consists of interposing between the electrodes and the organic semi-
conductor film a self-assembled monolayer made of an appropriate reactive molecule. In that case, the reduction of the
contact resistance may come either from an improved morphology of the semiconductor film, or to a better energy level
alignment at the interface with the electrode. The respective inference of both aspects is discussed. Alternative ways to re-
duce the contact resistance by an appropriate surface treatment of the electrodes prior to the deposition of the semiconduc-

tor are also presented.
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INTRODUCTION

Organic electronics opens new opportunities to the de-
velopment of a new generation of semiconductor devices
featured by low cost, flexibility, low weight and low power
consumption. Several applications have been foreseen, span-
ning from displays and lighting (organic light emitting di-
odes, OLEDSs) to solar energy conversion (organic photovol-
taic cells, OPVs) [1]. Within the general domain of electron-
ics, the organic field-effect transistor (OFET) holds a pivotal
position, because transistors at large are the central element
of all electronic circuits. Devices that have received attention
as potential applications for OFETSs include smart cards, ra-
dio frequency identification (RFID) tags, electronic paper
and backplane circuitry for active matrix displays. All of
them benefit from the ability of OFETS to be integrated into
flexible, large area devices, and also from the low-cost and
little energy demanding fabrication processes. Prototypes of
new products have been unveiled, and some of them are cur-
rently close to their introduction into the market.

Since the beginning of OFETS, 25 years ago, continuous
efforts have been devoted to the synthesis of air stable, high
mobility semiconductors based on small molecules and
polymers. A remarkable breakthrough in the recent years has
been the synthesis of air-stable, soluble, high-mobility n-type
organic semiconductors based on perylene derivatives,
which paves the way to the achievement of an organic com-
plimentary circuitry [2, 3].

However, as performance improves, interfaces tend to
play a role as crucial as materials in the overall performance
of the devices. There are two Kkinds of interfaces in a

*Address correspondence to this author at the ITODYS, Université Denis-
Diderot, 15 rue Jean-Antoine de Baif, 75205 Paris cedex 13, France;
Tel: +33 1 5727 5430; Fax: +33 1 5727 7263;

E-mail: horowitz@univ-paris-diderot.fr

1874-1835/11

transistor; that between the semiconductor and the gate di-
electric, where the conducting channel forms, and that be-
tween the source and drain electrodes and the semiconductor
film, where charge carriers are injected and retrieved. The
present review focuses on the latter. We will in particular
discuss the still controversial issue of what is the predomi-
nant mechanism that controls charge carrier injection at the
source electrode, morphology or energy level alignment.

BASIC CONCEPTS
Operation of the Field-Effect Transistor

Most organic transistors adopt the so-called insulated-
gate geometry, which can be visualized as a capacitor where
one of the plates is constituted by the organic semiconductor
film. The other plate is the gate electrode that controls the
current flowing in the device. The semiconductor film is
equipped with two additional electrodes, the source and the
drain, whose function is to inject and remove charge carriers
into the semiconductor. Because an organic semiconductor
essentially behaves as an electrical insulator, practically no
current flows in the semiconductor film when a voltage Vp is
applied between source and drain. However, applying an
appropriate voltage V¢ to the gate results in the charging of
the capacitor, thus leading to charge injection at the semi-
conductor-insulator interface, and a substantial increase of
the source-drain current. In most cases, the organic transistor
is a unipolar device (it works with one kind of charge carri-
ers); an n-channel transistor works with electrons and a p-
channel transistor with holes. The device is in its on state
when Vg is positive for an n-channel device (negative for a
p-channel device).

The various configurations that the three elements of the
organic transistor can adopt are depicted in Fig. (1).

One can distinguish two regimes in the current-voltage
characteristic of an organic transistor: The linear regime,
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Fig. (1). Cross-sectional view of the various configurations an organic transistor can adopt.

which is observed at low source-drain voltages, and the satu-
ration regime, when the source-drain voltage exceeds the
gate voltage. The modification of the electrical potential (and
in turn the charge density) profile alongside the channel un-
der application of a voltage to the drain explains this behav-
ior. The linear regime dominates as long as the source-drain
voltage is lower than the gate voltage. When Vp increases up
to Vg, the potential at a given point (close to the drain elec-
trode) of the channel falls to zero, the channel is pinched off
and the drain current saturates. The drain current in the linear
and saturation regimes is described by Egs. (1) and (2),
where W and L are the width and length of the channel, p the
mobility of charge carriers, C; the capacitance (per unit area)
of the gate dielectric and V1 the threshold voltage.
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Fig. (2) shows representative characteristics of an n-
channel transistor. The main parameter that controls the per-
formance of the device is the charge carrier mobility u, which
can be extracted from the transfer characteristic. Other im-
portant parameters are the on/off ratio, and the subthreshold
slope that measures the switching capability of the device.

The Metal-Semiconductor Interface

The performance of an organic transistor not only relies
on the way charge carriers are transported along the conduct-
ing channel, but also on how they are injected into the semi-
conductor. This is largely because charges that intervene in
the process of charge transport practically exclusively come
from the electrodes. This means, for an n-channel device,
injection of electrons into the LUMO level, and for a p-
channel device, injection of holes into the HOMO level. Ide-
ally, contacts should be ohmic; that is, capable of providing
any kind of charge carrier with negligible voltage drop. In
practice, and in contrast to what found in silicon, contacts in
organic transistors result of a direct metal-semiconductor
junction, without any doping of the semiconductor. Under
such circumstances, holes and electrons experience an injec-
tion barrier that correspond to the difference between the
HOMO and LUMO levels and the Fermi level of the metal,
as shown in Fig. (3).

In reality, the picture given in Fig. (3) may be substan-
tially modified by the presence of an interface dipole that
induces a shift of the vacuum level at both side of the inter-
face [5, 6]. The origins of the dipole are diverse. Its effect is
particularly important when the Fermi level approaches the
edges of the HOMO-LUMO gap. For this reason, the injec-
tion barriers cannot get below a minimum value that can be
estimated to around 0.2 eV. The mechanism of this “Fermi
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Fig. (2). Representative current-voltage characteristics of an n-channel organic field-effect transistor. (a) output characteristics with
indication of the linear and saturation regimes; (b) transfer characteristic in the linear regime (Vp < Vg); Vo is the onset voltage, where the
drain current increases abruptly; (c) transfer characteristic in the saturation regime (Vp > Vg — V7); V1 is the threshold voltage, which can be
extracted from a linear fitting of the square root of the drain current (adapted from Ref. [4]).
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Fig. (3). Energy level alignment at a metal-semiconductor interface.
The electron (hole) injection barrier is given by the difference
between the electron affinity and the Fermi level of the metal
(Fermi level and ionization potential).

level pinning” is depicted in Fig. (4) [7]. Here, Wy, is the
electrode work function and A the interface dipole.

As will be detailed in the following, an elegant way to
control the injection barrier is to purposely introduce an ap-
propriate interface dipole. This can be done for instance with
the help of a suitable self-assembled monolayer.

Morphological Effects

Another source of contact resistance has been identified
from the early stage of organic electronics. It comes from
morphology rather than energy level alignment. Direct evi-
dence for the role of morphology is given by the importance
of the device architecture on its final performance. Top-
contact transistors (see Fig. 1) have better performance in
terms of mobility and threshold voltage over bottom contact
devices [8]. This can be understood by thinking of depositing
a layered crystal structure such that of pentacene over a sub-
strate that presents different surface properties. Fig. (5) illus-
trates the dramatic effect the transition between the electrode
and the dielectric can induce in a bottom contact configura-
tion. The diagram shows two types of disorder introduced in
a short molecule layer as its growth is confronted with a dis-
continuity in the surface energy of the substrate. On the low-
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energy-surface dielectric, the molecules tend to align straight
on the surface, while they lay down on the metal high-energy
surface [9]. The step existing at the metal-dielectric transi-
tion reinforces this tendency to disorder. There are two ways
to work around this issue: (1) realizing a planar structure
where the electrode and the insulator would be on the same
level. Such a solution poses huge technological problems
that have not been all solved to date; [10] (2) modifying the
electrode surface to decrease its surface energy. This has
been done with the help of self-assembled monolayers [11-
13].

The top-contact configuration does not suffer this prob-
lem. Here, the organic semiconductor is deposited on a ho-
mogeneous planar surface where the molecules can adopt a
well-ordered configuration over the whole area. However,
this architecture most often limits to large channel distances
because the use of photolithography is problematic, because
of the sensitivity of the organic semiconductor to process
chemicals.

SELF-ASSEMBLED MONOLAYERS

Production

After the first description of gold-alkylthiolate self-
assembled monolayers (SAM) by Allara and Nuzzo in 1983,
many groups initiated works on the preparation and charac-
terization of SAMs on metals. Several reviews are now
available in the literature. For a comprehensive review on
alkanethiol monolayers on gold surfaces, we send the reader
to Ref. [14].

SAMs are most commonly grown from solution, but can
also be deposited from the vapor phase. By recording the
kinetic of its growth, it has been shown that the formation of
a SAM obeys a two-step mechanism: At the end of the first
and fast (a few minutes) step, the contact angle reaches a
value close to its limit, and the thickness of the layer is about
80 to 90 % of its maximum value. This first step is followed
by a much slower process, which may lasts up to several
hours, where both the contact angle and thickness reach their
final value [15]. The first step can be describe as a diffusion
controlled chemisorptions; its kinetic strongly depends on
the concentration of reacting molecules in the solution, and
is governed by the chemical reaction of the reactive group
with the surface. The activation energy of the reaction may
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Fig. (4). lllustration of the Fermi level pinning occurring at a metal-semiconductor interface when the Fermi level of the metal approaches
the LUMO (left) or HOMO (right) level. In both cases, a dipole forms at the interface, which shifts the vacuum level by an energy A.
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Fig. (5). llustration of the effect of the configuration of the
substrate on the morphology of the semiconductor film in a bottom-
contact organic transistor.

also depend on the electron density of the adsorbing sulfur.
The second step can be viewed as a crystallization process,
where the alkyl chains, initially disordered, tend to form a
2D array. It is noteworthy that the speed of the second step
increases with the length of the alkyl chain, which is inter-
preted in terms of increased interchain van der Walls interac-
tion.

The chemisorption of an alkylthiol on gold may be for-
mally considered as an oxidative addition of the SH group to
the gold surface, followed by a reductive elimination of the
hydrogen. In the case of a clean gold surface, the protons
most probably end in H, molecules, as can be inferred from
the fact that monolayers can also been formed from the gas
phase in the complete absence of oxygen [16]. From this
simplified picture, it is clear that the formation of a SAM
induces that of surface dipoles, which will play a key role in
the action of the SAM in an organic transistor.

A crucial aspect of SAMs on gold and other transition
metals is their stability. The thermal stability of alkanethiol
SAMs has been studied by a large number of research
groups. Their thermal desorption has been reported to occur
at relatively high temperatures, in the range 170-230 °C [17].
As a general rule, alkanethiol SAMs are quite stable and can
form a robust barrier against the oxidation or corrosion of the
metal. For example, silver surfaces covered with alkanethiol
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monolayers could be kept in ambient atmosphere without
showing any tarnishing for many months. Similarly, SAM
protected copper surfaces are not attacked by nitric acid [15].

Measuring the Contact Resistance

The most widespread technique to estimate contact resis-
tances is the so-called Transfer Line Method (TLM), which
consists of measuring the transfer characteristic in the linear
regime of several devices with various channel lengths [8,
18-21]. The basic concept that supports the TLM is that in a
real device, the channel resistance Renannel IS iN series with an
additional resistance that mirror the charge injection process
at the source electrode. Calling R¢ this additional resistance,
and using (1) to estimate the channel resistance in the linear
regime, the total resistance Roy is given by:

L
R, ,=R.+—m+-——. 3
N WuC (V, - V) @)

What Equation (3) teaches us is that plotting the total re-
sistance of the device as a function of the channel length
should give a straight line whose extrapolation to zero length
would correspond to the contact resistance, while the slope
of the line can be used to estimate the mobility.

More reliable, yet more difficult to implement, is the
four-probe technique that consist of introducing to additional
electrodes between the source and the drain [22-24]. The
principle of the technique is illustrated in Fig. (6), where AVs
and AVp are the source and drain potential drops due to con-
tact resistance, respectively.

A major advantage of the four-probe technique is that it
allows for separately determining the source and draining
contact resistances. Its main difficulty is to avoid any distur-
bance of the potential distribution between sources and drain
when patterning the two additional electrodes [25]. This is
generally done by making electrodes that hardly penetrate
into the channel region, as shown in the left of Fig. (6).

Morphological vs. Dipolar Effects

Energy level alignment is the leading feature that con-
trols charge injection in organic electroluminescent diodes
and photovoltaic cells. This is because in a diode structure,
the area of the contacts largely dominates over the thickness
of the device, so that charge injection prevails over charge
transport within the bulk of the device. In that case, the pres-
ence of an interface dipole most often prevents easy tuning

Vb
AVp i

Avs
Vi Vs

Fig. (6). Principle of the four-probe technique. Left: Image of the four electrodes; right: Potential diagram along a line perpendicular to the

source and drain electrodes.
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of the injection barrier height. Early work by Campbell and
coworkers has shown that an elegant way to work around
this issue is to purposely introduce on top of the metal elec-
trode a SAM bearing a counter-balancing dipole [26]. Kelvin
probe was used to estimate the work function of a silver
electrode modified with thiol SAMs terminated with various
end groups. A decrease of the work function was observed
with CH3 and NH, end groups, while it increased with CF.
These results were in agreement with the calculated dipolar
moment of the respective molecules. Later, another group
confirmed these predictions by fabricating and characterizing
diodes made of a modified Ag electrode and MEH-PPV, a
derivative of polyphenylenevinylene, as the semiconductor
[27]. With the CH; terminated SAM, the work function of
silver was lowered down to 3.8 eV, and the hole current of
the diode was completely blocked, while with the CF; end
group, the work function of the electrode rose up to 5.5 eV
and the current of the diode increased by six orders of mag-
nitudes at 5 V bias.

No improvement of that amplitude has been reported in
organic transistors, which has been attributed to the very
different geometry as compared to that of the diode. Instead,
the effect of SAM is often attributed to morphological ef-
fects. Recent works by Bock and coworkers seem to cor-
roborate early results going in that direction [11, 12]. In this
case, the SAMs were made of thiols with an anthracene end
group. Interestingly, TLM measurements did not show any
improvement of charge injection; instead, the channel resis-
tance decreased by a factor of ten. On the basis of tempera-
ture dependent data, the authors went to the conclusion that
the improved charge transport had to be attributed to a strong
reduction of the density of traps.

However, other results seem to indicate that barrier low-
ering through the mechanism described by Campbell does
also lead to a reduction of contact resistance in transistors,
yet at a lesser degree than that observed in diodes. First, a
Dutch group reported on transistors made of MEH-PPV and
regio-regular polyhexylthiophene (rr-P3HT) with gold elec-
trodes modified by decanethiol SAMs with CH3; and CF; end
groups [28]. This time, TLM measurements indicated that
the channel mobility only depends on the nature of the semi-
conductor, not on that of the contact. As for the contact resis-
tance, it was found to be one order of magnitude larger for the
SAM-modified devices with respect to the untreated elec-
trodes. However, the contact resistance was lower with the
CF; terminated SAMs than with the CH; terminated SAMs.

More recently, a group in Paris reported on a similar
work with pentacene as the semiconductor [29]. In this case,
the TLM extracted contact resistance showed a clear increase
of the contact resistance with CH; terminated SAMs and an
improved injection with the fluorinated SAMs, which is ex-
actly what expected from the respective work functions of
the modified gold electrode. Interestingly, the morphology of
the pentacene on the electrode did not follow the same trend.
Instead, the film showed a fibrillar structure on bare gold,
indicative of molecules lying down on the substrate [9],
while the structure characteristic of standing molecules was
observed on both SAM-modified electrodes. In other words,
there was no correlation between morphology and contact
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resistance. All the effect could be attributed to dipole-induced
barrier tuning.

These observations have been extended to n-channel
transistors, with perfectly symmetric results. That is, SAMs
bearing a dipole moment pointing towards the semiconduc-
tor produce a decrease of the contact resistance, while those
with a dipole moment in the other direction lead to an in-
crease of the contact resistance [30]. Again, these experi-
mental facts are in good agreement with the energy level
alignment model.

Other Surface Treatments

Several other surface treatments have been used to im-
prove charge injection at electrodes. In a first example, a
Swiss group has realized a pentacene-based transistor were
the semiconductor layer was doped with 1.5 % of tetra-
fluoro-tetracyano-quinodimethane (FATCNQ), resulting in a
reduction of the contact resistance by a factor of 20 [31]. The
improvement is explained in terms of doping of the semi-
conductor, leading to an easier injection of holes by a
mechanism of field emission, a well-documented process in
conventional microelectronics.

In a second example, a thin layer of oxide was grown on
top of gold source and drain electrodes by a UV-ozone
treatment, also leading to a substantial reduction of the con-
tact resistance. This counter-intuitive result was rationalized
by a reduction of the injection barrier, while hole can tunnel
through the thin oxide layer [32].

An even more puzzling result was reported by a group at
the University of Singapore [33]. The gold electrode treat-
ment that led to the reduction of contact resistance simply
involved dipping the electrodes into Piranha solution prior to
the deposition of the semiconductor layer. In this case, an
analysis of the transport characteristics suggests that the im-
provement is due to a doping of the semiconductor close to
the electrode interface.

CONCLUSION

The most widespread technique to improve charge injec-
tion at the source electrode of organic transistors with bot-
tom contact structure is the modification of the electrode by
a self-assembled monolayer prior to the deposition of the
semiconductor layer. The interpretation have been put for-
ward to account for the improvement: (1) The presence of
the SAM may lead to a better morphological structure of the
semiconductor; (2) The enhanced charge carrier injection
comes from a better energy level alignment at both sides of
the electrode-semiconductor interface. Recent investigations
seem to suggest that the latter is the prevalent element. Other
surface treatments have been investigated, with in some
cases an impressive improvement obtained with very simple
processes. In conclusion, much work remains to be done in
this field.
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