Organic Field-Effect Transistors

By Gilles Horowitz*

Organic field-effect transistors (OFETs) were first described in 1987. Their characteristics have undergone spectacular im-
provements during the last two or three years. At the same time, several models have been developed to rationalize their op-
erating mode. In this review, we examine the performance of OFETs as revealed by recently published data, mainly in terms
of field-effect mobility and on—off current ratio. We compare the various compounds that have been used as the active com-
ponent, and describe the most prominent fabrication techniques. Finally, we analyze the charge transport mechanisms in or-

ganic solids, and the resulting models of OFETs.
1. Introduction

The principle of the field-effect transistor (FET) was first
proposed by Lilienfeld in 1930.11 Basically, a FET operates
as a capacitor where one plate is a conducting channel be-
tween two ohmic contacts, the source and drain electrodes.
The density of charge carriers in the channel is modulated
by the voltage applied to the second plate of the capacitor,
the gate electrode. It was only in 1960 that Kahng and Atal-
1a®! fabricated the first silicon-based metal-oxide-semicon-
ductor FET (MOSFET). Nowadays, the MOSFET is
probably the most prominent constituent of modern
microelectronics, both as discrete devices and in integrated
circuits. The MOSFET has several acronyms, including
MISFET (metal-insulator-semiconductor FET), which will
be chiefly used here, and IGFET (insulated gate FET).
MOSFETs are mainly fabricated with single-crystalline sil-
icon, because of the excellent quality of the silicon-silicon
oxide interface.

Although first descriptions of the field effect in organic
semiconductors date back to 1970, organic FETs
(OFETs) have only been identified as potential elements
of electronic devices since the report by Koezuka and co-
workers, in 1987, on a structure based on electrochemically
polymerized polythiophene.! Polythiophene belongs to
the family of conducting (or conjugated) polymers (CPs)
that were discovered in the late 1970s. It appeared more re-
cently that small conjugated molecules, the semiconducting
properties of which have long been recognized,”! are also
promising materials for this application. OFETs adopt the
architecture of the thin film transistor (TFT), which has
proven its adaptability with low conductivity materials, par-
ticularly in the case of amorphous hydrogenated silicon (a-
Si:H).®l The performance of OFETs has continuously im-
proved since then, and some OFETs now compete with
amorphous silicon FETs, which are now preferred to con-
ventional crystalline silicon FETs in applications where
large areas are needed.
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Several reviews on OFETs have been published in the
past.’! In the present paper, I shall concentrate on the
present state-of-the-art of OFETs. The various materials
and fabrication techniques will be detailed, and their per-
formance compared. A survey of the charge transport me-
chanisms in organic semiconductors will also be made, and
various models developed for the OFETs examined.

2. Field-Effect Transistors!'?!

The structures of three kinds of FET are illustrated in
Figure 1. A MISFET (Fig. 1a) consists of a p-type semicon-
ductor on which two n* regions have been formed. Two
ohmic contacts, the source and the drain, are constructed
on these doped regions. The third electrode, the gate, which
is used to modulate the conductivity of the source—drain
channel, is isolated from the semiconductor substrate by an
insulating layer. In the MESFET (Fig. 1b), the n* source
and drain are grown on an n-type substrate, and a Schottky
barrier is used to isolate the gate electrode. Finally, the
TFT (Fig. 1c) consists of a thin semiconducting layer
equipped with two ohmic contacts and an insulated gate.

2.1. The MISFET

2.1.1. Metal-Insulator-Semiconductor Junction

The energy-band diagram of an ideal MIS diode is given
in Figure 2 (for a p-type semiconductor). The diode is
termed ideal because the bands are flat for zero applied
voltage. This is the case when Equation 1 is fulfilled.

E
¢m—(x+2—;+¢b):0 1)

Here, ¢, is the metal workfunction, E, the semiconduc-
tor bandgap, g the absolute electron charge, and ¢, the po-
tential difference between the Fermi level and the intrinsic
Fermi level E; (which is located very close to midgap.) (In
the non-ideal case, a small band curvature exists at the in-
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Fig. 1. Schematic views of three kinds of field-effect transistor: a) the metal-
insulator-semiconductor FET (MISFET), b) the metal-semiconductor FET
(MESFET), and c) the thin film transistor (TFT).
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Fig. 2. Band diagram of an ideal metal-insulator-semiconductor structure at
equilibrium.
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sulator-semiconductor interface, and a small potential Vi,
the so-called flat-band voltage, must be applied to the met-
al to get the flat-band conditions.) When the MIS diode is
biased with positive or negative voltages, three different
situations may occur at the insulator-semiconductor inter-
face. For a negative voltage (Fig. 3a), the bands bend up-
ward and the top of the valence band moves closer to the
Fermi level, causing an accumulation of holes near the in-
sulator—semiconductor interface. A depletion of majority
carriers occurs in the case of a moderate positive voltage
(Fig. 3b). When a larger positive voltage is applied to the
metal (Fig. 3c), the bands bend even more downward and
the intrinsic level eventually crosses the Fermi level. At this
point, the density of electrons exceeds that of the holes,
and one enters the inversion regime.

2.1.2. Principles of Operation

In all cases, the source contact will be assumed to be con-
nected to the ground. When a sufficiently high positive
voltage is applied to the gate of a MISFET (see Fig. 1a), an
inversion layer forms at the insulator-semiconductor inter-
face, providing a conducting channel between the source
and the drain. This turns the device on. One of the main ad-
vantages of the MISFET structure is that the depletion re-
gion between the p-type substrate and both the n-channel
and the n" regions below the source and drain contacts pro-
vides isolation from any other device fabricated on the
same substrate. Very low off currents are also achieved be-
cause both n* regions act as reverse-biased diodes.

The current-voltage characteristics of the MISFET are
calculated in the gradual channel (or Shockley) approxima-
tion, based on the assumption that the electric charge den-
sity related to a variation of the electric field along the
channel is much smaller than that related to a variation
across the channel, namely |oF./ox | ¢ | oF,/dy |, where Fis
the electric field, and x and y the directions parallel and per-
pendicular to the insulator-semiconductor interface, re-
spectively. This condition is generally fulfilled when the
channel length L is much larger than the insulator thickness
d;. If we assume in addition that the charge mobility y is
constant, the drain current /4 is related to the source—drain
voltage V4 and source—gate voltage V,, through Equation 2.
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Here, Z is the channel width, C; the insulator capacitance
(per unit area), ¢ the semiconductor permittivity, and N,
the doping level of the p-type substrate. Equation 2 pre-
dicts that, for a given gate voltage, the drain current first in-
creases linearly with the drain voltage (linear regime), then
gradually levels off to a constant value (saturation regime).
It also predicts that the drain current increases when the
gate voltage increases. A set of drain current-voltage
curves for various gate voltages is shown in Figure 4. For a
small Vj, Equation 2 reduces to Equation 3, where V, the
threshold voltage, which corresponds to the onset of the
strong inversion regime, is given by Equation 4.
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Fig. 4. Current-voltage characteristics of a MISFET for various gate volt-
ages.
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Two important technological parameters are the channel
conductance g4 and the transconductance g,,, which, in the

Adv. Mater. 1998, 10, No. 5

V>0 /

7 Fig. 3. Same as Figure 2 for a polarized MIS

diode, under accumulation (a), depletion
(c) (b), and inversion (c) regimes.

linear regime, are given by Equations 5 and 6, respectively.
In the saturation regime, the drain current and transcon-
ductance are given by Equations 7 and 8, respectively.

ol VA
— | =d = ) _
84 = ov LHCI (Vg Vt) (5)
Vg:const
ol Z
= |—d ==uC.V 6
m = v, LMt ©
Vd=const
VA 2
Idﬁsat = i'uci (Vg - Vt> (7)
Z
8m = 7HC (V, = V) (8)
2.2. The MESFET

The principle of the MESFET is illustrated in Figure 1b.
Here, the n* source and drain are connected by an n-type
region. The channel thickness is partially reduced by the
depletion region that forms at the Schottky gate electrode,
the thickness of which is controlled by the voltage applied
to the gate. In a normally off device, the depletion region
extends all over the n-type channel at zero gate voltage,
whereas in a normally on MESFET, a portion of the chan-
nel is not depleted, thus ensuring the passage of a current
at zero V.

To calculate the current-voltage characteristic, it is as-
sumed that the conducting channel is neutral, that the
space charge region is perfectly insulating, and that the
boundary between the two regions is sharp. The drain
current is obtained by integrating Equation 9, where Ny4
and d are the donor concentration and thickness of the n-
channel, respectively, and W(x) the thickness of the space
charge layer at point x. The latter is given by Equa-
tion 10, where Vy; is the built-in potential of the Schottky
gate contact.

dx

GUN Zd—W ()

dv =1I,dR = I, 9)
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Inserting Equation 10 into Equation 9 and integrating
from source to drain yields Equation 11, where gy, given by
Equation 12, is the conductance of the bulk n-type region,
and V, (Eq. 13) is the pinchoff voltage, that is, the gate
voltage at which the depletion layer thickness is equal to
that of the n-type channel.

3/2 3/2
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As for the MISFET, Equation 11 is only valid for drain
voltages such that the neutral channel extends up to the
drain. For higher values of the drain voltage, saturation is
reached and the drain current is given by Equation 14.
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2.3. The Thin Film Transistor

The concept of the thin film transistor (TFT) was first in-
troduced by Weimer in 1962.1"%) This structure is well
adapted to low conductivity materials, and is now currently
used in amorphous silicon transistors.®! As seen in Fig-
ure 1c, the source and drain electrodes form ohmic con-
tacts directly to the conducting channel. Unlike both the
structures described above, there is no depletion region to
isolate the device from the substrate. Low off currents are
only guaranteed by the low conductivity of the semicon-
ductor. A second crucial difference to the MISFET is that,
although the TFT is an insulated gate device, it operates in
the accumulation regime and not in the inversion regime.
For this reason, care has to be taken when transferring the
equations of the drain current from the MISFET to the
TFT. In fact, the absence of a depletion region leads to a
simplification of Equation 2, which can now be written as
Equation 15.

z 14
Iy =2 kG, (vg —V, - Td) v, (15)
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Here, the threshold voltage is the gate voltage for which
the channel conductance (at low drain voltages) is equal to
that of the whole semiconducting layer. It is given by Equa-
tion 16, where N is the density of doping centers (donors or
acceptors, depending on whether the semiconductor is n-
or p-type). Equation 16 assumes that all doping centers are
ionized, which is far from being the case in organic semi-
conductors, as will be seen later.

_gNd
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1

V (16)

In the saturation regime, the current is given by Equa-
tion 7. Once again, it must be borne in mind that this equa-
tion was derived under assumptions that are not always ful-
filled in organic semiconductors, particularly that of a
constant mobility.

3. Charge Transport in Organic Materials

3.1. Hopping

In metals and conventional semiconductors, charge
transport occurs in delocalized states, and is limited by the
scattering of the carriers, mainly on phonons, that is, ther-
mally induced lattice deformations. Such a model is no
longer valid in low conductivity materials such as amor-
phous or organic semiconductors, where a simple estimate
shows that the mean free path of carriers would become
lower than the mean atomic distance. In these materials,
transport occurs by hopping of charges between localized
states. A main difference between the delocalized and loca-
lized transport is that, in the former, the transport is limited
by phonon scattering, whereas in the latter, it is phonon as-
sisted. Accordingly, the charge mobility decreases with
temperature in conventional semiconductors, the reverse
being true in most organic materials. Several models have
been developed to rationalize the hopping transport. In
most cases, the temperature dependence of the mobility
follows a law of the form u = poexp[—(Ty/T)"], where o is
an integer ranging from 1 to 4. The boundary between the
localized and delocalized processes is usually taken at a
mobility between 0.1 and 1 cm?V~'s™. The mobility in
highly ordered molecular crystals is close to that limit, so
that there is still controversy as to whether the conductivity
in these materials should be described by localized or delo-
calized transport.

3.2. The Small Polaron

Localization in conjugated organic materials occurs via
the formation of polarons. A polaron results from the de-
formation of the conjugated chain under the action of the
charge. In other words, in a conjugated molecule, a charge
is self-trapped by the deformation it induces in the chain.

Adv. Mater. 1998, 10, No. 5
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This mechanism of self-trapping is often described through
the creation of localized states in the gap between the va-
lence and the conduction bands, as shown in Figure 5 in the
case of polythiophene.[“] The existence of such levels in
doped conjugated polymers and oligomers has indeed been
identified by UV-visible spectroscopy.

Fig. 5. A polaron in polythiophene. Top: Change in the chemical structure.

Bottom: Corresponding energy diagram.

A useful model to describe the charge transport in organ-
ic materials is that of the small polaron, developed by Hol-
stein.!” It is a one-dimensional, one-electron model (that
is, the electron—electron interactions are neglected). The
total energy of the system is the sum of three terms. The
lattice energy Ey (Eq. 17) is given by a sum of N harmonic
oscillators that vibrate at a unique frequency w,.

N 2
S (ﬁi) Y. (17)

Here, u,, is the displacement of the nth molecule from its
equilibrium position, and M the reduced mass of each mo-
lecular site. The electrons are described within the frame of
the tight-binding approximation, where it is assumed that
the effect of the potential at a given site of the one-dimen-
sional chain is limited to its nearest neighbors. In that case,
the energy dispersion of the electron is given by Equa-
tion 18, where J is the electron transfer energy and a the
lattice constant. Finally, the electron-lattice coupling is ac-
counted for by a term of the form given in Equation 19,
where A is a constant.

E, = E, —2Jcos(ka) (18)
e, = —Au, 19)

An important parameter is the polaron binding energy
Ey, which is defined as the energy gain of an infinitely slow
carrier due to the polarization and deformation of the lat-
tice. In Holstein’s model, E, = A%/(2Mw,?). The limit of the
small polaron turns up when the electronic bandwidth, 27,
is small compared to the polaron binding energy. In that
case, the electronic term of the total Hamiltonian can be
treated as a perturbation. The mobility of the small polaron
is calculated by solving the time-dependent Schrodinger
equation. Its high-temperature limit (7 > @, where the De-
bye temperature @ is defined by k@ = fhiwg) is given by
Equation 20. It is worth pointing out that the term ea’/h
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has the dimension of a mobility, and is close to 1 cm? V's™
in most molecular crystals.

nea? J? —3/2 E
= | T _Tb 2
w= 5 D) exo (- 5 (20)

3.3. Field-Dependent Mobility

A general feature of charge transport in organic materi-
als is that the mobility becomes field dependent at high
electric field (namely, at fields in excess of ~10° V/cm).[!°!
This phenomenon occurs through a Poole-Frenkel mecha-
nism,!'” in which the coulombic potential near the localized
levels is modified by the applied field in such a way as to in-
crease the tunnel transfer rate between sites. The general
dependence of the mobility is given by Equation 21. Here,
1(0) is the mobility at zero field, f = (e/mse) the Poole—
Frenkel factor, and F the magnitude of the electric field.

u(F) = (O)exp (2L pVF) (21)

3.4. Multiple Trapping and Release

In the multiple trapping and release (MTR) model,'*! a
narrow delocalized band is associated with a high concen-
tration of localized levels that act as traps. During their
transit through the delocalized levels, the charge carriers
interact with the localized levels through trapping and ther-
mal release. The following assumptions are usually made:
First, the carriers arriving at a trap are instantaneously
trapped with a probability close to one. Second, the release
of trapped carriers is controlled by a thermally activated
process. The resulting drift mobility up is related to the mo-
bility uo in the delocalized band by an expression of the
form in Equation 22.

E
Hp = HooeXp (7 ﬁ) (22)

In the case of a single trapping level, E; corresponds to
the distance between the trap level and the delocalized
band edge, and « is the ratio of the effective density of
states at the delocalized band edge to the concentration of
traps. In the case of energy-distributed traps, effective val-
ues of N; and « have to be calculated. The MTR model is
currently the one most widely used to account for charge
transport in amorphous silicon.

4. Fabrication Techniques

Conventional electronic devices are constructed on sil-
icon wafers. The fabrication of a silicon MISFET starts with
the diffusion (or implantation) of the source and drain, fol-
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lowed by the growth of the insulating layer, usually ther-
mally grown silicon oxide, and ends with the deposition of
the electrodes. Organic semiconductors are obtained as
thin films; accordingly, OFETsS present an inverted architec-
ture, in which the gate electrode is laid down first, the de-
position of the semiconducting film usually being the last
step. Most frequently, the gate is constituted by a highly
doped silicon wafer, on which a silicon oxide layer is ther-
mally grown. The source and drain are deposited on this in-
sulating layer by conventional microlithographic tech-
niques. The main advantage of this approach is the use of
the standard technology of silicon microelectronics, and
particularly that of microlithography, a well mastered pro-
cedure, which allows the fabrication of devices with small
dimensions. One of its major drawbacks is that it is not
compatible with an individual addressing of the various
transistors constructed on the same substrate. However,
other techniques that use organic substrates and insulators
have been developed recently.

4.1. Deposition of the Semiconducting Film

The deposition of the semiconductor is the determining
step of the OFET fabrication, especially when one is using
a thermally oxidized silicon wafer as substrate, where the
rest of the process is controlled by conventional tech-
niques.

4.1.1. Electropolymerization

Electrochemical polymerization is one of the leading
techniques for the synthesis of conducting polymers, and
reports on electrochemically grown OFETs date back to
the late 1980s.[°! Although the technique presents advan-
tages in other applications of CPs, its drawbacks are numer-
ous in the case of OFETs. First, electropolymerization only
occurs on conducting substrates. For this reason, the semi-
conductor is first grown on the source and drain electrodes,
its extension over the insulator being achieved by a lateral
expansion of the deposit. This results in a highly disordered
film, and a poor quality insulator-semiconductor interface.
Second, the CP is obtained in its oxidized, conducting,
form, and has to be reduced (generally eletrochemically) in
order to become semiconducting. This constitutes an addi-
tional source of disorder. Today, this technique is no longer
used in the fabrication of OFETs.

4.1.2. Solution-Processed Deposition

One of the most elegant ways to realize a nice polymer
film is spin-coating. When the technique is well handled, its
allows the production of very homogeneous films with per-
fect control of their thickness over relatively large areas. A
requirement for this technique is a good solubility of the
polymer. Unfortunately, a great number of CPs are not sol-
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uble. The problem may be overcome either by grafting so-
lubilizing groups to the polymer backbone,'*?" or by the
use of a soluble precursor polymer,[ﬂ’zz] which is then con-
verted to the CP by an appropriate physical or chemical
treatment.

4.1.3. Vacuum Evaporation

Spin-coating, which requires high viscosity solutions, is
usually not applicable to small molecules. These are more
appropriately deposited by vacuum evaporation, which
consists of heating the material under reduced pressure.
The process is conducted in a very high or ultra high va-
cuum chamber. The organic material is put into a metal
boat, which is heated by Joule effects, or sometimes with
an electron gun, and the substrate placed a few centimeters
above the boat. We note that, in principle, this technique
cannot be used for polymers, which tend to decompose by
cracking at high temperatures. Its main advantages are the
easy control of the thickness and purity of the film, and the
fact that highly ordered films can be realized by monitoring
the deposition rate and the temperature of the substrate.
Its primary drawback is that it requires sophisticated instru-
mentation, in contrast to the simplicity and low cost of
spin-coating.

4.1.4. Langmuir-Blodgett Technique

An alternative means to make well-organized thin films
of small molecules is the Langmuir-Blodgett (LB) tech-
nique, which allows fine control of both the structure and
thickness of the film. We note, however, that this technique
is in principle restricted to amphiphilic molecules, com-
posed of a hydrophobic chain and a hydrophobic head-
group, which is not the case for most molecules used in
OFETs. Nevertheless, LB-grown OFETs have been re-
ported with mixed layers of quinquethiophene (5T) and
arachidic acid,”! which gave well-behaved devices. How-
ever, the mixing of electrically active and inactive com-
pounds leads to a substantial decrease of the mobility, as
compared to that of a vacuum evaporated film.

4.2. Substrate and Insulator

As mentioned above, most of the OFETs reported to
date were constructed on a silicon wafer and used silicon
oxide as the insulator. Such a structure does not take ad-
vantage of one of the main reasons for interest in organic
materials, namely, the possibility of building electronic de-
vices on plastic substrates. A second important drawback
of the silicon-based structure is the impossibility of address-
ing individually the gates of transistors built on the same
wafer, which prevents the realization of integrated circuits.

Several attempts have been made to build OFETs on
plastic substrates. One of the first was reported by a group
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at the Laboratoire des Matériaux Moléculaires of CNRS.
The device was first built on a glass substrate, and used a
spin-coated organic polymer as the insulator.”* The glass
substrate was then changed to a polymeric film (poly-
imide),[zs] thus making the first “nearly all” organic transis-
tor (the only non-organic materials being the metals used
for the electrodes.) It is worth noting that these devices ex-
hibited characteristics comparable to those made on silicon
or glass, and that no noticeable loss of performance was ob-
served upon bending the flexible substrate. However, in
these devices the organic semiconductor and metal elec-
trodes were still deposited by vacuum evaporation. More
recently, Garnier et al. realized an OFET made by a print-
ing technique,® again on a polymeric substrate. In fact,
only the electrodes were really printed. A further step has
been taken by a group at Bell Labs,””) who built an all-
printed device on an ITO-coated polyester substrate; all
the subsequent layers, namely the polyimide insulator,
semiconducting poly(3-alkylthiophene), and finally the
source and drain, made of a conducting ink, were printed
through stainless steel masks. Interestingly, all the compo-
nents used in that OFET are commercially available.

5. Performance

Since the first report in 1987, the performance of
OFETs has continuously improved. The last two or three
years have seen real breakthroughs, and OFETSs can now
compete with other thin film transistors such as amorphous
silicon devices. The improvements mainly came from the
possibility of making highly ordered films, and are there-
fore more significant for small molecules than for polymers.
In this review, I shall restrict myself to the most recent re-
sults, and concentrate on two parameters that are of pri-
mary importance in OFETSs, namely the field-effect mobil-
ity and the on-off current ratio. The latter indicates the
ability of a device to shut down, and is particularly relevant
in applications such as matrix active displays and logic cir-
cuits. On—off ratios of MOSFETs are in the 10° range,
whereas those of a-Si:H TFT are limited to 10°. We note
that a high mobility insures a high on current, and hence
also contributes to a high on—off ratio.

5.1. Oligothiophenes

The chemical scheme of oligothiophenes (nT, where n
stands for the number of thiophene units) is shown in Fig-
ure 6. Oligothiophenes used in OFETs are either non-sub-
stituted, or substituted at both ends by a linear alkyl group.

/N, s A\
R™ s \/n-2SR

Fig. 6. Chemical structure of unsubstituted (R = H) and alkyl end-substi-
tuted (R = C,H,,1) oligothiophenes.
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The first report of a 6T-based OFET dates back to 1989.1%"!
This was also the first report of an OFET made with a
small conjugated molecule. The importance of the ordering
of the film first appeared when Waragai and Hotta showed
that the dimethyl end-substitution of 3T to 5T leads to a 10
to 100 times increase of the mobility, as compared to their
unsubstituted counterparts.””) This was confirmed soon
after in Thiais with dihexyl-substituted 6T (DH6T).P"! X-
ray diffraction measurements on the latter compound
showed that the improvement was related to the very regu-
lar arrangement of the film, which was formed of a regular
superposition of layers, in each of which the molecules are
packed parallel to each other and nearly perpendicular to
the plane of the film. Such an arrangement is preserved
over thicknesses of up to several micrometers, and makes
the film a two-dimensional medium, in which the charge
transport is favored in the direction parallel to the film,
and hence perpendicular to the long axis of the molecules.
Such an interpretation was confirmed when highly ordered
films of the unsubstituted 6T were grown by heating the
substrate and using low deposition rates,®" which resulted
in both a molecular packing and a field-effect mobility si-
milar to that of DH6T. Identical results have been reported
more recently by the Bell Labs group for both 6T*? and
DH6T.! Interestingly, the devices of the Bell Labs group
were built on silicon wafers, whereas ours used a polymeric
gate insulator, namely polymethylmethacrylate (PMMA).
In a very recent report,**! a group at IBM has measured
mobility values for DH6T ranging from 0.095 to
0.13 cm? V''s™! by using a parylene-c as the gate insulator.
With a polyimide gate insulator, the mobility ranges from
0.09 to 0.10 cm®*V~'s™, whereas with PMMA it extends
from 0.04 to 0.08 cm?>V~'s™, which compares well with that
reported by the Thiais group.

A second significant feature found recently is that, in
contrast with earlier reports, oligothiophenes of different
lengths (from 4T to 8T) have practically identical field-
effect mobility.’>*" Representative data are gathered in

Table 1. Typical mobility [cm®*V™'s™] of recent oligothiophene-based
OFETs.

Compound Unsubstituted Dihexyl-substituted Reference

4T 10*-6x107 [35,36]

ST 1.5x10° [36]

6T 0.01-0.03 0.04 - 0.06 [30-32]
0.09-0.13 [34]

8T 0.01-0.03 0.01 [35,37]

Table 1. It can also be noted that the mobility is practically
independent of the presence or absence of alkyl end substi-
tution. The poorer performance of short chains reported
earlier has been attributed to problems of charge injection
from the source and drain electrodes. This was confirmed
by inserting a buffer layer of tetracyanoquinodimethane
(TCNQ) between the 4T layer and the gold source and
drain,P® which leads to an enhanced drain current.
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6T single crystals of macroscopic size have been grown
recently in Thiais.*® The mobility of OFETs built on these
crystals (with a PMMA gate insulator) lies around
0.1 cm®> V15139 Ajthough this value is significantly
higher than that obtained on polycrystalline 6T
(0.02 cm?*V~'s™) and DH6T (0.05 cm*V~'s™), the magni-
tude of the enhancement does not correspond to what
would be expected if the mobility in polycrystalline films
was limited only by grain boundaries. (As a comparison,
the mobility of polycrystalline silicon is almost one hun-
dred times lower than that of the single-crystalline materi-
al.) Tt is therefore of primary interest to determine whether
the field-effect mobility in single crystalline 6T OFETs is
limited only by flaws in the device (such as highly resistant
contacts, or poor insulator—semiconductor interface) or in-
deed represents the upper limit in this material. In partic-
ular, the field-effect mobility of 6T crystals is still signifi-
cantly lower than the time-of-flight mobility reported in
anthracene!!! and other molecular crystals. We finally note
that an alternative crystal structure has been identified by
the Bell Labs group on melt-grown 6T crystals.[”! The poly-
morphism in oligothiophenes has been very recently con-
firmed in 4T.**! Figure 7 shows a view along the unique
axis of the crystal of the low temperature (LT) and high
temperature (HT) forms of 4T. It will of course be of great
interest to know whether the HT form has better charge
transport properties than the LT form.

a

9

d

b 4

4T 'high temperature’ 4T 'low temperature’'

Fig. 7. View along the unique axis (b) of the two polymorphs of quaterthio-
phene (4T). Left: Low temperature (LT) form. Right: High temperature
(HT) form.

5.2. Other Small Molecules

5.2.1. Phthalocyanines

Phthalocyanines (Pcs) were probably the first reported
organic semiconductors,m and the ones that have been
studied the most. They are thermally stable up to 400 °C,
and easy to evaporate under vacuum. The Pc molecule,
shown in Figure 8, has the structure of a molecular cage,
into which various metals can be introduced. The field ef-
fect was reported in a Pc as early as 1970°! and OFETs
were made in 1988.1*"! Their field-effect mobility ranges be-
tween 0.0001 and 0.01 cm? V1sL.%547 Although Pcs have
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M=H,, metal

Fig. 8. Chemical structure of phthalocyanine (Pc). In metal Pcs, the central
hydrogen atom is changed to the metal atom.

been reported to behave as both n- and p-type semiconduc-
tors, Pc-based OFETs are all p-type. The leading problem
with Pcs remains their extreme sensitivity to oxygen.

5.2.2. Pentacene

Pentacene consists of five aligned condensed benzene
rings. It belongs to the family of polyacenes, which were ex-
tensively studied as organic semiconductors during the
1960s and the 1970s. Although most of the pentacene-based
OFETs consist of vacuum-evaporated films,**" there
have been reports on a solution-processed device,P! using
a soluble precursor molecule. Pentacene films have also
been obtained by pulsed laser deposition,[SZ] a technique
that is widely used in the field of high T superconductors,
and which presents advantages in terms of speed of deposi-
tion and acceptable ranges of pressure. Table 2 sketches typ-

Table 2. Field-effect mobility [cm?> V!s™] of pentacene with various modes
of deposition and substrate temperature (RT: room temperature).

Deposition mode Substrate Mobility Reference
temperature [°C]
Vacuum evaporation RT 0.002 [48]
Spin-coated precursor 0.001 [51]
Pulsed-laser RT 0.03 [52]
Vacuum evaporation RT 0.038 [49]
Vacuum evaporation 85 04 [53]
Vacuum evaporation 120 0.62 [50]

ical results obtained with these different deposition tech-
niques. Mobility up to 0.62 cm*V~'s™ cm?V~'s™ has been
reported.[sol This has been attributed to a highly ordered
morphology, close to that of a single crystal.[53] However,
such a value is only obtained in very narrow ranges of the
deposition parameters (there exists in particular an opti-
mum substrate temperature below and above which the
high mobility is not obtained), which seems to pose serious
problems of reproducibility. The on—off ratio of pentacene
OFETs was reported to reach 108,141 we note, however,
that such a ratio was measured by swinging the gate voltage
between —100 and +100 V, a range which is far from agree-
ing with those used in microelectronics.

5.2.3. Other Fused-Ring Molecules
Among the other p-type molecular semiconductors that
have been studied, one of the most promising is a fused ring

compound, benzodithiophene, formed by two thiophene
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rings fused at opposite sides of a benzene ring. A dimer of
benzodithiophene has been synthesized by the Bell Labs
group,[54] which offers a mobility up to 0.04 cm?> Vs,

5.2.4. n-Type Semiconductors

Most of the organic semiconductors investigated so far
are p-type in their non-intentionally doped form. At-
tempts to dope them to n-type usually lead to ambiguous
results, one of the main problems being the mobility of
the dopants under the high local fields that reign in elec-
tronic devices. The development of organic light-emitting
diodes has introduced the concept of hole and electron
transporting materials, which seems more pertinent for or-
ganic semiconductors. This would mean that a given mate-
rial is “intrinsically” p- or n-type, n-type and p-type mate-
rials being characterized by their high electron affinity
and low ionization potential, respectively. Because an or-
ganic metal-semiconductor (Schottky) diode is always
made of a thin organic film sandwiched between a low-
workfunction material (e.g., aluminum or calcium) and a
high-workfunction metal (gold or ITO), measuring its cur-
rent-voltage characteristic cannot help in determining
whether the semiconductor is n- or p-type; in all cases, the
direct current corresponds to the polarization where the
low-workfunction metal (cathode) is negatively biased. In
the OFET, because the sign of the carriers in the conduct-
ing channel changes, the accumulation regime is set up for
positive gate biases in an n-type semiconductor, and for
negative biases for a p-type semiconductor. Hence, the
OFET is a reliable tool for characterizing a semiconduc-
tor. Evidence of n-type conductivity has been reported for
several materials, a list of which is given in Table 3. A ma-

Table 3. Field-effect mobility [cm? V™'s™'] of n-type organic semiconductors.

Compound Mobility Reference
TCNQ [a] 1.9%107° [55]

Ceo 0.002 -0.08 [56,57]
Cso + TDAE [b] 0.3 [56]

o 0.002 (58]
Perylene-diimide 1.5x10° [59]
NDTCA [c] 0.002 [60]
PDTCA [d] 104 [60]

[a] TCNQ: tetracyanoquinodimethane. [b] TDAE: tetrakisdimethylami-
noethylene. [c] NDTCA: naphthalene tetracarboxylic dianhydride. [d]
PDTCA: perylene tetracarboxylic dianhydride.

jor problem of n-type materials is their strong instability
with respect to oxygen. This is exemplified by Cg,°*") the
mobility of which can be as high as 0.08 cm®*V~'s™ in ultra
high vacuum but falls by 4 or 5 orders of magnitude upon
exposure to air.®® This could be due to problems of con-
tacts, as illustrated by the fact that modifying the surface
of the source and drain electrodes with tetrakisdimethyl-
aminoethylene (TDAE) leads to a substantial increase of
the mobility.">®!
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5.3. Polymers

The performance of polymers stands roughly one order
of magnitude below that of the small molecules. This can
be understood from the fact that solution-processed mate-
rials present a poorer ordering than evaporated small mol-
ecules. We note, however, that a mobility of 0.01 em? Vg™
has been reached recently with a soluble regioregular poly-
thiophene.”’*") An even higher mobility (over 0.1 cm> V™
s™) was reported for polythienylenevinylene in 1993, but
this result has not been reproduced since then. We note fi-
nally that poly(para-phenylenevinylene) (PPV), the most
used CP in organic light-emitting diodes, presents a very
low field-effect mobility, 107 cm? V! s71.162]

Brown and co-workers!®! have shown that the mobility
of soluble polythiophene can be increased by doping the
polymer. However, this increase is accompanied by an
equivalent increase of the conductivity. Consequently, the
gain in mobility is obtained at the expense of the on—off ra-
tio, which reduces the technological interest of the feature.
This behavior was rationalized by using a variable-range
hopping model, a feature that was fortified by the tempera-
ture dependence of the conductivity, which followed the
exp[-(To/T)"] law predicted by Mott. The mobility—con-
ductivity relationship can be described by a simple power
law, u o< ¢°, with & around 0.7. Interestingly, on drawing a
log-log plot of their data together with other data taken
from the literature, Brown et al. find a “universal” curve,
valid for all disordered organic semiconductors.

6. Models

The development of microelectronics would not have
been possible without modeling of silicon devices. The
modeling of OFETs is currently hampered by several fea-
tures. First, the charge transport in organic semiconductors
is still not well understood. Although there is a general
agreement that it occurs via hopping between localized
states, the exact nature of these hops is still controversial.
Second, there are great differences between the behavior
of OFETs made from different compounds; for instance,
polymers do not behave the same as small molecules.
Furthermore, the mode of preparation of the device seems
to strongly affect its final performance. Nevertheless, a few
attempts have been made; they generally concern one
family of materials, mainly the oligothiophenes and, to a
lesser extent, pentacene.

6.1. Charge Transport
Since 1991, the Thiais group has developed a charge

transport model based on the multiple trapping and release
(MTR) model, which is commonly used in amorphous sil-
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icon TFTs.**! A prominent feature shared by amorphous
silicon TFTs and OFETs is that the field-effect mobility is
gate bias dependent. This can be understood by recalling
that a TFT operates in the accumulation regime, which
means that as the gate bias is increased, the Fermi level
gradually approaches the nearest delocalized band edge
(see Fig. 3a). In amorphous silicon, there exists near the
delocalized bands an important density of localized levels,
which act as traps for charge carriers.’! At low gate bias,
nearly all induced charges go to the localized levels, where
their mobility is very low. With an increase of the gate volt-
age, the Fermi level approaches the delocalized band and
more traps are filled, which leads to an increase of the con-
centration of mobile carriers in the delocalized levels. As a
result, the effective mobility increases. We have used this
model to rationalize the characteristics of 6T- and DH6T-
based OFETs. The first problem was how to determine a
gate-bias-dependent mobility. This is difficult when the mo-
bility is estimated from the saturation current and Equa-
tion 7 because, since Equation 7 contains a threshold volt-
age Vi, the departure of the experimental data from the
V1d versus V, straight line at low gate biases can be attrib-
uted to either a lower mobility or to a subthreshold regime.
Instead, we used Equation 6 at very low drain voltage. In
that case, the mobility is simply obtained by differentiating
the drain current as a function of the gate voltage. In all
cases, we observed that ;1 was indeed gate bias dependent.
We also measured the temperature dependence of the mo-
bility, and found that it was thermally activated, with a
gate-bias-dependent activation energy. These results were
used to estimate the energy profile of the density of loca-
lized states, and the “trap-free” mobility, that is, the mobil-
ity corresponding to a high gate bias, at which all traps are
filled. Interestingly, we found a similar trap-free mobility in
6T and DH6T, despite the fact that the effective mobility of
the former is ten times lower than that of the latter. How-
ever, the magnitude of this trap-free mobility, namely
0.04 cm? V~'s™!, was still too low to correspond to transport
in delocalized states, and a model based on the MTR model
is probably not fully justified in our case.

More recently, a similar behavior has been reported in
pentacene by Brown and co-workers.*°! They also used the
transconductance (Eq. 6) at low drain voltage to calculate
the mobility, and found a gate bias dependence of both the
mobility and its activation energy. This was interpreted in
the frame of a polaronic hopping transport, so that the acti-
vation energy was identified as the polaron binding energy.
(We note that, according to Holstein’s theory, Equation 20,
the activation energy should rather correspond to half the
polaron energy.) Once more, the variation of the activation
energy is attributed to disorder, which induces deep loca-
lized levels. These levels are the first to be occupied at low
gate bias. Increasing the gate bias moves the Fermi level to
the polaronic levels, which are those seen at high gate volt-
ages. For pentacene, this limit is around 0.1eV (which
would give a polaron binding energy of ~0.2¢eV.) Finally, a
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connection is made between the behavior of pentacene and
that observed previously for doped polythiophene, where
charge transport occurs through variable range hopping.
According to Brown, the latter regime pertains to “highly”
doped (N > 10" cm™) materials, whereas the regime ob-
served in pentacene is characteristic of low doping levels.

The polaron model was also used by Hotta and Wara-
gail'*”l to analyze temperature-dependent results on
methyl-substituted oligothiophenes. While their data did
not cover a sufficient temperature range for a clear tem-
perature dependence of the mobility to be discerned, they
noticed that u presented a drain voltage dependence, which
they attributed to the F'? dependence given by Equa-
tion 21. Accordingly, the temperature-dependent mobility
could be fitted to a thermally activated law of the form u =
toexp(~Eo/kT), where E, = Ey/2 — f+/F. By extrapolat-
ing E\o to zero electric field, they found a polaron binding
energy of 0.24, 0.18, and 0.16 eV for 4T, 5T, and 6T, respec-
tively. We note that these values are not very different from
that reported by Brown for pentacene.m However, the
drain-voltage-dependent mobility reported by Hotta and
Waragai could also be attributed to the phenomenon of
channel shortening, which will be dealt with in the next
section.

The Bell Labs group has reported a significantly different
behavior for 6T.[! We note that they estimated the mobil-
ity from the saturation current, Equation 7, a method that
does not give access to a possible gate voltage dependence.
When the temperature is lowered, a decrease of the mobil-
ity is detected as well. The activation energy corresponds
to a binding energy of 0.1 eV, in reasonable agreement with
previous reports. The remarkable point is that at tempera-
tures lower than ~50 K, they observe a dramatic rise of the
mobility, which then stabilizes to a value close to that
measured at room temperature. The sharp transition is
interpreted within Holstein’s polaron model, and would
mark the passing from the hopping regime, at high
temperature, to the band regime, at low temperature. If this
were correct, it would be the first evidence for the small
polaron band regime. However, we note that, because of
the very low value of the polaron bandwidth (less than
10™*eV for a typical organic crystal[lsl), delocalized trans-
port in such a band is unlikely in polycrystalline materials,
where crystal defects are abundant. Obviously, this
phenomenon would deserve further confirmation, and par-
ticularly measurements by methods other than the field
effect.

6.2. Current—Voltage Characteristics

Attempts to model the current—voltage characteristics of
OFETs are still scarce, but this article would not be com-
plete without a short review of that field.

A preliminary model has been developed by the Thiais
group, based on the above treated MTR model.* It rested
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on two crude assumptions: First, a single trap level close to
the valence band edge, and second, a constant microscopic
(trap free) mobility. The main result was that, depending
on the gate voltage, the drain current exhibits two regimes,
namely, a trap-limited current at low gate bias, and a trap-
free regime at high gate bias. The transition is marked by a
change of the slope of the square root of the saturation
drain current versus gate voltage plot. Accordingly, we de-
fined a pseudo-threshold voltage at this transition, which
explained the high value of the threshold voltage reported
for early OFETs.

A different model has been reported by the Bell Labs
group.® They assumed constant mobility and trap-free
materials, but introduced two interesting improvements.
First, they took into account the finite resistance of the
source and drain electrode, and leakage through the insu-
lating layer. More interestingly, they also tried to rationa-
lize two effects induced by the use of a short channel. First,
the so-called channel shortening that occurs when the
channel length is comparable to the source and drain de-
pletion layer width, in which case the gradual channel ap-
proximation is no longer valid."®! In that case, the channel
of length L is replaced by a channel of length L; = L — AL
in series with an insulating region of length AL, with AL =0
when Vi < Vg and AL o< Ve — Vg when Vg > Vggar.
Here, Vgygat is the drain saturation voltage. The effect of
channel shortening is a slow increase of the drain current in
the saturation regime, a feature that could account for the
behavior reported by Hotta and Waragai of dimethyl-oli-
gothiophenes.'”! The second short channel effect concerns
a field-dependence mobility, which occurs for source—drain
fields above 10° V/cm, in agreement with similar phenom-
ena observed in other organic materials.

More recently, models have been developed to account
for the on—off ratio of OFETs. We have shown that the ac-
cumulation regime was not sufficient to describe complete-
ly the operating mode of OFETs;"!! we have also to consid-
er the depletion mode, which occurs when the sign of the
gate voltage is reversed. Evidence for a depletion regime,
which becomes important when the semiconductor has a
significant doping level, can be seen in Figure 9. At zero
gate voltage, a non-zero drain current flows, which can be
reduced by applying a positive gate bias (in the case of a p-
type material). The principle of the depletion regime is
quite similar to that of the MESFET, with the difference
that, unlike the MESFET, the TFT is an insulated gate de-
vice. Accordingly, Equation 10 changes to Equation 23.

oo =5 |14 202 (vg—vfb+V(x))

-1 23
C. qNeg @3

Here, Vi, is the flat-band potential, which accounts for
the non-ideality of the MIS junction, and N the concentra-
tion of dopants (donor or acceptor, depending on whether
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Fig. 9. Drain-current-voltage characteristic of a DH6T-based OFET, show-
ing both an accumulation (V, < 0) and a depletion (V, > 0) regime.

the semiconductor is n- or p-type.) The drain current is
now obtained by integrating Equation 9. We note, how-
ever, that in Equation 9, the concentration of carriers is as-
sumed to equal the donor concentration Ny, as is usually
done in inorganic semiconductor. In the Thiais group’s
model,[**7?! a distinction is introduced between the doping
level N and the carrier density #. In the simplest case where
the dielectric capacitance Cs = ¢/d is greater than C;, which
is the case in OFETs where the semiconducting film is thin-
ner than the insulating layer, the drain current in the linear
and saturation regimes is given by Equations 24 and 25,
with the pinchoff voltage being given by Equation 26.

Z n
Iy =2, (Vo= Ve)Va (24)
Z n 2
Idﬁsat = iuﬁci (Vp - Vg> (25)
gNd? C qNd
V. = 1+2= Vo Xt —+V, 26
P2, < + Ci> Ve C + Vi (26)

If we assume that the mobility is the same in the deple-
tion and the accumulation regime, a difference between n
and N can be attributed to traps induced by disorder. Inter-
estingly, we find that n/N ranges between 107 and 107 in
6T,[71‘72] whereas it is close to unity in DH6T.™? Once more,
this could mirror the much better ordering of the latter
compound. We also see from Equation 26 that an im-
provement of the on—off ratio can be obtained by reducing
the pinchoff voltage, which can be done by lowering both
the thickness of the semiconducting film and its doping
level.

A difference between n and N has also been reported by
Brown and co-workers,®**! who attribute it to a distribu-
tion of states below the Fermi level. The ratio n/N is found
to vary from 0.01 in a disordered polymer (a derivative of
polythiophene), to 0.25 in ordered pentacene. These
authors have also developed a model to estimate the on—
off ratio of their OFETs.[*®! They defined two limiting
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cases, depending on the doping level of the semiconductor.
At high doping level, the on—off ratio is given by Equa-
tion 27, whereas at low doping level Equation 28 holds.

Lon rGVv
fon _ 14 HFxi%d (27)
Iy o 2d

2
Loy _ 1 G Vi (28)
I, oqN,d

Clearly, the on—off ratio is not solely dependent on the
ratio of mobility to conductivity. It can also be enhanced by
using an insulator with high capacitance per unit area, and
also by lowering the thickness and doping level of the semi-
conductor layer.

7. Conclusions

The performance of OFETs has undergone real improve-
ments during the past three years. These devices now com-
pete with inorganic TFTs in terms of field-effect mobility,
and it may reasonably be hoped that this will soon also be
the case in terms of on—off ratio. We would like to stress
two crucial needs for the development of organic FETs.
First, because these devices are hampered by inherently
limited performance, they will only compete if they can be
fabricated with low cost technologies, such as spin-coating
and printing techniques. We note that, from this standpoint,
polymers present advantages over small molecules. Second,
a considerable effort remains to be made to model the
charge transport mechanisms in organic semiconductors.
Such an effort should be directed both at theoretical work
and to obtaining highly pure model materials. From this
second viewpoint, small molecules are probably of more in-
terest than polymers.
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