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Over the last ten years, conjugated oligothiophenes have
emerged as one of the largest families of organic
semiconductors with potential applications in electronics
devices. Thin film transistors (TFTs), photovoltaic solar
cells, light-emitting diodes (LEDs), light modulators,
photochromic switches and laser microcavities are some
examples of devices that have been fabricated with
oligothiophenes as the active materials. The key
advantage of well-defined oligomers over their parent
polymers is the high degree of molecular and crystalline
ordering they can achieve. Polycrystalline and highly
oriented thin films can be easily prepared from solution
or by vacuum deposition. In many cases it has even been
possible to grow single crystals and elucidate their X-ray
structure. The aim of this review is to describe the
structure of oligothiophene crystals and thin films and to
explore its implications on the performances of various
electronic devices.

1 Introduction

The recent and spectacular development of conjugated
oligothiophenes is essentially related to their use as active
materials for electronic device applications.' As long ago as
1974, an initial article by H. Kuhn et al? described
photocurrent measurements on Langmuir-Blodgett films of
a-quinquethiophene (o-5T). In the mid-1980’s, conjugated all-
a-linked oligothiophenes (o-#T, with n=number of thiophene
rings in the oligomeric sequence, see Scheme 1) were used as
model compounds and starting monomers for the preparation
of electrically conducting polythiophenes.>™ Many bi- and
terthiophene derivatives also exhibit biological activities such
as phototoxicity® or antibiotic and antiviral properties in the
presence of UVA light.”8

R R
| |
1\ S/ N 1\ SN
a)@é@);@ 0 (}4@){9
R

1\ S\ N
o R WA

Scheme 1

The true starting point of the contemporary generation of o-
oligothiophenes is the discovery, in 1988 by the CNRS group in
Thiais, of the charge transport properties of a-sexithiophene
(0-6T).>1% A year later, evaporated thin films of a-6T were used
as the p-type semiconductor of an organic field-effect transistor
(FET).'"!2 The mobilities of majority carriers measured in
these devices were in the range u=10">to 10 *ecm?> Vs~ !, ie.
one to two orders of magnitude higher than those of PT-based

FETs!'>!* but still substantially lower than those of conven-
tional a-SiH based MISFETs.'® In 1990, well before the first
polymer light-emitting diode on a flexible substrate, it was
demonstrated that an all-organic o-6T FET could be fabricated
on a flexible polymer substrate, thus opening the era of “plastic
electronics”.'®

Since then, emphasis has been put on the electronic
structure'”?° and charge transport properties®'>* of semi-
conducting o-nT thin films. These studies are essentially
motivated by their implications on charge transport in thin
film transistors (TFTs).?® In particular, it has been demon-
strated that o-6T-based TFTs show an improved carrier
mobility when long range molecular ordering is achieved.?®
The highest mobilities (upg=0.04 cm®> V~'s™') are obtained
in TFT devices using highly oriented thin films and are
close to that measured on o-6T single crystals (upg=
0.16 cm? V™! s71).27 This shows that charge transport between
source and drain of a TFT occurs essentially through molecular
channels of o-6T molecules oriented perpendicular to the
substrate and having the herringbone arrangement found in the
single crystal.

Great progress has thus been accomplished in the under-
standing and fabrication of organic FETs resulting in higher
mobilities, reduced size, and easy processability.”® Finally,
oligothiophenes have also been used in devices such as light-
emitting diodes,?*** spatial light modulators,®' electro-optical
modulators*>>* and photovoltaic cells.>>>® The main char-
acteristics of these devices have been recently summarized by
Granstrom et al.>®

The aim of this review is to summarize the structural aspects
of long oligothiophenes in the solid state (¢-4T and higher
homologs) and to explore their implications on the operation
and performances of some electronic devices. Most short
oligothiophenes (2-2T, o-3T and derivatives) do not possess the
appropriate electronic properties required for device applica-
tions and will not be addressed in this review. Polythiophene
(PT) and its substituted derivatives will be briefly considered
here as examples of disordered parent materials. An exhaustive
review of thiophene-based electronic devices has been pub-
lished elsewhere.!

2 Structural data of oligothiophenes
2.1 Single crystals

2.1.1 Overview. The crystal structure of most a-oligothio-
phenes has been investigated recently, in contrast to oligophen-
ylenes for which structural data have been known for two
decades.**** With the exception of a-septithiophene (a-7T),
single crystals of non-substituted a-oligothiophenes have been
grown and characterized up to the octamer o-8T. The
structures of various end- and side-substituted o-»nT derivatives
have also been determined, for example 2,5”-dimethyl-
quaterthiophene® or 3',3"”.4'4""-tetrabutylsexithiophene.*’
Beside experimental studies, computational procedures have
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been used in some cases to confirm, refine or predict the crystal
structure of o-nTs. One important contribution of theoretical
simulations is to identify the origin of crystal packing in terms
of intra- and intermolecular forces.

In the crystalline form, all non-substituted oligothiophenes
are quasi-planar, i.e. the inter-ring torsion angle is <1°. One
exception is o-3T for which a 6-9° deviation from planarity has
been reported.*® This coplanarity in the solid state compensates
for the non-rigid conformation of a-nTs in the gas phase and in
solution and is responsible for their high m-delocalisation.
Introduction of one or several side substituents on the [-
positions of the thiophene rings induces the loss of planarity
and consequently affects transport properties.

In 1991, Gavezzotti and Filippini calculated the crystal
packing of a-nT oligomers up to o-6T and demonstrated the
general trend of these molecules to pack in a parallel fashion
with angles of 40-60° between molecular planes of side-by-side
molecules and S-S contacts between 3.6 and 3.9 A.*” This
predicted “herringbone” (HB) arrangement, which is typical of
many aromatic hydrocarbons such as para-oligophenylenes
and acenes, was later experimentally confirmed. The origin of
the HB packing mode is mainly due to the repulsion between 7-
orbitals of neighbouring molecules. X-Ray studies on poly-
crystalline thin films of «-nTs have also revealed a HB
packing.**2 This particular molecular arrangement will
probably reduce the transport properties in the direction
normal to the long molecular axis. Two ways can be envisaged
to force molecules to escape the HB packing and adopt a =n-
stack (or sandwich-type) structure with face-to-face molecules:
substitution and doping. Substitution, or chemical modifica-
tion of the molecule by appropriate substituents, may create
strong intermolecular interactions (through for example
H-bonds) and overcome the mn—m repulsion. Alternatively,
chemical or electrochemical oxidative doping of oligothio-
phenes produces their radical cation forms whose fully
coplanar quinoid structure may crystallize in a m-stack mode.

All non-substituted o-nTs crystallize in the monoclinic
system with a P2; space group (P2;/a, P2,/c or P2;/n depending
on the oligomer length). The number of molecules per unit cell
is Z=2 for 0-2T% > and Z=38 for o-3T*® while it is Z=4 for
longer oligomers o-4T,’%7 o-5T,*% 5-6T%° and «-8T.%
Although for o-3T, -5T and o-8T single crystals a unique
crystallographic phase has been observed, two different
structures have been identified for both «-4T°*%" and a-
6T.>1°! In these two cases, one form packs with Z =2 while the
other one adopts a Z=4 structure. Note that polymorphism
has also been observed in the para-oligophenylene series.** The
main crystallographic data of non-substituted oligothiophenes
are gathered in Table 1.

The determination of the structure of PTs is limited by their
inherent low crystallinity.®? Nevertheless, two stable conforma-
tions, a nearly planar all-frans rod and a all-cis helical or coil

geometries, can be predicted from theoretical calculations for
polythiophene.®®

2.1.2 Long oligothiophenes. o-Quaterthiophene (0-4T) and
derivatives. The X-ray structure of o-4T (Scheme 2) single
crystals grown from the vapor phase has been solved
simultaneously by two groups.’®>’ Nevertheless, data had
been previously predicted on the basis of calculations by
Gavezzotti and Filipini*’ and further refined by Porzio et al.
from X-ray powder diffraction using the Rietveld full-profile
analysis.*®®
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The unit cell is monoclinic with a P2;/a space group and
the a-4T molecules are planar. It is worth noting that crystals
grown from the vapor phase are in the form of thin platelets
while microcrystals obtained from solution are reported to be
needles.*® The number of molecules per unit cell is Z=4
although the minimization of the packing potential energy
led Gavezzotti and Filippini to predict a Z=2 structure.*’
This choice was dictated by a principle of organic crystallog-
raphy according to which organic molecules tend to make
their centre of symmetry coincide with a crystal centre of
symmetry.

From the comparison between the above results and those
simultaneously obtained by Antolini er «/>® and Siegrist er
al.,”” it appears clearly that a-4T crystallizes in two slightly
different structures depending on the crystal growth condi-
tions. Such polymorphism has been observed previously on a-
6T crystals grown either from the melt or by sublimation (vide
infra). The two structures differ by the number of molecules in
the unit cell (Z=4 or Z=2). The experimental herringbone
angle, i.e. the angle between mean planes of adjacent molecules,
has been found to be of the order of 55°° for a-4T grown
from the vapor phase while a substantially greater value (70°)
was found from X-ray diffraction data obtained with
polycrystalline powders.>® But the most striking difference is
that the two polymorphs have different packing modes,
neighbouring molecules being more or less staggered relative
to each other (Fig. 1).>

Ferro et al. recently used a molecular mechanics computa-
tional procedure to refine and understand the crystal structure
of ¢-4T, o-6T and PT.** For both oligomers, calculations
maintain the essential features of the original structure
proposed by Porzio er al*® Both 0-4T and o-6T have a
molecular centre of inversion which does not act on the crystal
packing.

Table 1 Comparative experimental structural data of non-substituted oligothiophene single crystals

o-2T o-3T o-4T/LT o-4T/HT a-5T o-6T/LT a-6T/HT o-8T
Reference 54 46 48 56,57 48 59 61 60
System Monoclinic Monoclinic Monoclinic Monoclinic Monoclinic Monoclinic Monoclinic Monoclinic
Space group P2/c P2/c P2/a P2i/a P2ila P2,/n P2i/a P2ila
Z 2 8 4 2 4 4 2 4
alA 7.873 15.225 30.52 8.936 39.00 44.71 9.14 58.92
blA 5.771 5.635 7.86 5.750 7.77 7.85 5.68 7.84
clA 8.813 25.848 6.09 14.341 6.00 6.03 20.67 6.00
pldeg 107.07 98.15 91.8 97.22 97.7 90.8 97.78 90.3
“Ideg 72 55.67 65 66 55 65
¢’ldeg 31.5 23.5 41.5 24
D/Mgm 3 1.44 1.503 1.50 1.501 1.55 1.553 1.55 1.578
Volume/A® 382.8 2195.2 731.1 2116.5 1064.2 2773.0

“r, herringbone angle. %9, tilt angle of the long molecular axis with a. D, calculated density.
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Fig. 1 Packing diagrams of the two a-quaterthiophene (o-4T) poly-
morphs. Low temperature a-4T/LT (a) and high temperature o-4T/HT
(b). Reproduced with permission from ref. 57.

o,o'-Dimethylquaterthiophene [a-4T(o-Me),]. The end-sub-
stitution of oligothiophenes by alkyl groups is an efficient
method for preventing chemical reactivity of these sites. In
addition to enhanced chemical stability, end-substitution does
not induce inter-ring torsion (as often does side-substitution)
thus retaining high n-conjugation and electroactivity. Hotta
and Waragai have applied this strategy to o-4T and
investigated the crystal structure of a-4T(a-Me), (Scheme 3)
in its neutral form>>* while its doped form was studied by
Matsuura et al.®
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Scheme 3

In contrast to non-substituted a-oligothiophenes, crystals of
neutral o-4T(a-Me), are orthorhombic with a Pbca space
group and Z=4. The molecules are almost coplanar, the two
outer rings being slightly bent according to the mean plane of
the two inner ones (maximum deviation is ca. 0.16 A for Cg).
Although packed in the HB mode with an angle of about 59°
between adjacent molecular planes, the molecules are aligned in
an unusual zigzag fashion, the molecular long axis being at an
angle of 26° with the ¢ axis.

Hotta and Waragai have shown that a-4T(a-Me), crystals
can also be grown in their doped form using acceptors like
iodine, NOBF,, NOPF¢ or TCNQF,.** X-Ray analysis of these
doped crystals shows a layered structure similar to that of the
neutral compound although the profile of fine needles of the
TCNQF,-doped crystal is considerably more complicated than
that of the iodine-doped one. The authors measured electrical
conductivities of 3.4x107°Scm™! along the c-axis, ie.

vertical to the crystal plane, and 1.2x107'Sem™! and
2.9%1072S cm ™! for the directions longitudinal and transver-
sal along the crystal plane respectively. The latter directions,
however, do not coincide neither with the a- or b-axis of the
molecules. This also argues in favor of a preferred charge
transport along the m-stacks rather than along the molecular
axis. Nevertheless, Hotta and Waragai explain this as the effect
of the iodine anions which are located between the ends of the
molecules, thus preventing charge carriers from hopping from
one site to the next one. The electrical conductivity within the
blade plane has also been measured for various dopants,*
ie. I, (1.0x107'Sem™!), NOBF, (4.4x1072Scm™!) and
NOPF; (2.1 x107%Scm™ "), showing that o-4T(a-Me), is a
quasi-2D conductor in which transport essentially occurs
through face-to-face molecular arrays.

4,4',3" 4"-Tetramethylquaterthiophene [0-4T(fp-Me),]. One
of the most widely investigated conducting polythiophenes is
poly(3-methylthiophene) P3MeT. As stated above, introduc-
tion of a substituent on the thiophene rings may induce
conformational twist along the polymer chain and conse-
quently decrease its mean conjugation length. An elegant way
to evaluate precisely the influence of substitution on the P3MeT
polymer structure is to synthesize a regioselective oligomer.
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Scheme 4

The crystal structure of the model compound a-4T(B-Me)y
(Scheme 4) has been investigated in comparison with its
conformation in solution.®®¢” Crystals of o-4T(B-Me), are
monoclinic with a P2;c space group and Z=2. The molecules
are stacked in parallel layers along the « axis similarly to
unsubstituted oligothiophenes. The strong steric interactions
introduced by the four methyl groups on the B-carbons break
neither the coplanarity of the o-4T(B-Me), molecule in the
crystal nor the all-frans conformation as it does in solution (cis—
trans—cis conformation with an angle of 40° between the planes
of the two internal rings). Nevertheless, methyl-substitution
induces bond length and angle deformations in the solid state.
Barbarella et al. attribute this effect more to the ability of the a-
4T(B-Me), molecule to retain maximum n-conjugation through
coplanarity rather than crystal packing forces.

3,3',4",3" -tetrakis(methylsulfanyl)-2,2"' : 5',2":5",2""-quater-
thiophene. Another example of polymorphism is reported on
3,3.4" 3""-tetrakis(methylsulfanyl)-2,2": 5,2" : 5”,2""-quaterthio-
phene (noted o-4T(B-SMe)s, Scheme 5).°%%° This molecule
crystallizes in two distinct forms under the same experimental
conditions. This phemomenon, known as conformational
polymorphism, in which a molecule adopts different conforma-
tions in crystal polymorphs, was elucidated by Bernstein and
Hagler twenty years ago.”’ A recent review by Dunitz and
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Table 2 Comparative crystal data of a-4T derivatives

0-4T/LT? 0-4T/HT? o-4T(a-Me), 4T(B-Me), 4T(B-SMe), AT(B-SMe),
Reference 48 56,57 44 66 68 69
System Monoclinic Monoclinic Orthorhombic Monoclinic Triclinic Monoclinic
Space group P2i/a P2i/a Pbca P2/c P1 P2/c
zZ 4 2 4 2 1 2
alA 30.52 8.936 7.707 7.734 7.567 12.345
blA 7.86 5.750 5.941 5.729 7.601 7.565
clA 6.09 14.341 36.031 8.933 11.193 12.784
o/deg 93.99
pldeg 91.8 97.22 90 106.72 100.88 97.14
yldeg 116.75
DJ/Mgm 3 1.50 1.501 1.444 1.457 1.538 1.443
Volume/A® 1470.5 731.1 1649.8 379.0 555.80 1184.7

D, calculated density. “LT, low-temperature polymorph. HT, high temperature polymorph.

Bernstein on ‘“‘disappearing polymorphs” illustrates the
difficulty in obtaining a particular conformer under controlled
and reproducible conditions.”!

The crystal structures of the triclinic and monoclinic forms of
a-4T(B-SMe), are given in Table 2. In the orange triclinic
crystal, the inner thiophene rings are coplanar while the two
outer ones are twisted by 27.4° according to the plane of the
central rings.®® But the most interesting feature is that the
triclinic form has a sandwich-type molecular arrangement
instead of the usual herringbone packing. Barbarella ef al
tentatively attribute this quasi-n-stack to the partial loss of
coplanarity of the molecule. In the yellow monoclinic form the
two outer rings are even more twisted (55.0°) resulting in a
substantial n-delocalization decrease and hence a yellow color.

o-Quinquethiophene (0-5T) and derivatives. The structure of
a-5T (Scheme 6) single crystals has not been elucidated yet and
the only studies have been performed on sublimed powders by
Porzio et al.*® Considering that o-5T is isomorphous with o-4T
and a-6T, these authors found that the dimensions of the o-5T
unit cell are intermediate between those of a-4T and a-6T (see
Table 1) but mention that this was not expected due to the odd
number of thiophene rings which induces a different internal
symmetry.
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Scheme 6

3",4"-Dibutyl-o-quinquethiophene [o-5T(-Bu),]. The X-ray
crystal structure of a-5T(B-Bu), (Scheme 7) has been recently
investigated by Liao et al together with that of a PB-tetra-
alkylated sexithiophene derivative.*> In both cases, the B-alkyl
chains induce structural and conformational deviations. The a-
5T(B-Bu), unit cell (Z=38) contains four independent mole-
cules, one of them having its two terminal thiophene rings in
the syn conformation similarly to the yellow monoclinic form
of the a-4T(B-SMe), crystal.’® The syn conformation of this
oligomer is reminiscent of the coil geometry claimed for
polythiophene.

C4H9 C4H9
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Scheme 7

a-Sexithiophene (a-6T) and derivatives. The first crystal
structure of a-6T (Scheme 8) was reported by Porzio et al. using
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the Rietvield full-profile analysis on polycrystalline powder
samples.*® In agreement with the theoretical predictions,*’
these authors found a P2,/a space group with four molecules in
the unit cell (Z=4). Note that beside solid state crystals, a
nematic liquid crystal mesophase has been observed with o-6T
by Taliani et al.”* This phase appears at 312 °C as measured by
differential scanning calorimetry. Cooling the samples below
the melting point leads to a freezing of the a-6T nematic phase.
The formation of an a-6T mesophase above 305 °C has also
been observed by Destri et al. but could not be assigned to
either a nematic or smectic phase.”
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Scheme 8

Macroscopic a-6T crystals with millimetre-scale transverse
dimensions were obtained in 1995 simultaneously by Siegrist et
al. from the melt at high temperature (a-6T/HT)®' and by
Horowitz et al. using a sublimation technique (a-6T/LT)>
adapted from that of Lipsett.”* By refining the sublimation
technique, we recently were able to produce a-6T crystals of
exceptional size and quality. Fig. 2 shows a a-6T/LT crystal
8 mm in diameter (thickness of 5-10 microns only) grown by
slow sublimation at 160 °C over 72 hours. As observed under
polarized light, most of its area appears defect-free. The highly
disordered aggregate on the right part of the photograph is the
matrix root of the sample. Note that Schon er al have
also produced large o-6T/HT crystals of high quality by
using a higher growth temperature (280-320°C).”> These
authors report a record mobility of uscrc=0.46cm> Vs~

Fig. 2 Optical micrograph of a a-6T single crystal (length=8 mm;
thickness=a few pum). The disordered aggregate on the right is the
matrice root of the sample. Note the high quality of this crystal, at the
exception of the small twin crystal on left.



(SCLC =space charge limited current) for the HT form along
the crystallographic direction with the best orbital overlap
between molecules. Schon et al. also report a mobility of the
HT polymorph which is twice that of the LT form
(uscLc=021ecm?> V1™,

The two kinds of a-6T crystals (LT and HT) have two
different crystal structures.®’:’® While Z =4 is found in crystals
grown from the vapor phase, crystals grown from the melt (the
so-called “high temperature polymorph” o-6T/HT) are char-
acterized by Z=2 (see Table 1). Both structures are monoclinic
with flat molecules in the usual herringbone packing but they
slightly differ in the position and orientation of the molecules in
the unit cell (Fig. 3). A similar polymorphism is observed with
a-4T depending on the sample quality, i.e. single crystals grown
by sublimation®®7 or polycrystalline powder.>® The structure
of a-6T crystals obtained from the vapor phase is very similar
to that of a-8T ones grown by the same technique.®

Alkylated-o-sexithiophenes. Before the elucidation of the
crystal structure of non-substituted o-6T, a few alkylated o-6T
derivatives have been studied. In particular, Herrema ez al.”’
synthesized two stereoregular dialkyl o-6T and investigated
their X-ray structure. Both 4',3"""-dibutylsexithiophene
(Scheme 9) and bis(trimethylsilyl)dioctylsexithiophene
(Scheme 10) crystals grown from solution crystallize with the
monoclinic system in respectively the C2/c and P2,/n space
group. In spite of the bulky substituents, the molecules are
almost planar with the antiparallel conformation.

C4Hg

CaHo

Scheme 9

Qe
Si~CHy
CHs

Scheme 10

These results support the idea that the syn or anti
conformations are essentially determined by packing forces
at the detriment of intramolecular forces. This is nicely
illustrated by the results obtained by Liao et al. on 3”,4"-
dibutylquinquethiophene and 3',3"”,4',4""-tetrabutylsexithio-
phene (Scheme 11).*° In the unit cell (Z=4) of the latter, three
molecules have an all-anti conformation while in the fourth
molecule the external rings have a syn conformation relative to
their neighbor. Furthermore, the external rings substantially
deviate from the coplanarity of the molecule whatever their syn
or anti conformation.

Scheme 11

End-substituted sexithiophenes. Blocking the two end-posi-
tions of the oligomer may in some cases increase crystal
ordering and consequently transport properties. Higher
mobilities have been recorded when the terminal H of 6T are

c

Fig. 3 Crystal structures of the two a-6T polymorphs obtained (a) from
the melt at high temperature o-6T/HT (reproduced with permission
from ref. 61) and (b) from the vapor phase at relatively low temperature
o-6T/LT.> (Reprinted with permission from Chem. Mater., 1995, 7,
1337. Copyright 1995 American Chemical Society).

replaced by n-hexyl groups.”® In contrast, end-substitution by
silyl groups results in very low field-effect mobilities in the
range 10 * to 1077 em?® V™ !s™ 1.7 o,0-Bis(triisopropylsilyl)-
sexithiophene (Scheme 12) crystallizes from a heptane solution
as leaf-shaped brownish crystals in the unusual triclinic system
with only one molecule per unit cell (Z=1).%° The most striking
feature is that, although the molecules have an antiparallel
conformation with no substituent on the B-positions, all rings
are strongly twisted around the central axis. The main crystal
data of sexithiophene derivatives are gathered in Table 3.

/RN AN AN
CoHy,—Si Si~CgHy
PN N N N
CSH7 CSH7
Scheme 12

Barclay et al synthetized a series of oligothiophenes
symmetrically substituted by two CN groups in terminal
a-positions.®! All compounds are planar and linked into
ribbon-like arrays by intermolecular CN---H contacts.

J. Mater. Chem., 2000, 10, 571-588 575



Table 3 Comparative crystal data of o-6T derivatives

o-6T o-6T/HT a-6T(B-Bu), a-6T(a-SiMes),(B-Oct), a-6T(B-Bu), o-6T(a-SiPr3),
Reference 59 61 79 45 80
System Monoclinic (Monoclinic) Monoclinic Monoclinic (Monoclinic) Triclinic
Space group P2,/n P2,la e P2,/n P2,/n Pl
VA 4 2 4 2 2 1
alA 44.71 9.140 32.532 17.071 12.403 7.537
blA 7.85 5.684 5.651 6.011 8.690 8.358
c/A 6.03 20.672 22.105 22.299 17.871 17.006
o/deg 89.70
pldeg 90.8 97.78 131.5 93.20 100.79 89.68
yldeg 75.90
“I/deg 66 55
¢®ldeg 23.5 41.5 28.7 38 67
DSMgm 3 1.553 1.55 1.325 1.26 1.262 1.291
Volume/A® 2116.5 1064.2 3050.8 2284.7 1892.1 1038.9

“r, herringbone angle. %9, tilt angle of the long molecular axis with a. D, calculated density.

(a) (CN),T,
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Fig. 4 Comparative packings of o,w-dicyano substituted oligothiophenes of various lengths: (a) a-3T(CN),, (b) a-4T(CN),, (c) a-5T(CN), and (d) a-
6T(CN),.*! (Reprinted with permission from Chem. Mater., 1997, 9, 981. Copyright 1997 American Chemical Society).

a-3T(CN),, a-4T(CN), and a-5T(CN), are stacked in coplanar
layers (m-stacks) while a-6T(CN), adopts a herringbone motif
(Fig. 4).

o-Octithiophene (2-8T). o-8T (Scheme 13) is the longest
non-substituted oligothiophene that can be isolated as a pure
compound (melting point =370 °C).%> But only a few reports
deal with o-8T due to the difficulty in purifying it. Nevertheless,
a-8T has been characterized as a p-type semiconductor in field-
effect transistors®® and photovoltaic devices.*® Its linear
and nonlinear optical properties have also been studied in
polycrystalline thin films, %8486
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Scheme 13

a-8T crystals of a few millimetres can be obtained by slow
vacuum sublimation of the powder material at 300 °C over 24
hours.®® «-8T crystallizes in the monoclinic system (space
group P2,/a) although it is very close to the orthorhombic
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one (Table 1). The » and c lattice parameters of o-8T are
almost similar to those of a-6T while the a-axis is much longer
for 0-8T (58.916 A) than for a-6T (44.708 A). The calculated
density of a-8T (D=1.578 g cm™>) is slightly higher than that
of a-6T (D=1.553 gcm ). Such an increase of the packing
coefficients with the chain length have been theoretically
predicted by Gavezzotti and Filippini.*’ These authors
attributed this dependence to the fact that the molecules are
roughly brick-shaped and the larger the block the more efficient
is the space occupation. A typical view of the o-8T unit cell is
represented in Fig. 5. The angle between the planes of two
neighbouring molecules is 65° and that between the long
molecular axis and the a-axis of the cell is 24°. At the
macroscopic scale, the surface of the crystal corresponds to the
bc plane.

Table 4 gives the minimum distances between atoms of two
face-to-face molecules A and B in the o-8T unit cell and the
distances between the nearest ends of two molecules A and B in
the same alignment. It can be observed that these distances are
shorter by 3-6x 1072 A for «-8T and could result in slightly
greater intermolecular interactions. Such a crystal packing
could in turn improve transport properties in a direction
perpendicular to the main molecular axis as compare to o-6T
(see section 3.1).



Fig. 5 Crystal packing of o-8T viewed with the a axis vertical.
Reproduced with permission from ref. 60.

Table 4 Minimum distances between atoms of two neighbouring
molecules A and B situated (a) face-to-face and (b) aligned along the
same line. From ref. 60

o-8T o-6T

(a) Face-to-face

C15(A)-Cx(B) 3.53A C(A)-C(B) 3.56 A
C15(A)-Ss(B) 3.75 A C(A)-S(B) 3.80 A
S4(A)-S4(B) 413 A S5(A)-S5(B) 419A
(b) Aligned

C32(A)-C4(B) 3.80 A Ca4(A)-C,(B) 3.82A

2.1.3 Polythiophene and 3-alkylated derivatives. Although
bulk crystals of polythiophenes have never been prepared, a
number of structural studies have appeared on their crystal-
linity in powder form and thin films. Two conformations of the
PT chain are possible: a linear and nearly planar all-trans
structure (rod conformation) and a helical all-cis one (coil
conformation). Both these geometries, which are separated by
an energy barrier of about 3-6 kcal mol ™!, have been proposed
on the basis of X-ray diffraction studies depending upon
substitution and doping state of polythiophene.®*%” But for a
crystal model to be coherent, the polymer chain conformation
must be compatible with its packing. Mo et al.®? investigated
the X-ray scattering of chemically coupled PT and found that
neutral PT can fit either an orthorhombic or a monoclinic unit
cell. Further experimental studies including scanning tunneling
microscopy provided visual evidence of microcrystalline and
helical polymer chain growth.®3° Inganis er al. also report on
the syn conformation in some segments of polythiophene.”®!
Other experimental studies on the crystal structure of
polythiophenes have been reported.””** Mardalen er al.
report a crystallinity of 10% for stretched oriented alkylated-
PTs.”

From a theoretical point of view, Cui and Kertesz have
studied the geometrical and electronic structures of PT and

PMeT by energy band theory where a screw axis of symmetry
has been taken into account.®® These authors confirm that the
anti (rod) structure is slightly more stable for PT while the syn
(coil) conformation is preferred for PMeT. Finally, Ferro et al.
applied molecular mechanics to obtain a monoclinic model of
crystalline PT.%* Their calculations show the weak dependence
of packing energy on the unit cell parameter f3, i.e. on the
relative length of adjacent PT chains, in agreement with centro-
symmetric and translationally disordered planar chains.

2.2 Polycrystalline thin films

The aim of this section is to describe briefly the preparation and
morphology of oligothiophene thin films, keeping in mind their
use in planar electronic devices. It is intended to provide a link
between the ideal crystal structures described in the previous
section and what is experimentally determined in crystalline
thin films. Therefore, we will only give the general trends of the
most important materials (essentially o-6T and o-8T).

2.2.1 Vacuum deposition. Since non-substituted o-nTs are
poorly soluble in organic solvents but are thermally stable, they
are essentially handled by vacuum deposition techniques.
These techniques allow the control of both the thickness of the
organic layer and its morphology (orientation, texture,
density). Furthermore, the use of ultrahigh vacuum (UHV)
brings the additional advantage of an atomically clean
environment thus opening the door to high purity materials
and devices. Nevertheless, UHV processes like organic
molecular beam deposition (OMBD) are expensive and
difficult to master. Most of the studies and device fabrications
reported in this review have been performed under secondary
vacuum (107° to 1077 torr) in standard vacuum chambers.

The influence of deposition conditions on the a-nTs thin
films morphology and properties has recently been summar-
ized.”*®” In a typical experiment, the o-nT powder is
introduced in a tungsten boat and heated up to its sublimation
temperature under vacuum. Beside the vacuum level and
chemical purity of the source material, the main physical
parameters to control in order to obtain thin films of the
desired quality are the deposition rate and the substrate
temperature. Fast deposition rates (a few nanometres per
minute) combined with a substrate kept at room temperature
usually produce non-oriented films with crystallites of small
size (below 100 nm). In contrast, slow rates (a few A per minute
or lower) and a heated substrate tend to produce oriented films
with larger grains (up to several microns in diameter).

2.2.2 06T and o-8T thin films. Fig. 6 shows scanning
electron microscopy (SEM) photographs of o-8T thin films
vacuum deposited under various conditions. Fast deposition
on a substrate kept at room temperature affords non-oriented
films constituted of small crystallites with a size of 50-100 nm
(Fig. 6a). In contrast, slow deposition on a substrate heated at
175 °C produces highly oriented films made of larger crystal-
lites with a size around 1 um (Fig. 6b). Higher magnification
(Fig. 6¢) reveals an interconnected steps-and-terraces morphol-
ogy at the origin of increased mobilities (see section 3.1.1). The
absorption spectra of the latter films are dichroic (R=10 at
Amax) Indicating that the o-8T molecules are standing upright
on the substrate. Fig. 6d shows an o-8T film deposited in three
successive steps including a mechanical rubbing step.>”*® This
process allows the alignment of the a-8T molecules horizontally
on the substrate with their main axis parallel to the rubbing
direction. UV-visible absorbance of the latter films is then
considerably increased and absorption spectra are strongly
dichroic (Fig. 7). This technique has been applied to photo-
voltaic diodes in order to increase light absorption by the a-8T
layer (see section 3.2).

In the case of vacuum deposited o-6T films, X-ray studies
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Fig. 6 SEM pictures of o-8T thin films of the same thickness (50 nm) deposited onto a quartz substrate (a) kept at room temperature, (b and c)
heated at 175°C, and (d) using the rubbing technique described in ref. 37, 38. The white scale index in the lower right corner of the pictures
corresponds to 1 um (a, b, d). Magnification of micrograph (c) is 5 times higher than that of (b).

based on meridional 001 reflections show evidence for various
crystalline phases depending on the deposition rate and
substrate temperature.>' A substrate kept at room temperature
combined to a fast deposition rate (10 nms~!) leads to two
distinct monoclinic phases, a stable a-phase and a metastable [3-
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Fig. 7 Absorption spectra of a rubbed o-8T thin film deposited on
quartz recorded under normal incidence with light polarized parallel
(E)) and perpendicular (£,) to the rubbing direction. Reprinted from a
manuscript submitted to Solar Energy Mater., C. Videlot, A. El Kassmi
and D. Fichou, Copyright (1999), with permission from Elsevier
Science.
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phase. The B-phase is observed at 77 K and the molecules lie
parallel to the substrate. At higher temperatures the crystals
grow with their (a,b) face parallel to the substrate, molecules
being thus oriented vertically. Films deposited at 77 K present
a uniform surface consisting of very small crystalline grains
(10-30 nm). At 300K, the film morphology consists of
isotropic grains more or less separated from each other, with
grains size of 50 nm. At 533 K, the grains are larger and rather
elongated (30 x200 nm?). The substrate temperature also
affects the spacing distance between o-6T molecular layers as
well as the tilt angle 0; between the main molecular axis and
the surface normal (6,=23° at 463 K and 6,=0° at 533 K).
Similarly, Biscarini et al report a transition from grains to
lamellae over the 300-448 K temperature range.”®

2.2.3 Substituted oligothiophenes. The morphology of o-
6T(Hexyl), thin films evaporated on a substrate at 300 K has
been determined by Lovinger et al. and consists of longer and
well interconnected crystallites.”® The authors propose mole-
cular models of the crystalline lattice of a-6T(Hexyl), and their
sub- and supramolecular correspondence to the dark and light
electron microscopic morphological features (Fig. 8).

The morphology and transport properties of dialkylated
anthradithiophenes also show a marked dependence on the
substrate temperature as shown by Laquindanum ez af.'®

2.2.4 Influence of substrate nature. Beside the physical
conditions of deposition, the chemical nature of the substrate
plays an important role on the molecular orientation of
oligothiophenes thin films. Ordered monolayers of various



Fig. 8 (a) Morphology of a o-6T(Hexyl), thin film as observed by
bright-field transmission electron microscopy and (b) molecular models
of the crystalline lattice of o-6T (Hexyl), and their sub- and
supramolecular correspondences to the dark and light electron
microscopic morphological features.” (Reprinted with permission
from Chem. Mater., 1998, 10, 3275. Copyright 1998 American
Chemical Society).

oligomers have been deposited on noble metals (Ag, Au). From
a general point of view, oligothiophenes lie horizontally on
noble metal surfaces because of preferential bonding to the
metal via the n-backbone. The use of noble metals seems to be
an essential stage toward highly ordered films of lying
oligomers. In fact, on these surfaces no molecular dissociation
occurs and bonded molecules still have lateral mobility for two-
dimensional (2D) ordering. Ultrathin films of o-4T were
deposited onto Ag(111) by vacuum sublimation and char-
acterized.'®! For the mono-layer, a long range order super-
structure was observed by electron diffraction. This is
commensurate (relaxed) with the Ag(111) surface due to
covalent bonding of the molecules via its n-system. For multi-
layers ( between 3 and 20 layers) a gradual decrease of the
orientational order is observed. More recently, an exhaustive
study of superstucture formation on Ag(111) is reported by
Soukopp et al.'%% A series of “end-capped” a-nT with different
chain lengths (n=3-6) were vapor deposited onto Ag(111)

surface. The adsorption and structural ordering were investi-
gated by thermal desorption spectroscopy, and low energy
diffraction as well as scanning tunneling microscopy. The
authors observed highly ordered mono-layers with molecules
lying horizontally and long range ordered domains of several
hundred A diameter, for all molecules. 2D-ordering of a-6T
was also observed on single crystal Au(111).'°* As in the case of
Ag(111) a-6T orients parallel to the Au rows. In the first mono-
layer the molecules form a (T x4) super-structure. Again, a
gradual decrease of the orientational order is observed for
multi-layer structures.

For inert surfaces like graphite or MoS, one expects a high
degree of self organization because of their weak (physisorp-
tion) coupling to the substrate.'®® Orientation parallel to the
substrate is also observed when o-nT are vacuum deposited
onto stretched polyethylene.!® The molecules lie with their
long axes parallel to the stretching direction, thus forming a
highly anisotropic medium. Borghesi et al. have grown thin
films of alkyl-substituted o-6T (615 A) by OMBD on (001)-
oriented potassium acid phthalate crystals.'® The precise
control between van der Waals intermolecular forces and the
first monolayer—substrate interaction allows the preparation of
highly ordered films.

2.2.5 Solution deposition. A few substituted o-nTs are
soluble and can be processed from solution by spin coating,
casting, self-assembly, Langmuir-Blodgett or electrochemical
techniques. These methods essentially apply to oligomers
substituted by alkyl or alkoxy chains or to short substituted
oligomers. Unfortunately, most of these materials are not
suited to device applications and will not be addressed in this
section. Beside the preparation of bulk films, guest-host thin
films have also been prepared by incorporating the oligomer
into a well-defined matrix such as nematic liquid crystals,'"’
zeolites. 98199

3 Effect of crystal order on opto-electronic devices
3.1 Field-effect transistors

Over the last five years, there has been a considerable interest in
field-effect transistors (FETs) based on small conjugated
molecules. Mobilities in the range p=0.01-1.0cm> V" !'s™!,
i.e. close to that of amorphous silicon, and I/l ratio of the
order 10° to 10® have been obtained in FETs based on
pentacene,!'%!""!  sexithiophene!2?7!!%!13 and  octithio-
phene.®*!"'* Organic FETs now obviously meet some of the
requirements for applications for which low switching speeds
are required, like for example active matrix displays and smart
cards. One essential finding is that both the /,,/I¢ ratio and the
mobility can be improved by a proper molecular design and
precise control of crystalline ordering.?®"®

3.1.1 Thin film transistors (TFTs). Field-effect transistors
based on various oligothiophenes thin films have been reported
in the literature these last ten years, for example in the case of

Fg

semiconductor

insulator

source g

Fig. 9 Typical schematic structure of an organic FET.''* (Reprinted
with permission from J. Appl. Phys., 1999, 85, 3202. Copyright 1999,
American Institute of Physics).
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Transistors have also been fabricated with random-regular'>°
and regio-regular'>""'*> poly[3-alkylthiophenes]. A typical
organic FET architecture is shown in Fig. 9. Carrier density
is estimated from classical equations of the field-effect mobility
and conductivity. For example, the carrier density in o-6T was
estimated to be in the range u=10"-10'°cm™3.2">* High
purity o-6T films and single crystals possess much lower carrier
concentrations (typically 10" em™3).”> The FET mobility of
oligothiophenes increases along with three parameters: 1)
oligomer length, 2) chemical purity of the layer and 3)
crystalline order. In particular, the degree of ordering in the
film has a crucial importance on the FET’s performance.

In o-6T TFTs, charges are assumed to travel essentially
along the stacking axis which therefore must be oriented
parallel to the substrate plane to ensure high channel mobility.
As stated in section 2.2, films prepared by deposition at room
temperature consist of small crystallites (50 nm) and conse-
quently low mobility (2x107*cm?V™!s™!) have measured
in these films.>! The mobility is even reduced to
6x103cm?>V~'s™! when the substrate temperature is
decreased to 77 K during deposition, due to impurity
adsorption on the film and a smaller crystallite size (10—
30 nm). Above 533 K, larger crystallites (30 x 200 nm?) are
formed leading to mobility as high as 2.5x 10 2em? V™1 s™ L

We have seen in section 2.1.2 that the crystal packing of o-8T
could improve the charge transport perpendicular to the main
molecular axis as compared to o-6T due to a slightly higher
density. This assumption has been verified recently with o-8T
based thin film transistors (TFTs). Hole mobilities in the range
0.06-0.09 cm® V™ !s™!, ie. three times higher than in a-6T-
TFTs, have been measured with high purity and oriented o-8T-
TFTs.® A record mobility of 0.2cm?>V™'s™! has been
obtained during the preparation of this review by heating the
TFT substrate at 175°C during o-8T deposition (see sec-
tion 2.2.2).>* This higher substrate temperature produces
much bigger o-8T crystallites with a size of approximately
1 pm (instead of 50-100 nm at 150°C) as it is illustrated in
Fig. 6b. However, these high mobilities may also find their
origin at the molecular level, o-8T having a longer =n-
conjugated chain than o-6T. A comparative study of TFTs
based on a-4T, o-6T and o-8T clearly shows that 8T definitively
possesses the highest mobility of the three oligomers investi-
gated.!'™ This is illustrated in Fig. 10 where the field-effect
mobility is given as a function of the gate voltage.
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Fig. 10 Variation of the mobility corrected for the series resistance as a
function of the gate voltage for a-4T, a-6T, and o-8T."'* (Reprinted
with permission from J. Appl. Phys., 1999, 85, 3202. Copyright 1999,
American Institute of Physics).
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3.1.2 Single crystal transistors. Macroscopic single crystals
(of millimetre dimensions) offer the possibility to elucidate the
intrinsic transport properties as well as electrical anisotropy,
thus avoiding grain boundary and interface effects. Because
most oligothiophenes crystals grow as ultra-thin and brittle
lamellae of small size (i.e. usually less than a millimetre), their
handling is extremely delicate and their physical studies very
restricted. Nevertheless, a few optical and electrical properties
of non-substituted o-6T and o-8T crystals grown by sublima-
tion have been investigated over the last two years.

Field-effect transistors (FET) built with o-6T crystals
playing the role of the semiconductor have been fabricated.'!?
In these devices, an o-6T single crystal (5 microns thick) is
carefully deposited on top of a PMMA layer (the insulator)
which is itself spin-coated on an aluminum gate electrode. The
device is completed by two gold source and drain electrodes. A
field-effect hole mobility of 0.075 cm? V™! s™! is then recorded
at room temperature, ie. roughly three times greater than that
of a-6T polycrystalline thin films. The on—off ratio above 10* s
mainly limited by leaks through the insulator. The current—
voltage characteristics of this FET allows the estimation of the
dopant concentration in the o-6T crystal as 0.2 ppm and a free
carrier density of 10'! cm™>. These results are consistent with
the high degree of purity of the material. An even higher field-
effect mobility (0.16 cm® V™ 's™!) has been reported recently
for the o-6T crystal.27 According to the authors, this could be
due to the use of a very small crystal as well as its low doping
level. Nevertheless, it is not possible in this device geometry to
measure the anisotropy of the mobility in the o-6T crystal but it
can be anticipated that it is much higher in the direction
perpendicular to the long axis of the molecule, i.e. between the
source and drain electrodes of the transistor.

As described in section 2.1.2, o-6T crystallizes in two
different phases depending on the growth temperature (HT
and LT). The o-6T/HT phase allows a larger overlap of the n-
orbitals resulting in a higher mobility x=0.5cm?>V~'s™! ie.
more than twice the value obtained for the low temperature o-
6T/LT phase.” Schon ef al. evaluated the mobility anisotropy
in single crystals of 0-4T and a-6T.”>'>* The strong anisotropy
is a direct consequence of both the molecular and structural
anisotropies themselves. In the crystal, the molecules are
aligned in a parallel fashion and form superimposed molecular
planes into which charges are travelling. This arrangement
involves a more important overlap of m-orbitals in the
molecular plane compared to the direction perpendicular to
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this plane. Schon et al. also measured the conductivity parallel
(o) and perpendicular (o,), corresponding respectively to high
and low mobility directions in the crystals. Fig. 11 shows
typical Ip—Vp characteristics of o-4T and o-6T single
crystals transistors. Conductivity values of 5x 107! and
6x 107" Sem™! are recorded. The anisotropy ratio (o)/a)
was found to be 80 for a-6T crystals and 70 for a-4T crystals.
These values are higher than those reported for well oriented
0-6T thin films.>' Schén ef al. also report on the bulk mobility
of the crystals as determined from space charge limited
current in the free trap regime. Values up to u=0.46 and
1=0.06cm>V~'s™! have been estimated for conduction
parallel to the growth surface in o-6T and a-4T respectively.
An alternative method to measure the field-effect mobility of
oligothiophenes single crystals is to grow them directly on top
of a transistor device by slow vacuum evaporation. One of the
advantages of this method is that the metallic contacts as well
as the interface between the semiconducting crystal and the
insulator are of better quality as compared to what they
currently are in devices using a macroscopic crystal deposited
on top of the insulator. Another advantage of controlling the
growth of the crystal directly on the FET device is that it allows
checking of the transport properties along the various crystal
axes. This technique has been recently used by Schoonveld et
al. to study the intrinsic charge transport properties of o-4T
thin films with crystallites having diameters up to 20 pm!'?>12¢
and is currently under way for a-6T.'%” Fig. 12 shows the multi-
terminal o-4T single crystal transistor where the crystal is
located at the center of the eight contacts. The experiment
excludes the effects of grain boundaries and contact resistance
and leads to a carrier mobility of 1.2 x 107> em? V™! s™! for the
a-4T single crystal. Note that Vrijmoeth ez al. also developed a
method to determine the crystal axis direction and thickness of
the individual o-4T crystals by polarization spectroscopy.'?®

3.1.3 Other thiophene-based transistors. o,w-Bis-silylated
thiophene oligomers. The FET characteristics of a new family
of o,0-bis-silylated thiophene oligomers having a normal
crystal structure have been described by Barbarella et al.'®
These compounds crystallize in a triclinic cell (with Z=1 or
Z=2 depending on the molecular structure) and adopt a
sandwich-type molecular packing referred as m—mn stack. The
molecular n—7 stack of these compounds does not contain any
van der Waals contact less than 3.6 A. The shortest S-S
intermolecular distances, Ze. a determinant parameter for
transport properties in molecular crystals, are in the range
4.2-4.6 A. The best FET performance is achieved with the
a,0-bis-silylated pentamer, which has a mobility of
3x 10 *cm? V™ 's™ L. This illustrates clearly the importance
of crystal arrangement, particularly the interplay between
intermolecular distances and the packing geometry (herring-
bone or mm stack) on the FET performances. Efficient
FET materials can then be designed by combining short
intermolecular distances together with a mn—m stack-like
arrangement.

Bi(dithienothiophene). Sirringhaus et al. report on high
FETs performances using bi(dithienothiophene) (BDT), a
material corresponding to the above mentioned approach.'>
The BDT-FETs show exceptionally high on/off ratios up to 10
between accumulation and depletion regimes, mobilities in the
range p=0.02-0.05cm?>V 's™! and sharp turn-on char-
acteristics comparable to that of a-SiH-FETs. These good
performances are attributed to the favourable coplanar n—mn
stack. BDT has a monoclinic unit cell with space group C2/c.
The cell parameters are a=33.689 A, b=3883 A, c=11.106 A
and f=101.093°. The molecular planes are strictly parallel thus
resulting in a stronger n—m overlap between adjacent molecules.

=1 nm

Fig. 12 Multi-terminal transistor based on a o-4T single crystal up to
40 pm in diameter. (a) schematic structure, (b) top view and (c) AFM
image of the crystal sample.'?® (Reprinted with permission from Appl.
Phys. Lett., 1998, 73, 3884. Copyright 1998, American Institute of
Physics).

Regioregular poly(3-hexylthiophene). The first reported
FETs based on polythiophene has been reported by Tsumura
et al'® and Assadi er al'* The extremely low mobilities
(u=10"em? V !s™ Y found in these FETs can be ascribed
to the high structural disorder of the PT materials. Since
then, McCullough ef al have described a reproducible
method to afford highly ordered regioregular poly(3-alkyl-
thiophenes).’*""'* The transport properties of regioregular
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Fig. 13 Structure of a field-effect transistor-type waveguide device
using o-6T as the semiconductor. Reprinted from Thin Solid Films,
1998, 331, 55, T. Kurata et al., Copyright (1998), with permission from
Elsevier Science.

poly(3-hexylthiophene) (PH3T) have been studied by Bao et al.
in FETs.'?1133 Mobilities as high as u=0.05cm? V™ !'s ! and
on/off ratios close to 10* are reported. An all-polymer
FET-LED tandem device based on PH3T has also recently
been reported by Sirringhaus ez al.'?* This dual device exhibits
high mobility (0.05-0.1 cm?® V™' s™!, with on/off ratio of 10%)
while driving a MEH-PPV-based light emitting diode. The high
mobility in regioregular PH3T is attributed to the formation of
extended polaron states as a result of self-organization in the
films. X-Ray diffraction shows a diffraction peak at 5.4°
corresponding to an intermolecular spacing of 16.36 A between
the chains of the well organized lamellar structure. However,
electron diffraction shows a single peak at 3.7-3.81 A
attributed to the distance between thiophene rings of
neighboring chains. These short distances are very close to
those found in single crystals of a-6T or o-8T thus explaining
the efficient transport properties of regioregular P3HT.!*

Finally, field-effect transistors can be used in an hybrid
structure to design electro-optical waveguides.'** However the
modulation ratio remains low (about 5%) and the origin of
modulation is not clear. Recently, Kurata et al. have fabricated
an efficient optical waveguide modulator with a FET-type
electrode using o-6T as the semiconductor.!® This device
operates as an electro-absorption modulator with a modulation
ratio as high as 20% (see Fig. 13). This high modulation ratio is
a direct consequence of the weak absorption and scattering of
the o-6T films in its transparency region. The o-6T film must
then be deposited according to the conditions described in
section 2.2, i.e. using a fast deposition rate (100 A min~") and a
substrate kept at room temperature.

3.2 Photoconductivity and photovoltaic cells

Organic photoconductors are now widely used materials in
xerography and laser printing.!*® These natural or synthetic
dye stuffs can be easily coated as flexible layers and possess
spectral sensitivities spanning the entire visible (and near
infrared) range. Photoconductivity in organic semiconductors
can also be used to design photovoltaic diodes (or solar cells).
This second type of application, which is based on metal-
semiconductor (MS) junctions or p/n heterojunctions made of
organic thin films as the active materials, has not yet reached
the industrial stage due to too low power conversion efficiencies
(up to 1-2%). Nevertheless, rapid progress in organic solar cells
has been made over the last few years and applications to large
panels as well as high-tech niche applications can already been
envisaged.

The main organic dyes used in xerography (phthalocyanines,
hydrazone derivatives, azo and squarilium pigments, efc.) or
under investigation for solar cells (phthalocyanines, porphyr-
ines, etc.) are well-known and commercial materials. Since the
oligothiophene family is more recent, their photoconductive
and photovoltaic behaviours have not yet been completely
elucidated. We summarize in this section the recent advances
that have been reported on this topic, concentrating essentially
on o-6T and o-8T.
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Photoconductivity of oligothiophenes. The photoconductivity
(PC) in o-6T polycrystalline thin films has been measured by
Dippel et al. showing that its quantum yield increases from 2.1
to 2.6 eV while the PL yield drops by a factor of 20 over the
same excitation energy range.'*” The PC spectrum is antibatic
with the PL excitation spectrum. This unusual behaviour of
molecular solids is interpreted in terms of energy-dependent
branching between PL and dissociation of a singlet excitation
into weakly bound electron-hole pairs. Zamboni et al. report
on the PC action spectrum which exhibits a broad band
peaking at 520 nm in the visible range.'*® The comparison
between photoexcitation and PC action spectra suggests that
they are qualitatively complementary. The two spectra cross
each other at approximately 544 nm, i.e. at approximately the
same energy where the 21Ag exciton band is observed. In the
case of a-6T single crystals grown from the vapor phase, the PC
action spectrum first correlates the absorption onset at 2.4 eV
and then exhibits a second rise at 3.0 eV up to a maximum at
3.3 ¢V.'® The first rise is attributed to the generation of singlet
excitons which then give birth to charges through either exciton
breaking or more likely charge detrapping. As observed in
polycrystalline thin films, PL and PC action spectra of crystals
show inverse behaviors, the former exhibits a minimum at
3.5 eV, whereas a maximum is found at this energy in the latter.
The second rise at 3.3eV could be explained by “direct
ionisation”, i.e. a second more efficient mechanism of charge
generation. In that case the energy difference between the two
onsets (0.8 eV) would measure the singlet exciton binding
energy. Finally, the authors estimate the PC quantum yield to
be around 1072 at the first saturation level.

Comparative transient PC studies have been carried out
recently by Moses et al on o-8T single crystals and
polycrystalline thin films.'*® The essential purpose of these
comparative experiments is to study the intrinsic properties of
photoexcitation and transport in model molecular crystal
systems and to determine the role of structural defects.
Picosecond transient PC measurements over a wide range of
temperatures (10-300 K) demonstrate that the dependence of
photocurrent on light intensity and electric field in the single
crystal o-8T is radically different from that in vacuum-
deposited polycrystalline films (Fig. 14). The photocurrent
lifetime in the o-8T crystal is of the order of a nanosecond
whereas in the film it is less than 100 ps. These observations
indicate a bimolecular carrier recombination component
prevailing in the o-8T single crystals, whereas a monomolecular
mechanism operates in the polycrystalline films.
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Fig. 14 Field-dependence of the peak transient photocurrent in a o-8T
polycrystalline thin film (black dots) and single crystal (inset, white
circles). Reproduced with permission from ref. 140, copyright 1999,
American Physical Society.



Photovoltaic diodes (solar cells). A number of organic
semiconductors including small molecules,"*'"'#¢ conjugated
polymers,'*~"*° liquid crystals'>! and internal donor—acceptor
polymer networks'3>!3 have been used to design PV cells. In
addition, organic PV devices with various architectures have
been explored, such as Schottky junctions, two-layer p/n
heterojunctions and p—i—n junctions. Hybrid organic-inorganic
junctions have also been investigated using conventional
semiconductors like GaAs or CdS in contact with a conjugated
polymer like polythiophene.!>*!% However, the development
of organic solar cells requires a better understanding of light
absorption and charge transport mechanisms in organic
semiconductors.

In sharp contrast to inorganic semiconductors in which
photogenerated electrons and holes are free carriers, organic
semiconductors generate bound excitons (electron—hole pairs)
which are not willing to dissociate easily. Two approaches have
been followed to enhance charge separation in organic PV cells.
The first is to use two-layer p—n junction devices while the
second is to use a single layer of a donor—acceptor blend called
a bulk D-A heterojunction. In these D-A blends, the donor
moiety has a small ionization potential and good hole transport
properties while the acceptor has a high electron affinity and
efficient electron transport properties. Following the first
approach, Noma et al. report the PV properties of the p-—n
heterojunction cell {ITO/perylene/a-8T/Au}.* This cell exhi-
bits fairly good characteristics with a fill factor FF=0.5 and a
conversion efficiency of 0.6% for irradiation of white light at
105 mW cm ™2 In the same work the authors report much
lower fill factor 0.29 and conversion efficiency 0.02% for a
similar cell using o-5T.

The natural upright molecular orientation adopted by the a-
8T ribbon-like molecules when deposited on top of glass
substrates is not suitable for efficient light absorption. It is thus
necessary to align the o-8T dipoles flat and horizontal on the
substrate in order to improve light absorption and therefore
light conversion efficiency. The most efficient way to achieve
horizontal orientation of oligothiophenes on substrates is to
adapt the mechanical rubbing technique used to align liquid
crystals. Videlot et al. have studied the influence of molecular
orientation on the photovoltaic properties of &-8T films.*”-3 As
expected, photocurrent intensity is tenfold higher for horizon-
tal o-8T, as shown in Fig. 15 for a p/n heterojunction using a
perylene derivative as the n-type semiconductor. This improve-
ment is attributed to a more efficient light absorption rather

6
{ITO/BT(40nm)/DPP(30nm)/Al}

ke Horizontal 8T

0 - s . S— —
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Fig. 15 Photocurrent spectroscopy of two {ITO/a-8T(40nm)/
DPP(30nm)/Al} p/n heterojunctions illuminated by polarized light
through ITO in short circuit conditions with (a) vertical and (b)
horizontal o-8T thin film orientations. Reprinted from a manuscript
submitted to Solar Energy Mater., C. Videlot, A. El Kassmi and
D. Fichou, Copyright (1999), with permission from Elsevier Science.

than to better transport properties of the o-8T layer. Never-
theless, the strong absorption dichroism of horizontal o-8T
films (R=10) is not retained in action spectra.

The influence of the o-6T film morphology on their
photovoltaic properties have been investigated by Marks et
al.'®” The average size of the crystallites increases with the
substrate temperature (from 0.2 pm at 22°C to 1.5pum at
150°C), accompanied by an increase of the structural order
within the film. Photocurrent would then result from field-
induced exciton dissociation in the bulk rather than charge
electrode contacts. Efficiency variations with structural order
suggests that traps and defects assist exciton dissociation.
Highly ordered films would then be less efficient photodiodes
because they contain fewer traps, making charge separation
more difficult.

A more efficient exciton dissociation can be realized by
distributing the local sites where charge separation takes place
in a bulk material. This approach has been developed by a
number of groups using different techniques and materials such
as poly(3-alkylthiophene) and Cg.!>* '®! Another promising
approach is the two-layer polymer diode fabricated by a
lamination technique using substituted polythiophene pro-
posed by Granstrom et al.'®* The structures provide good
connection to the electrodes and achieve power conversion
efficiency of 1.9% under simulated solar spectrum.

3.3 Light-emitting diodes (LEDs) and laser crystals

The design of organic LEDs requires materials combining high
luminescence efficiencies and good transport properties. In the
solid state, oligothiophenes generally have low luminescence
efficiencies whose origin is probably related to strong
intermolecular interactions. Reported values of photolumines-
cence (PL) efficiency for a-6T polycrystalline thin films are in
the range 10 to 1072%"*1%* although efficiencies up to 9%
have been recently measured on o-4T, o-6T and o-8T single
crystals.140 In the solid state, the intense 1A,—1B, allowed
transition of o-6T splits into two levels (Davydov splitting
estimated in the range 10000-15000 cm ™), the fundamental
transition having an energy of 2.43eV.!'% Introduction of
alkylated substituents on the o-6T backbone modifies inter-
molecular distances and strongly affects optical spectra and
transport properties. 166-170

Besides, EL requires the injection of both positive and
negative charges into the organic layer. Oligothiophenes are
efficient p-type semiconductors but the barrier for electron
injection from the cathode into the LUMO is higher than the
barrier for hole injection from the anode into the
HOMO. Consequently, a-nTs polycrystalline thin films can
hardly be envisaged as emitting materials in LEDs but rather
used as efficient hole transport layers. However, the higher
luminescence efficiency of single crystals generates stimulated
emission due to a proper dipole alignment.

3.3.1 Light-emitting diodes. From a general point of view
amorphous materials based on short oligomers are more
efficient for LEDs compared to crystalline longer oligomers or
even polythiophenes.??**171-173 For example, a substantial
increase of the EL efficiency has been reported by Noda et al.
for an end-substituted terthiophene derivative (a-3T-BMA)
which forms a stable amorphous glass (7, =93 °C).'7* A similar
tendency has also been observed with amorphous glasses based
on dimesitylboryl o-2T and «-3T derivatives (a-2T-DMB and
a-3T-DMB) which behave as excellent electron transport
materials.!”> Up to now, LEDs using a-3T-DMB show the
highest EL efficiency (1.1%) reported for an oligothiophene
LED.

Along this line, the low degree of crystallinity of poly-
thiophenes (see section 2.1.3) should result in higher lumi-
nescence efficiencies compared to highly crystalline
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Scheme 14

oligomers.'”*"'7® Comparative EL studies of regioregular and
non-regioregular P3HT (Scheme 14) show that both polymers
have low quantum efficiencies in the range 10™* to 107°%.'"
This indicates clearly that structural order is not a prerequisite
for efficient EL. Nevertheless, the precise control of regio-
regularity in polythiophenes is a powerful tool to tune the EL
wavelength.'®® Surprisingly, a higher quantum efficiency is
found for head-to-head/tail-to-tail polymers (0.3%).'8!

As for transport properties, crystalline order of the organic
layer controls the luminescence properties of LEDs and
particularly to produce polarized light, light being emitted in
a cone normal to the direction of the emitting dipole. Weakly
polarized EL has been observed by Marks et al. with o-6T by
varying the deposition conditions.!®!83 As shown in Fig. 16,
emission is polarized when the substrate temperature is high
enough to produce large grains with upright molecular
orientation. For polythiophenes, chain alignment can be
achieved by stretching to create an anisotropic material.
Dyreklev et al. report polarized EL from oriented poly(3-(4-
octylphenyl)-2,2'-bithiophene) (PTOPT) on stretched poly-
ethylene (PE).'®* As expected, EL is polarized in the direction
parallel to the polymer chains. Finally, Bolognesi et al.
observed polarized EL using oriented poly(3-decyl-4-methoxy-
thiophene) (PDMT)'® with chain orientation achieved by the
Langmuir-Blodgett technique. In spite of a reasonable chain
alignment (dichroic ratio=1.8), the rectification ratio of the
multilayered {ITO/PDMT/Al} device is weak and the EL light
only slightly polarized (EL/EL =1.3).

3.3.2 Laser crystals. An organic laser diode, i.e. the ultimate
step of the organic LED, has been recently envisaged. In
particular, it has been shown that conjugated polymers like
PPV and its derivatives could yield stimulated emission (SE)
under intense optical excitation. More recently, integration of
these polymers in planar optical cavities led to the observation
of laser emission under optical pumping. Although it has not
yet been possible to produce laser light under electrical
pumping, a number of materials and device structures have
been investigated. Beside polymer microcavities, it has also
been demonstrated that o-nT single crystals operate as natural
optical cavities. Essential results of these two approaches are
summarized below.

The only example of microcavity based on a polythiophene
derivative has been recently designed by Granlund et al. !¢ The
emissive organic layer is sandwiched by melt pressing into two
distributed Bragg reflectors. Under optical pumping at 530 nm,
a lasing threshold is observed at 120 nJ cm > Evidence for
lasing is mainly found in 1) the sharp increase of emitted
intensity at pump energy of 170 nJ cm ™2, 2) spectral narrowing
down to 1.8 nm and 3) polarization of the emitted light. The
gain coefficient is estimated to be g=80+20 cm ™",

Stimulated emission (SE) has first been observed in single
crystals of o-8T under intense photoexcitation at normal
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Fig. 16 (a) Measurement of angularly resolved polarized electrolumi-
nescence with an upright oriented o-6T LED and (b) angular
dependence of EL for devices made at 155°C (top), 104°C (centre
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Fig. 17 Experimental arrangement for the observation of waveguided
stimulated emission in an ultra-thin o-8T single crystal. Reproduced
with permission from ref. 187.



incidence (Fig. 17).!%7 Similar SE phenomena have also been
observed in 0-4T and a-6T crystals.'®~'°! SE occurs at a pump
energy threshold of ~0.1 mJ per pulse (33 ps, 10 Hz) to yield
an intense and narrow emission line peaking at 700 nm for o-
8T. At pump energies higher than 15 pJ per pulse, a second
narrow line of weaker intensity emerges at 640 nm for o-8T. The
corresponding two SE lines emerge at respectively 553 nm and
512nm for o-4T and 645 nm and 595 nm for o-6T. Gain
narrowing of these two lines can be easily described in the usual
framework of stimulated emission (SE). Light amplification
originates from the combination of a net dipole alignment and
efficient waveguiding towards the edges of the crystal. In
contrast to dye-doped crystals like anthracene in a fluorene
matrix,*>!3 the a-8T molecules and crystal provide both the
emitter and the optical cavity respectively due to their quasi-2D
dimensions.

Spectral SE selection of the two SE lines at 640 and 700 nm
can be monitored by simply scanning the spatial position of the
pump beam onto the surface of the a-8T crystal. The pump
beam (energy=4.0 pJ per pulse) is focused to a diameter of
0.3 mm and its position is scanned along the x-direction, i.e. the
crystal length. As expected for this pump energy, the SE line at
700 nm dominates over most of the crystal surface while that at
640 nm is almost inactive (Fig. 18a). Fig. 18b shows that the
situation is totally reversed in a small region located close to the
crystal origin, the dominating SE line being that at 640 nm
although residual activity of the line at 700 nm persists. These
results suggest that spectral SE selection can be related either to
a thickness effect or to the presence of structural defects whose
inhomogeneous distribution could influence the emission
process.

Two-photon SE can be easily realized in plane parallel single
crystals of 0-4T, a-6T and «-8T by pumping with a near-IR
laser beam in-between the lower and upper faces of the
crystal 8190 (Fig. 19). Since the crystals are almost transparent
in this region, it allows the pump beam to propagate through
the crystal, thus “seeding” the up-converted SE beam on longer
distances (Fig. 20). Excitation and up-converted detection are
performed along the same direction perpendicular to the a-axis
of the crystals. Under pumping in the 750-900 nm range, the
two-photon excitation spectrum of a o-8T crystal peaks at
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Fig. 18 Spatial dependence of stimulated emission in a o-8T single
crystal when the pump beam (diameter =0.3 mm) is scanned along the
x-direction from the edge toward the inner part of the crystal. The two

SE spectra shown here are recorded (a) in the outer and (b) in the inner
regions of the crystal. Reproduced with permission from ref. 187.
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Fig. 19 Experimental setup for the observation of two-photon
luminescence in o-nT single crystals. The near-IR pumping beam is
directed parallel to the crystal plane (instead of normal) to increase the
excitation length. Reprinted from Synth. Met., 1999, 101, 610, D,
Fichon, V. Dumarcher and J.-M. Nunzi, Copyright (1999), with
permission from Elsevier Science.

Fig. 20 Top view photograph of the intense and highly directional two-
photon emission (yellow) in a o-4T single crystal (area=7 x 4 mm?).
Note the presence of a reflected beam (green) of lower intensity inside
the crystal. Reprinted from Opt. Mater., 1999, 12, 255, D. Fichou, V.
Dumarcher and J.-M. Nunzi, Copyright (1999), with permission from
Elsevier Science.

850 nm. Then, when an optical pump at 850 nm is used, the
energy threshold for spectral narrowing in a o-8T crystal is
estimated to be around 32 pJ cm 2. Such an ultra-low up-
converted SE threshold is the result of the particular gain-
guiding geometry achieved in the strongly anisotropic crystal.
Another important consequence of gain-guiding is the highly
directive nature of the two-photon SE beam inside the crystal.

Since oligothiophenes are efficient organic semiconductors
(with mobilities close to 0.1 cm?> V™! sfl), one- and two-
photon SE phenomena bridge the gap between conventional
organic laser dyes and luminescent conjugated polymers on the
way towards the organic laser diode.'”*!*> The fabrication of
such an organic laser diode requires a material combining
efficient charge injection from the electrodes, good transport
properties and reasonable luminescence efficiency in the solid
state. This is obviously the case of a-6T and o-8T and laser
diodes based on oligothiophenes thin films is currently under
way. Finally, we should mention that very recently Gigli et al.
reported on high efficiency LEDs (1.2 cd A™'; turn-on voltages
up to 1.9 V) based on “de-aromatized” oligothiophenes.'*® The
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high solid state photoluminescence efficiency (up to 37%) of
these unusual oligomers is attributed to structural order and
opens a way for a new generation of organic LEDs.

4 Conclusion and outlook

The field of “polymer electronics” is very promising. In this
context, we have shown that oligothiophenes are unique
materials meeting the requirements of microelectronics and
could find use in a number of devices. They can be obtained
with high purity levels (electronic grade) and can be easily
processed as ordered thin films or crystals with low-cost
methods. 3D-supramolecular organization combined with
extended m-systems is at the origin of their excellent transport
properties. We note that in the course of this review, record
hole mobilities of 0.9 and 10 cm? V™' s~! have been measured
by Schén et al. on a-6T crystals at respectively 300 and 4.2 K'*7
while de Haas et al. were able to measure mobility of a-4T and
a-6T oriented films by means of a microwave conductivity
technique. %1%

Improvement and downscaling of organic devices requires to
control the correlations between local topographic features and
electronic properties at the nanometre scale. New approaches
using near-field techniques like light-assisted STM?% and
conducting probe AFM?°!2% are currently developed on a-6T
crystals and films. The first technique provides a through-space
access to the local current-voltage characteristics of organic
semiconductors. The {STM tip/air gap/a-6T} system simulates
a photovoltaic nano-cell which can help unveil the intimate
mechanisms of photocurrent generation.

Finally, more fundamental studies are still needed to
understand the electronic properties of oligothiophenes.
Since most organic devices utilize the excited states of the
molecules it is important to control the extension of molecular
excitons. Very recently, studies on oligothiophenes of various
lengths (up to o-8T) and other well-defined m-conjugated
systems led Knupfer et al. to establish a general rule for the
exciton size.?®*
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