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Abstract

The results of the studies of the physical properties of organic composites obtained by direct solid—solid charge-transfer (CT)
reaction between bis(ethylenedithio)tetrathiafulvalene (BEDT—TTF) and iodine or gold iodide are presented and discussed. It is
shown that the analysis of experimental data of dc conductivity and thermoelectric power and the relation between morphology
of composites and their electrical properties result in understanding the charge transport phenomena and allow to propose the
model of electrical transport in these materials. The main factors that affect the electrical properties of composites are recognized
and the ways of controlling these factors and tuning the electrical properties are propos&e. this article: A. Graja,

M. Golub, C. R. Chimie 6 (2003).

© 2003 Académie des sciences. Published by Editions scientifiques et médicales Elsevier SAS. All rights reserved.
Résumé

Nous présentons les résultats de nos études sur les propriétés physiques de composites organiques obtenus par une réaction de
transfert de charge réalisée directement a I'état solide entre le bis(éthylénedithio)tétrathiafulvalene (BEDT-TTF) et I'iode ou
l'iodure d'or. L'analyse des études de la conductivité électrique, de la force thermoélectrique ainsi que de la relation entre la
morphologie des composites et leurs propriétés électriques est donnée. Cette analyse a permis d’expliquer 'effet du transfert de
charge et de proposer un modele représentatif du transport électrique dans ces matériaux. Les principaux facteurs déterminant les
propriétés électriqgues de composites sont indiqués. Le réle de ces facteurs ainsi que les possibilités d’obtention des propriétés
électriques sont proposéRour citer cet article : A. Graja, M. Golub, C. R. Chimie 6 (2003).
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1. Organic charge-transfer complexes. single
crystals and composites

As a rule, organic conductors are produced by
means of a charge-transfer (CT) reaction, in an appro-
priate solvent, between two crystalline insul ating com-
ponents, one being an electron donor, the other being
an electron acceptor. The charge-transfer reaction re-
sultsin theionisation of these two neutral moietiesand
in their molecular association to form athird crystal-
line and conducting solid. Hundreds of crystalline CT
solids have so far been synthesised and investigated,
and their electrical propertiesare covering quite awide
range from poor semiconducting to superconducting
[1,2].

CT complexes and cation- or anion-radical salts
usualy exhibit a higher packing density of the mol-
ecules as compared with the molecular crystals, hence
theformingionradicalsarelocated closeto each other.
Their three-dimensiona structures consist of regular
arrangements of either conducting chains or conduct-
ing planes and, hence, they often exhibit highly aniso-
tropic properties.

Single crystals of the organic semiconductors ob-
tained by a partial reduction of the acceptor molecule
(e.g., TCNQ) totheanion-radical state, under theinflu-
ence of appropriate donorsor of the organic metalsand
superconductors prepared by anodic oxidation of the
solution of the donor (e.g., BEDT-TTF), in the pres-
ence of asupporting electrolyte, are of relatively good
quality. Their habit is adequate to the crystal symmetry
and their faces are well developed and glassy. Number
of the crystal defects can be kept low by the choice of
solvents and suitable conditions of the crystallisation.
The single crystals exhibit distinct anisotropy reflect-
ing the specific ordering of the molecules/ions (usually
one-dimensional in organic semiconductors and one-
or two-dimensional in organic metals or superconduc-
tors). Unfortunately, the dimensions of the single crys-
tals of organic metals based on BEDT-TTF or related
donor molecules are usually much lessthan 1 mm. In
addition, they are brittle and mechanically not resis-
tant; thisiswhy they are not of great practical interest.

The way chosen by Brau and Farges [3, 4] to over-
come these shortcomings rests on producing the con-
ducting material, as a composite material, by the way
of CT reaction between the organic electron donor and

acceptor moieties occurring directly in the solid phase.
The reaction between almost any donor or acceptor
component is accomplished directly in the solid state,
simply by grinding the two components together. The
resulting powdered mixture would then be compacted
under 5-kbar pressureto form adisk, for example. The
method is quite simple and inexpensive; it works for
amost any donor—acceptor pair and it is a convenient
way to produce samples of nearly unlimited size. The
size without limit and any form of the composite
samples are their main advantages over the single-
crystal technology. The physical properties of such
composites roughly resemble the properties of their
crystalline anal ogues obtained by the traditiona ways
[5-7]; their isotropic properties are the only exception.
However, the grains forming the composite sample are
anisotropic and show al the propertiestypical of single
crystals. The method of Brau and Farges [3, 4] has
already been widely exploited by our group [7-10].

2. Principles and remarks on the composite
technology

To understand the physics and chemistry of the
process in mechanically treated solid mixtures, it is
necessary to consider what makes the interface be-
tween two solids. When two phases are brought into
contact, their properties are changed substantially in
the contact area. The depth of thisinterface region and
the character of the changes depend on the physical
nature of the two solids. Among these changes, the
following have to be noted [11]: (1) distortion of the
crystal structures of contacting solids, (2) redistribu-
tion of electrons at the contact between two solidswith
different contact potential and (3) redistribution of the
point defects at the interface. As aresult of changesin
the structure, composition, concentration of electrons
and ionic defects, the physicochemical properties at
theinterface are essentially different from those in the
bulk. In particular, an approach of easy deformable
organic grainsof different electron properties (electron
donor or acceptor) can lead to the CT reaction between
them, and formation of the CT complexes.

Asit was shown by Brau et al. [12], thefirst step of
the solid—solid reaction and its kinetics can be investi-
gated by direct observation under microscope of the
contact established between the two microcrystals,
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e.g., TCNQ and TEA*I". The solid-solid CT reaction
is evidenced by a significant blackening which starts
just at the contact between the two crystals and it
involvesadiffusion processthat goesfrom the donor to
the acceptor moieties.

To make a composite, the two polycrystalline moi-
eties have to be ground together, so that the mean size
of the individual grains gradually decreases. During
this process, not only the number of instantaneous
contact points increases, but also these point contact
interfaces change randomly. Thisiswhy the kinetics of
the reaction, and thus, its efficiency, are significantly
dependent on grinding conditions [5]. When two poly-
crystalline reactants are ground together, two effects
are in fact competing: together with the expected CT
reaction effect, there is also a charge localisation side
effect. The first effect results in the increase of an
electrical conductivity, o, of the sample, via the in-
crease of the charge-carrier density, while the second
effect inhibits the conductivity due to the decrease of
the charge carrier mobility. In the first step of the
reaction, thefirst effect isdominant and ¢ increases; in
the second step, the reaction is almost completed, the
charge localisation effect becomes dominant, and ¢
decreases|[5]. Thus, itisevident that aparticular grind-
ing time is a valuable reference parameter for making
the composites with optimal conductivity.

When two solids are treated mechanically the tem-
perature of the contact also changes. In the case of
organic solids, this effect is not so important, because
of the considerable deformation of the grains while
crashed. On the other hand, the mechanochemical re-
action can be completed by the appropriate thermal
treatment of the sample[4]. Thisiswhy the composite
samples are usually annealed at the defined time and
temperature. It was found experimentally that the elec-
trical conductivity of annealed BEDT-TTF-derived
composites changes its value [13] and aso its charac-
ter. For example, the composite (BEDT-TTF),/I4
becomes not only metallic, but shows the onset of
superconductivity after the annealing, first for 2 h at
85 °Cthenfor 5 min at 155 °C [14]. The composites of
BEDT-TTF with gold iodides acceptors annealed
at 80-85 °C during 2 hours and at 155 °C during
several minutes, offer metallic properties though
they were semiconducting just after preparation [9, 13,
15].

3. Multiphase structure of the organic highly
conducting composites

Morphology of the surface of the composites of
general formulae (BEDT-TTF),/(Aul) and (BEDT—
TTF),/J(Aul;) depends on their composition, condi-
tions of the synthesis and annealing procedure [8].
Usually, the morphology of the composite resembles
the texture of a sponge. It has been suggested from
X-ray diffractograms and Raman spectra that these
composites are mainly built of (BEDT-TTF),l; and
(BEDT-TTF),Aul, grains[16]. This composition was
confirmed and detailed by SEM imaging, and first of
all an energy dispersive X-ray analysis (EDX) [8, 10].
From these studies, it is clear that besides (BEDT—
TTF),l; and (BEDT-TTF),Aul, crystalites, the neu-
tral grains of metallic gold occur in the composites.
This structure corresponds to the donor to acceptor
molecular ratio of X, = 0.8 for (BEDT-TTF),/(Aul)
and of X, = 2.0for (BEDT-TTF),/(Aul 3) samples, i.e.
the compositions corresponding to the maximum of
the electrical conductivity, c. It was also determined
that the conducting grains are separated by amorphous
matter of various composition and different electrical
properties. A typical SEM micrograph of (BEDT—
TTF), 17/(Auls) composite surface is shown in Fig. 1.
Almost regular microparticles can be attributed to
(BEDT-TTF),l; and (BEDT-TTF),Aul, crystallites,
but the clear, light spots can be attributed to the neutral
Augrains.

Fig. 1. Scanning electron microscope micrograph of the surface of
the (BEDT-TTF), ,-/(Aul;) composite after sample annealing.



370 A. Graja, M. Golub / C. R. Chimie 6 (2003) 367-375

SE image, |

s L1 L1

au, I, 1

Fig. 2. Two-dimensional image visualising a surface distribution of the elements: carbon, oxygen, sulphur, iodine and gold in reference with
SEM image of the (BEDT-TTF), g./(Aul) composite before the sample annealing.

EDX microanaysis of (BEDT-TTF),/(Aul) and
(BEDT-TTF),/(Aul3) composites performed for their
various areas of 2—4 pmin diameter [10] confirmed the
above-suggested composition of the samples. Thiswas
revealed from the energy spectra showing the contents
of elements in the investigated areas or as two-
dimensional images visualising a surface distribution
of elements (Fig. 2) with reference to the SEM image
of the examined surface. These pictures show contents
and surface distribution for such elementsas: C, O, S,
I, and Au. For analysis of mutual arrangement of the
elements, the images have been processed by using a
two-point spatial correlation function of element dis-
tribution [10]. Among other things, the analysis gives
the evidence for a coincidence between light spots
localisation and groups of points representing the gold
contents. The concentration of points representing the
iodine element islower at these places. Contrary to the
freegold, freeiodine does not form separate grains, but
is evenly distributed between other microparticles.
Grey areasin theimages should be attributed mainly to
(BEDT-TTF),l; and (BEDT-TTF),Aul, crystallites.

From the SEM and EDX investigations, one can
state also that the annealing of the composite leads to

development and completion of the CT reaction, as
well asto the chemical exchange between components.

4. Some aspects of the theory of electrical
transport in the multiphase materials

The composites show a granular structure with
grains and voids of different electrical properties. The
grains facilitate transport properties of crystalline ma-
terials. Usually, their transport shows metal-like nature
with electrical conductivity dominated by delocalised
electrons. If grains have many defects, interaction of
electrons with these defects tends to localisation of
electronsinthegrains. Thevoidsare empty or arefilled
with amorphous matter of various compositions, usu-
aly insulating, which is opposite to the grains. Thus,
the electrical conductivity of such heterogeneous com-
posites is restricted by electron transfer between large
conducting grains.

There are several mechanisms of charge transport
between conducting grainsin heterogeneous materials.
Which mechanism wins depends on the shape and size
of grains, the distance between grains and other fac-
tors. The most probable mechanism that takes placein
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our composites is fluctuation-induced tunnelling con-
duction. The model of this mechanism was elaborated
by Sheng [17] to describe the conductivity in heteroge-
neous materials with relatively large conducting is-
lands separated by small insulating barriers. According
to this model, the thermally activated voltage fluctua-
tions across insulating gaps modulate the effective
barrier height and play an important role in the deter-
mination the temperature and field dependencies of the
conductivity. Assuming a parabolic barrier, the tem-
perature dependence of the fluctuation-induced tunnel-
ling conductivity, o(T) is given by:

.
a(T) =a, exp(— T+—TO) )

wherecgisaslowly varying function of T ascompared
to the exponential term. Parameters T, and T, depend
on properties of contacts between grains. their length
w, area A and height of potential barrier V [18].

In the case when only two process of transport
dominate, i.e. metallic conduction in grains and
fluctuation-induced tunnelling between these grains,
one can use the simplest model of composite as a
system of arrays of resistors of two types: one repre-
sentstheresistance of contacts and the other represents
theresistance of the grains. The resistance of contact is
described by the formula (1) for field-induced tunnel-
ling. Theresistance of grains can be expected to vary as
T*. Hence, the temperature dependence of conductiv-
ity of such a system would be:

o(T) = [cl exp(TI—lTo> +C, T"‘]_ o

where C; are geometrical factors depending on the
fraction L;, of the sample length and of the sample
cross-section area A,. Index i = 1, 2 for the intergrain
regions and for the conducting grains, respectively.

Investigations of the temperature dependence of
thermoel ectric power can yield additional information
about the transport properties of these materials. Ther-
moelectric properties of inhomogeneous materials
were accounted by Webman et a. [19] in terms of the
effective-medium theory and by numerical simula-
tions. In particular, two phase system has been consid-
ered and the following constrains were imposed:

0,<<0,, P <<P, ©)

where g; isthe electrical conductivity, P, = ¢; S, and §
is the thermoel ectric power of phasei. In this case, for
all concentrations C of the conducting phase for which
g, << g(C) , i.e. C = 0.5, only the conducting phase
gives a contribution to the thermoel ectric power:

S=S 4

Theinfluence of theinsulating phase appearsonly at

small concentration of the conducting phase. Below

the percolation threshold C*, when g, << g,, S, >> S,,

and the thermal conductivities of phases are approxi-

mately equal, the thermoel ectric power asafunction of
C is described by the formula:

S0 =8 5= 55 )

Assuming a constant thermal conductivity for both
phases, the following formula applies for the whole
range of concentrations C [20]:

Zfiaiﬁ
C)=—"——— 6
(o) Sio (6)

wheref; is the volume fraction of phasei.

We will use these relations for the interpretation of
our experimental data for (BEDT—TTF),/(Aul) and
(BEDT-TTF),/(Aul) composites.

5. Transport properties of the conducting
BEDT-TTF-derived composites: their dc
conductivity and the thermoelectric power

For dc conductivity measurements by four-probe
method, samples were shaped in the form of bars on
which gold contacts were evaporated and silver wires
were glued with silver paint. In thermoelectric power
measurements, a rectangular sample is mounted be-
tween two silver blocks through an indium layer. A
temperature difference from 0 to 1 K is established by
gradually heating one of the silver blocks and is moni-
tored with differential thermocouple. The thermoelec-
tric power is deduced from the slope of electromotive
force between two ends of the sample vs. the tempera-
ture difference. Both dc conductivity and the thermo-
electric power are measured in temperature range of
4-300 K. For more detailed description of the experi-
ment, see[9, 21].
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Fig. 3. The dc electrical conductivity of the (BEDT-TTF),/(Auly)
(a) and (BEDT-TTF),/(Aul) (b) composites vs. parameter X, for
annealed samples.

The values of the conductivity measured at room
temperature of the composites strongly depend ontheir
composition expressed by the parameter X, asis shown
in Fig. 3. The maximum of the conductivity occurs at
Xexp = 0.82 for (BEDT-TTF),/(Aul) and X, = 2.0 for
(BEDT-TTF),/(Aul3). These two values correspond
well with those obtained on the basis of the stoichiom-
etry of the two composites: x.,; = 0.8 and x, = 2.0,
respectively [8].

Theresults of the dc conductivity study of (BEDT—
TTF),/J(Aul) and (BEDT-TTF),/(Aul;) composites
were reported earlier [9]. Here we will only draw the
attention to the relevant aspects of these studies. Asan
example, the temperature dependencies of the dc elec-
trical conductivity for some selected composites are
presented in Fig. 4. The conductivity of both (BEDT—
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Fig. 4. Typical temperature dependence of the dc electrical conduc-
tivity of (BEDT-TTF),/(Aul) and (BEDT-TTF),/(Aul) before and
after annealing. Solid curves arefitsto Eq. (2).

TTF),/J(Aul) and (BEDT-TTF),/(Aul;) composites
shows a semiconducting character before annealing.
The most probable origins of this behaviour are: (1) an
interaction of charge carriers with defects in conduct-
ing grains, which tends to their localisation, and (2)
electron tunnelling between the grains. These undesir-
able processes can be suppressed by annealing, when
two processes take place: (1) completion of the CT
reaction effects (the grains growth and an enhancement
of the intergrain contacts), and (2) recrystallisation of
grains that tend to the formation of a -phase [8, 16,
22]. The first process eliminates charge localisation
and the second improves the electron transport be-
tween the grains.

Conductivity of the annealed composites shows
metal-like properties (if their compositions are not
very far from the optimal). The metallic character of
conductivity is observed down to about 25-30 K. Be-
low thistemperature the T-dependence of conductivity
shows the exp[—T,/(T+T,)] character and therefore is
mainly determined by fluctuation-induced tunnelling
of electrons between grains. The experimental datacan
be fitted by Eq. (2). This alows us to assume that the
annealing of the composites makes the influence of
electron localisation negligible and inhibits (but does
not eliminate entirely) the undesirable effect of inter-
grain tunnelling. From fitting parameters T, and T,
one can obtain information about such characteristics
of the composites as their length w, area A of contacts
between grains and height of potential barrier V [18].
An analysis of changes of these values with x, anneal-
ing conditions, grinding time and other parameters of
composite preparation can give us useful information
to understand processes taking place during composite
formation. As an example, Fig. 5 shows the changes of
Aandwwithxfor (BEDT-TTF),/(Aul) composites. At
X= Xopt, thereisaminimum for the contact width w and
therefore there are the best conditions for electron
transport between the grains. So, one of the way of an
increase of the composite conductivity and thus of
obtaining materials of better electrical propertiesisto
decrease the grain separation through an improvement
of contacts between the grains.

However it is difficult to suppress the intergrain
effect to such adegreethat the character of the conduc-
tivity could be metallic in the whole range of tempera-
tures. In some cases, it can be achieved by careful
tuning of the conditions of composites preparation,
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Fig. 5. Dependence of the intergrain contact width w and area A vs.
composition x for the (BEDT-TTF),/(Aul) composites. Values of w
and A are obtained from fitting parameters T, and T, using equations
from [20].

especialy of the procedure of their annealing. By this
way, the metallic (BEDT-TTF),/l; composite in the
wholerange of temperature was obtained by Smirani et
al. [6], but the preparation of fully metallic (BEDT—
TTF)os./(Aul) composite was reported by us[13].

To make the technology of composite preparation
morereliable and produce composites with better elec-
trical properties, we have adopted and devel oped a hot
pressing technique [21]. Two procedures, pressing of a
milled donor—acceptor mixture and its annealing, were
combined together to achieve better conditions of con-
tact formations between conducting grains. The milled
reacted powder is pressed in temperature 80-85 °C for
several hours. Then the composite is annealed some
more at temperature 155 °C during about 10 min. The
procedure of annealing at 155 °C cannot be a part of
the hot-pressing procedure, because the powder begins
to react with an iron press at such temperatures and
cannot be pulled out from it without damage.

The effect of the hot-pressing technology of prepa-
ration of the (BEDT-TTF),/I; composite is shown in
Fig. 6. The composites obtained by hot pressing
method show sharper decrease of their resistivity with
the temperature decreasing and remain metallic in the
whole temperature range. This method permitted usto
obtain the metallic (BEDT-TTF), ,/(Aul) composite
down to lowest temperatures (Fig. 7).

As it was mentioned previously, the investigations
of the thermoelectric power give important informa-
tion on the electrical transport properties of the com-
posites. The temperature dependence of the thermo-
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Fig. 6. Temperature dependence of the resistivity of the composites
(BEDT-TTF),/I; obtained by different technologies: (a) ordinary
method, annealing 2 hat 90 °C and 10 min at 155 °C; (b) hot pressing
during 2 h at 60 °C, annealing during 2 h at 90 °C and 10 min at
155°C; (c) hot pressing during 2 h at 80 °C, annealing during 10 min
at 155 °C.
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Fig. 7. Temperature dependence of the resistivity of the composite
(BEDT-TTF)q g,/(Aul) obtained by hot-pressing method.

electric power, ST) of (BEDT-TTF),/(Aul)
composites is shown in Fig. 8, but in Fig. 9 the room
temperature thermoelectric power as afunction of xis
presented. The thermoelectric power of the compos-
ites, with x not very far from the optimal one, shows a
metallic character and it varies slowly with x. More-
over, YT) of the composites with X = X, is similar to
S(T) of the single crystals of (BEDT-TTF),l; [23].
Only for x much smaller than the optimal one ST)
changes drastically. The changes are observed also for
high values of x. Such behaviour of the thermoelectric
power is fully understandable in Egs. (3)—«7). For x
close to X,, the concentration of conducting grainsis
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Fig. 8. Thermoelectric power vs. temperature of the composites
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Fig. 9. Room-temperature thermoelectric power and the conducti-
vity vs. parameter x of the composites (BEDT-TTF),/(Aul) obtained
by the ordinary method.

large and the thermoel ectric properties of the compos-
itesarefully determined by properties of grainsand do
not depend on their concentration, asit is suggested by
Eq. (4). For an x value far from the optimal one, the
concentration of the grains is small and an insulating
phase contributes to the thermoelectric properties of
the composite. The influence of this phase grows with
the decrease of the conducting-grain concentration and
x dependence of the thermoelectric power can be ex-
pressed by Eq. (5) in thisrange. Eq. (6) can be used for
description of x) dependence inthewholerange of x.
The fact that ST) of the composites with X = X, IS
similar to §(T) of the single crystals of (BEDT-
TTF),l isof great importance. It means that the elec-

trical properties of grains are close to properties of
single crystals (BEDT-TTF),l; and (BEDT-
TTF),Aul,.

The thermoelectric properties of the composites
(BEDT-TTF),/(Auly) are similar to the properties of
(BEDT-TTF),/(Aul). Therefore, al conclusions made
for (BEDT-TTF),/(Aul) composites are fair for
(BEDT-TTF),/(Aul3) ones.

6. Concluding remarks and prospects

Synthesis of non-traditional organic materials that
possess good physical properties, in particular high
electrical conductivity and good stability, is an impor-
tant aspect of contemporary molecular engineering. It
is possible to fabricate various organic conductors not
only in the crystal form but aso in the form of thin
conducting films [24], conducting reticulate doped
polymeric films [25] or polycrystalline samples of or-
ganic metals [26] and other. Although these materials
present great practical importance, they exhibit, unfor-
tunately, some shortcomings. One of them isrelatively
poor understanding of their physical properties. Onthe
other hand the materials based on BEDT-TTF or its
derivatives form especially interesting and promising
group of new organic solids. They show metal-like
high electrical conductivity, relatively good stability
and reproducibility. The technology of their produc-
tion by direct solid-solid CT reaction, proposed by
Farges and Brau severa years ago [6] and devel oped
by both Nice and Poznah groups [4, 7-11, 13-16, 22,
27-30], is very simple and inexpensive. Another great
advantage of this technology is that many new com-
posites can be obtained with the sametechnique, which
have no single crystals equivalent.

We have given here a discussion of basic problems
concerning the physical properties of BEDT-TTF-
derived composites. Present efforts to develop the
composite technology testing the hot-pressing tech-
nique are also presented. More thorough understand-
ing and description of phenomena occurring in this
type of new materials are necessary both to develop the
method of composite preparation and to find out the
potential opportunities of their application.
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