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Abstract The monomolecular compound ethylenedithiotetrathiafulvalene (EDT-TTF(CONHMe)2 ) and the charge transfer salt tetramethyltetraselenafulvalene (TMTSF)2 ClO4 were successfully recrystallized using the drop casting method. Samples of various sizes were obtained, with widths as small as 300 nm and thicknesses above 30 nm. The length of the samples can reach 1 mm. The conductivity of the former compound, σ ≈ 3.10−7 S cm−1 is typical of neutral TTF derivatives. Its bulk mobility is about µb ≈ 1 cm2 /V s. For the thinnest samples of (TMTSF)2 ClO4 , the two point conductivity is dominated by the sample conductivity instead of the contact resistance. © 2004 Elsevier B.V. All rights reserved. Keywords: Drop casting; Microwires; Organic compound; Tetrathiafulvalene; Electrical conductivity



1. Introduction Molecular compounds based on the tetrathiafulvalene (TTF) molecule present a very rich panel of structural and electronic properties. Addition of terminal groups to this fundamental brick has given rise to a large number of charge transfer salts. Among them, special attention has been focused on materials based on the tetramethyltetraselenafulvalene (TMTSF) or the bisethyldithio-tetrathiafulvalene (BEDT-TTF) donor molecules. Depending on temperature and the applied pressure, an insulating state can be replaced by a metallic and even a superconducting state [1]. In particular, (TMTSF)2 ClO4 is superconducting at ambient pressure with a critical temperature, Tc = 1.2 K. This evolution in the physical properties is governed by the molecular packing of conjugated molecules with large overlapping of the – orbitals. Recently, a new series based on the addition of alkylamide groups to the ethylenedithiotetrathiafulvalene (EDT∗
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TTF) has been successfully synthesized. The addition of one akylamide group has led to the synthesis of the charge transfer salt (EDT-TTF-CONMe2 )2 AsF6 which exhibits a strongly one-dimensional physics [2] similar to the physics of the famous (TMTSF)2 X and (TMTTF)2 X organic compounds [3]. Recently, needles shaped single crystals of the neutral conjugated molecule, EDT-TTF(CONHMe)2 have been synthesized. The main feature is that stacks of this molecule develop in a parallel structure completely different from the usually observed herringbone-type arrangements [4] (Fig. 1). On the other hand, EDT-TTF(CONHMe)2 is an organic semiconductor and may present interesting electronic properties due to this remarkable structure. However, determination of the precise electronic properties of single crystals of neutral TTF derivatives has been performed only on few compounds [5–7]. Typically, a resistivity of the order of 105  cm has been obtained. Recently, a drop casting technique has been applied to the realisation of large micro-wires of dithiophenetetrathiafulvalene (DT-TTF) [8] which were also used as the semiconducting active layer for the realisation of organic
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Their typical size were about 1 mm × 50 m × 50 m. These needles were both then dissolved in acetonitrile at ambient temperature. A small heating of the solution accelerates the dissolution. This solution was then poured over a substrate prepared for OFET operation and the solvent evaporated at room temperature. A substrate of highly doped silicon with 500 nm thermal silicon oxide grown on its surface is used. A set of Ti–Au gold contacts were then thermally evaporated on the surface through a mechanical shadow mask. The typical distance between the gold electrodes is about 40 m.



3. Results and discussion The obtained crystals of EDT deposited on contacts show different morphologies depending on their size (Fig. 2). For samples larger than 1 m, straight and long needles were obtained. Using this drop casting method, the width of the needles remains always smaller than 15 m, while their typical length is about 200 m but can reach 1 mm. The typical



Fig. 1. Molecular structure and a perspective on the unit cell of EDTTTF(CONHMe)2 view down the a-axis. Dashed lines represent intra and intermolecular hydrogen bonds.



field effect transistors (OFETs). A large room temperature mobility in single crystals was then obtained of the order of 0.01–1.4 cm2 /V s. These values are small as compared to inorganic semiconductors but is comparable with the mobility of amorphous silicon (about 1 cm2 /V s) and thiophene-based OFETs [9]. This value is also non-negligible as compared to the mobility of 1.5 cm2 /V s reported in pentacene [10] and the mobility of 8 cm2 /V s reported in rubrene [11]. In this article, we will demonstrate the realisation of single crystals of EDT-TTF(CONHMe)2 (EDT in short) and (TMTSF)2 ClO4 (ClO4 in short) using a drop casting technique. The realisation of micro and nanowires will be shown with lateral size down to 300 nm. Electrical properties of the microwires deposited on gold electrodes and first attempts in the realisation of OFETs based on the EDT molecule will be presented. The observed field effect mobility is quite low of the order of 10−5 cm2 /V s and strongly differs from the bulk mobility found to be of the order of 1 cm2 /V s.



2. Experimental Large single crystals of EDT and ClO4 were first synthesized, EDT in an acetonitrile solution as recently reported [4] and ClO4 using a standard electrocrystallisation process.



Fig. 2. Wires of EDT-TTF(CONHMe)2 observed with an optical microscope. The distance between the gold contacts (light colours in background) is 40 m. Various sizes and shapes are observed ranging from nanowires up to 15 m wide needles.
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Fig. 4. SEM observations of EDT-TTF(CONHMe)2 nanowires deposited on a gold electrode (background).



samples are deposited in a OFET geometry using a ‘bottom’ contact geometry, the two-point conductivity of EDT was measured by applying a voltage of 1–5 V across the needle and the current flow was measured using an electrometer, while the ‘gate’ electrode was maintained floating. The measured resistivity of EDT, averaged over 10 samples, is about



Fig. 3. Wires of (TMTSF)2 ClO4 observed with an optical microscope. Top: W = 8 m, bottom W = 0.7 m.



length is not correlated to the observed width of the samples. However, as shown in Fig. 2, the thinner needles of width below 1–2 m are not necessarily straight and wanders on the substrate like carbon nanotubes. Similar results were obtained for the realisation of micro- and nanowires of (TMTSF)2 ClO4 as shown in Fig. 3. The smallest needles are more visible in Fig. 4 when observed with a scanning electron microscope. Finally, Fig. 5a presents an AFM image of a 70 m × 70 m area where thin needles of EDT are present. Using this technique, an estimate of the thickness of the needles is obtained (Fig. 5b). Typically, the thickness of the EDT needles is one tenth of their width. A similar typical aspect ratio is obtained for ClO4 . HRTEM observations (not shown) have revealed that the thinnest needles of EDT are not tubular and present a rectangular cross-section. This technique also demonstrated the crystallinity of the EDT needles as Bragg peaks are clearly visible. However, electron irradiation renders the needles amorphous as Bragg peaks are shown to disappear. The observed crystallinity confirmed EDS determination of the chemical structure of the needles which exhibited a large sulphur peak. Conductivity measurements were then performed on several samples of EDT and ClO4 at ambient temperature. As



Fig. 5. (a) AFM observation of few EDT-TTF(CONHMe)2 microwires obtained in intermittent contact. (b) Height profile along the white line of the previous image: the width of the wire is 3 m and its height is about 0.32 m.
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Fig. 6. Two point resistance of (TMTSF)2 ClO4 needles on gold contacts as a function of their width. The resistance has been normalized to L = 40 m. The lines show the expected resistance at ambient temperature for different width/thickness aspect ratios which are hard to measure precisely.



ρ ≈ 3.106  cm at room temperature and is typical of insulating TTF derivatives. The observed current versus voltage characteristics are linear at least in the range ±10 demonstrating a weak influence of the contacts. On the other hand, for ClO4 samples, our geometry is not able to measure the four-point resistivity as the samples are not long enough. We also use a two probe technique with a current of 1 A applied along the needles and the voltage was measured using a microvoltmeter. The measured two-point resistance for a series of nearly 30 samples is shown in Fig. 6 as a function of the measured sample width. Two behaviours are clearly observed. For wide needles, a large resistance is observed and no clear tendency is observed. The data dispersion is attributed to a bad sticking of the needles on the contacts as needles may grow tilted with respect to the substrate. This tilt is commonly observed for the largest needles but is absent for the thinnest samples. On the other hand, as the thickness of the samples decreases, a strong increase of the measured re-



Fig. 7. Current–voltage characteristic of a EDT-TTF(CONHMe)2 needle (L = 40 m, W = 9 m, estimated t = 0.9 m) at large voltage. The low voltage linear regime is replaced by a parabolic variation at large voltages from which an estimate of the mobility can be obtained.



sistance is observed. Using the commonly accepted value of the resistivity of ClO4 at room temperature,ρ = 1.5 m cm, and different estimates of the geometrical aspect ratio, the observed resistance is in agreement with the calculated resistance. This demonstrates that the resistance is now governed by the sample itself instead of the contacts. The contact resistance is difficult to extract but is necessarily a small fraction of the sample resistance and justifies the assumption of a good sticking of the samples on the gold contacts without any special preparation of the gold surface. To study deeper the properties of these needles, we performed non-linear transport measurements on the EDT samples. Upon increasing the applied voltage, current variation with voltage becomes quadratic as expected for a conduction in the regime of space charge limited conduction (SCLC) [12]. An example of I–V characteristic at large voltage is shown in Fig. 7. Using the standard formula: jSCLC = 9/8 µεε0 V2 /L3 , an estimate of the ‘bulk’ mobility of EDTTTF(CONHMe)2 can therefore be extracted: µb ≈ (1.0 ±



Fig. 8. On the left side, top view of the EDT OFET and a schematic drawing of the geometry of the device. Right: drain–source current vs. gate voltage of the OFET for different drain–source voltages.
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0.2) cm2 /V s using L = 40 m, the distance between the contacts in this study. This value is similar to previous determinations in tetrakis(methyltelluro)tetrathiafulvalene using time of flight experiments [5]. Our geometry is not the ‘sandwich geometry’ which is currently used for mobility measurements. Such precise mobility measurements are under way. However, the given value of the mobility gives an order of magnitude of the real mobility and demonstrates the quality of the needles synthesized using the drop casting technique. Finally, the gate electrode was connected to an additional voltage source in order to realize an organic field effect transistor using EDT-TTF(CONHMe)2 as the semiconductor. Fig. 8 presents the drain–source current as a function of the gate voltage for different applied drain–source voltages. A weak modification of the current is observed indicating that we are able to dope EDT-TTF(CONHMe)2 . As we do not observe saturation of the drain–source current at large applied drain–source currents within the studied voltage range, we extract an estimate of the surface mobility from the linear part of the current–voltage characteristic at low applied drain–source and gate voltages. Using standard FET formula [13], we get a surface mobility: µs ≈ 210−5 cm2 /V s which is five orders of magnitude smaller than the bulk mobility previously determined. This large difference may be attributed to a bad silica–EDT interface.



4. Conclusions We have successfully recrystallized the organic monomolecular compound EDT-TTF(CONHMe)2 and the charge transfer salt (TMTSF)2 ClO4 using a drop casting technique. The width of obtained samples lies from 300 nm to 15 m and the length can reach 1 mm. The conductivity of the former system is typical of the TTF derivatives semiconductors. The bulk mobility is shown to be large in this semiconductor. We have also shown that the electrical contacts obtained using this method can be of good quality and not a strong obstacle to the study of TTF derivatives-
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based devices using this recrystallisation process. New improvements in the technological process may lead to the realisation of OFET in EDT derivatives and the refinement of the study of electronic properties in charge transfer salts.
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