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Electrical Conductivity and Current-Voltage Characteristics of Individual Conducting Polymer PEDOT Nanowires *

We report the current-voltage (I-V ) characteristics and electrical conductivity of individual template-synthesized poly(3,4-ethylenedioxythiophene) (PEDOT) nanowires (190 ± 6 nm in diameter and σRT = 11.2 ± 2 Ω -1 cm -1 ) over a wide temperature range from 300 to 10 K. With lowering temperature, the I -V characteristics become nonlinear around 50 K, and a clear Coulomb gap-like structure appears in the differential conductance (dI/dV ) spectra. The temperature dependence of the resistance below 70 K follows ln R ∝ T -1/2 , which can be interpreted as Efros-Shklovskii hopping conduction in the presence of a Coulomb gap. In addition, the influences of measurement methods such as the applied bias voltage magnitude, the two-probe and four-probe techniques used in the resistance measurements are also reported and discussed.

Conjugated polymer nanotubes/wires have attracted much attention due to fundamental research and applications in nanoscale devices (for a review, see Refs. [1,2] and references therein). Recent studies on conducting polymer nanostructures have revealed interesting features different from bulk polymer films and pellets. [1][2][3][4][5][6][7][8][9][10] For example, it has been shown that electrical [3][4][5][6][7] and mechanical [8] properties of the polymer nanotubes/wires strongly depend on the diameter. Moreover, Coulomb-blockade transport in helical polyacetylene nanofibres, [9] small magnetoresistance of single polymer nanotubes/wires, [10] and strong electron-electron interaction arising from nanosize effect and strong disorder have been evidenced in the polymer nanostructures. [1,6,9] Among conducting polymer nanostructures, poly (3,4-ethylenedioxythiophene) (PEDOT) nanotubes/wires have been much investigated for applications in organic light-emitting diodes, field emission, [11] organic field effect transistors, [12] and electrochromic displays et al. because of its good stability in air, relatively high conductivity, high optical transparency and high efficiency in hole injection. So far, various methods have been used to prepare PEDOT nanotubes/wires, such as template synthesis, [5,7,11,[13][14][15] template-free electrochemical polymerization, [12] nanofibre seeding, microemulsion polymerization, [16] molecular combing method, [17] etc. Some studies have explored the electrical properties of single PEDOT nanowires either by focused-ion beam deposition technique, [16] or by dispersion of nanowires on pre-patterned micro-or nanoleads. [11,17] The effect of HF and NaOH treatments on the conductivity of PEDOT-DBSA nanowires was also studied. [11] Samitsu et al. [17] have measured the I -V curves and conductivity (σ RT ∼ 0.6 and 0.09 S/cm, lnG ∝ T -1/2 ) of individual PEDOT-PSS nanowires on platinum nanoelectrodes.

Although a lot of investigations have been carried out, detailed measurements of conductivity and I -V curves as a function of temperature, and effects of the experimental conditions on measurement results have not been systematically investigated yet. In this Letter, we present the temperature dependence of I -V characteristics and the electrical conductivity of template-synthesized PEDOT nanowires after removal of the membrane and dispersion on thick SiO 2 layer. A transition from linear to nonlinear I -V curves, the emergence of a Coulomb gap-like structure, and the resistance variation as ln R ∝ T -1/2 strongly suggest that electron-electron interaction is a key issue dominating the low-temperature electronic transport processes in the polymer nanowire.

The PEDOT nanowires were prepared in templates of polycarbonate track-etched membranes. [5,7,[13][14][15] In a typical synthesis procedure, we used a gold layer evaporated on one side of the membrane as the working electrode, a platinum plate as a counter electrode, and a saturated calomel electrode (SCE) as a reference. The polymerization bath consisted of an aqueous solution containing 0.07 M sodium dodecyl sulfate, 0.1 M LiClO 4 , and 0.05 M 3,4-ethylenedioxythiophene (provided by BAYER AG and distilled before using). The electrochemical polymerization was carried out at a fixed potential of 0.8 V vs. SCE with an EGG 273 potentiostat. After the polymerization, polycarbonate (membrane template) was removed by dissolution with a flow of dichloromethane and nanowires were dispersed onto a 400-nm-thick SiO 2 wafer. The resulting PEDOT nanowires have been characterized by field-emission scanning electron microscopy (SEM), transmission electron microscopy, resonant Raman spectroscopy, in situ absorption spectroscopy, x-ray photoelectron spectroscopy and electron spin resonance. More details can be found in Refs. [13-15]. To attach Pt microleads on a dispersed nanowires, a scanning electron microscope was used to find an appropriately PEDOT nanowire on the wafer. Then, four Pt microleads with typically 0.5 µm in width and 0.4 µm in thickness were fabricated by FIB deposition (Dual-Beam 235 FIB System from FEI Company, working voltage of the system is 5 kV for the electron beam and 30 kV for the focused-ion beam, respectively, current of the focused-ion beam is 1-10 pA). Electrical connection between the Pt microleads and the sample holder was made by highly conductive silver paste and gold wires. The I -V characteristics and electrical resistance of the PEDOT nanowires were measured by using a physical property measurement system from Quantum Design and a Keithley 6487 picoammeter/voltage source over a wide temperature range from 300 down to 10 K. The I -V curves were obtained by scanning the voltage from -1.0 to 1.0 V with a step of 0.005 V at different temperatures. The dI/dV curves were numerically derived from the corresponding I -V curves.

Figure 1 shows the SEM image of a PEDOT nanowire, on which four Pt microleads are attached. The diameter of the measured nanowire is about 190± 6 nm. It is noted that the leads' resistance are small and negligible compared to the nanowire's resistance because the four-probe resistance of the nanowire is larger than 60 kΩ, whereas the resistance of the Pt leads is less than 1 kΩ (estimated using the widely recognized resistivity 5 × 10 -4 Ωcm for the Pt film under the conditions used for the FIB deposition). [18][19][20][21] The room-temperature conductivity of the measured nanowire is 11.2 ± 2 Ω -1 cm -1 . Here we note that at least two individual PEDOT nanowires (190 ± 6 nm in diameter) have been measured, and the measurement results are repeatable. Previous studies on electronic transport in individual polymeric and inorganic nanotubes/wires [1,6,9,[22][23][24] have demonstrated that Coulomb interaction in nanostructures is enhanced and must be taken into account at low temperatures due to the confinement of electrons (nanosize effect) and/or strong disorder. For example, the Coulomb gap for the conducting polyaniline tube is 20-40 times larger than that for bulk samples. [6] In order to determine whether the Coulomb interaction in the PE-DOT nanowire is strong or not, we measured the I -V characteristics over a wide temperature range (300 to 10 K), as shown in Fig. 2(a). At temperatures higher than (or equal to) 50 K, the I -V curves are linear (I -V data above 60 K not shown). With lowering temperature the I -V curves gradually become nonlinear. Figure 2(b) exhibits the differential conductance dI/dV spectra taken numerically from the corresponding I -V characteristics at 50, 40, 30, 25, and 20 K. The dI/dV spectra have a pronounced minimum around zero bias at low temperatures. According to the theory developed by Pollak, Efros and Shklovskii et al., [START_REF] Pollak | Hopping Transport in Solids[END_REF][START_REF] Efros | Electron-Electron Interaction in Disordered Systems[END_REF] a Coulomb gap occurs in the density of localized states due to long-range Coulomb interaction between the electrons in different centres of localization near the Fermi energy. The depletion of the differential conductance at low energies is widely reported and usually regarded as a signature of electron-electron interaction, [START_REF] Massey | [END_REF]28] in accordance with the gradual opening of a Coulomb gap at low temperatures. Here we note that Kaiser et al. [29] have proposed a generic expression (extending the fluctuation-assisted tunnelling and thermal excitation model) for the nonlinear I -V characteristics based on numerical calculations for quasi-one-dimensional conduction interrupted by small barriers, or for granular materials. However, our calculations indicate that the I -V data around zero bias below 40 K always deviate from the Kaiser model because Coulomb gap (or Coulomb blockade) effect (zero-bias anomaly) has not been considered by this model. [START_REF] Long | Template Synthesis of PEDOT Nanowires and Electrical Properties of Individual PEDOT Nanowires[END_REF] The above results indicate that electron-electron interaction is an important issue dominating the electronic transport processes in the polymer nanowires especially at low temperatures. According to the theory of Mott variable-range hopping (VRH), [START_REF] Pollak | Hopping Transport in Solids[END_REF] if the effect of electron-electron interaction is negligible, the temperature dependence of resistance can be expressed as R(T ) = R 0 exp(T M /T ) 1/(d+1) , where T M is the characteristic Mott temperature, and d is the dimensionality of the hopping process. However, if the electron-electron interaction is strong and taken into account, the existence of the Coulomb gap will result in an Efros-Shklovskii (ES) VRH law, namely, R(T ) = R 0 exp(T ES /T ) 1/2 , where T ES is the characteristic ES temperature, and the exponent of 1/2 is independent of the dimensionality of the disordered system. Thus it is interesting to study the temperature-dependent resistance of the single PE-DOT nanowire.

However, since the I -V characteristics are nonlinear at low temperatures (as shown in Fig. 2), one question arises before discussing the temperature dependence of resistance: how is the measured electrical resistance affected by the measurement methods such as four-probe technique, two-probe technique, and applied bias voltage magnitude? Figure 3 shows the two-probe resistance data of the middle section of the nanowire measured by applying different bias voltage V bias = 0.5, 0.1, and 0.02 V. At high temperatures the resistance data measured under different V bias are nearly consistent, whereas at low temperatures the resistance values determined under V bias = 0.1 and 0.02 V are larger than that determined under V bias = 0.5 V, which is in accordance with the dI/dV spectra shown in Fig. 2. Figure 3(b) also indicates that below 70 K, ln R is linear in T -1/2 . Here we note that Samitsu et al. [17] have already observed ln G ∝ T -1/2 in individual PEDOT-PSS nanowires with diameters under 10 nm owing to quasi-one dimensional VRH conduction. For the present case, in the view point of electrons, the PEDOT nanowire is still three-dimensional because the localization length of electrons (less than 20 nm [6] ) is much smaller than the diameter (190 nm) of the nanowire. Thus we ascribe the observed ln R ∝ T -1/2 temperature dependence to Efros-Shklovskii VRH conduction model. This result is in agreement with the above analysis. The characteristic ES temperature determined from Fig. 3(b) is T ES = 6072 K (V bias = 0.1 and 0.02 V) and 4882 K (V bias = 0.5 V). It is indicated that the values of V bias used in the two-probe measurements will affect the characteristic ES temperature T ES . In order to compare the two-probe resistance with the four-probe resistance, Fig. 4 gives the temperature dependence of the four-probe resistance measured by applying a very small current (I = 0.01-10 nA and the corresponding V = 0.0005-0.02 V). The four-probe resistance data is quite close to the two-probe resistance data determined under V bias = 0.02 V. This result indicates that the microlead-nanowire nanocontact resistance is small and negligible for the present measured PEDOT nanowire. However, if the nanocontact resistance is comparable with or even larger than the intrinsic resistance of the nanowires, the three-probe or four-probe resistance will much smaller than the two-probe resistance, and only the four-probe measurements can reveal the intrinsic electronic transport properties of the nanowires. [31] For example, the temperature dependence of two-probe resistance of a nanowire may indicate that the nanowire is semiconducting, whereas the four-probe resistance dependence of the same nanowire may demonstrate that the measured wire is metallic. [31] Thus a four-probe resistance measurement is necessary and much more reliable in transport property studies of individual nanowires because nanocontact resistances may dominate the measured resistance. In summary, the low-temperature electronic transport in template-synthesized PEDOT nanowires (190±6 nm in diameter and 11.2±2 Ω -1 cm -1 at room temperature) is investigated by two-probe and fourprobe measurements. With lowering temperature, a transition from linear to nonlinear current-voltage characteristics occurs around 40 K, clear Coulomb gap-like structure gradually emerges on the differential conductance curves, and the temperature dependence of resistance (ln R ∝ T -1/2 ) follows the Efros-Shklovskii variable-range hopping conduction model. These results demonstrate that electronelectron interaction is strong and dominates the lowtemperature electronic transport processes in the PE-DOT nanowires. The two-probe and four-probe resistance measurements also indicate that the applied bias voltage in the two-probe resistance measurements will affect the characteristic ES temperature.
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 1 Fig. 1. SEM image of a template-synthesized PEDOT nanowire attached with four Pt microleads. The diameter of the measured nanowire is about 190 nm.
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 2 Fig. 2. (a) I -V characteristics and (b) the corresponding differential conductance dI/dV spectra of the single PEDOT nanowire at 50, 40, 30, 25, and 20 K.

Fig. 3 .

 3 Fig. 3. (a) Temperature dependence of the two-probe resistance of the PEDOT nanowire measured by applying different bias voltage (V bias = 0.5, 0.1, and 0.02 V), (b) plotted as ln R vs T -1/2 . The characteristic ES temperature T ES = 4882 K(V bias = 0.5 V) and 6072 K(V bias = 0.1 V).
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 4 Fig. 4. Temperature dependence of the four-probe resistance of the PEDOT nanowire. For comparison, the two-probe resistance data measured under V bias = 0.02 V is also plotted.
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