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Semiconducting single-walled carbon nanotube-Au (SWCNT-Au) hybrid films are fabricated as a thermistor with an adjustable temperature coefficient and show that the embedded SWCNTs can dramatically reduce the resistivity and noise source activities in the film. The temperature coefficients of thin films are adjusted by the control of Au thicknesses. The scanning noise microscopy study shows that sSWCNTs-embedded Au film has reduced resistivity and noise source density by 3 and 18 times compared with a pristine Au thin film, respectively. The correlation between resistivity and noise source density indicates a hopping charge transport in the system. Q3 On the other hand, a key issue in using sSWCNT channels for device applications (i.e., a transistor, temperature sensors) can be the interface between sSWCNTs and metal electrodes. [10] Previous reports show that the formation of Schottky barriers between sSWCNT and metal electrodes may increase the contact resistance and often electrical noises, resulting in the degradation of overall device performances. [11,12] However, the effect of sSWCNTs on the nanoscale transport properties (i.e., conductivity, charge trap activities) of the metal-sSWCNT interface structures has not been clearly understood yet.

Herein, we report semiconducting SWCNTs embedded in Au films for a thermistor device with an adjustable temperature coefficient and reduced noise source activities. In this work, an Au thin film was deposited on sSWCNT network layers to build a thermistor device. Then, a scanning noise microscopy (SNM) method was utilized to map the resistivity and noise source activities on the hybrid film with a nanoscale resolution. The sSWCNT/ Au hybrid thin films showed a linear temperature-resistance dependence with minimal hysteresis. Interestingly, sSWCNTmetal hybrid films with rather thin Au films exhibited a negative temperature coefficient of resistance (TCR) values, while those with rather thick Au films showed a positive TCR. It indicates we can control the TCR values simply by changing the Au film thickness. The resistivity map measured by the SNM method exhibited three times smaller resistivity on the Au films with sSWCNTs, showing that sSWCNTs can work as a high conductance current path and enhance the conductivity of the film. Furthermore, we observed the 18 times smaller noise source activities in the region with sSWCNTs. These results show that sSWCNTs in thin metallic films can enhance the conductivity and reduce electrical noises, enabling high-performance device applications such as thermistors.

Results and Discussion

Figure 1a shows the fabrication process of an sSWCNT/Au hybrid thin film. First, photoresist (PR, Clariant Inc., AZ 5214-E) was patterned on a SiO 2 (300 nm)/Si substrate via a conventional photolithography method. The substrate was Semiconducting single-walled carbon nanotube-Au (sSWCNT-Au) hybrid films are prepared to build a thermistor device with an adjustable temperature coefficient and show that the embedded sSWCNTs reduce the resistivity and noise source activities in the nanoscale regions of the film. The temperature coefficient of the hybrid films can be adjusted from negative to positive values simply by increasing the deposited Au thickness. Moreover, a scanning noise microscopy is utilized to map the nanoscale variation of the resistivity and noise source density on the sSWCNT-Au hybrid films. Interestingly, the map shows that the regions with both sSWCNT and Au exhibit three times lower resistivity and 18 times smaller noise source activities than pristine Au regions, indicating that sSWCNTs embedded in metallic films can significantly reduce the resistivity and electrical noise source activities in the film.

Introduction

Semiconducting single-walled carbon nanotubes (sSWCNTs), due to their semiconducting properties and high conductivity, have been widely studied as a key component for various advanced devices such as a transistor, bioelectronic nose devices, and physical sensors. [1][2][3] One example of such advanced devices can be a sensitive temperature sensor with a positive-temperature coefficient (PTC). [4,[START_REF] Mohsin | Proc. SPIE 2014[END_REF] However, PTC sensors based on CNTs often have nonlinear resistance-temperature characteristics, which makes it very difficult to calibrate the sensor responses for practical applications. [START_REF] Andealis | [END_REF]4] The hybrid structures of CNTs and metal films also have been used to fabricate the temperature sensors. For example, CNT-Ni composites have rather linear resistance-temperature characteristics. [7] The temperature sensors based on CNTs coated with Pt nanoparticles exhibited a high sensitivity compared to pure Pt-based temperature sensors. [8,9] However, environmental conditions such as humidity can affect the responses of such sensors, often resulting in low reliability and repeatability of the sensors. placed in an sSWCNT (NanoIntegris Inc., purity ≈99.5% semiconducting) solution (0.05 mg mL -1 in 1,2-dichlorobenzene) for 5 h and rinsed with 1,2-dichlorobenzene. Then, Au layers with different thicknesses were deposited on the sSWCNTs via a thermal evaporation method with a deposition rate of 0.5 Å s -1 at a pressure of ≈10 -6 Torr. The PR patterns on the substrate were dissolved by acetone, leaving the pattern of an sSWCNT/ Au hybrid film. Finally, source and drain electrodes (30 nm Au on 10 nm Ti) were fabricated using photolithography processes including thermal evaporation and a lift-off method. The sample was utilized for SNM measurements. For a thermistor application, we deposited polymethyl methacrylate (PMMA) on the top of an sSWCNT/Au channel so that the PMMA could block the adsorption of moisture molecules affecting the electrical properties of the channel. [13] Figure 1b shows the experimental setup of our SNM measurement. [14] For the measurements, a Pt-based conducting tip (CONTSCPt, Park Systems) installed on an atomic force microscope (AFM, XE-70, Park Systems) was directly contacted to a bare sSWCNT/Au thin film surface without PMMA coatings. Then, a DC bias voltage was applied to the electrode of the sSWCNT/Au film by a function generator (DS345, Stanford Research Systems). The measured DC currents and AC current noise signals through the Pt tip were converted to voltage signals by a low-noise preamplifier (SR570, Stanford Research Systems). The probe was scanned on the sample surface to obtain the map of electrical currents and noises. The measured maps were analyzed by a network model-based differential method to obtain the maps of resistivity and noise source activities with a nanoscale resolution. [14] A Raman spectroscopy measurement (XperRam 200, 514 nm line from Ar + laser) was used to characterize the sSWCNT networks on a SiO 2 substrate (Figure 2a). Two major peaks at 1350 and 1600 cm -1 correspond to the D-band and the G-band peaks of sSWCNT networks, respectively. Note that the D-band originated from defects in sSWCNTs, while the G-band was associated with graphitic materials such as CNTs. [15,16] In our sample, the I D /I G value was ≈0.1, which was lower than that reported previously. [16] It shows low structural defects in our sSWCNTs deposited on a SiO 2 substrate.

Figure 2b shows the topographic image of an sSWCNT/Au film region with 5 nm thick Au (left) and a bare SiO 2 substrate (right). For the measurement, we used a noncontact mode AFM. In the figure, the thickness of the sSWCNT/Au hybrid film was rather uniform with its roughness of 1 nm. The measured diameters of sSWCNTs (white lines) were in the range of 1-2 nm. The result indicates that sSWCNTs in our sample were well-separated without forming significant bundles. [1,16] Figure 2c shows the I-V characteristic of an sSWCNT/Au hybrid film with the Au film thickness of ≈5 nm. A bias voltage ranged from -0.5 to 0.5 V was applied. We could obtain a nonlinear behavior on the sSWCNT/Au hybrid films, indicating the formation of Schottky barriers as reported previously. [10] Presumably, due to a very thin Au film, the sSWCNT/Au hybrid films still exhibited semiconducting properties like sSWCNTs, resulting in the formation of Schottky barriers between metal electrodes and sSWCNT channels.

U N C O R R E C T E D P R O O F
Figure 3a shows the optical image of a temperature sensor device based on an sSWCNT/Au hybrid film and the schematic diagram showing its structure. The sSWCNT/Au hybrid film channel has a dimension of 1 mm width and 1 cm length, and each electrode has a dimension of 7 mm width, 3 mm length, and 40 nm thickness. Further, the channel was covered by PMMA to prevent the effect of adsorbed moisture on the channel. [4] Figure 3b shows the real-time response of an sSWCNT/Au hybrid film with a 5 nm thick Au film by temperature changes. For the temperature control, the sSWCNT/Au thin film was directly placed on a heating stage, and the temperature of the heating stage was adjusted by a controller of the stage. A 0.1 V bias voltage was applied between source and drain electrodes using a semiconducting characterization system (Keithley, USA). The changes in current were measured while the temperature was adjusted between 30 and 40 °C, repeatedly. The result shows that the conductance of the sSWCNT/Au hybrid film increased or decreased as the temperature was increased or decreased, respectively, indicating the positive temperature coefficient. Presumably, since the deposited Au film was very thin, the hybrid film exhibited the semiconducting properties like sSWCNT networks. Importantly, we could obtain the similar variations of currents by three repeated temperature cycles, implying the high reliability of the hybrid films for a practical application. [17] Figure 3c shows the resistance variation of an sSWCNT/Au film with 5 nm thick Au under different temperature conditions. For the measurement, the temperature was swept repeatedly between 30 and 90 °C. The film exhibited the decreasing resistivity with increasing temperature with an almost-constant temperature coefficient of -3.3 × 10 -3 °C-1 over a rather wide range of temperature conditions. Importantly, the sensitivity of its resistance at different temperature conditions did not change even after repeated temperature sweeps, showing the repeatability of our results. Previous reports show that the temperature-dependent resistance curve of SWCNTs has a significant hysteresis behavior and it was attributed to the water molecules adsorbed onto the CNTs. [13] In our case, the PMMA layer blocks the adsorption of water, resulting in a minimal hysteresis, which is very important for practical applications of the films as a thermistor.

Figure 3d denotes the resistance variations of sSWCNT/Au films with different Au thicknesses by temperature changes. For preparing the samples, we assembled sSWCNTs on a SiO 2 substrate and deposited Au with different thicknesses ranging from 5 to 25 nm. Then, the resistance variations of each sample were measured as the temperature changes from 30 to 90 °C. The hybrid film with 5 nm thick Au and sSWCNTs exhibited a decreasing resistance with increasing temperature, indicating a negative temperature coefficient like pure sSWCNT networks. [18] Presumably, a 5 nm thick Au layer deposited on the sSWCNTs does not form a well-connected conduction channel, and the resistance of the sSWCNT/Au hybrid films is determined by that of sSWCNT networks. The negative temperature coefficient values for the hybrid films with less than 18 nm thick Au indicate the semiconducting properties of the film, showing that sSWCNT or sSWCNT-metal interface dominates its charge transport phenomena. As the thickness of Au increased, the temperature coefficient became more positive. In the case of hybrid films with 20 nm thick Au and sSWCNTs, its resistance increased with increasing temperatures like typical Au film channels. [19,20] The result can be attributed to the formation of continuous metallic Au film, dominating the charge transport of the hybrid films. The result indicates that we can fabricate a thermistor channel with the desired temperature coefficient simply by adjusting the Au thickness. It is also worth mentioning the advantage of utilizing purified semiconducting SWCNTs rather than unpurified mixed SWCNT materials including both metallic and semiconducting SWCNTs. The metallic and semiconducting SWCNTs have a positive and negative temperature coefficient, respectively. [21,22] Since it is often very difficult to control the composition of metallic and semiconducting SWCNTs in unpurified SWCNT materials, the temperature coefficient of unpurified SWCNT materials can vary significantly, resulting in a rather large uncontrollable variation of temperature coefficients in the hybrid films based on the unpurified SWCNTs. Thus, it is important to use semiconducting SWCNTs to achieve the hybrid films with a controllable temperature coefficient.

U N C O R R E C T E D P R O O F
The interface structures between semiconducting SWCNTs and metallic films have been extensively studied before. [10,19] However, the nanoscale effect of sSWCNTs on the charge transport of the interface is not fully understood yet. We utilized an SNM to map the nanoscale charge transport phenomena in the sSWCNT/metal hybrid films with 10 nm thick Au (Figure 4). We chose the film as a typical sample because it has a semiconducting property (Figure 3d), indicating that its charge transport properties are dominated by sSWCNT/metal interface structures rather than by thick metallic Au films. Figure 4a,b shows the AFM topography and current maps of a bare sSWCNT/Au thin film with a 10 nm thick Au layer, respectively. In the topography map, the sSWCNTs (white lines) are clearly distinguished from the pristine Au films (gray regions). In our sample preparation process, sSWCNTs were adsorbed on a bare SiO 2 substrate in the SWCNT solution, and the firstadsorbed layer of sSWCNTs on the SiO 2 substrate blocked the additional sSWCNT adsorption due to the "self-limiting" phenomenon. [23][24][25] Thus, we could prevent the formation of thick films with multiple sSWCNT layers and obtain almost a single layer of connected sSWCNT networks. The AFM image of our sSWCNT network film on a SiO 2 substrate shows bare SiO 2 regions as well as a connected network of sSWCNTs (Figure S1, Supporting Information). In this case, we could map both bare Au and sSWCNT-Au hybrid film regions in our SNM measurements on the sSWCNT-Au hybrid films. The measured heights of sSWCNTs varied between 1 and 2 nm, indicating that the sSWCNTs on our samples did not form significant bundles. [15,16] For mapping currents, a conducting AFM tip made direct contact and scanned on the sample surface while measuring electrical currents with a voltage of 5 mV on the electrode. In the current map, the regions with sSWCNTs (yellow lines) exhibited a larger current value than those without sSWCNTs (red regions), indicating sSWCNT/Au interface structures can work as a highly conducting current path.

We could place the conducting AFM probe at a desired location on the sSWCNT/Au sample surface and measure I-V characteristics from that location. Figure 4c shows the I-V characteristics which were measured at an sSWCNT/Au region (black line) and a pristine Au region (red line). Note that the I-V characteristic of the bare Au region exhibits a typical linear behavior as reported previously for metallic films. [19] On the other hand, the I-V characteristic of sSWCNT/Au regions exhibits a larger current value than a pristine Au region, which is consistent with the results in the current map (Figure 4b). However, at a rather large bias voltage, it shows a nonlinear behavior, indicating a Schottky barrier formation in the current path. Previous work showed that the Schottky barriers are formed between sSWCNTs and Au film and cause a nonlinear I-V curve, as we observed in our results. [10] For more quantitative analysis about the effect of sSWCNTs, we calculated a resistivity map from the current map using the iterative simulation method as reported previously (Figure 4d). [14,19,26] In the resistivity map, the regions with embedded sSWCNTs (yellow lines) can be easily identified as a low resistivity region, and they correspond to high current regions in the current map. The averaged resistivity of pure Au regions (blue regions) without sSWCNTs was 1.58 × 10 -5 Ω cm, which was similar to the previously reported resistivity of Au thin films. [27,28] On the other hand, sSWCNT/Au regions (yellow lines) exhibited the averaged resistivity value of 4.73 × 10 -6 Ω cm, which was much lower than that of the pristine Au regions. These results clearly show that sSWCNTs, even with the formation of Schottky barriers, work as a highly conducting current paths and reduce the overall resistivity of the hybrid films as reported before. [19,28] It should be mentioned that a rather low resistivity of our hybrid film can be advantageous for thermistor applications. Since the currents in a thermistor channel were often measured as a signal, a channel made of highly resistive The red or black line represents the data when the probe was in a pristine Au or sSWCNT/Au region, respectively. d) Resistivity map of the sSWCNT/Au sample. e) Current-normalized noise PSD dependence on frequencies. A 1/f-type noise behavior was observed. f) Current-normalized PSD map (at 17.3 Hz) on the film. h) Noise source density map of the sSWCNT/Au film. The pristine Au regions showed much higher noise source density than the sSWCNT/Au composite regions. h) Scatter plot showing a correlation between a noise source density Neff and resistivity. A positive correlation was observed with a scaling factor of 0.5. i) Histogram of resistivity with a log scale constructed from pixels in the resistivity map with different regions. It implies the log-normal distribution of resistivity in both pristine regions and sSWCNT/Au composite regions. j) Histogram of noise source density with a log scale constructed from pixels in the noise source density map. The noise source density showed a log-normal distribution in both pristine Au regions and sSWCNT composite regions. materials can provide only small signals and, often, result in a rather low signal-to-noise ratio. sSWCNTs have a significantly lower resistivity than conventional negative temperature coefficient materials such as transition metal oxide. For instance, our hybrid film with sSWCNTs and 10 nm thick Au film had a resistivity of 4.73 × 10 -6 Ω cm, while that of vanadium oxide, which has been extensively used in negative temperature coefficient thermistors, is usually larger than 10 -1 Ω cm. [29][30][31] Since our system included an FET network analyzer (SR770, Stanford Research Systems), we could place a conducting AFM probe on a specific location of our sample surface to measure the noise spectra. Figure 4e shows the graph of the current-normalized power spectral density (PSD) versus frequency f, which was measured at two different positions: i) Au region and ii) sSWCNT/Au region. The current-normalized PSD was measured in the frequency ranging from 3.9 Hz to 1 kHz with a bias voltage of 1 V. In the graph, two data obtained from Au and sSWCNT/Au regions show similar behavior. The scaling parameter of fitting lines is about -1 for both curves. A common theoretical model to explain low-frequency noises in thin Au films is the number fluctuation model, where individual noise sources trap and release charge carriers with a relaxation time τ. [32][33][34] In addition, previous works showed that electrical noises in CNT/Au thin films are mainly generated by number fluctuations. [33] Hence, the low-frequency noise of our hybrid sample could be attributed to the number fluctuation of charged carriers. For example, charge traps buried in underlying SiO 2 substrates can trap-and-release charge carriers resulting in current fluctuations. [14,19,[33][34][35] The repeated trap-and-release of charge carriers causes the PSD to vary in current proportional to ≈1/f 2 . If there are a large number of noise sources with different τ in the current channel like Au films, the noise PSDs of the different noise sources would be averaged out and result in the noise spectra is proportional to 1/f, which is consistent with our result.
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The current-normalized PSD (S I /I 2 , Figure 4f) map could be obtained simultaneously while measuring the topography and current maps. Here, we first measured the map of noise power at 17.3 Hz via the SNM and divided the S I map by the square of the current map (Figure 4b) to obtain the noise PSD (S I /I 2 ) map. Note that the S I /I 2 values of sSWCNT/Au regions (black lines) were much lower than those of pure Au regions (white regions). Interestingly, the Au thin film regions with a higher resistivity in the resistivity map (Figure 4d) exhibited a larger noise PSD than sSWCNTs embedded regions in the noise power map (Figure 4e). The results imply that embedded sSWCNTs can reduce the electrical noises.

Electrical noises in a conducting channel can be generated by various noise sources. [26,33] In the case of sSWCNTs and metallic thin films on the SiO 2 substrate, localized charge traps in the underlying SiO 2 are reported as a major source of electrical noises. In this case, we can assume that each noise source traps and releases charge carriers independently with different relaxation times, and use a previously reported simulation method to obtain the map of the localized charge trap density N eff from the measured normalized PSD map (Figure 4g). [14,19,26] In the method, a differential analysis based on the Wiener-Khintchine theorem shows that the N eff in the small segment of a 2D film in the area of ΔxΔy can be written as

( , , ) ( ) ( , , ) eff 2 2 
I N f x y c I f kT S f x y x y = ∆ × ∆ ∆ ∆ (1) 
where the I, f, ΔC, and ΔS I are a current in the film segment, a frequency, a charge carrier number in the film segment, and a current noise PSD generated by the film segment, respectively.

For the calculation, we used the ΔxΔy value of ≈100 nm 2 which is the effective contact area of our conducting AFM probe provided by the manufacturer. For ΔC, we used a reported value (≈10 22 cm 3 ) of carrier concentrations in bulk Au. [36] The results show that the averaged N eff value of pure Au regions was about ≈5.8 × 10 17 cm -3 eV -1 (Figure 4g). The noise sources in the thin Au films can be attributed to the charge traps in the underlying SiO 2 substrate and some defects in the film. Previous work shows that the effective oxide trap density of general SiO 2 substrates was 10 16 -10 17 cm -3 eV -1 , which is consistent with our results. [37] On the other hand, the sSWCNT/Au regions could be easily identified as low noise source density regions (black lines) in the maps (Figure 4g). The averaged noise source density N eff of sSWCNT/Au regions was found ≈3.0 × 10 16 cm -3 eV -1 , which is 18 times lower than that of the pristine Au regions. Presumably, the sSWCNTs could reduce the N eff in the hybrid film by preventing electrons from being trapped in the underlying oxide substrates. The results clearly show that embedded sSWCNTs can reduce electrical noises as well as the resistivity in hybrid films.

Figure 4h shows a scattered plot of R s versus N eff . Thirty points on the plot were randomly taken from a pixel of the R s map (Figure 4d) and a corresponding pixel of the N eff map (Figure 4g). For clarity, the data points from each region were distinguished by different colors. The red or black data points represent the pixels of the image regions with or without sSWCNTs in the sSWCNT/Au hybrid film sample with 10 nm thick Au films, respectively. The positive correlation between the resistivity R s and the noise source activity N eff is observed with a slope of 0.5, indicating that the N eff can be a dominant parameter determining R s on our sSWCNT/Au hybrid thin films. When thin Au films are deposited on CNTs by a thermal evaporation method, Au has been reported to form discrete nanoparticles on the CNTs. [27,38,39] In such cases, the transport behavior of these CNT/metal composites has been reported to be dominated by hopping conduction. [40] The intrinsic hopping sites of CNT/metal composites are typically localized near the tails of band gaps, while trapping sites provided primarily by noises sources on SiO 2 substrates are extrinsic localized states, and large energy is required to release trapped carriers back to the intrinsic density of states (DOS). Thus, charge trapping and hopping sites are separated by the average trap depth (E t ), which can be an important parameter for determining the electrical characteristics of nanocomposites. In addition, the distribution widths of DOS of trapping sites (λ t ) and hopping sites (λ h ) can affect the transport properties in hopping conduction systems such as a nanocomposite. For example, it was previously reported that mobility (μ) was inversely proportional to the N eff , following the relationship like μ ∝ N eff ɤ where the exponent ɤ depends on E t , λ t , and λ h . [41] When traps are deep, and the λ h is smaller than λ t , the ɤ can be about ≈1 as formulated by Hoesterey Letson for a crystalline material. [42] On the other hand, when the ratio of λ t /λ h is about ≈1, the effective medium approximation theory suggested ɤ ∼ 0.5 for common nanocomposites. [41,43,44] Previous works showed that λ h /λ t is close to 1, and ɤ ∼ 0.5 in nanocomposite systems just like our conducting hybrid thin films, and thus, we can expect eff 0.5

N µ ∝ - (2) 
in our cases. [41,43,45] Note that the R s can be written like

( ) s 1 R enµ ∝ - ( 3 
)
where e is an electric charge and n is a constant carrier density. Thus, from Equations ( 2) and (3), we can derive the relationship of R s ∝ N eff 0.5 , which is consistent with our experimental observation in Figure 4h. This result indicates that charge traps can be one of the dominant parameters determining the conductivity of our sSWCNT/Au hybrid interface structures, which is also consistent with previous results. [14,19] Figure 4i,j shows the histograms of the R s and N eff with a log scale constructed from pixels in the R s (Figure 4c) and N eff (Figure 4f) maps, respectively. The logarithmic resistivity showed a normal distribution, i.e., the resistivity value is logarithmically distributed in both sSWCNT/Au and pure Au. It was previously reported that a log-normal distribution of resistivity comes from percolation characteristics. [1,46] The sSWCNT/ Au region could be considered as a percolated structure due to sSWCNT networks in the hybrid film, leading to the lognormally distributed resistivity. [46,47] The log-normal distribution of pure Au film regions in hybrid films could also be explained by the percolation structure of the Au thin film since very thin metallic films often exhibited percolative structures. [27,38] On the other hand, the N eff histogram on a log scale (Figure 4j) also shows two peaks of Gaussian distributions, which indicates that the histogram shows two overlapping log-normal distributions. These distributions can be explained by the calculation method for N eff as shown in Equation (1). The noise PSD of each pixel, ΔS I , in Equation (1) was just normally distributed due to the central limit theorem. [48] The distribution curve showed a narrow peak, implying a small standard deviation. On the other hand, the current of each pixel was lognormally distributed due to the lognormally distributed resistivity in percolating channels. Since the ΔS I values were rather uniformly distributed compared to the current values, the N eff distribution was dominated by the current distribution, resulting in the lognormal distributions.

Conclusion

In summary, we developed semiconducting SWCNT/Au hybrid films for a thermistor with an adjustable temperature coefficient and demonstrated the mapping of nanoscale transport phenomena in it. sSWCNT-metal hybrid films with rather thin Au exhibited a negative temperature coefficient like typical semiconducting materials, while positive temperature coefficient was observed for those with a rather thick Au film. The adjustable thermal coefficient can be a unique feature of sSWCNT/Au thin films compared with a conventional thermistor device and can enable versatile applications. Further, we mapped the resistivity and charge trap activities on the sSWCNT/Au thin films, showing that sSWCNTs embedded in metallic films can reduce its resistivity and noise sources. Our results show a key insight about the role of sSWCNTs in the interface between sSWCNT and metal electrodes, and thus provide an important guideline for the development of sSWCNT-based high-performance devices such as thermistors and thin-film transistors. 
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Figure 1 .

 1 Figure 1. Schematic diagram depicting the fabrication method for sSWCNT/Au hybrid films, and the experimental setup for the mapping of electrical currents and noises on the film. A conductive probe installed on a contact-mode AFM was placed on the sSWCNT/Au surface, and a bias voltage was applied on the electrode at the other side of the Au surface.

Figure 2 .

 2 Figure 2. Basic characteristics of sSWCNT/Au thin films. a) Raman spectroscopy data of sSWCNTs used in our experiments. b) AFM topographic image of the sSWCNT/Au hybrid structure with 5 nm thick Au (left) and bare SiO 2 substrate (right). The bottom graph shows its height profile. c) I-V characteristic of the sSWCNT/Au with 5 nm thick Au.

Figure 3 .

 3 Figure 3. Characteristics of sSWCNT/Au film-based thermistor devices. a) Optical image and its schematic diagram of a thermistor based on sSWCNT/ Au hybrid film with 5 nm thick Au. b) Real-time response of a thermistor based on the sSWCNT/Au hybrid film with 5 nm thick Au. c) Temperature-dependent resistance changes of a thermistor based on sSWCNT/Au hybrid film with 5 nm thick Au. The measurement was repeated twice. d) Temperature-dependent resistance changes of thermistor devices based on sSWCNT/Au hybrid films with different Au thicknesses.

Figure 4 .

 4 Figure 4. SNM measurements on an sSWCNT/Au hybrid film with 10 nm thick Au. a) AFM topography image of the sSWCNT/Au film. b) Current map of the sSWCNT/Au film. c) I-V characteristics of the sSWCNT/Au film in different regions.The red or black line represents the data when the probe was in a pristine Au or sSWCNT/Au region, respectively. d) Resistivity map of the sSWCNT/Au sample. e) Current-normalized noise PSD dependence on frequencies. A 1/f-type noise behavior was observed. f) Current-normalized PSD map (at 17.3 Hz) on the film. h) Noise source density map of the sSWCNT/Au film. The pristine Au regions showed much higher noise source density than the sSWCNT/Au composite regions. h) Scatter plot showing a correlation between a noise source density Neff and resistivity. A positive correlation was observed with a scaling factor of 0.5. i) Histogram of resistivity with a log scale constructed from pixels in the resistivity map with different regions. It implies the log-normal distribution of resistivity in both pristine regions and sSWCNT/Au composite regions. j) Histogram of noise source density with a log scale constructed from pixels in the noise source density map. The noise source density showed a log-normal distribution in both pristine Au regions and sSWCNT composite regions.
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