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      By using a bottom-gate top-contact field-effect transistor structure, the field effect of 

graphite-rich carbon nanocrystallite thin films deposited by electron cyclotron resonance sputtering 

was investigated. An appreciable ambipolar field effect was observed at the film edge where the 

thickness was vanishing. On-off current ratios of 2 and 7 were attained at 294 and 150 K, 

respectively. 
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1. Introduction 

   Recent observations have revealed that graphite, particularly single- or few-layer graphite, is 

very attractive as an electronic material due to the extremely small effective masses and high 

mobilities of its electrons and holes1-4). Among the carbon-related materials, carbon nanotubes have 

also drawn attention due to their excellent transport properties5), but the control of the large number 

of geometrical parameters, i.e., position, direction, length, diameter, and chirality, is a difficult task. 

In this sense, graphite, as a two-dimensional sheet, is more suited for electron devices because of 

the smaller number of geometrical parameters that must be controlled. However, the handling 

techniques for few-layer graphite are still in its infancy, and there is no clear prospect for extensive 

applications. Considering these points, it is worthwhile to research the possibilities of deposited 

graphite thin films. Although such materials are usually polycrystalline and may not behave ideally, 

even a fraction of the intrinsic property is still valuable. Actually, Nagase et al. recently reported the 

pseudo-field-effect transistor (FET) using a carbon film deposited by electron cyclotron resonance 

(ECR) sputtering despite the high parasitic series resistance of the probes and/or contacts6). Here, 

by using a thin-film FET structure with low parasitic resistance, the characteristics of the 

ECR-sputtered carbon film are investigated in detail. 

2. Device Fabrication 

   FETs were fabricated using shadow mask depositions of carbon (50 nm) and metal (100 nm 

Au/10 nm Ti) from different incident angles.  Figure 1(a) shows the plane view of the deposition 

mask and the deposited metal/carbon films. The sizes of the suspended mask (L, W) were varied to 

obtain various channel lengths and widths of the FET. Figure 1(b) shows the cross-sectional view of 

the FET. The substrate was used as the gate, and the deposited metal was used as the source/drain 
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electrodes (bottom-gate, top-contact structure). The gate oxide thickness was 20 nm. 

   Note that this fabrication method is extremely useful in efficiently characterizing materials for 

FETs, because it involves only a two-step process of depositing the channel and electrode materials 

to complete the FET without additional lithographic and etching processes. Sensitive materials that 

cannot endure the complex processes can also be handled without degradation. 

   The carbon films were deposited by ECR plasma sputtering at room temperature under an Ar 

pressure of 5  10-2 Pa. A graphite target was sputtered with a DC bias of -500 V, and the sputtered 

carbon was deposited on the substrate at a rate of 4.5 nm/min. During the deposition, the film 

surface was simultaneously irradiated with low-energy ions with an acceleration voltage of 

approximately 20 V. 

   It is reported that this kind of film consists of 2~5-nm-scale crystallites of graphite, and the 

content of the graphitic carbon can be evaluated by X-ray photoelectron spectroscopy (XPS)7). We 

reconfirmed the characteristics of the film by XPS spectrum analysis, as shown in Fig. 2. The C 1s 

spectrum can be decomposed into four peaks. The first two peaks at lower energies are assigned to 

sp2 (C=C) and sp3 (C-C) bonds, respectively, and their intensity ratio is 1:0.28, indicating that the 

film is rich in graphite8). The other small peaks at higher energies are assigned to the C-O bond that 

originated from the adsorbed oxygen7). The sheet resistance of the 50-nm-thick film was measured, 

using a four-point probe, to be 2.7 k, corresponding to a resistivity of 14 m·cm. This is one to 

two orders of magnitude higher than that of graphite parallel to the c plane, but is far less than that 

of diamond, also supporting the assumption that the film is rich in graphite. 

   The Ti and Au films were deposited at room temperature by electron-beam evaporation under 

normal high vacuum (~ 10-4 Pa). The substrate was placed 90 cm away from the evaporation source, 
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in order to minimize the half-shadow blur at the film edge.  

3. Electrical Characterization 

   Devices with different L and W values were evaluated to find out the conditions needed to 

observe the field effect. Drain current ID was measured with zero source voltage VS, drain voltages 

VD of up to 2 V, and gate voltages VG from -6 to 6 V. These VG values roughly corresponded to the 

vertical electric field of 3 MV/cm, which induces carriers in the channel. Since most of the device 

did not show the field effect, we will first show the conductance (or resistance) behaviors at a fixed 

VG. 

   Figure 3 shows the width dependence of the source-drain conductance measured at VG=0 and 

VD=10 mV. For positive W, the conductance is proportional to W as expected. From the slope of the 

fitted line and the sheet resistance obtained using a four-point probe, the parasitic series resistance 

is calculated to be 480 ·µm9). This is comparable to those of metal-oxide-semiconductor 

field-effect transistors (MOSFETs)10), indicating that the contact resistance is marginal. The 

temperature dependence of the conductance (inset) cannot be explained by simple thermally 

activated process. The hopping process might be a possibility11), but the extracted exponent  is 

about 0.1, which is far less than those for the variable-range hopping, i.e., 1/3 for two-dimensional 

and 1/4 for three-dimensional conductions. A more precise evaluation with four-terminal 

measurement and/or in a wider temperature range is necessary. 

   Figure 4 is a logarithmic plot of the same conductance as in Fig. 3, showing the tail part of the 

conductance profile. The fitted curve is drawn on the assumption that the thickness distribution at 

the film edge is Gaussian with a standard deviation of 65 nm (inset) and the conductance is 

proportional to the thickness. At the thin part of the thickness distribution, where the conductance is 
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less than 10-8 S, modulation of the conductance by the gate electric field (field effect) was observed 

by separate measurements with varied gate voltages, i.e., ID-VG measurements with VD=10 mV and 

VG from -6 to 6 V. The nominal thickness of the film corresponding to the field-sensitive device is 

calculated to be more than an order of magnitude smaller than that of a single graphite layer, i.e., 

0.4 nm. This is probably due to the failure of the assumption that the conductance of the film is 

proportional to its thickness. The accurate determination of the local film thickness or conducting 

an experiment with much smaller amounts of film deposition can be a future task. 

   Figure 5 shows the length dependence of the source-drain resistance. Since the channel area is 

shadowed from the carbon deposition when L is larger than the height of the mask (~ 0.5 µm), the 

resistance increases rapidly. The curve for a larger L is also fitted under the assumptions that the 

channel resistance is inversely proportional to the film thickness and the Gaussian thickness 

distribution has the same standard deviation of 65 nm. The devices with a resistance higher than 

109  exhibited the field effect. Considering this and the results in Fig. 4, we can estimate that the 

film edge with a vanishing thickness (much less than the deposited thickness of 50 nm) plays an 

important role in the field effect, although the assumption for the fitting includes some ambiguity 

and the real thickness of the field-sensitive channel is not precisely determined at this moment. 

   Figure 6 shows the drain current-gate voltage characteristics for L=0.75 µm and W=1.0 µm. The 

current increases on both the positive and negative sides of the gate voltage (ambipolar 

characteristics), presumably reflecting the semimetallic nature of graphite. The on-off current ratio 

tends to be larger for a lower drain voltage and a lower temperature. For VD=0.5 V, the on-off ratios 

of 2 and 7 were obtained at 294 and 150 K, respectively. The expected on-off ratio at room 

temperature is 20 ~ 30, if we assume that the intrinsic carrier concentration is 10-4 per carbon atom, 

and the maximum concentration induced by the electric field is 1013 cm-2. There is still room for 
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improvement. 

   Apart from the on-off ratio, the drain current is appreciably small. Although the conduction 

mechanism is not clear as discussed in conjunction with Fig. 3, at least we understand that the 

hopping mechanism is not desirable. The small crystalline size of graphite and the c plane being 

vertically oriented with respect to the film surface7) might be the causes of the deviation from ideal 

conduction, i.e., band conduction of free carriers. Further improvement of the film quality in terms 

of such factors as crystalline size and orientation is necessary. 

4. Conclusions 

   We investigated the field effect of graphite-rich carbon nanocrystallite thin films deposited by 

ECR sputtering, using a bottom-gate top-contact FET structure. An appreciable ambipolar field 

effect was observed at the film edge where the thickness was vanishing. On-off current ratios of 2 

and 7 were attained at 294 and 150 K, respectively. The results are encouraging further research on 

deposited graphite thin films for electronics applications. 
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Captions 

Fig. 1(a) Plane view of the deposition mask and deposited metal/carbon films, and (b) 

cross-sectional view of the FET. A two-step process of vertical deposition of carbon and oblique 

(45) deposition of metal is used to complete the FET without additional lithographic processes. 

Fig. 2 C 1s XPS spectrum of the deposited carbon film. The sp2 (graphite) component is 

predominant in the film. The small two peaks at higher energies are assigned to the C-O bond that 

originated from the adsorbed oxygen7). 

Fig. 3 Width dependence of the source-drain conductance of the devices with VG=0 and VD=10 mV. 

The slope of the fitted line is 7.8 × 10-4 S/µm. Inset: Temperature dependence of the conductance. 

Fig. 4 Logarithmic plot of the same conductance as in Fig. 3, showing the feature of the tail part of 

the thickness distribution at the film edge. From the separate evaluation similar to that in Fig. 6, the 

devices with a smaller conductance were found to be field-sensitive. Inset: Estimated thickness 

profile at the film edge. 

Fig. 5 Length dependence of the source-drain resistance of the devices with VG=0 and VD=10 mV. 

The resistance increases rapidly when the channel region is shadowed by an enlarged L (>0.5 µm). 

The devices with a high resistance were found to be field-sensitive. 

Fig. 6 Drain current-gate voltage characteristics for L=0.75 µm and W=1.0 µm at (a) 294 K and (b) 

150 K. On-off current ratios of 2 and 7 are attained, respectively. 
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Fig. 2 
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Fig. 3 
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Fig. 4 
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Fig. 5 
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Fig. 6 
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