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Abstract:



Nano-carbon materials are promising canidates for applications in high performance devices, including highly sensitive biosensors. We have developed a self-alignment process for nano-carbon field effect transistors (FETs), using a carbon nanowall (CNW)—a nano-carbon materials—to fabricate CNW-FETs. We measured the pH dependence of the device properties. The binding molecules are known to be key components for biosensors. We are concentrating on the development of an influenza virus sensor, because the influenza virus is a major public health problem and a highly sensitive sensor is urgently required. We estimated the size of detected molecules of glycan for influenza viruses using atomic force microscopy. The typical molecule size is around 1 nm, and this may be suitable for electronic detection using a FET structure.
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1. Introduction


Nano-carbon materials have enormous potential for application in advanced devices because of properties such as high mobility, high strength, and so forth [1]. They occur naturally in two-dimensional (2D) carbon sheets such as graphene [2,3]; one-dimensional carbon nanotubes (CNTs) [4] also have a carbon sheet with sp2 hybridization in a cylindrical form. One of the advantages of nano-carbon materials is that field effect transistors (FETs) can be fabricated by conventional lithography. Thus, FET structures and nano-fabrication processes of nano-carbon materials could be important for certain applications. For CNTs, the carrier control of p-type and n-type conduction is also possible using a passivation layer [5,6]. Furthermore, a single electron or hole transistor as a nano-sized device has been fabricated using nanotechnology [7] and was operational at room-temperature [8]. The carbon nanotube field effect transistor (CNT-FET) is one of the most promising candidates for use in highly sensitive sensing of gases or biomolecules. A NO2 and Cl2 gas sensor was reported using CNT thin films [9]. In biosensor applications, an aptamer-based novel biosensor has been developed, which can be used for the label-free detection of immunoglobulin E (IgE) protein [10,11]. We have also developed noise-enhanced nonlinear devices [12,13] and demonstrated the controllability of its operation [14,15,16].



Improved properties, such as for high mobility and strength, can result from the use of two-dimensional graphene sheets and application of the 2D structure itself to achieve functional nano-carbon devices. Recently, a number of researchers have concentrated on the development of nano-processes for graphene, where exfoliation of graphenes [17] and chemical vapor deposition (CVD)-grown products are used as graphene materials [1,18]. Since a metal catalyst such as copper is used for graphene growth by CVD [19], development has focused mainly on better quality transfer processes to the insulating substrates as devices. Several CVD techniques have been used by research groups [20,21,22,23]. Direct growth of graphene devices seems to be important for future electronic devices [24] and many kinds of fabrication processes have been investigated [25,26,27,28,29,30]. Graphene FETs also seem to be useful as biosensors [31] and label-free detection has been reported [32].



Carbon nanowalls (CNWs) also have such 2D structures. CNWs can be constructed by a few layers of graphene and are candidates for use as high-performance, low-dimensional materials [33]. CNWs can also be grown by the CVD technique without catalysts [34], suitable for standard semiconductor fabrication processes. Therefore, several applications have been investigated, such as using them as templates for nanostructures [35] and catalyst supports for fuel cells [36]. The control of crystallinity and carriers seems to be important in electronic device applications, and the hydrogen process [37] and nitrogen doping [38] have been proposed for quality control of CNWs. However, the position control of CNWs in the devices is difficult from the viewpoint of growth control. This represents a limitation of CNWs in applications such as transistors. As a consequence, we have developed a self-aligned process for CNWs using grapho-epitaxy [39].



Influenza is a major issue in public health [40,41,42]. Influenza virus A belongs to the family Orthomyxoviridae, and can easily mutate into a family of RNA viruses [43] capable of causing a change of the host range [44]. For example, the mechanism of infection of the highly pathogenic avian H5N1 influenza viruses have been studied in humans using reverse genetics [45]. The spread of influenza A virus variants needs continuous monitoring because of the high mutation rate. Many infections in humans have been reported and this might be due to the potential of these viruses to mutate and result in a change of host from birds to humans [46,47]. The surveillance of such mutations is essential, and therefore highly sensitive sensor systems are needed. We have developed a biosensor using nano-carbon materials which can detect the preferred host of the virus. The host change can be observed as a change of the bonding between the virus protein and the host sugar chain.



We have developed several processes to fabricate field effect transistors for biosensors. One is a self-alignment process using grapho-epitaxy [48] for the nano-carbon channels [49,50]. Another is a deposition process for the binding of specific molecules, such as those found in avian influenza viruses and human-type viruses [51,52,53]. For nano-carbon biosensors with host specificity for influenza viruses, we used sugar chains with different coordinations of terminal sialic acid and penultimate galactose, such as α2-3 linkage sialic acid for an avian influenza virus and α2-6 linkage sialic acid for a human virus.



In this paper, we discuss the self-alignment process and how the fabricated nano-carbon channels can recognize the ion concentration in the solution as a pH sensor [54]. Influenza virus can detect the structure of the sugar chains to infect the specific host. Therefore, we intend to use glycan as the detection molecule in the biosensor. However, the size of the molecules needs to be small for the electronic detection because of the Debye screening length. We tried to estimate the size of sialyllactose [54], one of the candidates for detection molecules in the biosensor for influenza virus, and investigated the host specificity of sialyllactose.




2. Results and Discussion


We will initially discuss CNW-FETs. Figure 1a shows the CNW channels used as a pH sensor. The depth of the trench is 230 nm, and the CNW is grown near the corner of the trench. The CNW flake has an approximate width of 400 nm, height of 600 nm, and thickness of 10 nm. The self-aligned CNWs work as FET channels. Figure 1b shows optical microscope (OM) images. The dark pattern between the Ti/Au electrodes is the CNW channel, and the outer region of the channel was etched out using O2 plasma.


Figure 1. Representative CNW channels fabricated by the self-alignment process. (a) Scanning electron microscope (SEM) images; and (b) OM images with Ti/Au electrodes. The magnified SEM image is also shown as the inset figure.
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One of the starting points for biosensors is the pH sensor, which detects ion concentration in a solution. Figure 2a shows the current-voltage (IV) characteristics of CNW-FETs at pH 4 and pH 8.2. There is a small nonlinearity; based on the metallic properties, they are the linear IV characteristics with no gate voltage dependence. This nonlinear aspect could be a result of the grain boundary scattering of carriers and shows gate voltage dependence [49]. For different pH values, the metallic part of the samples might not respond to pH, but the small change in the nonlinear part of the IV characteristics has the same tendency as CNT-FETs [55]. As shown in the inset of Figure 2a, the small change is dependent on pH. Therefore, we set the drain-source voltage (VDS) to 0.2 V for the time-dependent measurements.


Figure 2. Representative electronic properties of the CNW-FETs in a solution. (a) Current-voltage characteristics of CNW-FETs in pH 4 and pH 8.2, and IV characteristics around VDS = 0.2 V are enlarged as the inset figure; (b) Drain-source current change for different pH solutions.
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Figure 2b shows the time dependence of the drain-source current (IDS) during the change of pH in the solution. A small drift is observed in the graph, but we can clearly observe a change of IDS depending on the pH values. The nano-carbon materials therefore seem to be candidates for a biosensor. The grain boundary scattering in the flakes and the metallic feature, however, could reduce the current change.



Next, we discuss detection of molecules such as sugar chains. For electric detection in a solution, the screening length should affect the detection performance, and we therefore need to select short-length sugar chains that have a screening length approximately the same as the Debye length. Of course, the screening length can be changed by the ion concentration in the solution, but typically a few nm seems to be one of the required criteria [56].



Figure 3a shows sialyllactose molecules observed by an atomic force microscope (AFM). The concentration is 1 ng/mL. There are several molecules in the picture. Figure 3c shows the representative line profile for the molecules, indicated by an arrow in Figure 3a. The height is approximately 1 nm. These molecules appear to be suitable for use as binding molecules for the electronic detection. Figure 3b also shows an AFM image for samples with 10 ng/mL. The number of particles is higher than those in the 1 ng/mL sample and the height of the molecules is around 1 nm.


Figure 3. AFM images of sialyllactose on mica: (a) 1 ng/mL and (b) 10 ng/mL. A representative line profile for molecules indicated by an arrow in (a) is shown in (c).
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Finally, we wanted to investigate the host specificity of the sugar chains to the influenza viruses. However, sialyllactose might show weak binding to the substrate, so we chose sialoglycopolymer [57] for the enzyme-linked immunosorbent assay (ELISA) instead of sialyllactose. AFM observations confirm the small height of sialoglycopolymer and indicate the better dispersion of molecules, as shown in Figure 4. The representative line profiles in Figure 4b demonstrate that the height is also approximately 1 nm, where the height of molecules is mainly around 0.6 nm. Therefore, these molecules also seem to be suitable for use as binding molecules in electronic detection.


Figure 4. (a) AFM image of sialoglycopolymer on mica for 1 ng/mL. A representative line profile for molecules 1 and 2 labeled in (a) is shown in (b).
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Figure 5 shows the binding activity of two types of influenza virus, H1N1 and H5N1, to sialoglycopolymers. H1N1 is a human-type virus and prefers to bind to α2-6 linkage sugar chains, as shown in Figure 4a. H5N1 is an avian virus and more strongly binds to α2-3 linkage sugar chains, as shown in Figure 4b. We further investigated this selectivity using Hemagglutinin (HA) proteins for the comparison and the same results were obtained. Therefore, our sugar chains seem to be suitable for the electronic detection of influenza viruses, and now we are developing the control of the distribution of molecules to obtain a higher sensitivity for these biosensors.


Figure 5. Binding assay of influenza viruses to sugar chains: (a) A/California/07/2009 (H1N1) and (b) A/mallard/Hokkaido/24/2009 (H5N1).
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3. Materials and Methods


Si wafers with a 50 nm SiO2 layer were used for CNW-FETs. We fabricated CNW-FETs using a self-alignment process of nano-carbon channels, one of the effective fabrication processes of nano-carbon devices. In the self-alignment process, nano-carbon materials are grown on the processed pattern on the substrate by grapho-epitaxy [48]. When suitable line and space patterns are used the surface diffusion results in self-alignment [39].



We used convex patterns of 400 nm with a concave space of 600 nm for the FET. The reactive-ion etching (RIE) time was 12 min with a plasma power of 100 W. The etched depth was typically 300 nm. For plasma-enhanced CVD growth, CH4 gas was used as the process gas with a carrier gas of H2. The growth temperatures were 500 °C for 30 min. After electrode fabrication of Ti/Au, CNWs, grown outside the channel region by CVD, were etched out by O2 plasma for 3 min with a plasma power of 100 W using photolithography.



For measurement of the pH dependence of IDS of CNW-FETs, we used a top gate of an Ag/AgCl reference electrode in a 3 Mol KCl solution; to avoid a current leakage we used top gate voltage Vg = 0 V. VDS was set to 0.2 V as stated in the previous section. We used a pH standard solutions set (HORIBA, Kyoto, Japan), which included combinations of pH = 4, 7 and 9. We first started at pH = 4, after which the other solutions were added to the small well, made of silicone rubber, on the channels of the CNW-FET. The measured pH was then 4, 5.8 and 8.2, respectively.



The glycan molecules of α2-3 linkage sialyllactose were used for AFM observations. The powder samples of the sugar chains, which were the candidate molecules for detection, were diluted with double distilled water to 1 ng/mL or 10 ng/mL, and spread with 1 μL on the freshly cleaved mica surface. After drying, the molecules were observed by AFM (AFM5010, Hitachi High-Tech Science, Tokyo, Japan).



In the ELISA binding assay we used the sugar chain from sialoglycopolymer, as stated in the previous section. Solutions with a concentration between 1000 and 15.6 ng/mL were spread onto 96-well plates and the 8 HAU of A/California/07/2009 (H1N1) and A/mallard/Hokkaido/24/2009 (H5N1) were fed into the wells. The HA titer, where HAU is expressed as the power of 2, is the reciprocal of the dilution that produces 1 HAU, where 1 HAU in the haemagglutinin titration is the minimum amount of virus that will cause complete agglutination of the red blood cells. We also used HA proteins for the comparison in the binding assay, namely, 500 ng/mL derived from A/California/07/2009 (H1) and A/Vietnam/1203/2004 (H5). The binding activity was measured using fluorescence at 490 nm.




4. Conclusions


We have developed a self-alignment process for nano-carbon FETs of CNWs, a promising nano-carbon material. The fabricated nano-carbon channels recognized ion concentration in solution, thereby acting as a pH sensor. To extend this work, the influenza virus can detect the structure of sugar chains to infect a specific host and we will use glycan as the detection molecule in the biosensor. However, the size of the molecules should be small for the electronic detection because of the Debye screening length. We have tried to estimate the size of sialyllactose, which is one of the candidates of detection molecules for the biosensor of influenza viruses. The size of the molecules is around 1 nm, and this seems to be suitable for electronic detection using FETs. We also investigated the host specificity of sialyllactose.
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