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Abstract — Further progress in examining the suitability of carbon nanotubes for single-biomolecule sensing has been made via ab initio simulations using the density functional theory/non-equilibrium Green’s function approach. Adsorption of different amino acids on short carbon nanotubes is predicted to cause different changes in local densities of states, transmission coefficient, and current.

I .  INTRODUCTION

Recently, ab initio simulations have predicted that the local density of states (LDOS), and the transmission coefficient as a function of energy (T(E)), of carbon nanotubes change due to the presence of adsorbed single molecules of amino acids [1]. The simulation approach involved: molecular dynamics simulations to determine the relative coordinates of the molecules and the nanotube; and density functional theory/non-equilibrium Green’s function (DFT/NEGF) simulations to investigate the changes that amino-acid adsorption induces in the electrical properties of the nanotube. Here, we follow the same approach, but extend the device-under-simulation by including aluminum metal contacts to the ends of the sensing nanotube. This enables a voltage to be applied to the sensor, and a current to be measured.
  II .  SIMULATION FLOW

The basic simulation procedure was as described elsewhere [1]. It is summarized below, and the specific simulated structures in this work are described.

First, classical molecular dynamics (MD) simulations were performed for a  (10,0) CNT in an aqueous environment  (pH 7.0) containing 40 dimers of each of two amino acids: isoleucine (ILE) (a neutral amino acid with a hydrophobic side-chain) and asparagine (ASN) (a neutral amino acid with a hydrophilic side-chain).  The MD simulations were carried out using the package GROMACS [2] with the AMBER port  [3]. The MD simulations provide the relative coordinates of the nanotube and amino-acid atoms upon adsorption. The coordinates cannot be calculated simply by system relaxation from density functional theory  (DFT) simulations because DFT cannot estimate van der Waals forces correctly, and these play an important role in the interaction between the nanotube and the amino acid [4]. 
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Forty dimers were used to increase the probability of adsorption. The simulation time was 6 ns. The minimum distance between the dimers and the nanotube was calculated using GROMACS to be 0.25 nm for each amino acid. One of the nearest dimers was then chosen from each of the ASN and ILE cases for use in the DFT/NEGF simulations. To improve the time to convergence, the simulation space was reduced by considering only the residue nearer to the tube of each dimer, i.e., the one that should have the more significant effect on the tube. The residue was properly terminated to simulate a molecule of the corresponding amino acid. The DFT/NEGF simulations were carried out using the Atomistix package [5] within the local density approximation (LDA) [6,7]. The simulated systems consisted of a (10,0) CNT forming a sensing region of a length of 0.85 nm, which was sandwiched between two semi-infinite aluminum electrodes. Each of the adsorbed amino acids was positioned as shown in Fig. 1. For comparison, a third simulation was carried out for the bare tube sandwiched between the electrodes. Finally, to investigate the effect of the position of the adsorption site, a fourth simulation was performed with the ASN molecule translated in the longitudinal direction to the position marked by the left vertical line in Fig. 1(a).
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 Fig. 1. Simulated structures. (a) ASN, (b) ILE. The left and right vertical white lines mark the positions for the local density of states sections in Fig. 3 and Fig. 4 respectively. For (a) the left line also marks the position of the ASN molecule in the fourth simulation described above.

III .  RESULTS AND DISCUSSION

Fig. 2 shows the calculated transmission coefficient (T) for the four simulations described above. The energy reference is at the Fermi energy. It is clear that the tube exhibits a rather metallic behavior: there is no bandgap, even though (10,0) nanotubes are semiconductors. Evidently, the evanescent states associated with electron injection from the contacts persist throughout this short length of tube. Transmission in such a short tube is attributed primarily to these metal induced gap states (MIGS) [8,9]. The Fermi level lies at the mid-gap, and the states contributing to the conduction (contributing states) have a range of energy of about ±8kT (where kT is the thermal energy), which corresponds to ± 0.2 eV in our case (room temperature). This indeed is inside the region of the MIGS as can be seen from Fig. 1, and Fig. 2. Clearly, ILE has a little effect on T. The effect of ASN depends on the adsorption site. An increase of T in the energies corresponding to the gap states is observed when the ASN molecule is adsorbed away from the electrode as shown in Fig. 1(a) (ASN-1), whereas a decrease is observed when it is adsorbed very close to the electrode, as indicated by the vertical line in Fig. 1(a) (ASN-2). This may be explained by the amino acid competing with the CNT for the states injected from the metal electrodes in the latter case. To verify this, the LDOS shown in Fig. 3 was integrated over the contributing states energies described above. The total LDOS in the tube at the tube/electrode interface was found to be 6.6 (/nm3) for the case ASN-1, compared to 6.0 (/nm3) for the case ASN-2. Also, the total LDOS calculated for the whole MIGS energy range was 16.8 (/nm3) for the case ASN-1 and 14.4 (/nm3) for the case ASN-2. Moreover, the calculated charge of ASN for the case ASN-1 was 51.5788 q (where q is the electronic charge), compared to a charge of 53.6276 q in the case ASN-2. 

The total LDOS at the electrode/tube interface in the contributing states range in Fig. 3 is 6.4 (/nm3) for the bare tube which is less than the case ASN-1. The LDOS at the position marked by the right vertical line shown in Fig. 1 is illustrated in Fig. 4. The total LDOS in the contributing states range at this position is 0.19985 (/nm3) for ASN-1 compared to 0.19134 (/nm3) for the bare tube. This suggests that the amino acid injects states to the tube near the Fermi level. When the amino acid is adsorbed near the electrode, however, this injection is counterbalanced by the amino acid suppressing the MIGS as discussed above. 

The spectral current density for the four simulated structures at a bias of 0.1 V is shown in Fig. 5. The conduction is clearly limited to the contributing states inside the MIGS around the Fermi level for all cases. Finally, the I-V characteristics for the four structures are shown in Fig. 6. Conduction appears to be ohmic, and the differences in conductance with respect to the bare tube are shown in Fig. 7 at different bias levels. It can be seen that the CNT response is 
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Fig. 2.  Transmission coefficient (T) as a function of energy (E) at equilibrium
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[image: image5.emf]Fig. 3. LDOS vs. energy plots at equilibrium at an azimuthal angle of zero, i.e., at the top of each tube, in a longitudinal direction passing directly under the adsorbed molecules at a position corresponding to the left vertical line in Fig. 1. 

Fig. 4 LDOS vs. energy plots at equilibrium at an azimuthal angle of zero, i.e., at the top of each tube, in a longitudinal direction passing directly under the adsorbed molecules at a position corresponding to the right vertical line in Fig. 1. 
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Fig. 5 Spectral current density for the simulated structures at 0.1 V.
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Fig. 6. I-V characteristics for the simulated structures.
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Fig. 7. Percentage current changes relative to the bare tube case.

rather insensitive to bias. The ILE has a very little effect on the current as the relative change in current is about +1%. The relative change for ASN-1 is about +15.8% compared to –6.7% for ASN-2. The results suggest that ways of encouraging the adsorption away from the electrodes, at least for short tubes, should be sought to enhance the response of the CNT to the adsorbed molecule.

It has to be noted that Atomistix uses periodic boundary conditions in the calculations. This means that the unit cell of the system is repeated in the directions transverse to the transport direction. This may cause some interaction between the cell-under-test and its “image” neighbors. To increase the cell size (to check the existence of an image-cell interaction), more aluminum atoms have to be added. Preliminary simulations (the results of which are not included here) show that, regardless of the presence of an image-cell interaction,  additional aluminum atoms inject more states in the tube, which may dominate the transport. These factors will be investigated in future work.

                                 IV.  CONCLUSION

Ab initio simulations of carbon nanotubes upon adsorption of single amino acid molecules show a clear and distinctive response that may allow using carbon nanotubes in single-biomolecule sensors. Further studies are needed to assess the role of the different parameters in the simulation on the sensitivity of the detector, e.g., tube length and chirality, and the electrode type and size on the sensitivity of the tube.
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