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Abstract In recent years, the understanding and accurate simulation of carbon nanotube-based devices has become very challenging. Conventional simulation tools of microelectronics are necessary to envision the performance and use of nanotube transistors and circuits, but the models need to be refined to properly describe the full complexity of such novel type of devices at the nanoscale. Indeed, many issues such as contact resistance, low dimensional electrostatics and screening effects, as well as nanotube doping or functionalization, demand for more accurate quantum approaches. In this article, we review our recent progress on multiscale simulations which aim at bridging first principles calculations with compact modelling, including the comparison between semiclassical Monte Carlo and quantum transport approaches. To cite this article: C. Adessi et al., C. R. Physique 10 (2009). © 2009 Académie des sciences. Published by Elsevier Masson SAS. All rights reserved. Résumé Simulation multi-echelle des dispositifs à nanotube de carbone. Ces dernières années, la compréhension et la simulation précise des dispositifs à base de nanotubes de carbone est devenue une tâche ambitieuse. Les outils de simulation conventionnels de la microélectronique sont nécessaires pour imaginer les performances et l’utilisation des transistors et des circuits à base de nanotubes, mais les modèles doivent être affinés pour décrire correctement la complexité de ces nouveaux types de dispositifs à l’échelle nanométrique. En effet, de nombreuses questions comme la résistance de contact, l’électrostatique en basse dimensionalité et les effets d’écrantage, ainsi que le dopage ou la fonctionnalisation des nanotubes, nécessitent des approches quantiques plus précises. Dans cet article, nous exposons nos progrès récents sur des simulations multi-échelles qui visent à connecter des calculs basés sur les premiers principes à la modélisation compacte, en passant par la comparaison entre l’approche Monte Carlo semiclassique et le transport quantique. Pour citer cet article : C. Adessi et al., C. R. Physique 10 (2009). © 2009 Académie des sciences. Published by Elsevier Masson SAS. All rights reserved. Keywords: Carbon nanotubes; Simulation; Electronic transport; Transistors; Circuits; Ab initio calculations
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1. Introduction Carbon nanotubes (CNT) have become key materials to envisage the future of BEYOND-CMOS nanoelectronics [1]. Indeed CNT show unprecedented ballistic transport ability, and large charge mobility, which allow one to fabricate CNT-based field effect transistors (CNTFET) with highly competitive performance [2–5]. Further, CNT are mechanically very stable and can convey very large current density, appearing thus as ideal interconnects in nanosized devices. Finally, due to their specific geometry, novel types of applications have been demonstrated, such as chemical sensing or an optically induced switching mechanism [6]. However, to reach a mature state of CNT technology development, there is a crucial need for advanced simulations of CNT-based devices, since a large dispersion of experimental measurements are usually obtained. This demands for an accurate simulation of nanotube–transistor current–voltage characteristics, and understanding of the role of CNT diameter, metal/nanotube interface, chemical doping, and Schottky Barrier features, which generally monitor device performance. To that aim, a multiscale modelling strategy needs to be developed, from first-principles calculations to compact modelling and circuit simulation. In the following, Section 2 will first present the available compact models for ohmic CNTFETs that already allow one to simulate simple circuits such as oscillators. Section 3 will further describe Monte Carlo transport approaches that are based on a semi-classical description of electronic transport, and which allow the improvement of compact models. Section 4 will present quantum simulations of CNTFETs using either the Wigner Monte Carlo formalism or the nonequilibrium Green’s functions (NEGF). In Section 5, first-principle calculations will be presented, together with their bridging to Green’s functions transport calculations. This quantum transport framework more easily enables one to account for chemical complexity at the nanoscale, including interface issues, chemical doping, and functionalization. Comparison and complementarities between the different levels of modelling will be discussed. 2. Compact modelling and circuit simulation To predict the ultimate performance of novel nanodevices such as CNTFETs, and to offer further guidance and cost reduction for technological development, accurate and reliable simulation tools appear as key issues. Among the simulation tools, compact modelling (SPICE-like) is a valuable one to assess the actual potentialities of a given device technology. In this section, several aspects of the evaluation of the CNTFET capability in a circuit context are developed. This evaluation requires an appropriate device model, not only compatible with up-to-date circuit design flows but also computationally efficient and physics-based. The question of the physics-based CNTFET model is addressed in Section 3.2 through dedicated comparisons with Monte Carlo simulation results. We focus here on the compact modelling purpose. 2.1. Five stages ring oscillator One of the most important challenges of the next decade is to control the technological fluctuations due to size reduction or surface/volume ratio increase. Concerning CNTFET devices, many sources of technological dispersions are to be pointed out like nanotube doping, metal-nanotube contact and nanotube chirality. Many efforts are made to control the nanotube diameter or chirality [7,8], nanotube position and chirality using selected growth [8,9], nanotubes alignment [9] or to pick out the most interesting nanotubes by removing metallic nanotubes and by selecting the chirality [10]. Ring oscillators are often used as a figure of merit to evaluate the performance of a digital technology. Fig. 1 presents the oscillograms of two ring oscillators: case 1 is the result of circuit simulation using the standard compact model parameter set (see Section 2.2 and Fig. 6, except for chirality parameter: (n, m) = (14, 0) since this value correspond to the mean diameter of the dispersion [11]). Case 2 presents results using transistor parameters extracted randomly from technological dispersion [11–13]. From the circuit simulation results, oscillation frequency and power consumption can be extracted for each randomly built circuit. Fig. 1 points out that technological dispersion may have a significant impact on circuit operation: oscillation frequency and power consumption. To get deeper insight into those circuit figures of merit according to technological dispersion, we have performed an analysis which is summarized in Fig. 1, resulting from 100 randomly-built circuits. Three major dispersion parameters
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Fig. 1. Left: Oscillograms of the output voltage for two different 5 stages ring oscillator circuits: case 1 uses the reference transistor and case 2 uses random parameters within the range of dispersion. VDD is the circuit bias. Each transistor is made of five tubes without accounting for parasitic elements (fringe capacitance and interconnect capacitance). Right: Scattering plot of oscillation frequency versus power consumption per nanotube (VDD = 0.6 V). Simulation of 100 ring oscillator circuits with random parameters extracted from technological dispersion characteristics; transistors are made of five tubes (each tube features different technological parameters); The black cross is the circuit simulated using the reference transistor. Three kinds of technological dispersion are studied independently: gate insulator thickness TOX = 3 nm with σTOX = 0.3 nm [13], nanotube alignment dispersion (derived from [12]) and nanotube chirality (described in [11]). Finally, the simulation including the whole set of dispersion is presented (diamonds).



have been included in the simulation: nanotube chirality, nanotube misalignment, and gate insulator oxide thickness. Nanotube chirality dispersion [11], gate oxide thickness dispersion [13] and nanotube alignment dispersion [12] are extracted from real fabrication processes. First, each dispersion has been studied independently, and then the whole dispersions have been gathered. The main conclusions are: – The oxide thickness impact is small compared with other kind of dispersions; – The nanotube misalignment has a strong impact on oscillation frequency while slightly influencing power consumption. Indeed, since the alignment of the nanotube has an impact on the effective length of the CNTFET channel, the stored charge increases and phonon-carrier scattering mechanisms decrease slightly the ON current; – The chirality of the tube strongly changes the IOFF current and also changes the ION current through changes in threshold voltage and gate capacitance. In this case, the power consumption is more affected than the oscillation frequency. 2.2. CNTFET compact model description The results shown above stem from ADS 2004A simulation tool where the structure of the five ring oscillator has been described (Fig. 2). In this software, the CNTFET compact model has been implemented using VerilogA as description language. This program includes large signal equivalent circuit (Fig. 2) and calculates the drain current for given VGS and VDS of an n-type CNTFET including possible serial access resistance. It allows the simulation of a device with SWNT diameter ranging from 0.8–3 nm. To describe the required CNT, two possibilities are open to the designer: choosing the diameter or entering the n and m parameters of the chirality vector. The transistor core is described through the drain current equation IDS derived from the Landauer formula, which describes ballistic transport with ideal ohmic contacts as a function of the channel potential, VCNT . Indeed, as the gate bias voltage VG increases, the top of the source–channel energy barrier is reduced, which lowers the channel potential VCNT and causes an accumulation of charge QCNT in the channel [14,15]. This charge QCNT induces a new voltage drop VG − VCNT
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Fig. 2. Equivalent circuits showing the structure of the ring oscillator (left) and the conventional CNTFET model (right).



across the insulator, which causes a modulation of the energy bands. This self-consistent loop in the device operation is handled through an analytical development. The soundness of the whole approach has been evaluated through comparison with the results from CNTFET compact model and from Monte Carlo simulation [16] (see Section 3.2). In particular, this common approach has led one to: – confirm that all the compact model parameters are physically relevant including the flat band potential, VFB ; – define a trade-off between the gate capacitance CINS and the gate bias values that should be used as a design rule for circuit designers. 3. Semi-classical Monte Carlo simulation The particle-based Monte Carlo (MC) technique is acknowledged as a powerful method for accurately describing carrier transport in semiconductor materials and devices within the semi-classical approximation, i.e. the Boltzmann transport equation (BTE) for the distribution function, including all relevant scattering mechanisms. Extensive overviews of this method may be found in [17,18]. In spite of disadvantages due to large computational requirements and some limitations inherent in the finite number of simulated particles, this technique of transport simulation turns out to be robust, versatile, essentially free from numerical difficulties and thus suitable for device simulation even in three-dimensional (3-D) real space. It may also include quantization effects in field-effect transistors via appropriate coupling with Schrödinger’s equation and even quantum transport through the Wigner formalism [19]. The problem of quantum transport will be addressed in the next section. We focus here on the semi-classical case. 3.1. Model and simulation results The energy dispersion of ideal nanotubes can be obtained from tight-binding calculations including tube curvature effects and the influence of mixing of in-plane σ and out of plane π carbon orbitals. The unit cell of a semiconducting zigzag CNT (n, 0) contains 4n atoms with 4 orbitals per atom, which leads to 16n valence and conduction subbands. Here we consider the three lowest subbands which are twofold degenerate in two valleys, each of them centred on a graphene K point. In the energy range 0–1.5 eV, the energy dispersion of these subbands can be fitted by analytical approximations [20] conveniently used for the computation of carrier trajectories and scattering rates [21]. We focus on the zigzag CNT (19, 0) with diameter dt = 1.5 nm, subband energies of 0.275, 0.61, 1.06 eV (measured from the midgap energy) and effective masses of 0.048, 0.129, 0.132 for the three first subbands, respectively. The electron phonon scattering rates are calculated using the Fermi golden rule within the deformation potential model. Intra-subband acoustic scattering is treated as an elastic process while inter-subband transitions are considered through the associated finite phonon energy [21]. Finally, the radial breathing phonon mode, which is typical of single-wall carbon nanotubes is also included [22]. For device simulation, the MC transport algorithm is self-consistently coupled with either a 3D Poisson solver based on a finite-element scheme or a 2D Poisson solver considering the cylindrical symmetry of gate-all-around (GAA) devices. In CNTFETs source and drain contacts are either Schottky or ohmic-like. In the latter case, boundary
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Fig. 3. Fraction of electrons crossing the channel as a function of the number of scattering events (VGS = VDS = 0.4 V); comparison with 100 nmlong Double-Gate Si MOSFET (DG Si) and 15 nm-long Gate-All-Around Si MOSFET (GAA Si, 5 nm × 5 nm cross section, VGS = VDS = 0.7 V).



conditions are assumed to be characterized by thermal equilibrium and local charge neutrality. After each time step, the appropriate number of electrons is injected at each ohmic contact to recover this neutrality condition. The wave vector coordinates of injected carriers are randomly sampled from a Fermi–Dirac distribution. The possibility of Schottky contact was recently implemented as follows. After each time step the number of injected particles is determined according to the current calculated from the Landauer formula and a transmission coefficient calculated within the WKB approximation [23]. Prior to the presentation of device simulation, it should be mentioned that the transport properties in zigzag semiconducting CNTs were investigated under uniform electric field [21]. It was shown that at low electric field, i.e. smaller than 10 kV/cm, the transport is dominated by low-energy acoustic phonon scattering with mean free path higher than 100 nm and weakly dependent on electric field. At increasing electric field intervalley high-energy phonon scattering becomes dominant, which drastically reduces the mean free path to 20 nm at 100 kV/cm whatever the tube diameter. In a device operating under low electric field the transport is thus likely to have a strong ballistic part. We first simulated GAA CNTFETs with ohmic contacts on n-doped CNT extensions of 20 nm at the source and drain ends. The nanotube channel is 100 nm long and is surrounded by an insulator layer with dielectric constant k = 16 (HfO2 ). We considered different equivalent silicon oxide thicknesses (EOT) ranging between 0.17 and 10 nm. The possibility of quasi-ballistic transport in a CNTFET is well illustrated in Fig. 3 where we plot the fraction of electrons as a function of the number of scattering events experienced in the channel. The result for a 100 nm-long CNTFET is compared with those of a 15 nm-long Si GAA MOSFET and of 100 nm double gate (DG) MOSFET. For the latter, the scattering number distribution is a bell curve and the fraction of ballistic electrons is less than 2%. For a channel length of 100 nm, the CNTFET exhibits a fraction of ballistic electrons of 50% comparable to that of a 15 nm long GAA Si FET. In this case of quasi-ballistic transport the distribution decreases exponentially as a function of the number of scattering events. In Fig. 4 are plotted the maximum transconductance (gm ) and transition frequency fT as a function of the EOT. Thanks to improved electrostatic control through higher gate capacitance, reducing EOT always leads to a transconductance enhancement. The obtained results compare very well with a result of quantum NEGF simulation including electron–phonon scattering [24]. An experimental result [25] is also plotted. Given that possible parasitics are not included in the simulation the agreement can be considered as satisfactory. It is remarkable that the transconductance improvement at low EOT is not fully reflected in the transition frequency fT = gm /(2πCGS ). Indeed, in quantum capacitance regime (EOT < 1 nm), the total gate capacitance increases more slowly than the transconductance when reducing EOT, which yields a small fT decrease. It shows that the aggressive scaling of the gate oxide thickness is not useful to enhance the frequency performance of CNTFET, in contrast to the case of conventional Si MOSFET where the quantum capacitance regime is more difficult to reach. It should be noted that for a gate length of 300 nm a transition frequency of 205 GHz was obtained (not shown) which is much higher than the best experimental reported result of 30 GHz [26] for this non mature technology. Fig. 5 compares typical ID –VGS characteristics obtained for ohmic and Schottky contact CNTFET with gate length of 100 nm. The equivalent oxide thickness of the cylindrical gate is 5 nm. The Schottky barrier height is ΦSB =
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Fig. 4. Maximum transconductance (squares) and transition frequency (circles) of ohmic contact CNTFET as a function of equivalent oxide thickness (LG = 100 nm, VDS = 0.4 V). Transconductance is compared with a NEGF result including phonon scattering with LG = 30 nm [24] and an experimental result for a single nanotube FET [25] (open square).



Fig. 5. Transfer characteristics of CNTFET with ohmic and Schottky source and drain contacts for VDS = 0.1 V and VDS = 0.3 V.



0.275 eV = EG /2. The Schottky contact transistor is characterized by a strong ambipolar behaviour which degrades the subthreshold characteristics. For VDS = 0.3 V the minimum subthreshold slope is about 95 mV/decade instead of 70 mV/decade in the ohmic contact device. As expected, the Schottky contacts are also detrimental to the on-state current. The transconductance is limited to 20.5 µS in the Schottky device instead of 32 µS in the ohmic one. 3.2. Comparison between compact model and Monte Carlo simulation In this subsection, we briefly compare some results obtained from the compact model presented in Section 2 and the Monte Carlo simulation of transistors with ohmic source and drain contacts. The parameter values introduced into the compact model are as follows: Channel length, L = 100 nm, chirality and diameter, (n, m) = (19, 0), Source/Drain resistance, RS/D  0, Gate capacitance, Flat band voltage, VFB = −137.5 mV, Fermi level in access S/D region, EF = 115 meV, Electrostatic drain capacitance, CDE = 0.1 aF, Electrostatic source capacitance, CSE = 0.7 aF, Gate resistance, RG = 10 , Temperature, T = 300 K. According to the gate oxide thicknesses considered for the devices simulated by the Monte Carlo method, the values of insulator capacitances are CINS = 112, 225 and 560 pF/m, respectively. Fig. 6 shows the results of source–drain current IDS as a function of gate bias, for VDS = 400 mV. A good agreement is found between compact modelling and Monte Carlo simulation. The detailed comparison of the results shows that in the present state the compact model is valid for bias conditions leading to flat potential in the access and the gated part of the channel, which ensures negligible effects of electron–phonon scattering [16].
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Fig. 6. Source–drain current, IDS as a function of gate bias for VDS = 0.4 V and for three gate capacitance values, CINS = 112, 225 and 560 pF/m. Monte Carlo simulation (circles) and compact modelling (solid lines). The same data is shown in logarithmic scale (right) and linear scale (left).



4. Quantum device simulation In order to describe accurately many aspects of electronic transport in nanodevices, it is necessary to take into account the quantum nature of electrons. Although quantum confinement of electronic states in the transverse directions is already included in the multiband effective mass models used in Sections 2 and 3, the wave nature of electrons along the transport direction can also have a strong impact on the device behaviour. There are several formalisms for studying quantum transport. The Wigner Monte Carlo method (WMC) allows a full quantum treatment of electron transport with the inclusion of phonon scattering, but it is limited to effective mass Hamiltonians. The Landauer–Büttiker (LB) and NEGF formalisms are useable with more general Hamiltonians. Of particular interest are tight-binding Hamiltonians, which describe electronic states at the atomic scale and can be derived from ab initio calculations, as will be shown is Section 5. This section is restricted to the simulation of ideal CNTFETs with simple Hamiltonians, using the WMC and NEGF methods. 4.1. Wigner Monte Carlo simulation The quantum transport in nanodevices can be treated by making use of the Wigner’s function (WF) that is defined in the phase space as a Fourier transform of the density operator [27,28]. In the classical limit this function reduces to the classical distribution function. The dynamical equation of the WF, i.e. the Wigner transport equation (WTE), is very similar to the BTE, except in the influence of the potential whose rapid space variations generate quantum effects. Again, in the classical limit of slow potential gradients the WTE reduces to the BTE. The strong analogy between Wigner and Boltzmann formalisms makes possible and appealing to adapt the standard MC technique to solve the BTE by just considering the WF as an ensemble of pseudo-particles [29]. Scattering effects may be easily included by using the same collision operator as in the BTE [28]. We recently developed a technique to solve the WTE for self-consistent simulation of RTDs [29]. It has been then applied to analyze the quantum transport effects in double-gate MOSFET for comparison with the semi-classical approximation [19], and to study the phonon-induced decoherence in nanodevices [30]. It is extended here to the case of coaxially-gated CNTFET, starting from a code initially developed for semi-classical simulation. In what follows semi-classical and quantum Monte Carlo simulation results are compared for a typical CNTFET with ohmic source and drain contacts. The device parameters used for the simulation are as follows: the gate length is 25 nm with a SiO2 gate oxide thickness of 5.3 nm, the source and drain access are 20 nm-long with an N+ doping of 0.34 nm−1 and ohmic contacts. A semiconducting zigzag nanotube (19, 0) is considered with a bandgap of 0.55 eV. The two first subbands are taken into account with effective masses of 0.048m0 and 0.129m0 , respectively. We first consider the on-state of the transistor, i.e. at VGS = VDS = 0.4 V. In Fig. 7 we plot the cartography in the phase space of the Boltzmann function fb (from semiclassical calculation) and the Wigner function fw (from quantum calculation). The two functions look very different. In the semi-classical case, the carriers are abruptly accelerated by the electric field at the drain-end of the channel. In contrast, in the quantum case, the acceleration seems much slower
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Fig. 7. Cartography of Boltzmann and Wigner functions from semi-classical and Wigner MC simulation of CNFET, respectively, for VGS = VDS = 0.4 V. The gate is located from x = 20 to 45 nm. k is the wavevector along the nanotube axis.



as if the carriers feel the potential fall in advance, which is consistent with the idea of delocalized electrons with finite extension of their wave function. Moreover, the positive–negative oscillations of the Wigner function at the drain-end of the gate are the signature of a strongly coherent transport. The quantum coherence between incident and reflected electrons also appears in the fast oscillations about k = 0. In spite of these strong differences observed at microscopic level, it is noticeable to see that the two types of simulation give quite close terminal currents (not shown). In ON-state a drain current of 8.98 A is reached with semiclassical simulation while a value of 7.8 A is obtained in the quantum case. This difference is significant, but quite weak when one considers the microscopic pictures of Fig. 7. The difference is essentially due to quantum reflections occurring at the drain-end of the channel. It shows that microscopic quantum effects are not systematically strongly reflected at the macroscopic level of current. This result suggests that, at first order and without considering about atomistic effects, the semi-classical approach of transport may be acceptable much beyond its theoretical domain of validity. 4.2. NEGF simulation of nanotube transistors The LB approach [31,32] is well suited for studying intrinsic transport in one dimensional systems such as nanotubes or nanowires. The low bias conductance is related to the transmission coefficient of electronic waves through the system connected to electrodes. Throughout this article, the energy-dependent conductance (also called “transmission”) is given in G0 units, where G0 = 2e2 / h is the quantum of conductance. The NEGF formalism [33,34] is an extension of the LB approach which allows one to treat a bias voltage applied between electrodes and to include some types of interactions inside the channel. It is widely used for the quantum simulation of nanodevices [35–37]. We have developed a NEGF code which can handle any type of tight-binding Hamiltonian. The Green’s functions are computed using decimation and recursion algorithms [38,39]. They give the local charge density on each atom of the channel, and the LB electronic transmission. The charge density is coupled to a Poisson solver in order to obtain the self-consistent electrostatic potential in the presence of source, drain, and gate electrodes. Here we present the simulation of a Schottky barrier CNTFET, in which the current is controlled by the tunneling through the barriers at the metal/nanotube contacts. A semiconducting nanotube with helicity (10, 0) and a length of 30 nm is considered. It is described by a simple tight-binding Hamiltonian with one orbital per carbon atom and a nearest neighbour hopping energy γ = 2.7 eV. The all-around gate is 1.5 nm away from the nanotube surface. The model used here for electrodes is very simple: at both ends of the nanotube, carbon atoms are connected, via a hopping energy  = 1 eV, to a fictive metal atom bearing a semi-elliptic density of states. The Fermi level of each electrode is aligned with the midgap of the nanotube, which gives a Schottky barrier ΦBS = 0.45 eV for both electrons and holes, and an ambipolar transistor behaviour. The electrons distribution in each electrode follows the Fermi–Dirac function at room temperature T = 300 K.
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Fig. 8. Simulation of a Schottky barrier CNTFET using the NEGF technique. The source–drain voltage VDS is set to 0.2 V. (a) Conduction band diagrams for two values of the gate voltage VGS . The Schottky barriers widths decrease as VGS increases. Once the width is small enough (a few nm), electrons can tunnel through the barriers. (b) Transmission spectrum at VGS = 1 V, for energies around the source Fermi level. The peaks are due to the discrete energy levels in the quantum well formed in the channel between the two barriers. (c) Source–drain current versus gate voltage.



The obtained self-consistent potential profiles, electronic transmission, and source–drain current, are shown in Fig. 8. Only the n-type current is shown, since the p-type current is exactly symmetric in this case. The same type of calculation was already done by other authors [40]. Work is in progress in order to improve the contact models, using the ab initio results presented in Section 5.3. We also plan to use the tunneling transmission obtained with NEGF for validating or improving the Monte Carlo simulations of the Schottky barrier CNTFET presented in Section 3. 5. Ab initio calculations and their bridging to transport calculations in large systems The ab initio calculations presented in this section are based on the density functional theory (DFT) and are performed with the Siesta package [41], which expresses the self-consistent Hamiltonian on a localized atomic orbital basis. The sparcity of the Hamiltonian is then exploited in a standard way to compute the Green’s functions and the Landauer–Buttiker transmission of a system connected to semi-infinite periodic electrodes. The “Tablier” code, developed for this purpose, has been tested and used to study the conductance of doped nanotubes [42–44], graphene nanoribbons [45] and nanowires [46–48]. The Green’s function technique used here is similar to those presented in Section 4.2 for simple tight-binding models, but Hamiltonians are much more realistic, with proper self-consistent charge transfers and hybridizations, and several orbitals per atom. 5.1. Doped nanotubes: from ab initio to mesoscopic semi-empirical calculations The effect of a single impurity (boron, nitrogen, potassium, etc.) on the electronic and transport properties of nanotubes can be easily investigated using ab initio calculations. Besides the study now standard of the drop of conductance associated with a single impurity, the evolution of the self-consistent ab initio on-site and hopping matrix elements for the pz orbitals (perpendicular to the tube wall) has been extracted to build a simplified scattering potential around the impurity (see Fig. 3 in Ref. [42]). By performing a transport calculation for the same geometry (isolated dopant) with a simplified π − π ∗ tight-binding Hamiltonian, we verify that such a scattering potential allows to reproduce nicely the drop of conductance associated with the physics of resonant backscattering [49] at the energies of the bound states around the impurity (see insert of Fig. 9). The use of such an accurate π − π ∗ tight-binding scattering potential around one dopant allows one further to perform calculations on micrometer long tubes with random doping, that is to bridge the gap with mesoscopic physics. By studying the conductance as a function of tube length and for several realizations of disorder, typical length scales such as the mean free path and localization length can be extracted and the Thouless relations relating these length scales can be verified for realistic potentials. Such
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Fig. 9. Main frame: Length dependence of the Landauer conductance for the disordered (10, 10) nitrogen-doped nanotube at several energies (doping is fixed to 0.1%). Insert: Conductance versus energy for the perfect (dashed line) and single-impurity (solid line) cases. Arrows show the considered energies for the scaling analysis (main frame).



Fig. 10. Left: conductance of a (10, 10) metallic nanotube of length 300 nm with 1 to 40 bi-phenyl groups grafted at random locations (insert: (6, 6) nanotube). Right: same calculation for a 1 micrometer long nanotube with 1 to 300 carbene groups.



an analysis was performed in the case of Nitrogen-doped tubes [43,44] (see Fig. 9). The same approach is further expected to improve the impurity scattering description in device simulations (NEGF and Monte Carlo). 5.2. Mesoscopic transport with ab initio calculations: the case of functionalized tubes While the building of a simple π − π ∗ scattering potential is extremely reliable in the case of boron/nitrogen doping which preserves the decoupling with σ - and π -bonds, this is not the case when covalent doping by e.g. phenyl [50,51] or carbene groups [52] transforms sp 2 carbon sites into sp 3 four-fold coordinated atoms. In that case, it is necessary to adopt a larger basis accounting for the entire n = 2 (s, px , py , pz ) shell. The cost of performing full ab initio calculations with the double-zeta basis (8 orbitals) is still significantly larger than working with a simplified tightbinding (s, px , py , pz ) 4-orbital basis, but the difference is much reduced as compared to the simplified one-orbital per site π − π ∗ model. Following several groups in the field [50,52–55] we performed fully ab initio mesoscopic physics analysis of micrometer long tubes functionalized with random coverage of covalently grafted moieties such as carbene and phenyl radicals [56]. The main outcome of our calculations (see Fig. 10) is that while covalent grafting of a few dozens of phenyl groups dramatically destroys the conductance of nanotubes, the grafting of several hundreds
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Fig. 11. Example of Pd/nanotube interface used in the Siesta calculation. It corresponds to a Pd nanowire with a “ABC” stacking connected to a (10, 0) carbon nanotube with an end contact.



Fig. 12. Transmissions through the interface between a Pd nanowire and various semiconducting CNT. For each CNT, we have investigated two kinds of contact geometries: flat or embedded (for the (16, 0) we present also a contact named “deep embedded” where 3 periods of the CNT are embedded). On each plot is given the transmission for the corresponding infinite CNT.



of carbene preserves more than 75% of the conductance at all energies on the main conduction 2G0 plateau in the case of metallic tubes. 5.3. Ab initio study of metal/nanotube contacts Experimentally, it is observed that the nature of metal/CNT contacts strongly influences the CNTFET characteristics [3,4]. Moreover, the Schottky or ohmic character depends on the CNT diameter: for large diameter nanotubes (above 2 nm) with Palladium contacts, ohmic transport for holes is usually observed [57]. To investigate these issues, we have studied the influence of the CNT diameter and contact geometry. We restrict to Palladium contacts, considering the experimental observations [5,57] on this particular interface. The system used for this study is a Pd nanowire (with diameter from 0.85 nm to 1.30 nm) connected to (n, 0) semiconducting carbon nanotubes, ranging from the (7, 0) to the (16, 0). All the structures are fully relaxed, using the Siesta package, with a force tolerance of 0.1 eV/Å. For each CNT we have investigated the influence of the contact geometry, considering an end contact where the CNT is contacted to a flat metal surface (Fig. 11), and an embedded one where one unit cell of the CNT is melted in the metal.
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Fig. 13. Schematic representation of the average potential across the Pd/CNT interface, used to compute the Schottky barrier height. The solid line is the average potential along the xy plane. The dashed line is the same potential averaged along the z plane on one period of the metal and the CNT. VIF is the difference between the average potentials on the metal side and on the CNT side. The position, with respect to the average potentials, of the Fermi level of the metal (F.L.), of the conduction band (C.B.), and of the valence band (V.B.), are obtained from bulk calculations on Pd nanowire and CNT. The Schottky barrier height is obtained as (C.B. − F.L.) for electrons and (F.L. − V.B.) for holes.



The transmissions for various Pd-CNT interfaces are represented in Fig. 12. The relevant energy regions are the π and π ∗ bands, on both sides of the bandgap. Our results do not allow to conclude on a better quality of end or embedded contact. However, the π band transmission (p-type) is always larger than the π ∗ one (n-type), in agreement with previous calculations [58]. The second point investigated here is the Schottky barrier height (SBH) at the metal/CNT interface. The variation of the effective potential across the junction can be divided into a short range variation (1  2 nm) and a long range variation associated with the space charge region. Ab initio calculations are restricted to the interface region, where a dipole between the metal and the semiconducting nanotube develops, due to metal induced gap states (MIGS) [59]. We focus here on the SBH for holes, defined as the difference between the Fermi level of the metal and the top of the valence band of the semiconductor. Since we are dealing with a finite size system, it is not easy to define these energy levels. To overcome this problem, ab initio calculations on bulk materials are combined with the results for the interface, as described by Duke et al. [60]. Fig. 13 illustrates how the average potential is combined to the bulk potentials to get the band alignment between the two materials. Two contributions to the SBH can be defined. The bare Mott–Schottky barrier is the difference between the Fermi level and the valence band maximum of the separate materials. It is obtained from bulk calculations, taking into account the work functions difference. The second contribution is due to the MIGS dipole. Our calculations show that the MIGS contribution to the SBH is small, in agreement with the simple model of Ref. [61]. For the (7, 0), the Mott–Schottky p-type SBH equals 0.11 eV, and the MIGS correction increases the SBH by 0.13 eV (embedded contact) or 0.11 eV (end contact). For the (13, 0), the total SBH is −0.28 eV (p-type ohmic contact), with a MIGS correction of 0.06 eV. For all other helicities, the MIGS correction remains of the order of 0.1 eV. Thus the main contribution to SBH is the bare Mott–Schottky barrier, governed by the intrinsic properties of the bulk materials, i.e. band gap and electronic affinity. Moreover, the p-type SBH tends to be below the valence band for nanotube larger than the (13, 0) which would lead to a p-type ohmic contact. This result is in qualitative agreement with the diameter dependence observed experimentally [57]. Work is in progress to combine these results with the NEGF device simulations presented in Section 4.2. 6. Conclusion The simulation techniques presented in this article extend from the molecular scale to the circuit scale. Some links between the different techniques are established, such as the validation and improvement of compact models



C. Adessi et al. / C. R. Physique 10 (2009) 305–319



317
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