Conductance of L-shaped and T-shaped graphene nanoribbons
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ABSTRACT
Rectangular graphene nanoribbons with two contacts have been studied extensively as parts of several nanoelectronic devices. L-shaped and T-shaped graphene nanoribbons received a little or no attention until now. In this letter, we present computations of the conductance of L-shaped graphene nanoribbons with two contacts and of T-shaped graphene nanoribbons with tree contacts. We used tight-binding Hamiltonians and non-equilibrium Green’s functions to compute their conductance. In L and T-shaped nanoribbons electrons are initially transported along a zigzag-edged nanoribbon, and then the direction of their motion changes by 90O and are transported along an armchair-edged nanoribbon. Our results show that this change in direction of motion results in a zero-conductance region that extents about 0.25 eV below and above the Fermi level. This zero conductance region is large enough to cause current switching and, because of this, L and T-shaped graphene nanoribbons can be used as building blocks for logic gates. 



1. Introduction

Graphene is a two-dimensional material in which the carbon atoms are arranged in a honeycomb lattice. Graphene’s remarkable properties and especially its high carrier mobility and high thermal conductivity, make it a very promising material for nanoelectronic devices and circuits [1-3].  Several nanoelectronic devices in which rectangular graphene nanoribbons (GNRs) with two contacts are the basic building block, have been fabricated and studied. These devices include graphene transistors [4, 5], graphene quantum point contacts [6], graphene p-n junctions [7, 8], sensors [9] and graphene valley filters and valves [10].
All the above devices use rectangular GNRs with two contacts as their basic element, such as the one shown in Fig. 1a. L-shaped GNRs with two contacts and T-shaped GNRs with three contacts, such as the one shown in Fig. 1b and Fig. 1c respectively, received much less attention or no attention at all, probably because of the difficulties involved in fabricating such geometries. In rectangular GNRs, electrons are transported along zigzag or armchair nanoribbons. In L and T-shaped GNRs electron transport between contacts involves a change in direction from zigzag to armchair, the effect of which on the conductance has not been yet studied, to the best of our knowledge. 
We used tight-binding Hamiltonians and non-equilibrium Green’s functions (NEGF) to compute the conductance of L and T-shaped GNRs. Our results show that the change in carrier transport direction results in a relatively broad energy range around the Fermi level in which the conductance becomes zero. Graphene is a gapless material, since its conduction and valence bands touch at the so-called Dirac points and because of this its conductance is nonzero and currents cannot be effectively switched off. The existence of a relatively broad energy range in which conductance becomes zero in L and T-shaped GNRs shows that L and T-shaped GNRs can serve as basic elements of logic gates and circuits, in which signals will be transported along the high-mobility zigzag direction and logic will be executed along the armchair direction. 

2. Extension of the NEGF method for three contacts 

The basic matrix equation of the NEGF method is [11]:


   	                                                                                                                (1)

In (1) E is the transported electron energy, I is the unit matrix and G is the Green’s function. H is the tight-binding Hamiltonian describing the graphene nanoribbons [12], and has the form:


                                                                                                                                 (2)

The annihilation and creation operators annihilate an electron at atom site j and create an electron at atom site i. The overlap integral is τ. 
   The NEGF basic equation has been extensively studied for two-contact devices. We extended (1) to include a third contact. 
  The retarded Green’s function in the case of three contacts is:


                                                                                 (3) 

In (3) Σ1, Σ2 and Σ3 are the self-energies of the three contacts and η a very small quantity adjusted to provide non-vanishing density of states at the Dirac points for the contacts. The advanced Green’s function is: GA=(GR)†.
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Fig. 1  Graphene nanoribbons and their contacts: (a) Rectangular graphene nanoribbon with two contacts, (b) L-shaped graphene nanoribbon with two contacts, and (c) T-shaped graphene nanoribbon with three contacts

The contact energy broadening factors, Γ1, Γ2 and Γ3 are all computed by:


                                                                                                               (4) 

The conductance as a function of electron energy, between any two of the three contacts i and j is:


                                                                                           (5)

In (5) i and j take on values 1, 2 or 3 indicating the corresponding contact.

 3. Computation of the conductance

 We computed the conductance of the GNRs shown in Fig. 1. The dimensions of the GNRs have been chosen such as to be within the limits of today’s fabrication technology [13]. Namely, L=15 nm and W= 5 nm, for the GNR of Fig 1a. For the GNR of Fig. 1b, L1=W2=10 nm and L2=W1=5 nm. For the GNR of Fig 1c, L1=15 nm and W1=W2=5 nm and the width of the nanoribbon that ends at contact C3 is 5 nm.
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Fig. 2 Conductance of the graphene nanoribbons. The dashed (black) curve a is the conductance of the rectangular nanoribbon, the dotted (red) curve b is the conductance of the L - shaped nanoribbon and the solid (blue) curve c is the conductance form contact 1 (C1) to contact 3 (C3) of the T-shaped nanoribbon

 
   We computed, as a reference, the conductance of the rectangular GNR of Fig. 1a. Its conductance is shown by the dashed (black) curve in Fig. 2. The conductance is quantised and there is no energy region of zero conductance. The conductance of the L-shaped GNR of Fig 1b, is shown by the dotted (red) curve in Fig. 2. It is noticeable that the change in the transport direction created a range in energy that extents from 0.25 eV below the Fermi level to 0.25 eV above. Since only electrons with energies a few kT above and below the Fermi level participate in conductance, this is a relatively broad range of 0.5 eV which can be modulated by top and back gate voltages in the order of 0.5 to 1 V, to provide switching operation. Almost the same situation arises in the case of the conductance between contacts 1 (C1) and 3 (C3), in the case of the T-shaped nanoribbon, which is shown in Fig 2 by the solid (blue) curve. Because of the symmetry of the device the conductance between contacts 2 (C2) and 3 (C3) is the same. T-shaped GNRs can be used as a basic element for two-input one-output circuits, such as AND and OR gates. 
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Fig. 3 Energy band diagram of graphene. The arrow Δk indicated the electron momentum change in k-space, as the direction of transport changes from a zigzag-edged to an armchair-edged nanoribbon.  


   Fig. 3, which shows the graphene band structure, provides an explanation for the formation of the zero-conductance energy region. The motion along the zigzag direction corresponds to the Dirac points, in which the conduction and valence bands touch and, consequently, the conductance in this direction cannot be zero. The arrow Δk in Fig. 3 describes the transport direction change in the k-space. The arrow starts at a Dirac point and its tip is located between two Dirac points, where graphene has a small energy gap. The scattering caused by the change of transport direction combined with this small energy gap, resulted in the broad energy range of zero conductance, as shown by our computations. The existence of such an energy range is a strong indication that digital graphene circuits, in which signals travel along the zigzag direction and logic is executed along the armchair direction may be possible.    
   One more effect that should be taken into account when L and T-shaped nanoribbons are used as circuit parts, is the dependence of their bandgap on their widths. The length of the nanoribbons is not a crucial parameter as long as it is below the ballistic transport limit. Detailed calculations of the dependence of the bandgap on the nanoribbon width are presented in [14] and [15]. A general rule of thumb that connects the width, W of the nanoribbon with the bandgap D is [16]:


                                                                                                                             (6) 
where, α is the distance between nearest neighboring carbon atoms. Since the bandgap decreases with increasing nanoribbon width, wide nanoribbons behave as metals and cannot be used for current switching. 
  
4. Conclusions

We computed the conductance of L and T-shaped GNRs using tight-binding Hamiltonians and the NEGF method. Our results showed that the change of electron transport direction gives rise to a relatively broad energy range of zero conductance around the Fermi level. The existence of this range can be exploited for the design and fabrication of digital graphene circuits. 
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