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ABSTRACT

Although graphene has fascinating electronic properties, lack of a band-gap reduces its utility for conventional electronic
device applications. A tunable bandgap can be induced in bilayer graphene by application of a potential difference
between the two layers. The simplest geometry for creating such a potential difference consists of two overlapping single
layer graphene nanoribbons. Numerical simulations, based on 7-band nearest neighbor tight binding model and the non-
equilibrium Green’s function formalism, show that transmission through such a structure has a strong dependence on
applied bias. The simulated current voltage characteristics mimic the characteristics of resonant tunneling diode featuring
negative differential resistance. It is found that the bandgap of the nanoribbons and length of the bilayer region have
significant effects on the current voltage characteristics. In particular, the peak to valley ratio decreases with increasing
length of the bilayer region. And the cut-in voltage is strongly modulated by the bandgap of the GNRs.

Keywords: Graphene, Bilayer, Negative Differential Resistance, NEGF.

1. INTRODUCTION

In graphene, a sheet of carbon atoms arranged in a honeycomb structure, electrons can move as massless Dirac fermions !
with extremely high mobility (~ 10°> cm?V-1s1)? and a long coherence length (~ pm). Although it has fascinating
electronic properties, lack of a bandgap?® in two-dimensional (2D) graphene reduces its utility for conventional electronic
device applications. Compared to 2D graphene sheet, quasi one dimensional, narrow (<10nm) ribbons, better known as
graphene nanoribbons (GNRs)*® show distinct electronic properties with semiconducting band structures with control-
lable bandgaps. A tunable bandgap can also be induced by stacking two monolayers of graphene to form a bilayer, which
has a zero bandgap semiconducting band structure, 8 and creating potential difference in between. 78

The possibility of Field Effect Transistors (FETSs) using bilayer graphene as the channel material was recently studied. °
It was shown that this FET has poor I, /I, ;¢ due to strong band-to-band tunneling. However, a tunnel FET (TFET) using
bilayer graphene showed promising performance.° Other proposed devices include a nanoelectromechanical FET based
on interlayer distance modulation,*1? a FET utilizing a bilayer exciton condensate,'® p — n junctions,”* p — n — p
junctions® 16 etc,

Negative differential resistance (NDR) was predicted to occur in devices based on single-gated graphene sheet, 1/
chemical doping in GNR*'® and strained GNR.*® Do et al. demonstrated that NDR can be observed in p* — p junctions
of zigzag GNRs created by field-effect doping.?’ Recently, a strong NDR behavior was also predicted in p — n junction
of single layer chemically or electrically doped graphene.? However, many of these FET and NDR type devices have
multiple gates making them relatively complex structures.

The electronic transport properties of a simple bilayer GNR geometry, consists of two single layer GNRs placed on top
of each other either in AA or in AB stacking, was recently studied. ?? In this arrangement, a bias is applied to the top GNR
with respect to the bottom one by independently contacting each GNR. It was shown that proposed geometry with this
biasing scheme results in NDR. In this work, we study the effects of (i) the length of the bilayer region, and (ii) bandgap
of the GNRs on the current voltage characteristics of the geometry using w-bond nearest neighbor tight binding model and
non-equilibrium Green’s function formalism (NEGF). It is found that the bandgap of the nanoribbons and length of the
bilayer region have significant effects on the current voltage characteristics. In particular the peak to valley ratio decreases
with increasing length of the bilayer region. And the cut-in voltage depends on the bandgap of the GNRs.
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Figure 1. Atomistic geometry of 14-AGNR AB bilayer structure. The length of the bilayer region is 2.13 nm. The width of the GNR is
1.6 nm. The left and the right leads are semi-infinite GNRs modeled using self-energies.

2. METHOD

A model bilayer GNR structure is shown in Fig. 1. This bilayer geometry consists of two single layer armchair type GNRs
(AGNRs) placed one top of each other forming an AB stacked central bilayer region. A bias is applied to the right lead
with respect to the left one. In order to study the effects of the length, L, of the bilayer region, we have considered three
structures with L = 1.28,1.70 and 2.13 nm. The widths, W, of the GNRs of these structures are chosen to be 14 (3n + 2)
C atomic layers, approximately 1.60 nm to minimize the effects of bandgap resulting from finite width. The bandgap of
the single layer 14-AGNR, calculated from 7 bond tight binding model is zero. In order to study the effects of bandgap on
I — V characteristics, we have also considered geometries consisting of 15 and 16 -C atomic layers, ~ 1.72 and ~ 1.84
nm wide AGNRs, respectively, while keeping the bilayer length fixed at 1.70 nm.

We model the electronic properties of the GNRs using 7r-band nearest neighbor tight binding Hamiltonian as the low

energy properties of graphene are mainly determined by the p . orbitals. The tight binding Hamiltonian for the geometry
shown in Fig. 1 is given by,

H=—ty > (a} bm;+HC)=1t1Y (afbai+ HC.) 1)

(4,4),m i

where, a, ;(bn,;) annihilates an electron on sublattice A(B), in GNR m = 1,2, at lattice site i. The subscript (i, j)
represents a pair of nearest neighbors in the same GNR. In AB stacking, the atoms on the A sublattice of the bottom GNR
(A;) are connected to the B sublattice of the top GNR (B2). The in plane interaction between the nearest neighbors is
given by the hopping parameter, ¢, = 2.66 and the interlayer coupling is modeled by the hopping parameter, ¢ | = 0.1t.23

The transport calculations start with the generation of real-space Hamiltonian matrix elements for the geometry shown
in Fig. 1. The matrix elements of external potential energy, U are calculated as (¢:|U|j) = 6, ; [U(r;) + U(r;)] /2 where,
the indices ¢ and j label the atoms, and J, ; is the Kronecker delta function. The applied bias is modeled by shifting the
potential energies of the right and the left GNRs by —eV//2 and eV//2 amounts, respectively, where, V' is the bias voltage,
i.e,U(r;) = —eV/2foratoms onright GNR and, U (r;) = eV/2 for atoms on the left GNR. This approach in which the
matrix elements have the same form as in an extended Huckel model has been used by others. >* The approach captures
the Stark effect, but not non-equilibrium self-consistency.

These and the 7-band Hamiltonian matrix elements are used in the recursive Green’s function (RGF) algorithm to
calculate the surface self-energies of left and right contacts, X! and =" respectively and, the Green’s function of the
device, G, as described in Ref.?> The transmission spectrum, T'(E), is then calculated from the standard Green’s
function expression,

T(E) = tr {T},GyTh v (GEy)T} @)
where, the indices 1 and NV in Eq. (2) indicate the first and last block-layers of the left GNR and right GNR respectively,

i, =i (El - E”),and Ty n =i (E” - E”T). The coherent current is calculated using the Landauer-Buttiker

formalism, IE
. % S TE) (B~ +eV/2)) = F(E = (nr — eV/2))] ©)
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Figure 2. (Color Online) Simulated Current Voltage (I — V') characteristics of 14-AGNR bilayer with L = 2.13 nm exhibiting NDR.
The peak and valley currents are ~ 21.36A and ~ 1.54pA, occur at 0.4 V and 0.9 V respectively.

where, f(E) is the Fermi function, and p; and p,- are the fermi levels of the left and right contacts, respectively. In all our
calculations we have assumed room temperature, 7' = 300 K.

3. RESULTS AND DISCUSSION

The simulated I — V' characteristics of 14-AGNR bilayer structure corresponding to Fig. 1 are shown in Fig. 2 exhibiting
NDR. The peak and valley currents are ~ 21.36uA and ~ 1.54uA, occur at 0.4 V and 0.9 V respectively. These results
are consistent with the results from ab initio calculations.??

In order to understand the origin of NDR in the I — V' characteristics we plot the transmission coefficient as a function
of energy for different bias voltages as shown in Fig. 3. In agreement with and as discussed by, 2 the unbiased transmission
shows a Fabry-Perot resonant feature at low energy and both resonances and antiresonances at more excited energies. The
transmission coefficient for unbiased bilayer near E = 0 is almost 1. This can be well understood by noticing that the
band structure of bi- and single-layer 14-AGNR calculated from 7 band model do not have a bandgap. The dips near +-0.5
V are the anti-resonant points which occur due to destructive interference between the reflected electronic waves coming
from the potential discontinuities at the cut ends of the left and the right GNR.

The application of a bias shifts the band structures of the left and right GNRs up and down, respectively, leading
to wavevector mismatch between the GNRs?%:2226 which, in turn, results in low transmission coefficient as shown in
Fig. 3. With the bias increased further, the band structures are moved further and wavevector mismatch becomes more
pronounced which results in even stronger suppression of transmission over a large energy window. Near V' = 0.8 V, the
transmission is very strongly suppressed. An increment of bias beyond this point, however, caused the transmission to
increase again since other excited subbands come into play.

The coherent current at any bias is proportional to the area under the transmission curve bounded by the Fermi levels
of the contacts. As the bias is increased from 0 V, the quasi-fermi levels of the contacts go away from each other opening
an energy window of integration. As the bias increases, this energy window also increases but the transmission decreases.
Initially the increasing energy window becomes dominant over the decreasing transmission leading to increasing area
under the transmission curve which, in turn, results in increasing current. With the bias increased, however, decreasing
transmission coefficient dominates over the increasing energy window leading to smaller area which, in turn, results in
low current. Having understood the I — V' characteristics of 14-AGNR bilayer, we are now ready for the effects of bilayer
length and bandgap of GNRs.

The I — V characteristics of the proposed bilayer structure show a significant dependence on the length, L, of the
bilayer region as indicated in Fig. 4. In particular, the peak current decreases while the valley current increases with L
thus peak to valley ration decreases. The results are summarized in Table 1.
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Figure 3. (Color Online) Transmission coefficient as a function of energy for different bias voltages (L = 2.13 nm and W = 1.60
nm). The application of a bias shifts the band structures of the left and right GNRs up and down, respectively, leading to wavevector
mismatch between the GNRs which, in turn, results in low transmission coefficient.
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Figure 4. (Color Online) Simulated Current—Voltage (I — V') characteristics of 14-AGNR bilayer for different lengths of the bilayer
region. The peak to valley ratio decreases with increasing bilayer length.
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L Vpeak V;Jalley Ipeak Ivalley Ipeak/Ivalley
(m) | (V) M | wA) | (WA

1.28 | 0.65 145 | 27.04 | 137 19.7
1.70 | 0.50 110 | 25.02 | 1.38 18.13
2.13 | 040 090 |21.36 | 1.54 13.87

Table 1. Calculated peak and valley currents for different lengths of the bilayer region of 14-AGNR structures.
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Figure 5. (Color Online) Transmission coefficient as a function of energy at V' = 0.7 V for different bilayer lengths (W = 1.60 nm).
The transmission for L = 2.13 nm is suppressed most. The transmission is suppressed least for L = 1.28 nm.

The effects of length on I — V' can be explained with the help of transmission plots for different bilayer lengths at
V = 0.7V as shown in Fig. 5. At the same bias voltage, the transmission for L = 2.13 nm is suppressed most. The
transmission is suppressed least for L = 1.28 nm. This leads to minimum peak to valley ratio for L. = 2.13 nm structure
while maximum peak to valley ratio for L = 1.28 nm.

In all the results discussed above we have used 14-AGNR which has a band structure similar to 2D graphene sheet
with zero bandgap linear dispersion relationship. In order to see the effects of bandgap on I — V' characteristics, we have
simulated structures consisting of 15 and 16-C atomic layer wide GNRs that are ~ 1.72 and ~ 1.84 nm respectively. The
15- and 16-AGNR have bandgaps of ~ 0.59 eV and ~ 0.58 eV respectively. The calculated current voltage characteristics
are shown in Fig. 6. In the bilayer structure consisting of 15-AGNRs, for bias voltages upto ~ 0.6 V the current is very
small due to the bandgap. For 16-AGNR case, however, the current is suppressed upto ~ 0.9 V which cannot be explained
by the bandgap anymore.

The transmission plots shown in Fig. 7 for structures with different widths are also consistent with the current voltage
characteristics. For 15-AGNR (see W = 1.72 nm), the transmission is suppressed over an energy window of ~ 0.6 eV
due to bandgap of the GNRs. For 16-AGNR case, the transmission is strongly suppressed over ~ 1.1 eV, the origin of
which is not well understood at this point and will be addressed elsewhere.
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Figure 6. (Color Online) Simulated Current-\oltage (I — V') characteristics of bilayer structures with different widths (L = 1.70 nm).
The cut-in voltage strongly depends on the GNR bandgap which, in turn, depends on GNR width.
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Figure 7. (Color Online) Transmission coefficient for different GNR widths as a function of energy (L = 1.70 nm). For 15-AGNR

(W = 1.72 nm), the transmission is suppressed over an energy window of ~ 0.6 eV due to bandgap of the GNRs. For 16-AGNR case,
the transmission is strongly suppressed over ~ 1.1 eV.
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4. CONCLUSION

In this work we study the effects of length of bilayer region and the bandgap of the GNRs on the electronic transport
properties of a simple bilayer GNR structure consisting of two single layer GNRs placed on top of each other in AB
stacking sequence. Calculations, based on 7-band nearest neighbor tight binding model and non-equilibrium Green’s
function formalism, show that NDR occurs in such structures. It is found that the bandgap of the nanoribbons and length
of the bilayer region have significant effects on the current voltage characteristics. In particular the peak to valley ratio
decreases with increasing length of the bilayer region. And the cut-in voltage depends on the bandgap of the GNRs.
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