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Abstract—This research deals with molecular electronics of DNA 
double helices. We consider a 10 base-pair poly(G)-poly(C) 
double stranded DNA molecule, tilted with respect to the 
intercontact electric field direction. An advanced tight-binding 
(TB) model including hopping integrals of the next nearest 
neighbors (NNN) and DNA helix conformation is implemented. 
The transport properties, such as single electron transmission 
spectra and current-voltage characteristics as functions of 
source-drain voltage and tilt angle, are studied both with and 
without NNN effects.  

Keywords-quantum transport; molecular electronics; DNA 
double helix; tight-binding 

I. INTRODUCTION 
Recent observations have disclosed that under different 

conditions, DNA molecules can act as insulators [1], 
semiconductors [2], and also conductors [3], which expresses 
the immense importance of DNA based electronic systems and 
devices. Among the theoretical efforts towards interpreting 
these fascinating experimental results, model-based 
Hamiltonian methods are of particular interest due to their ease 
of application and generality [4, 5]. 

Here the molecule is subjected to a perpendicular gating 
electric field and so the helix conformation of the strands 
becomes important [6]. This situation takes place when the 
trapped molecule is not aligned with the intercontact electric 
field so that there exists a component of the field perpendicular 
to the molecular axis (see Fig. 1).  

 

Figure 1.   Problem geometry 

It is noteworthy that in most of the efforts using TB 
modeling for DNA charge migration analysis so far, only the 
hopping strengths between side-by-side sites have been taken 
into account to capture the pathways of electrons through the 

DNA structure. In order to produce a more realistic elucidation 
of possible mechanisms for charge transport in DNA, hopping 
amplitudes between all the next nearest neighbors (NNN) sites 
should also be addressed in the modeling. 

Accordingly in this work, an advanced TB model including 
the NNN effects is proposed, and the characteristics of 
quantum mechanical electron transport through a gated 
poly(G)-poly(C) ds-DNA molecule are investigated. 

II. TIGHT-BINDING MODELING 
The planar projection of a DNA duplex connected to two 

electrode leads is shown schematically in Fig. 2. There are four 
central conduction branches, linked with one another with 
interconnected nearest-neighbor sites.  

 

Figure 2.  The schematic model of electronic transport through a 10 base-
pair, four-channel, poly(G)-poly(C) DNA molecule 

Here, we include the helix geometry of the strands in the 
traditional ladder model. We consider a 10 base-pair full 
twisted DNA molecule. The on-site energies ( iε ) become 
(neglecting the difference between major and minor grooves) 
[6]: 
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where 0
iε  is on-site energy of the i-th base molecule at zero 

field, sdV  is the source-drain voltage, α is the tilted DNA angle, 
d is the DNA diameter, L is the DNA length, 0φ  determines the 
initial orientation of the DNA molecule, and the positive sign is 
for the two top DNA strands and the negative sign for the two 



bottom strands. Using a two-dimensional TB model, a simple 
and effective Hamiltonian for charge transport through the ds-
DNA between two metallic leads can be written as 

.DNALeadLeadDNATotal HHHH −++=  (2) 

Here, the Hamiltonian for a poly(G)-poly(C) DNA 
molecule is described by a summation over the N base-pair 
sites as follows:   
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where † †/i iG C  ( /i iG C ) and †
, /i G CB  ( , /i G CB ) are the creation 

(annihilation) operators at the i–th G/C base sites and the i-th 
upper and lower backbone sites, respectively. /G Cε  and Bε  are 
the onsite potential energies of the DNA base pair and 
backbone sites, respectively.  At , Bt , Gt , Ct  and Ht  are the 
hopping amplitudes between backbone and DNA base pairs, 
between backbone sites, between guanine sites, between 
cytosine sites, and for guanine-cytosine inter-site hopping, 
respectively. The last term in Eq. (3), NNNH , is the part of the 
Hamiltonian related to the NNN sites, which can be written as 
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where the coefficients ; ( ) , , ( , , , )klt k l A C G B C G H=  are the 
NNN hopping strengths. The DNA molecule is coupled to two 
semi-infinite metallic leads by the tunneling Hamiltonian 

† †
0 1 1 1( ) ( ) . .,Leads DNA L R N NH t l C G t l C G h c− = − + − + +  (5) 

where Lt ( Rt ) are the hopping strengths between the left (right) 

lead and the end DNA bases, and  †
il ( il ) is the creation 

(annihilation) operator at the i-th site of the leads. The leads 
themselves are modeled by another TB Hamiltonian as 
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where 0ε is the lead onsite energy, and 0t is the hopping 
amplitude between sites in the leads.  

By discretizing the system spatially with lattice constant a 
and denoting the wave function on site n  by nψ , the 
Schrödinger equation in the TB approximation can be written 
as 

, ,n m m n n nt Eψ ε ψ ψ− + =∑  
(7) 

where the matrix elements ,n mt  are hopping integrals (or 
coupling parameters) between sites m and n with the single-site 
potential of site n, the sum runs over the nearest (or next-
nearest) neighbors of n , E  is the electron energy, and nε  is the 
on-site energy. The general incoming and outgoing 
wavefunctions in the leads which form a solution of Eq. (7) 
may be written as [7, 8] 
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with kaθ = . Here, k  is the wave vector that is connected with 
the energy by the dispersion relation for the Bloch states 

0 02 cosE t ka ε= − + , and t and r are the transmission and 
reflection amplitudes, respectively. The Schrödinger equation 
for the amplitudes in the two lead sites and the 40 DNA sites 
(10 G sites, 10 C sites, 20 sugar-phosphate backbone sites) can 
be written and combined into a matrix form as follows: 
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where Ψ  and Ζ  are the transpose of Ψ  and Ζ , respectively, 
and the matrix M is a banded diagonal matrix formed by 
hopping amplitudes. Therefore, by solving the matrix equation 
for the linearized TB Hamiltonian [Eq. (9)] we obtain the 
transmission amplitude ( t ) as a function of the incoming 
electron energy, E, and source-drain voltage, sdV . The desired 
transmission coefficient, ( )T E  is obtained by taking the square 

of the transmission amplitude, 2( )t E . This completes the 
necessary background for the analysis of the problem. In the 
next section, we present results for some numerical examples. 

III. RESULTS AND DISCUSSION 
The DNA is assumed to be connected between two semi-
infinite electrodes with an on-site energy of 0 7.75ε =  eV and a 
hopping amplitude of 0t =1 eV between sites. Notice that 
choosing a different hopping amplitude 0t  in the semi-infinite 
leads does not alter the main characteristics of electron 
transport through DNA molecules. All numerical parameters 
used in the computations, such as DNA hopping probabilities 
are listed in Table 1.  



TABLE I.  TIGHT-BINDING MODEL PARAMETERS 

Onsite energies (eV) 

0 7.75ε =  7.75Gε =  8.87Cε =  8.85Bε =  
Hopping amplitudes (eV) 

0 1t =  0.5L Rt t= =  0.1A Bt t= =  0.08klt ≈  

 0.3H C Gt t t= = =   

 

Here we study the effects of contact and tilt angle on the 
quantum transport behavior of the DNA molecule. To do this, 
first we compute the transmission coefficient, ( )T E , using Eq. 
(9). Then we focus on the evaluation of the current-voltage 
characteristics of the DNA in the system. Accordingly, we 
assess here the I-V characteristics of the system as a function of 
the transmission coefficient, using a standard Landauer-
Buttiker formula [9-12]:  
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Here, ( , )sdf E V  is the Fermi function given 

by /
1( )
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/L Rμ  stands for the electrochemical potential of the left (right) 
lead, whose value depends on the applied bias voltage. We 
choose (1 )L F sdE eVμ η= − −  and R F sdE eVμ η= + , where sdV  
is the source-drain applied voltage, FE  is the equilibrium 
Fermi energy, and η  is a parameter describing the possible 
asymmetry of contact to leads, chosen here as FE  = 5.5 eV 
and η  = 0.5, respectively. 

A. Contact effects 
We display the transmission spectra of the DNA as a 

function of electron energy for selected values of L Rt t= =  
0.1, 0.5 and 0.9 eV in Fig. 3. It is clearly seen that the electrons 
with the lower energies can be transmitted with the inclusion of 
NNN effects, which broadens the transmission spectra. 

 

 

Figure 3.  Transmission spectra as a function of electron energy with and 
without NNN effects for selected contact couplings. 

Figure 4 shows the resonant tunneling (RT) current by 
modulating the voltage (Vsd) for three special cases: L Rt t= =  
0.1, 0.5 and 0.9 eV, without and with NNN effects. The highest 
current is obtained at L Rt t= =  0.5 eV, with the inclusion of 
NNN effects. Therefore, in order to achieve maximum current 
for a given Vsd in the system, we should take into account the 
NNN hopping between the sites.  

 

Figure 4.  Current as a function of source-drain voltage with (solid) and 
without (dashed) NNN effects for selected contact couplings. 

B. Tilting effects 
In Fig. 5, we show the transmission spectra of the tilted 

DNA as a function of electron energy for selected tilt angles (α 
= 0º, 30º and 60º) and source-drain voltages (Vsd = 0, 2 and 4 
Volts) with fixed contact hopping strengths ( L Rt t= =  0.5 eV). 
Spectra become slightly broader in the case with NNN effects 
which means more electron energies contribute to the 
transmission. It is clear from (1) that by increasing the tilt angle 
or the source-drain voltage, the normal electric field component 
is enhanced. This leads to changes in the surface charge 
distribution over the DNA strands which regulates the 
conductivity of the charge carrier in the DNA molecule. This 
behavior can easily be seen in Fig. 5, which shows that the 
transmissions are washed out by increasing tilt angle as well as 
by higher source-drain voltages.  

 



 

Figure 5.  Transmission spectra as a function of electron energy with and 
without NNN effects for selected tilt angles and source-drain voltages. 

 

 

Figure 6.  Current as a function of source-drain voltage with (solid) and 
without (dashed) NNN effects for selected tilt angles. 

Figure 6 shows the RT current as a function of voltage (Vsd) 
for selected tilt angles (α = 0º, 30º and 60º) under the 
symmetrical contact couplings ( Lt = Rt = 0.5 eV). In agreement 
with transmission spectra, the current is enhanced in magnitude 

when the NNN effects are taken into account. In other words, 
the current gap, which is a typical characteristic of a 
semiconductor, is decreased by the diagonal electron hopping 
between the sites. As we discussed before, current is 
diminished by increasing the tilt angle. It is noticeable that 
there is a critical voltage which is attributed to the highest 
current for a tilted DNA molecule. 

IV. CONCLUSIONS 
 Herein, we have investigated the electron transport 

characteristics through ds-DNA molecules using a second-
order TB model which considers DNA helical conformation 
and the NNN effects. We have calculated the transmission and 
the current-voltage characteristics as a function of the electron 
energy and source-drain voltage with a variation of the contact 
coupling between the leads and the DNA molecule and DNA 
tilt angle. We have found that by considering the NNN effects, 
higher overall transmission and therefore enhanced current 
could be obtained. Also, we have presented results showing 
that the electron transmission and subsequently the current flow 
are diminished by increasing the tilt angle. 
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