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Abstract  

In optimization of the device charge injection and electronic transport through the interface is very 
important. So, we can say that type of interface is very crucial for designing a device, especially at the 
molecular level. We have used DFT along with NEGF to study the interface between organic molecules 
and conductors. Koopman’s theorem along with electronic coupling for holes, which results from the 
mixing of the frontier orbitals of the two nearest donors (or acceptor) molecules with the orbitals of the 
bridging acceptor (donor) molecule, is studied to compute the coupling integral. While calculating 
density matrix NEGF approach is suitable for open systems, however diagonals from Kohn-Sham 
Hamiltonian are used for closed or periodic systems. The distinct electronic structure of molecule and 
electrode, shifts the molecular levels dramatically which in consequence changes the HOMO-LUMO gap. 
So, coupling between the molecule and electrode is very crucial for designing a device at the molecular 
level. 
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Introduction 

Due to the continued downscaling of electronic 
devices, new challenges come into view at the 
molecular level. For next-generation devices one 
scale miniaturization at the nanometer level is 
required which causes quantum effects and 
materials which were suitable for the previous 
generation do not work properly for this 
generation [1-10]. So, we need new materials 
suitable for the next generation. Also, we need to 
change operation principles and geometries as 
per requirement. In our work, we focused on the 
electronic charge transportation for molecular 
wire within space between two electrodes. We 
have used repeating units of “Benzene” as a basic 
unit for understanding electronic transport 
properties. The molecular wire which is made by 
the repetition of the benzene ring allows analysis 
of both coherent and incoherent charge 
transport. The effect of other factors like tilt 

angle, the configuration of electrodes and 
interaction with molecular wire is also studied. 
Work done by others give additional 
understanding into the charge transport [11-19]. 

 

Computational methodology 

We have taken Benzene molecular wire with two 
gold electrodes having orientation Au [111] and 
Au [100]. We have used constraining planarity to 
align and stabilize molecular wire in-plane with 
metallic electrodes. For easy understanding of 
the system, we have divided the system into two 
subspaces, electrodes and a central cluster (Fig. 
1). 
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Fig-1. Benzene with 1 ring bridged between gold 
electrodes. 

The central cluster is an extended part of 
molecular wire which consist of some layer of 
both right and left electrode along with the 
molecular wire. 

Such arrangement helps us in:   

 Study the molecule and metal in a self-
consistent state 
 inclusion of assumption for correction of the 
voltage drop across the molecule 
 and reduction in the calculation time by use 
of the extended molecule concept. 

For the calculation of charge transportation, we 
used the ab-initio density function theory along 
with the Non-equilibrium Green function 
(NEGF). We used geometry relaxation to get 
geometries of molecules that bonded to the gold 
surface. Periodic boundary conditions were 
applied to the atomic coordinates of molecular 
wire along with the surface of gold atoms as 
shown inthe vibrational region in fig-1. To 
calculate energy minima, we repeated geometry 
optimization for varying lengths and in 
perpendicular directions [20-28]. Electron-
phonon coupling was assumed to be limited to 
subspace i.e. between the molecule and the first 
two layers of gold atoms. DFT-NEGF based upon 
a numerical basis set uses a density matrix as a 
key parameter in the self-consistent loop. We 
used, NEGF for the open system and diagonals 
from the Kohn-sham Hamiltonian for a closed 
system, for the calculation of the density matrix 
[29-40]. The trouble-Martins nonlocal 
pseudopotential is used for modeling of core 
electrons and expansion of valance electrons is 
done in SIESTA localize basis set. The method 
incorporates self-consistent field treatment of 
electrode-molecule-electrode junction for both 
zero bias and applied bias. 

Results 

We have taken molecular wires with varying 
benzene rings connected as shown in fig-2. We 
optimized the geometric structure using 
Gaussian-03 and then the HOMO-LUMO gap was 
calculated using SIESTA. 

 

 

Fig-2. Different structures of benzene rings. 

 

Coupling between benzene rings and gold 
electrodes at the interface shifts and expands 
molecular levels which results as change in the 
HUMO-LUMO gap. Due to coupling, discrete 
molecular levels are shifted to a continuous 
spectrum of the density matrix, which results in 
the enlargement of the HUMO-LUMO gap. This 
gap increase with the increase in the number of 
benzene rings. Due to an increase in benzene 
rings, the HOMO-LUMO gap increase and results 
in the overlapping of bands. 

Table-1. Coupling parameter for molecular wires 
with varying benzene rings. 

System Distance Coupling 
Parameter 

System Distance Coupling 
Parameter 

1 Ring 1.9 0.234 2 Ring     1.9 0.236 

3 Ring 1.9 0.233 4 Ring 1.9 0.234 

5 Ring 1.9 0.232 6 Ring 1.9 0.233 

7 Ring 1.9 0.233 8 Ring 1.9 0.235 

 

From table-1 we can conclude that overlapping 
of bands increases the transmission coefficient 
near Fermi level EF which in consequence 
increases the coupling constant. This result 
remains valid with a change in orientation but 
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fails for a change in the electronic structure of 
the molecule. 

 

 

Fig-3. Conductance variation with rotation of 
molecular wire i. e. 0o to 180o. 

 

 

Fig-4. HOMO-LUMO gap variation with rotation 
of molecular wire i. e. 0o to 180o. 

When we rotated the molecular wire around the 
bottom atoms, angle θ (angle between axis and 
surface perpendicular to it) changes and with 
change in θ, conductance changes. Results show 
that planar structure (benzene ring having angle 
0° or 180°) exhibits better conductance as 
compared to twisted structure (benzene ring 
with angle about 90°)as shown in fig. 3 & 4. It is 
because of smaller band gap and superior 
orientation of orbital’s for delocalization of 
electrons.   

 

As shown in fig. 5 & 6, HOMO-LUMO gap initially 
increases and later on decreases with tilt in 
benzene wire it is because of the orientation of P 
and π orbital. As when the orientation remains 
perpendicular the conductance is maximum and 
as the angle changes it changes because of the 

change in coupling constant between electrodes 
and molecular wire. 

 

 

Fig-5. HOMO-LUMO gap variation with tilt (angle 
θ) of molecular wire. 

 

 

Fig-6. Conductance variation with tilt (angle θ) of 
molecular wire. 

 

Fig-7. Variance in conductance with different 
benzene rings. 
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As shown in fig. 7 for small molecular wire 
conductance decreases exponentially but as we 
add more benzene rings decrease in conductance 
becomes linear, it is because of conductance 
behaviour that changes from tunneling to 
hopping. As tunneling is more dependent upon 
length as compared to hopping it explains this 
conductance behavior of molecular wire. Also, 
conductance varies for a system having an even 
or an odd number of benzene rings, it is due to 
distinct geometric symmetries of molecular 
wires. Because of the distinct geometric 
symmetries of molecular wires, their interfacial 
contact with electrodes is different from each 
other. A molecular wire with an even number of 
benzene rings has a higher coupling parameter 
as compared to a molecular wire with an odd 
number of benzene rings. 

 

Discussion and conclusion  

 

In this manuscript, the initiation of the field 
started with a single-molecule rectifier. For our 
system i.e. molecular wire sandwiched between 
gold electrodes, conductance decreases 
exponentially for short lengths and the decrease 
in conductance is linear for longer lengths. The 
reason for this is that initially charged transport 
takes place because of tunneling and later on for 
longer molecular wire it is due to hopping 
phenomena. For short lengths, results are highly 
length-dependent and temperature invariant and 
the case is opposite for the longer lengths. So, we 
can say that with an increase in benzene rings, 
conductance decreases but the tilting of 
molecular wire can help in achieving desired 
results. Rotation of molecular wire axially also 
results in an increase in conductance and a 
decrease in the HOMO-LUMO gap. Thus, rotation 
and angle of tilt play a crucial role to get desired 
results. Though, the effect of temperature on 
conductance at different angles cannot be 
subsided. 

 

Acknowledgement 

 

Thanks for the support and encouragement from 
the RIC Department of I K Gujral Punjab 
Technical University, Kapurthala, Punjab, India. 

 

References 

[1] R. G. Nuzzo and D. L. Allara.J. Am. Chem. Soc. 
105, 4481–4483 (1983). 

[2] M. A. Reed, C. Zhou, C. J. Muller, T. P. Burgin, 
and J. M. Tour.Science278, 252–254 (1997). 

[3] B. de Boer, M. M. Frank, Y. J. Chabal, W. Jiang, 
E. Garfunkel and Z. Bao. Langmuir 20, 1539–
142 (2004). 

[4] H. Haick, J. Ghabboun and D. Cahen. Appl. 
Phys. Lett. 86, 042113 (2005). 

[5] T. W. Kim, G. Wang and T. Lee. 
Nanotechnology 18, 315204 (2007). 

[6] C. Zhou, M. R. Deshpande, M. A. Reed, L. 
Jones II, and J. M. Tour. Appl. Phys. Lett. 71, 
611–613 (1997). 

[7] Y.-L. Loo, D. V. Lang, J. A. Rogers, and J. W. P. 
Hsu. Nano Lett. 3, 913–917 (2003). 

[8] A. Vilan and D. Cahen. Adv. Funct. Mat. 12, 
795–807 (2002). 

[9] K. T. Shimizu, J. D. Fabbri, J. J. Jelincic and N. 
A. Melosh. Adv. Mat. 18, 1499–1504 (2006). 

[10] N. Stein, R. Korobko, O. Yaffe, R. HarLavan, H. 
Shpaisman, E. Tirosh, A. Vilan and D. Cahen. 
J. Phys. Chem. C 114, 12769–12776 (2010). 

[11] R. Stadler, V. Geskin and J. Cornil. Adv. Funct. 
Mat. 18, 1119–1130 (2008). 

[12] M. Elbing, R. Ochs, M. Koentopp, M. Fisher, C. 
von Hanisch, F. Weigend, F. Evers, H.B. 
Weber and M. Mayor. Proc. Natl. Acad. Sci. 
USA 102, 8815–8820 (2005). 

[13] C. A. Nijhuis, W. F. Reus and G. M. 
Whitesides. J. Am. Chem. Soc. 131, 17814–
17827. 

[14] J. G. Kushmerick, C. M. Whitaker, S. K. 
Pollack, T. L. Schull, and R. 
Shashidhar.Nanotechnology15, 489–493 
(2004). 

[15] E. C. P. Smits, S. G. J. Mathijssen, P. A. van Hal, 
S. Setayesh, T. C. T. Geuns, K. qA.H.A. 
Mutsaers, E. Cantatore, H. J. Wondergem, O. 
Werzer, R. Resel, M. Kemerink, S. 
Kirchmeyer, A. M. Muzafarov, S. 
Ponomarenko, B. de Boer, P. W. M. Blom and 
D. M. de Leeuw. Nature 455, 956–959 
(2008). 

[16] J. Park, A. Pasupathy, J. I. Goldsmith, C. 
Chang, Y. Yaish, J. R. Petta, M. Rinkoski, J. 
P.Sethra, H. D. Abruna, P. L. McEuen, and D. 
C. Ralph. Nature 417, 722–725 (2005). 

[17] W. Liang, M. P. Shores, M. Bockrath, J. R. 
Long and H. Park. Nature 417, 725–729 
(2002). 

http://www.neuroquantology.com/
https://www.youtube.com/watch?v=9uzyH0B6Uw4


Neuro Quantology | August 2022 | Volume 20 | Issue 9 | Page 1432-1436 | doi: 10.14704/nq.2022.20.9.NQ44164 
Nisha, Vijay Kr. Lamba/Molecular Dynamics and Charge Transport in Organic Devices 

 
 

1436 

eISSN 1303-5150 www.neuroquantology.com 

 

[18] H. Song, Y. Kim, Y. H. Jang, H. Jeong, M. A. 
Reed, and T. Lee. Nature 462, 1039–1043 
(2009). 

[19] J. M. Tour, M. Kozaki and J. M. Seminario.J. 
Am. Chem. Soc. 120, 8486–8493 (1998). 

[20] E. E. Polymeropoulos. J. Appl. Phys. 48, 
2404–2407 (1977). 

[21] R. G. Nuzzo and D. L. Allara.J. Am. Chem. Soc. 
105, 4481–4483 (1983). 

[22] M. A. Reed, C. Zhou, C. J. Muller, T. P. Burgin, 
and J. M. Tour.Science278, 252–254 (1997). 

[23] B. de Boer, M. M. Frank, Y. J. Chabal, W. Jiang, 
E. Garfunkel and Z. Bao. Langmuir 20, 1539–
142 (2004). 

[24] H. Haick, J. Ghabboun and D. Cahen. Appl. 
Phys. Lett. 86, 042113 (2005). 

[25] T. W. Kim, G. Wang and T. Lee. 
Nanotechnology 18, 315204 (2007). 

[26] C. Zhou, M. R. Deshpande, M. A. Reed, L. 
Jones II, and J. M. Tour. Appl. Phys. Lett. 71, 
611–613 (1997). 

[27] Y.-L. Loo, D. V. Lang, J. A. Rogers, and J. W. P. 
Hsu. Nano Lett. 3, 913–917 (2003). 

[28] A. Vilan and D. Cahen. Adv. Funct. Mat. 12, 
795–807 (2002). 

[29] Y. Imry and R. Landauer. Rev. Mod. Phys. 71, 
306–312 (1999). 

[30] F. Chen, X. Li, J. Hihath, Z. Huang and N. Tao. 
J. Am. Chem. Soc. 128, 15874–15881b 
(2006). 

[31] J. M. Beebe, V. B. Engelkes, L. L. Miller and C. 
D. Frisbie.J. Am. Chem. Soc. 124, 11268–
11269 (2002). 

[32] C. D. Frisbie. Presentation Technical 
University Eindhoven (2010). 

[33] C. Li, I. Pobelov, T. Wandlowski, A. Bagrets, 
A. Arnold, and F. Evers. J. Am. Chem.  
Soc.130, 318–326 (2008). 

[34] X. Li, J. He, J. Hihath, B. Xu, S. M. Lindsay, and 
N. Tao.J. Am. Chem. Soc. 128, 2135–2141 
(2006). 

[35] S. M. Lindsay and M. A. Ratner. Adv. Mat. 19, 
23–31 (2007). 

[36] R. L. McCreery and A. J. Bergren. Adv. Mat. 
21, 4303–4322 (2009). 

[37] N. Tao. Nature Nanotechnology 1, 173–181 
(2006). 

[38] S. H. Choi, B. Kim and C. D. 
Frisbie.Science320, 1482–1486 (2008). 

[39] Q. Lu, K. Liu, H. Zhang, Z. Du, X. Wang and F. 
Wang. ACS Nano 3, 3861–3868 (2009). 

[40] S. H. Choi, C. Risko, M. C. Ruiz Delgado, B. 
Kim, J.-L.Bredas and C. D. Frisbie.J.  Am. 
Chem. Soc. 132, 4358–4368 (2010). 

 

http://www.neuroquantology.com/

