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ABSTRACT

Molecular electronics bring a high speed and power consumption devices such as rectifier, negative differential
resistor, transistor, etc. Rectifiers are widely used in the electronic industry as AC to DC converter. We have
investigated the electron transport of Gold/2,5-dichlorobenzene-1,3-dithiol/Gold single molecular junction to study
the rectification that occurs in this metal-molecular junction. To create such a molecular junction, we have
sandwiched the 2,5-dichlorobenzene-1,3-dithiol molecule at the hcp site of gold. Density Functional Theory (DFT)
with Non-Equilibrium Green’s Function (NEGF) was used to calculate the total density of states, the projected
density of states, transmission co-efficient, conductance, conductance, and current-voltage characteristic of
Gold/2,5-dichlorobenzene-1,3-dithiol/Gold. From current-voltage characteristics, we found differential resistance
effects present in this system. Furthermore, we have shown 2,5-dichlorobenzene-1,3-dithiol can be used as a single
molecule rectifier.
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INTRODUCTION
Metal-molecule-metal junction utilized to produce various devices such as rectifiers, switches, sensors
etc. Various metal-molecule-metal junctions show a diode like behavior.'® Increasing the conductance of
such junction is one of the emerging research in molecular electronics. Conjugated molecules show better
conductance and less HOMO-LUMO gap comparing to non-conjugated molecules.”"" Benzene is one of
the simple conjugated molecules explored by many researchers.'*"?
Elbing et. al. first observed the rectification effect in a molecule experimentally. Aviram A et.al
studied the pi-donor, acceptor system separated by a sigma bond that acts as a molecular rectifier.'® An
experimental realization of molecular rectifiers using azafullerene C59N was done by Jin Zhao et al. This
molecular junction produces the positive onset voltage at 0.5 to 0.7 V and negative onset is about 1.6-1.8
V. Metzger RM et al.observed an electronic rectification effect in hexadecylquinolinium
tricyanoquinodimethanide.*Hihath J ef al.studied inelastic transport and low bias rectification in a single
molecular diode.'® These studies show that a single molecule can act as an electronic rectifier.
In this study, we have analyzed the rectification properties of the 2,5-dichlorobenzene-1,3-dithiol
molecule. To construct metal-molecule-metal junction, we have sandwiched 2,5-dichlorobenzene-1,3-
dithiol molecule between gold electrodes at the hcp site. The electron will transport from one gold
electrode to another electrode through this molecule. In this molecular junction, we observed a small
rectification effect by changing the applied bias direction. The density of states, transmission co-efficient,
conductance, and current-voltage characteristic of this device analyzed to understand the electron
transport properties.
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Computational Details

The Density Functional Theory (DFT)**** with Non-Equilibrium Green’s Function formalism
(NEGF)*** was utilized to understand the electronic transport properties of Gold/2,5-dichlorobenzene-
1,3-dithiol/Gold molecular junction. Initially, this metal-molecular-metal junction was optimized using
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GGA approximation. So that the density of the electron in the system treated non-locally. To include the
exchange-correlation effect we have used Perdew-Burke-Ernzerh (PBE) functional.>*® The transport
properties highly depend upon the molecule structure. Hence we have used double zeta polarized basis set
for the C,H, and S atoms and single zeta polarized basis set for gold atoms. The electrode calculations
have been performed under periodic boundary conditions, and the Brillouin zone has been sampled with
3x3x100 k-points on x, y, and z-axis, where z is the transport direction.”” This metal-molecule-metal
junction optimized until the residual force becomes less than 0.05 eV. The structure of the molecular
junction is shown in Fig.-1. The optimized device structure was used to calculate the density of states
(DOS), the projected density of states (PDOS), transmission co-efficient, etc. we have used ATK-
VNL|[28] for constructing and computing this metal-molecule-metal junction. The current through this
metal-molecule-metal junction was using Landauer formula,
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Where f is the Fermi-Dirac distribution function of electrodes. . and pgr represent the left and right
electrode potentials.”” The rectification ratio of these devices has calculated by using the computed
current between forward and reverse bias.

Fig.-1: Structure of Gold/2,5-dichlorobenzene-1,3-dithiol/gold Molecular Junction

RESULTS AND DISCUSSION
The structure of the 2,5-dichlorobenzene-1,3-dithiol molecule sandwiched at the hcp site of gold
electrodes was optimized using DFT with NEGF. Previously, we have reported for fcc site.*
The total density of states, projected device density of states, and transmission coefficient were calculated
from -3eV to 3eV using DFT with NEGF as mentioned in computational details.Fig.-2(a) shows the total
density of states and projected density of states of the Gold/2,5-dichlorobenzene-1,3-dithiol/Gold junction
at zero bias. In the projected density of states, two peaks were observed approximately at 1.8eV and 1eV
in the HOMO region while in the LUMO region it was observed approximately at 2.9 eV. Almost at the
same energy level, we could be able to observe peaks in the total density of states. This shows that the
influence of a molecule in the total density of states. From Fig.-2(b) we observe that a greater number of
peaks in the HOMO region are existing comparing to the LUMO region. This is due to the higher density
of states in the HOMO region than LUMO.
We have plotted the transmission coefficient at 1.6 V in forward and reverse bias as shown in Fig.-3,
since high rectification occurred at this bias. From this graph, we observed that the transmission
coefficient near by the Fermi region is higher in the forward bias than the transmission coefficient in the
reverse bias. Due to the change in the transmission coefficient, the current also gets changed when we
switch it from forward to reverse bias. This change in current leads increases in the rectification ratio.
Figure-4(a) shows the current-voltage characteristic of the system at various applied bias which was
calculated using the equation mentioned in computational details. We observed that the current increases
in a linear way till 1 V at the forward bias further differential resistance effect was observed about 1V to
2V region. A similar kind of effect was observed in reverse bias. But in reverse bias, the differential
resistance effect is small compared to the forward bias. This can be clearly seen in Fig.-4(b). The change
in conductance is not just like a switching performance. This is due to resonant tunneling in the metal-
molecular interface. From Fig.-4(c) it could be clearly observed that the conductance is very low in
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reverse bias compared to the forward bias. So, we predict that this molecule could exhibit a rectification
effect. To confirm it we have plotted the rectification ratio for various applied bias (in Volts) as shown in
fig. 5. We observed that the rectification increases to 1.6 V further increasing the bias leads to a decrease
in rectification. This type of change in the rectification effect already observed for organic molecules.*'™
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Fig.-2: (a) Total and Projected Density of States of Gold/2,5-dichlorobenzene-1,3-dithiol/gold Molecular Junction and
(b)Transmission Coefficient of Gold/2,5-dichlorobenzene-1,3-dithiol/gold Molecular Junction at Zero Bias.
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Fig.-3: Transmission Coefficient of Gold/2,5-dichlorobenzene-1,3-dithiol/gold Molecular Junction at 1.6 V
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Fig.-4: (a)Current-voltage Characteristic, (b) dI/dV Curve and (¢) Conductance of Gold/2,5-dichlorobenzene-1,3-
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Fig.-5: Rectification Effect of Gold/2,5-dichlorobenzene-1,3-dithiol/gold Molecular Junction.
CONCLUSION

The electron transport properties of gold/2,5-dichlorobenzene-1,3-dithiol/gold molecular junction was
studied using DFT with NEGF formalism. For that, we have computed the density of states (DOS),
projected density of states (PDOS), transmission co-efficient, etc. From the density of states and projected
density of states, we found that the molecule density of states influences the total density of states. At 1.6
V transmission coefficient is higher at nearby Fermi region in the forward bias comparing to reverse bias.
Due to this the rectification ratio is high at this bias. Also, current-voltage characteristic shows differential
resistance around 1 V to 2 V. From this we conclude that the gold/2,5-dichlorobenzene-1,3-dithiol/gold
molecular junction can be used in various electronic applications.
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