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      Electron transport properties of pure and oxygen and/or methyl substituted pyrene between two semi-infinite aluminum atomic 
electrodes have been investigated by means of density functional theory plus the non-equilibrium green’s function method. The electrodes 
were represented by a slab of Al atoms oriented along the [111] plane. The computations were carried out in the bias voltage range of 0.0 
up to 2.0 V under three gate voltages including -3.0, 0.0 and +3.0 V. The results showed negative differential resistance and relatively high 
rectification. All of the calculations were carried out with Open source Package for Material eXplorer (OPENMX) 3.6 computer code 
within the generalized gradient approximation for the exchange-correlation energy and norm-conserving Kleinman-Bylander pseudo 
potentials. The observed rectifying and the negative differential resistance were justified using the transmission spectrum and its integration 
in the corresponding bias window. Also, the negative differential resistance behavior was investigated by studying the density of states of 
left electrode, central region and right electrode and their overlaps. 
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INTRODUCTION 
 
      With the progress of miniaturization, the components of 
the electrical circuits used in modern electronic devices 
swiftly approach molecular scales. The replacement of 
micrometer-size devices with nanometer-size devices needs 
transition from the laws of classical mechanics to the laws 
of quantum mechanics [1]. So, new series of physical 
phenomena ought to be studied and understood to ease the 
creation of those devices. Those physical phenomena are the 
electron transport,  single molecule resistance,  discrete 
energy spectrum,  zero-bias current,  interaction of the 
external electric fields, etc. 
      Electron transport properties of single-molecule 
junctions such as conductance, current-bias behavior 
and transmission spectrum can be obtained by      
several theoretical calculations. One of the widely-  
used  approaches  to  the  problem is  based  on  density  
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functional theory (DFT) in combination with non-
equilibrium Green’s function (NEGF) [2] and 
Landauer’s formula [3]. So, many works have shown 
(experimentally and/or theoretically) that molecular 
conductance is correlated with molecular length [4,5], 
conformation[6], functional group effects [7] and other 
relevent  properties . 

      Besides, many interesting physical properties on 
current-voltage (I-V) relationship, such as being linear, 
non-linear, negative differential resistance (NDR), 
molecular rectifying and electrostatic current switching 
have been investigated by experimental and theoretical 
works in the past decade [8-10]. Particularly, the NDR 
and molecular rectifying properties of many molecular 
structures are considered as the basic and important 
properties of the components in the molecular logic 
electronics and memory circuits [11-15]. 

      Many researchers were interested in studying molecular 
devices. The first molecular rectifier suggested by Aviram 
and Ratner (A-R) [16]  in  1974.  Their  conceptual  rectifier  
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was the first molecule acting as an electric circuit element. 
The A-R rectifier was an asymmetrical organic molecule 
consisting of two π-electron systems with donor and 
acceptor properties linked by a σ-bridge. They showed that 
the difference between the energy levels of the donor and 
the acceptor parts made possible  tunneling in the acceptor 
to donor direction and  significantly  hindering in the donor 
to acceptor direction. Since the suggestion of first molecular 
rectifier by A-R, many attempts have been made to 
demonstrate that a suitably designed organic molecule could 
give current-voltage (I-V) characteristics with the 
idiographic side-substitution. After that, many molecular 
rectifiers have been designed using A-R pattern, both 
theoretically [17-20] and experimentally [21-23]. 
      Graphene is a material to which the highest award in the 
scientific field has been attributed [24]. It is a single layer of 
carbon atoms packed in a two-dimensional (2D) honeycomb 
lattice [25]. It shows peculiar electronic properties arising 
from its 2D structure and the linear dispersion of the half-
occupied π and unoccupied π* molecular orbitals [26]. These 
properties such as abnormal quantum Hall effect [27,28] 
and the ballistic electronic propagation have been handled in 
a number of applications ranging from nano to macro 
devices [29-32]. Pyrene is a polycyclic aromatic 
hydrocarbon consisting of four fused benzene rings, 
resulting in a flat aromatic system (see Fig. 1a) and with the 
chemical formula C16H10 was supposed to be a hydrogen 
passivated portion of graphene [33]. In this work the studied 
molecular nanoelectronics systems are based on pyrene. 
      There are many studies about electron transport 
properties of pyrene molecule. The electron transport 
properties of pyrene by different terminals between Au 
electrodes [34]. The doping effect on transport properties of 
the pyrene have been studied by Fan and coworkers [35]. 
Also, the rectifying and negative differential resistance 
behaviors based on pyrene have been studied by Zhang and 
coworkers [36], that the pyrene molecule have been coupled 
to the asymmetric electrode. They have studied the systems 
by imposing bias voltage -2.0 to +2.0 V without imposing 
any gate voltage.  
      In this regards, study the molecular structures of 
pure and oxygen and/or methyl functionalized pyrene, 
using A-R’s pattern, seems interesting. So, changing the 
symmetry of the scattering region by functionalization, and  

 
 
also imposing a gate voltage have been done to study the 
rectification and transistorized properties, respectively. It 
could be very useful for designing nanoelectronics 
devices. The molecular structures shown as structures a 
and b in Fig. 1 are the structure of pyrene and pyrene 
between two aluminum atomic electrodes, respectively, 
also structures c and d are oxygen functionalized and 
oxygen and methyl functionalized pyrene between two 
aluminum atomic electrodes, respectively. The IUPAC 
name of structures b, c and d in Fig. 1 are pyrene, hexa-
decahydropyrene-4,10-dione and 5,5,9,9-tetramethyl-
hexadecahydropyrene-4,10-dione, respectively. So, for 
the sake of brevity, hereafter we refer to structures b 
and c as structures A and B, respectively.  
      Therefore, in order to investigate the transport 
properties of the considered structures, the electric 
current versus bias voltage (I-Vb behavior) has been 
computed. The studied systems were composed of 
pyrene, structure A or structure B in contact with two 
semi-infinite aluminum atomic electrodes from left and 
right sides. The I-Vb for the considered systems was 
computed in the bias range of 0.0-2.0 V. Furthermore, 
to study the effect of gate voltage on the transport 
properties different gate voltages including -3.0, 0.0 
and +3.0 V was imposed. The results showed exclusive 
I-Vb behaviors such as rectifying and NDR 
characteristic. The validity of the mentioned I-Vb 
behaviors has been evaluated using the transmission 
spectrum and its integral in the bias windows. The NDR 
behavior has been also investigated by studying the density 
of states (DOS) of left electrode, central region and right 
electrode and their overlaps. 
 
METHODS AND MODELS 
 
      The system under investigation was a two-terminal 
nano-electronic electrode-molecule-electrode system in 
which the right and left electrodes were aluminum atomic 
electrodes and the molecule at the central region was C16H10 

(pyrene), C16H10O2 (structure A) or C18H12O2 (structure B). 
As shown in Fig. 1, three studied molecules were in contact 
with two Al atomic electrodes extended to electron transfers 
in z direction. The electrodes were represented by a slab of 
Al atoms oriented  along the  [111]  plane  with  9 atoms per  



 

 

 

Rectification Ratio Enhancement and Functionalized Pyrene/Phys. Chem. Res., Vol. 6, No. 2, 309-321, June 2018. 

 311 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Fig. 1. The schematic geometric structure of a) pyrene, b) pyrene between two aluminum atomic electrodes (pyrene  
            system), c) Oxygen substituted pyrene between two aluminum atomic electrodes (system A) and d) Oxygen  
             and Methyl substituted pyrene between two aluminum atomic electrodes (system B). 
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unit cell which were repeated to z = ±∞. The carbon atom at 
the end of the molecule in contact with the electrode was 
positioned at the top site of electrodes and the distance for a 
carbon-electrode was 1.90 Å [37]. All computations were 
carried out at bias voltages ranging from 0.0-2.0 V by 
imposing the gate voltages (Vg) at the values of -3.0, 0.0 and 
3.0 V. The applied gate voltage affects mainly the molecule 
in the scattering region. The electric potential may resemble 
the potential produced by the image charges. All of the 
calculations were carried out with Open source Package for 
Material eXplorer (OPENMX) 3.6 computer code [38] 
within the generalized gradient approximation (GGA) [39] 

for the exchange-correlation energy and Norm-conserving 
Kleinman-Bylander pseudo potentials [40]. 
 
RESULTS AND DISCUSSION 
 
      A traditional diode has unique transport characteristics, 
allowing electrons to be transferred only in one direction. Its 
resistance is reduced to a small value when the forward bias 
becomes larger than the threshold voltage, and the 
resistance is almost infinite under reverse bias. Molecular 
diodes planned by the A-R model were proposed for the 
purpose of side-substitution to increase the electron 
transmission in one direction and decrease in opposite 
direction. In this work, side-substitution of pyrene was 
performed with the oxygen and methyl groups in order to 
intensify the transfer of electron in one direction. So, pyrene 
and two fictionalized structures derived by substitution of 
its hydrogens, system A (with two oxygen as electron-
acceptor) and system B (with two oxygens, as electron-
acceptor, and two methyl groups as electron-donor), with 
different symmetry in the direction of electron transmission 
were investigated (see Fig. 1). Before studying these 
system’s transport properties, the central region of systems 
was optimized by the mentioned method, separately. These 
three molecules (pyrene, system A and system B) as the 
central region with two semi-infinite aluminum atomic 
electrodes were investigated at several bias voltages from    
-2.0 to +2.0 V. The gate voltages effects on the mentioned 
molecules were studied by imposing -3.0, 0.0 and +3.0 V, 
and the gate electrode inducing an external electrostatic 
potential of the central region. For this purpose the I-Vb 
curve behavior for the systems have been studied. Because  

 
 
of the symmetry of pyrene molecule, there were not any 
rectification characteristics for this molecule at the gate 
voltage 0.0 V. By imposing gate voltages +3.0 and -3.0 V, 
no rectification characteristics appeared for pyrene system, 
too. The improved rectification efficiency was more 
observable from the rectification ratio, as defined in Eq. (1), 
 
      




I
I

R                                                                           (1) 

where I+ and I- are the current at the same amount of 
positive and negative bias voltages, respectively. 
      The system “A” has been studied at the gate voltage 0.0 
V, too. A close examination of Fig. 2 revealed the nonlinear 
behavior of the I-Vb curve of this system at that gate 
voltage. This nonlinear trend contained positive and 
negative differential resistance (NDR) region in these 
curves. The considered bias values for the gate voltage 0.0 
V, which corresponded to the maxima and minima points in 
the I-Vb curves, were equal to the values of 10.968 (peak) 
and 1.048 µA (valley). 
      For the system A, there was an asymmetry in the 
electron transport direction in which two hydrogen atoms 
are substituted by two oxygen atoms (as carbonyl groups) as 
the electron-acceptor in diagonal direction with respect to 
the transmission direction (see Fig. 1). It seems that the 
transmission of electron in one direction is different from 
that in opposite direction. As can be seen from I-Vb curve in 
Fig. 3, for this system at gate voltage 0.0 V, the accepting of 
the electron by the carbonyl groups can not affect enough on 
the electron transmission and dose not change its properties 
to diode-like device. So, as can be seen from Fig. 5, 
changing the rectification ratio of this system is not obvious 
at gate voltage 0.0 V, but, with imposing the other studied 
gate voltages (+3.0 and -3.0 V), the I-Vb curves show 
rectification characteristics. So, the rectification ratio curves 
(see Fig. 5) have shown specific nonlinear trend 
characteristics for this system, especially for the gate 
voltage -3.0 V. In particular, when the bias was increased to 
1.8 V, the rectification ratio raised to as high as about 5.85 
for the mentioned gate voltage. Then, it decreased to about 1 
for bias voltage 2.0 V. On the other hand, this system shows 
the I-Vb characteristic, NDR, at the gate voltage -3.0 V. 
These differential resistances or the slope of the I-Vb 
curves  were dependent on  the  values  of  the  imposed  
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Fig. 2. Current-bias voltage curves for the pyrene, system A and system B with the gate voltage 0.0 V. 
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Fig. 3. Current-bias voltage curves with the imposed gate voltages -3.0, 0.0 and +3.0 V for the system A. 
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Fig. 4. Currents-bias voltage curves with the imposed gate voltages -3.0, 0.0 and +3.0 V for the system B. 
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Fig. 5. The bias-dependent rectification ratio for the system A and B with the imposed gate voltages -3.0, 0.0 and +3.0 V. 
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gate-voltages. This was because there was not any obvious 
NDR at the other imposed gate voltages (0.0 and +3.0 V). 
The considered bias values, corresponding to the maxima 
and minima points in the I-Vb curves, were related to gate 
voltage -3.0 V and equal to the values of 15.663 (peak) and 
1.905 µA (valley) for the positive current area and -16.560 
(peak) and -1.425 µA (valley) for the negative current area. 
Finally, for the system B, there was asymmetry in the 
electron transporting direction, where two carbonyl groups 
were on one side as electron-acceptor and four methyl 
groups as electron-donor were on the opposite side. It 
seemed that the transmission of electron in one direction 
differed from that against direction. As can be seen from 
Fig. 4, the I-V curve showed that there were rectification 
characteristics. Also, the rectification ratio curves (see Fig. 
5) showed specific characteristics of this system. In 
particular, when the bias was increased to 2.0 V, the ratio 
was raised to as high as about 2.4 and 5.8 for the gate 
voltages -3.0 and 0.0 V, respectively. On the other hand, for 
this system, the obtained I-Vb curves showed NDR with 
gate -3.0 and 0.0 V, while there was not any obvious NDR 
with gate voltage +3.0 V. The considered bias values, 
corresponding to the maxima and minima points in the 
I-Vb curves, were equal to 16.258 (18.756) as peak and 
4.265 (9.977) µA as valley for the positive current area 
and -18.087 (-13.877) as peak and -1.789 (-1.735) µA 
as valley for the negative current area with Vg = -3.0 (Vg = 
0.0 V). 
      The transmission function, T(E), was computed for 
the studied systems at the mentioned bias voltages and 
gate voltages. This quantity was determined by the 
scattering rate of the channel region located at the 
contact between the two electrodes. The conductance 
was evaluated for the systems at the equilibrium by the 
help of the transmission function at the Fermi level, EF, 
via the following equation: 
 
      G = G0T(EF)                                                          (2) 
 
where G and G0 are the conductance and the 
fundamental quantum conductance unit (equal to 2e2/h), 
respectively. 
      By using the transmission formula, the current was 
determined  by  the  integration  of  T(E)  over  electron 

 
 
energy in the bias window.  
 
        )()( EfEdET

h
eI                                                  (3) 

For the system A, because of its NDR at the gate 
voltage -3 V, the transmission spectrum and the bias 
windows along with the integration areas at the 
important bias points beside the current curve for the 
mentioned gate voltage have been presented in Fig. 6. 
The considered bias values, corresponding to the 
maxima and minima points in the I-Vb curves, were 
equal to the values of 12.851 (peak), 9.437 (valley), 
15.663 (peak) and 1.905 µA (valley). These figures, 
nevertheless, showed that the bias voltage was 
increased from 0.6 to 1.0 and 1.6 to 2.0 V, area under 
the transmission curve was decreased; on the other 
hand, from 0.2 to 0.6 and 1.0 to 1.6 V, this area was 
increased. For system B at gate voltages 0.0 and -3.0 V, 
the same analyses were performed, however, for 
brevity, they have not been presented here. So, by these 
capabilities of mentioned systems, these devices could be 
used as multi applicable nano-devices such as nano-switch 
and rectifier controlling by gate voltages. 
      Also, as mentioned, the rectification ratio can be defined 
in Eq. (1). Since the integration area of transmission 
diagrams for bias voltages corresponds to I+ and  I- are 
comparable. So, the integration area of transmission 
diagram at three important biases (2.0, 1.9 and 1.8 V) for 
system B is shown in Fig. 7. As can be seen from this 
figure, the integration area under transmission diagram of 
+1.8 V is similiar to that of -1.8 V. It is in a good agreement 
with the rectification ratio in 1.8 V, in which the ratio value 
is close to 1. Also, the integration area of transmission 
diagram for -1.9 V is decreased with respect to -1.8 V, but 
for +1.9 V it is the same as +1.8 V. It caused the increase in 
the rectification ratio to about 2.4. It means that the 
integration area for +1.9 V is about 2.4 times more than that 
for -1.9 V. Comparison of the integration area of 
transmission diagram for 2.0 V and -2.0 V is the same as 
+1.9 and -1.9 V. So, the integration area for -2.0 V is very 
smaller than that for +2.0 V. The integration area for -1.9 V 
is bigger than that for -2.0 V while the integration           
area for +1.9 and +2.0 is almost the same. So, a             
close observation of Fig. 7 shows that the rectification  ratio 
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for 2.0 V could be more than that for 1.9 V. It shows that the 
integration area for 2.0 V is about 5.8 times more than that 
for -2.0 V. This is obvious from the rectification ratio 
diagram.  
      To further elucidate the electron transport properties of 
systems such as NDR behavior the density of states (DOS) 
for left electrode, central region and right electrode were 
investigated. This way gives information of how the states 
contribute to transmission electron during electrode-
molecule-electrode  system.  For  simplicity,   here  just   the 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
system A under different bias voltages and the imposing 
gate voltage -3.0 V is considered and illustrated in Figs. 8a-
f. Under zero bias voltage, the DOS of these three parts are 
the same, as shown in Fig. 8a. The DOS of the electrodes 
shifts up and down at applied bias voltages for left and right 
electrodes, respectively. With zero bias voltage, there are 
many peaks around the Fermi level at central region and 
also there are states for left and right electrodes, but because 
of being at the same level of chemical potential energy of 
the left electrode (µL) and right electrode (µR), no electron is   
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Fig. 6. Integration area of transmission spectrums for system A in the corresponding bias windows in relation with  
            the NDR at the gate voltage -3.0. 
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imposed to transport during the system. By imposing a bias 
voltage the chemical potential of left lead (right lead) 
increases (decreases) about half amount of bias voltage. By 
imposing the bias voltage 0.2 V, the chemical potential of 
the left/right electrodes is increased/decreased about 0.1 eV. 
Thus, by considering the DOS of the central region, left 
electrode and right electrode and also the µL and µR, the 
transmission of the electron is executable. As can be seen in 
Fig. 8b, the peaks of DOS around the Fermi level of central 
region are in the same direction with the valley of the DOS 
of left and right electrodes. So, the electron could transport 
slightly.  By imposing the bias voltage of 0.6 V, an up-
/down-shift of 0.3 V appears in the DOS for left/right 
electrodes. As can be seen in Fig 8c, the DOS peaks around 
the Fermi level of central region are in the same direction 
with the peak of the DOS of right electrode and the valley 
of the left electrode. Thus, by increasing bias voltage and  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
increasing the overlap between the states of the left 
electrode and the central region and also, the central region 
and right electrode, the electron transmission increases that  
causes the increase in current. The investigation has been 
continued with bias voltage 1.4 V. So, in this case the states 
of left lead rise about 0.7 eV and the states of right lead fall 
to the same amount. The DOS of left electrode, central 
region and right electrode at bias voltage 1.4 V has been 
shown in Fig 8d. In this situation, the two sharp peaks of the 
DOS of the central region around the Fermi level are in the 
same direction with the broadening peaks of the left and 
right electrodes. Thus, again by increasing bias voltage and 
increasing the overlap between the states of the left 
electrode and the central region and also, the central region 
and right electrode, the electron transmission increases that 
causes the increasein current. This trend is also repeated for 
the bias voltage 1.8 V while it has taken the highest  amount   

 
Fig. 7. Integration area of transmission spectrums for the system B in the corresponding bias windows in relation  

              with the rectifying ratio at the gate voltage 0.0 V. 
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of current. In this case, one of the broad peaks of the DOS 
of central region around the Fermi level is the same 
direction with the broad peak of the DOS of left electrode 
and the other one is the same direction with the broad peak 
of the DOS of right electrode. By more increasing bias 
voltage and also more increasing the overlap between the 
states of the left electrode and the central region and also the 
central region and right electrode the electron transmission 
is mainly increasedleading, in turn, to a more increasein 
current (see Figs. 8e and 3). By imposing a bias voltage 2.0 
V, it is expected that the current is increased, but,  as  can be 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
seen from Fig. 3, the current has been decreased. This odd 
behavior, which is named negative differential resistance, is 
due to the less overlap between the states of right electrode 
and the states of the central region. Thus, even with an 
increase in bias voltage, the electrons could not transport, 
and so, the current could not increase. 
 
CONCLUSIONS 
 
      We have studied the quantum transport properties of 
pyrene molecule and two fictionalized structures  in contact 

 

Fig. 8. Density of states for the left electrode, central region and right electrode at a) 0.0, b) 0.2, c) 0.6, d) 1.4, e) 1.8 and f)  
              2.0 V for the system B at the gate voltage -3.0 V. 
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with two semi-infinite aluminium atomic electrodes. The 
pyrene’s hydrogens have been substituted by oxygen atoms 
and/or methyl groups. The main purpose of this research 
was the computational study of the electron donor/acceptor 
substitution effect on the quantum transport properties. We 
believe that the electron donor and acceptor substitution 
cause that the transport in one side differs from that in 
opposite side. It helps us to have a rectifier as a nano-
device. To evaluate the system’s electronic properties the 
effect of the gate voltages at different bias voltages has been 
studied in this work. The results were presented as the 
current versus the bias voltage curves. Some unique 
electronic property, such as negative differential resistances 
and rectifying behavior, are observed. The density of states 
of the left electrode, central region and right electrode and 
their overlaps have been investigated to clarify the electron 
transport of the studied system. Also, on the basis of the 
results, by imposing the gate voltages, we could have the 
current-controlling factor in the studied systems. So, these 
systems could be used as multi applicable nano-devices 
such as nano-switch and rectifier controlling. To interpret 
these behaviors, the transmission spectrums, inside the 
corresponding bias windows, have been compared. 
Controlling the NDR’s occurring bias-range and maximum 
current value by the structure functionalization and 
imposing the gate voltage could be regarded as the feasible 
advantages of a device. 
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