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Based on the first-principles computational method and elastic scattering Green’s function
theory, we have investigated the effect of gate electric field on electronic transport properties
of a series of single organic molecular junctions theoretically. The numerical results show
that the molecular junctions that have redox centers and relatively large dipole moments
parallel gate direction can respond to the gate electric field remarkably. The current-voltage
properties of 2,5-dimethyl-thiophene-dithiol present N-channel-metal-oxide-semiconductorlike characteristics. Its distinct current-voltage properties can be understood from the evolution of eigenvalues, coupling energies, and atomic charges with gate electric field.
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redox centers have unusual response to external electric
field.
In this work, the aromatic compounds and heterocyclic systems possessing rich delocalized π electrons
are chosen to investigate their electronic transport with
gate electric field. By comparison and deduction, we
confirm that the structural characteristic of molecules
respond to the external electric field intensely, and understand the internal mechanism of the strong response.

I. INTRODUCTION

In recent decades, with the improvement of the nanotechnology and the single-molecule-manipulation technology, rapid progress has been made for the molecular electronics both in experimental and theoretical research [1−5]. Due to the possession of plentiful and excellent non-linear electronic transport properties, single
organic molecular junctions are considered as the most
possible candidates of the new electronic devices to replace the conventional Si-based semi-conductor devices.
Lots of investigations concentrate on molecular wires
[2], molecular diodes [1, 6], molecular switches [7−12],
and so forth, and most of them concern about the intrinsic properties of molecules [13, 14], length dependence of molecules [15−17], construction of electrodes
[18, 19], and coupling interaction between molecules
and metal electrodes [20, 21]. However, comprehensive
understanding of external electric field effects is still
need.
In recent years, the molecular field effect transistor as
one of the most essential elements has been paid attention [4, 22−27]. Xu and his co-workers studied currentvoltage properties under external gate voltage of single
oligothiophene covalently linked to two Au electrodes
[25]. Xu et al. also found a large gate modulation in
the current of a room temperature single molecule transistor in experiment in another work, and they reported
that the molecules with redox centers have more noticeable responses to external gate voltage [24]. Su et al.
studied the electronic properties of the system theoretically and gave reasonable explanation [26]. However,
all these studies didn’t clarify why molecules containing

II. THEORETICAL MODEL AND COMPUTATIONAL
DETAIL

The molecular junctions that we choose to investigate are single organic conjugated molecules with two
thiol anchor groups as shown in Fig.1. The molecular
junctions are formed by single molecules connected to
two semi-infinite gold electrodes with the single terminal sulfur atoms at the hollow position of the Au(111)
surface. Considering the influence of the electrodes on
the molecules and the local interaction between them,
we sandwich the single molecules between two gold
atom equilateral triangles to form extended molecule
systems in the calculations. The Au−Au bond lengths
are fixed to be the lattice constant of Au (0.288 nm).
The geometric optimizations and the electronic structure calculations are performed at the B3LYP level with
LanL2DZ basis set implemented in Gaussian03 packages [28]. Based on the general Green’s function formalism of Mujica et al. [29], the net current density
of molecular junctions from source to drain for a three
dimensional electrode can be written as
4em∗ kB T
iSD =
~3
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TABLE I Current gain (CG), current ratio (CR) and inherent dipole moment (DM) of each molecular junction shown
in Fig.1 (EG =3.0 V/nm).
M1
M2
M3
M4

D

M2

CG
1.26
1.40
1.30
3.17

CR
1.00
1.15
1.00
4.88

DM/Debye
0.00
3.90
0.00
3.17

The conductance is obtained by G=∂ISD /∂VSD . The
details of our theoretical models are included in Ref.[19].
To investigate the gate electric field effect on the
molecular junctions, we applied electric dipole field parallel the plane of the rings in gate direction, normal
to the current direction. In our calculation, the positive direction of the gate electric field is chosen to be x
axis, shown in Fig.1. The electronic transport properties were carried out using QCME codes [30, 31].

x

M3

III. RESULTS AND DISCUSSION

M4

FIG. 1 Schematic structure of each molecular junction.
M1: benzenedithiol, M2: pyridazinedithiol, M3: pyrimidinedithiol, M4: 2,5-dimethyl-thiophene-dithiol. S: source
electronic reservoir, D: drain, and G: gate. The arrow indicates the direction of x axis.

where VSD is the external bias, m∗ is the effective mass
of electron, e is the charge of electron, Ef is the Fermi
level, nS and nD are the density of states of source
and drain. τ (Ez , VSD ) is the transition matrix element,
which can be written as
XX
τ (Ez , VSD ) =
UJS (VSD )UKD (VSD ) ·
J

X
n

K

hJ|nihn|Ki
[Ez − En (VSD )] + iΓn

(2)

where |ni is an eigenstate of the Hamiltonian of a finite
system that consists of molecular sandwiched between
two clusters of metal atoms. The summation n runs
over the eigenstates higher than the Fermi level. J and
K run over all atomic sites from 1, 2, · · · to N , where
sites 1 and N are the two end sites of the molecules
connecting with two electron reservoirs S and D. UJS
(or UKD ) is the coupling energy between an atomic site
J (or K) and a reservoir S (or D). Γn is the energy
broadening. Then the total current from source to drain
is ISD =AiSD , where A is the effective injecting area.
DOI:10.1063/1674-0068/26/02/185-190

The current-voltage curves of molecular junctions
M1-M4 are calculated over low bias voltage range (0,
0.5) V, as shown in Fig.2. The current through the junctions rises with the bias voltage, nearly in linear variation relationship, indicating that nonresonant tunneling
takes place. For each molecular junction, the currentvoltage properties vary with different gate electric field.
For M1 and M3, the current generally decreases with
the gate electric field. That is to say, for these molecular
junctions, the application of gate electric field has negative effect on their electronic transport. In addition, it
can be detected and understood easily that the currentvoltage curves of molecular junctions with symmetric
configuration along the gate direction, such as M1 and
M3, are also symmetric under the positive and negative
gate electric field; while for M2 and M4, which have
asymmetric configurations along the gate direction, the
currents shows more interesting properties under electric field, no longer symmetric with the negative and
positive gate electric field.
From the above analyses, one can find that the responses of different molecular junctions to electric field
are diverse. For clarification of the different responses
to positive and negative gate electric field, current gain
(denoted as CG) and current ratio (denoted as CR) are
defined, as I0 /I−E and IE /I−E respectively, where the
gate electric field E is chosen to be a definite value,
such as 3.0 V/nm. The calculated results are shown
in Table I. Obviously, the current gains of M2-M4 are
somewhat greater than that of M1. Comparing their geometric constructions, one can find that each of M2−M4
is heterocyclic molecular junction containing nitrogen
atoms or sulfur atoms. As a factor in characterization
of electric asymmetry of molecules, dipole moment plays
c
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FIG. 2 (a) Current-voltage curves under different gate electric field for M1, M2, M3, and M4 molecular junctions shown in
Fig.1. (b) The current under electric field with the bias voltage of 0.2 V. The arrows directions show different gate fields:
(a1) 0, ±1, ±2, ±3, ±4 and ±5 V/nm respectively. (a2) 0, 1, −1, 2, −2, 3, −3, 4, 5, −4 V/nm, respectively. (a3) 0, ±1,
±2, ±3, ±4 and ±5 V/nm respectively. (a4) 4, 3, 2, 1, 0, −1, −2, −3, −4, and −5 V/nm, respectively.

FIG. 3 Current ratio with gate electric field for M2 and M4.

a vital role in current-voltage properties with gate electric field, especially that parallels the gate direction.
M2 and M4, of which the current-voltage properties
have different responses to positive and negative gate
field, have relatively great inherent dipole moment parallel gate direction, as large as 3.9 and 3.17 Debye respectively (see Table I). Based those analyses, one can
deduce that the molecular junctions that contain redox
centers and remarkable inherent dipole moment parallel gate direction have more desirable responses to gate
electric field.
Figure 3 shows the current ratio under gate electric
field in certain range for M2 and M4. The current ratio
of both molecular junctions is above 1.0, meaning that
DOI:10.1063/1674-0068/26/02/185-190

the current under positive gate electric field is higher
than that under negative one. Although the currentvoltage properties of both M2 and M4 show asymmetric responses to gate electric field, the efficiencies are
different. As shown in Fig.3, the current ratio of M2
under each gate electric field is near 1.0, while that of
M4 is generally larger than 2.0, showing more intense
response to gate electric field than M2.
See the current-voltage properties of M4 shown in
Fig.2, within the bias range (0, 0.5) V. From the figure
one can find that the current-voltage curves under different gate electric field show regular variation. That
is to say, the current rises with positive gate electric
field and descends with negative one. When the applied electric field is 3.0 V/nm, the current gain is 3.17,
about twice as large as those of the others. Also, the
current ratio at 3.0 V/nm is up to 4.88, obviously larger
than others. Moreover, the inherent dipole moment of
M4 is 3.17, which plays an essential role in its distinctive current-voltage properties. Such a visible response
to gate electric field provides a potential application of
M4 in field effect transistor. It can be concluded that
the current-voltage properties of the molecular junction
containing redox centers such as thiophene have obvious
monotonous response to gate electric field. That is to
say, the gate electric field has more noticeable effect on
the current-voltage properties of those molecular junctions containing thiophene-like redox centers, which is
consistent with the conclusion reported by Xu et al.
[24].
To further investigate the different response of difc
°2013
Chinese Physical Society

188

Chin. J. Chem. Phys., Vol. 26, No. 2

Zong-liang Li et al.

FIG. 4 Evolution of eigenvalues under gate electric field for
the molecular junctions M1 and M4 respectively.

ferent molecular junctions to gate electric field, we
take M1 and M4 for example to study the evolution
of eigenvalues under gate electric field. Commonly
recognized, the external gate electric field can couple
with the inherent dipole moment of molecular junctions, generating additional potential energy described
~
as V =−~
p · E=−pE
cos α, where α is the angle between
~
p~ and E (herein, α=0). That additional energy can
lead to energy shift of molecular orbitals, including the
frontier molecular orbitals, which will have a certain
effect on current-voltage properties of molecular junctions. From Fig.4(a), one can see that, for M1, whose
dipole moment parallel gate direction is zero, the gate
electric field has slight effect on its orbitals especially
the frontier molecular orbitals, of which the eigenvalues are nearly invariable with electric field. That’s one
reason why the response of the current of M1 to gate
electric field is so weak. For M4 (shown in Fig.4(b)) ,
with the electric field varying from negative to positive,
both HOMO (the highest occupied molecular orbital)
and LUMO (the lowest unoccupied molecular orbital)
get nearer to Ef , leading to the narrower gap between
LUMO and HOMO, and then the current rises. That is
to say, eigenvalues of M4 have more obvious response to
the gate electric field, resulting in more intense response
of current-voltage properties to the gate field.
From Eq.(1) and Eq.(2), we know that the coupling energy plays an important role in electronic transport of the molecular junctions. Figure 5 shows the
source-drain currents and coupling energies between the
molecules and electrodes of M2 and M4 with the gate
electric field. Obviously, for both molecular junctions,
the evolution of the coupling energies with gate electric
field shows similar trend to that of the currents with the
field. Also, the coupling energy of M4 is influenced by
gate electric field more clearly compared with that of
DOI:10.1063/1674-0068/26/02/185-190

FIG. 5 (a) Source-drain currents of M2 and M4 molecular
junctions under different gate electric field with the bias voltage of 0.2 V. (b) The coupling energy between the molecules
and the electrodes.

M2. Thus, one can conclude that the gate electric field
can influence the current-voltage properties through imposing on the coupling energy between the molecules
and electrodes to certain extent.
To further understand the mechanism of distinctive
current-voltage properties of M4, with the atomic label and symbol of the molecule shown in Fig.6(a), we
study the influence of gate electric field on its atomic
charge. The evolution of atomic charge of M4 with gate
electric field is shown in Fig.6(b). Since the molecular
junction is axisymmetric, only charges on representative atoms are present. From the figure, one can see
that, charges condensed on different atoms have different responses to the variation of gate electric field.
For 2S, and 7C, the atomic charges decrease with gate
electric field, while those of 1C, 5C and 15S increase
with electric field. From Fig.3 we have known that the
current of M4 rises with positive gate electric field and
drops with negative one. That is to say, positive gate
electric field is beneficial to electronic transport, while
negative one is adverse to it. When positive gate electric field is applied, the atomic charges on 2S and 7C
decrease, meaning that the electrons move to the top
of the M4 and a dipole moment of opposite direction
to the inherent one emerges, which is favorable to electronic transport. On the contrary, when negative gate
electric field is applied, the atomic charges on 2S and 7C
increase, indicating that the electrons accumulate in the
bottom of the M4 and the dipole moment become larger
c
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In this work, we have investigated the gate electric
field effect on electronic transport properties of a series
of single organic molecular junctions theoretically, including the aromatic compounds and heterocyclic systems. The numerical results show that 2,5-dimethylthiophene-dithiol junctions have redox centers and relatively large dipole moment parallel gate direction, and
can respond to the gate electric field remarkably as well,
which consists with experimental conclusion. Also, its
current-voltage properties have intense monotonous response to gate external electric field, distinct from those
of others. The evolution of eigenvalues can reveal its different current-voltage properties with gate electric field
to some extent. In addition, the coupling energy between the molecules and electrodes can also explain the
response of current to gate electric field to a certain
extent. By analyzing the evolution of atomic charges
with gate electric field, we find that the top part of 2,5dimethyl-thiophene-dithiol containing S atom makes
the main contribution to its electronic transport, showing an N-channel-metal-oxide-semiconductor-like character.
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FIG. 6 (a) The atomic label and symbol of molecular junction M4. The long arrow indicates the direction of the inherent dipole moment, and the short one indicates the direction
of x axis. (b) Evolution of atomic charge Q (1 a.u.=1 electron) with gate electric field for the molecular junction M4,
where the atomic charge of hydrogen is summed into heavy
atoms. (c) Schematic structure of N-channel MOS.

based on the inherent one, which is unfavorable to electronic transport. From the constituents of frontier orbitals, we found that the current is mainly contributed
by non-resonant tunneling electrons, so it can be concluded that the top part of M4 plays a primary role in
its conductance. This mechanism is similar to that of
N-channel metal-oxide-semiconductor system (abbreviated as N-channel MOS) shown in Fig.6(c). As for Nchannel MOS, when a certain positive bias is added to
the gate electrode, an opposite type layer will appear
on the surface of the P-type substrate, connecting the
source and drain, then the conductance increases. For
M4, the conductance can be controlled to be high or
low state by adjusting the polarity and magnitude of
gate electric field. So, it may be a good candidate for
molecular devices, such as field-effect transistors.
DOI:10.1063/1674-0068/26/02/185-190
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