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Rectifying Properties of Oligo(Phenylene
Ethynylene) Heterometallic Molecular
Junctions: Molecular Length and Side
Group Effects
Xiao-Xiao Fu1,2, Rui-Qin Zhang1,3, Guang-Ping Zhang2 & Zong-Liang Li2

1Beijing Computational Science Research Center, Beijing 100084, P. R. China, 2College of Physics and Electronics, Shandong
Normal University, Ji’nan 250014, P. R. China, 3Department of Physics and Materials Science, City University of Hong Kong, Hong
Kong SAR, P. R. China.

The rectifying properties of a,v-dithiol terminated oligo(phenylene ethynylene) molecules sandwiched
between heterometallic electrodes, including the molecular length and side group effects, are theoretically
investigated using the fully self-consistent nonequilibrium Green’s function method combined with density
functional theory. The results show nonlinear variation with changes in molecule length: when the molecule
becomes longer, the current decreases at first and then increases while the rectification shifts in the opposite
direction. This stems from the change in molecular eigenstates and the coupling between the molecule and
electrodes caused by different molecular lengths. The rectifying behavior of heterometallic molecular
junctions can be attributed to the asymmetric molecule-electrode contacts, which lead to asymmetric
electronic tunneling spectra, molecular eigenvalues, molecular orbitals, and potential drop at reversed
equivalent bias voltages. Our results provide a fundamental understanding of the rectification of
heterometallic molecular junction, and a prediction of rectifiers with different rectification properties from
those in the experiment, using electrodes with reduced sizes.

T
he molecular diode is one of the most important electronic components in use, and has attracted consid-
erable attention since the advent of molecular electronics1–3. It is used for molecular logic circuits and
memory elements. Since Aviram and Ratner proposed the first prototype in 19741, considerable efforts

have been made to identify molecular junctions with rectifying properties4–10. The molecular junctions of asym-
metric structures introduced by asymmetric molecules and molecule-electrode contacts may demonstrate rec-
tifying behavior. The asymmetric molecules contain D-s-A, D-p-A, and D-A types, which consist of a donor and
an accepter molecular fragment with an s, p, and no bridge, respectively. Asymmetric molecule-electrode
contacts include asymmetric terminal anchoring groups, molecule-electrode contact configurations, and elec-
trode materials. It has been found that the rectifying properties of devices can be fine-tuned by changing the
molecular length11,12, terminal anchoring groups13–15, side groups12, molecule-electrode contact configura-
tions16–18, the acid-base property of the solution7,19,20, and the external potential field21.

However, most studies are based on molecular junctions with monometallic electrodes. It is rare for research
attention to be paid to structures incorporating heterometallic electrodes. In 2003, the asymmetric electrode pairs
with nanometer separation made of two distinct metals were fabricated for the first time, using the method
involving the electrodeposition of a second metal on a pre-existing lithographically defined electrode. Its utility
was demonstrated by making single-electron tunneling devices incorporating 2-nm gold nanocrystals22. In 2009,
heterometallic nanogaps for molecular transport junctions were manufactured by Chen et al, based upon on-wire
lithography technique, which chemically enables to synthesize a wide variety of nanowire-based structures23.
Furthermore, they demonstrated that the molecular transport junctions consisting of a thiol-terminated oligo
(phenylene ethynylene) (OPE) molecule assembled into heterometallic nanogaps exhibit molecular diode beha-
vior. Recently, molecular junctions with asymmetric metallic electrodes have stimulated the interest of theore-
ticians, who have conducted several investigations of the topic. In 2011, Pan et al. paired an Au electrode with,
respectively, Li, Pb, Ag electrodes sandwiching an OPE molecule to fabricate molecular junctions and study the
current rectification induced by asymmetrical electrodes24. In 2012, Liu et al. investigated the effect of different
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electrodes on the Fano resonance of molecular devices composed of
p-conjugated molecules anchored between Au and Ag electrodes25.
Nevertheless, existing theoretical work does not provide a convincing
explanation of Chen’s experimental reports23. Although Pan et al.
give a reasonable explanation of the rectification caused by asym-
metrical electrodes24, their OPE molecule is different from that
reported by Chen. The OPE molecule in Pan’s research contains 3
benzene rings while that in Chen’s experiment consists of 5 benzene
rings with side groups. The effect of molecular length and side group
on the rectification of heterometallic molecular junctions is still
unknown. Consequently, the mechanism of the rectifying properties
of heterometallic molecular junctions still needs to be comprehen-
sively understood.

This work presents a theoretical study of the current rectification
of the heterometallic molecular junctions of OPE molecules sand-
wiched between Pt and Au electrodes based on calculations using
density functional theory and nonequilibrium Green’s function
method. The rectifying behavior is studied with focus on the effect
of molecular length and side group. The underlying principles of the
rectifying properties of asymmetric electrodes are ascertained from
the electronic tunneling spectra, molecular orbitals, eigenvalue evo-
lutions, and potential drop of the system.

Results
As stated above, the study of the rectification of the OPE heterome-
tallic molecular junctions includes two aspects, the molecular length
and side group effects. In the first study, OPE molecules containing
2–6 benzene rings (n 5 256) with Au as the left electrode and Pt as
the right electrode are chosen to investigate the molecular length
effect on the rectification of heterometallic molecular junctions, as
shown in Figure 1(a). The OPE molecules illustrated in Figure 1(b),
containing 5 benzene rings, are used to study the side group effect.
Two kinds of molecules are considered here; one is with ethyl (Et)
side groups and the other without side groups for the purpose of
comparison. Given these two types of molecules, three electronic
transport models are considered here, denoted by M1, M2, and
M3. In M1, the OPE molecule with Et side groups connects the left
Pt and the right Au electrode, as is used in the experiment. M2 is
constructed by exchanging the orientation of the molecule in M1,

and in M3 the molecular core is replaced by one with no side group.
In each of those models, the molecule anchors the electrodes through
the thiol groups at the hollow positions of (111) metal surfaces.

Molecular length effect. The current through each of the optimized
molecular junctions (n 5 256) is calculated in the bias range of
[21.0 V, 1.0 V] (see Figure 2(a)). The asymmetry of the current-
voltage (I-V) curve is quantified by a rectification ratio, defined as
R(V) 5 jI(V)/I(2V)j. From Figure 2(a), it can be seen that each of
these five configurations exhibits notable rectifying properties in a
forward direction, meaning that the current is preferential to flow
from the Pt to the Au end. Although the I-V curves share similar
tendencies, they also demonstrate a nonlinear variation with
molecular length. The current values of the molecular junction n
5 3 are smaller than the others. With molecular length increasing
(n . 3), the current values of the OPE molecular junctions improve,
rather than decreasing, as might be expected (see Supplementary
Information for more details)26–28. Also, the asymmetry of the
current under positive and negative bias reduces as molecular
length increases. That is to say, the rectification induced by
asymmetric electrodes becomes less remarkable when the OPE
molecule is extended.

To intuitively explore the nonlinear variation of current with
molecular length, we use the current values and rectification ratios
of the systems (n 5 256) at 0.6 V bias as an representative example
which is both typical and specific (see Supplementary Information
for more details). From Figure 2(b), it can be seen that at 0.6 V bias,
the molecular junction with n 5 3 exhibits distinctive characteristics,
having the lowest current and highest rectification ratio. As the
number of benzene rings in the OPE molecule increases from 2 to
6, the current value drops at first and then rises, while its asymmetry
varies inversely, with n 5 3 as the inflection point.

The transmission of the configurations with n 5 256 under 0.0 V
bias is shown in Figure 3. This shows that for each junction, an
electronic transmission spectrum exists near the Fermi energy level,
leading to a notable increase in current within the low bias range.
Since the transmission spectra close to the Fermi energy level play
leading roles in electronic transport under nonzero bias voltage, we
focus mainly on these. The transmission spectra of n 5 3 are the most
unfavorable to electronic transport compared with the others. With

Figure 1 | Schematic structures of OPE heterometallic molecular junctions. (a) Models of different molecular length, containing 2–6 benzene rings

(n 5 256), with Au as the left electrode and Pt as the right electrode, respectively. (b) Models of the 5-benzene-ring OPE molecule; M1, the configuration

reported in the experiment, M2, constructed by exchanging the OPE orientation (note that in both M1 and M2, the molecular core is the OPE with Et side

groups), and M3, where the molecular core is replaced by the OPE without side groups. (SR: scattering region; L: left electrode; R: right electrode;

BF: buffer layer).

www.nature.com/scientificreports
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the number of benzene rings in the OPE molecule ranging from 3 to
6, the spectra close to the Fermi energy level become more intense
and delocalized, then more advantageous to conductance, similar to
the trend seen in the currents. To clarify the contribution made by
each part of the molecular junction to the transmission, we also
investigate the OPE molecular eigenstates achieved by diagonalizing
the molecular projected self-consistent Hamiltonian (MPSH) at
0.0 V bias voltage (note that the triangles in the figure indicate the
eigenstates of bare molecular core). It is easily seen that, as molecular
length increases, the highest occupied molecular orbital (HOMO) of
the molecule shift to Fermi energy level, overlapping the existing
peak nearby and resulting in higher current values for the longer
molecular junctions. It is worth noting that the peaks near the
Fermi energy level (denoted by A and B) correspond to no molecular
eigenstates, meaning that the HOMO of molecule itself makes no
contribution. Moreover, with increasing molecular length, the peak
A firstly decreases and then increases with weakening delocalization,
while the peak B declines and then disappears. By also calculating the
MPSH of the extended molecule, which contains the molecule and

the nearby atoms in the screening layers, we can verify that the peaks
A and B are contributed by the coupling interaction between the
molecule and the neighboring screening layer. For peak A, the coup-
ling between the molecule and the nearest neighboring metal atoms
contributes the most, while for peak B, the coupling between the
molecule and the next nearest neighboring metal atoms plays a lead-
ing role. Therefore, we conclude that as molecular length increases,
the coupling interaction between the molecule and the next nearest
neighboring metal atoms in the screening layer weakens, converting
to the former. Furthermore, with increasing length, the transmission
shows more independent peaks contributed by molecular eigen-
states; that is to say, the coupling interaction between molecule
and electrode contributes less to the transmission with the share of
molecular eigenstates holding the balance.

To clarify this point, we obtain the spatial distributions of the
perturbed frontier molecular orbitals for the molecular junctions
(n 5 256) at 0.0 V bias voltage (see Table S1). From this analysis
of Table S1, one can conclude that the current variation with molecu-
lar length is derived from the alteration of the molecular eigenstates
and the coupling interaction between the molecule and electrodes
induced by different molecular lengths.

Side group effect. The I-V curves of M1-3 are shown in Figure 4. At
first glance, all three are similar, showing an inverse rectifying
behavior owing to the exchange of electrodes compared to the
configurations described in the previous section (as shown in
Figure 1). However, it can be seen that there are certain differences
between them. For example, for a current at 61.0 V, the current of
M1 at 21.0 V is about 22.6 mA, while that at 1.0 V is only 8.6 mA,
leading to an inverted rectification (1/R) of 2.6. The I-V of M2, the
configuration of which is obtained by exchanging the molecular
orientation of M1 while keeping the electrodes unaltered, shows a
higher inverse and lower forward current, with larger 1/R. This
indicates that despite its asymmetric molecular structure, the
rectifying behavior of M1 can be largely attributed to the
asymmetric electrodes. To further determine the effect of the Et
side group on the electronic transport of M1, we compare the I-V
curves of M1 with M3. In contrast to the current of M3 in the
respective ranges of bias, the Et side groups on M1 improve the
current under the positive bias but suppress it under the negative
one, resulting in a lower inverse rectification ratio. It can therefore be
seen that although the Et side groups of M1 do not fundamentally
change its rectifying properties, they do make a unfavorable

Figure 2 | Current properties of molecular junctions containing 2–6 benzene rings (n 5 256) (a) I-V curves for each molecular junction. The inset shows

the rectification ratios under bias. (b) Current value and rectification ratio for each molecular junction at 0.6 V bias. The horizontal ordinate

indicates the number of benzene rings contained in the OPE molecular junctions.

Figure 3 | The transmission of molecular junctions (n 5 256) shown in
Figure 1(a) at 0.0 V bias. The triangles indicate the MPSH eigenvalues of

the OPE molecules. The uppercase letters A and B denote the two peaks

near the Fermi energy level.

www.nature.com/scientificreports
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contribution to the rectification ratio. The effect of Et side groups on
the spatial distributions of the frontier molecular orbitals of the OPE
free molecule is shown in Table S2. It is worth noting that the
rectification direction is different from that in Chen et al.’s
experiment23. We attribute the discrepancy to the different sizes of
electrodes surfaces in our theoretical simulation from that in
experiment, according to our additional calculations of systems
with electrodes of smaller sizes (see Figure S1). Our result predicts
a possibility to design rectifiers with properties different from the
experiment of Chen et al.23 if the electrodes sizes are controlled to be
small enough. Also, the current values of M1 are larger than the
experimental ones. This can be attributed to the different
configurations in our theoretical simulation from those in their
experiment, as well as to the difference in the calculation methods
(See Supplementary Information for more details).

Since the Et side group does not influence the electronic transport
properties of M1 fundamentally, the following discussion focuses on
explaining the mechanism of the rectifying properties of M1. Its
electronic transmission spectra under different biases demonstrate
that it has asymmetric current-voltage properties. From Figure 5, it
can be seen that under 0.0 V bias voltage, there is an extensive and
high electronic transmission spectrum close to the Fermi energy
level, leading to a sharp increase of the current within the low bias
range. With the application of a positive bias of 1.0 V, the transmis-
sion peaks shift out of the bias window and their expansibility
decrease. However, with a negative voltage of 21.0 V, the transmis-
sion peaks close to EF enter the bias window and make a contribution
to the conductance. As a result, the current values at negative biases
are larger than their positive counterparts. In addition, the electronic
transmission spectra making a primary contribution to the conduc-
tance are mainly constituted by occupied molecular orbitals.

The asymmetric current-voltage properties can be understood by
analyzing the MPSH eigenvalues. The triangles in Figure 5 denote
these values for the extended molecular junction (including the
molecular core and the 3 nearest metal atoms at each terminal) at
the corresponding bias. It is obvious that the electron transport
occurs mainly through the HOMO due to its proximity to the
Fermi energy level. When a voltage is applied, the evolution of the
HOMO is asymmetric. It moves far from the Fermi energy level at a
positive bias and close to it at a negative bias. Moreover, HOMO-1
enters the bias window at 21.0 V. From this discussion, it is shown
that the eigenvalues of the conducting channels decrease with the
lowering Fermi energy levels of the right electrode, which occurs at a

positive bias, and increase as it rises, which takes place at a negative
bias. That is to say, the energy levels of the molecule contributing to
the conductance can be markedly influenced by the variation of the
Fermi energy levels of the right electrode. We can therefore deduce
that the molecule couples more strongly with the right electrode; that
is, the Au lead.

The modification of the wave function of the frontier orbitals at
different biases can also help us to understand the mechanism of the
rectifying properties of M1. Considering HOMO and HOMO-1 con-
tribute mostly to electron transport; only these two orbitals are
shown in Figure 5. At zero bias, the spatial distribution of the
HOMO is slightly asymmetric, especially around the terminals,
which is more delocalized at the right than the left end. This indicates
that the molecule couples more intensely with the right electrode,
verifying our previous inference. Applying a positive bias raises the
Fermi energy level of the left electrode and depresses that of the right,
injecting more electrons to the left side and depleting the electrons of
the right side of the molecule. Thus, when a 1.0 V bias is applied, the

Figure 4 | I-V curves for molecular junctions: (a) M1, (b) M2, and (c) M3. The insets are the rectification ratios.

Figure 5 | Electronic transmission spectra and spatial distributions of the
perturbed frontier molecular orbitals for M1 at different biases. The

dashed lines indicate the bias windows for the transportation, and the

triangles the MPSH eigenvalues. The molecular orbitals above the

transmission spectra are the HOMO-1 (left) and HOMO (right),

respectively.

www.nature.com/scientificreports
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HOMO becomes more localized to the left half, leading to a reduced
coupling between the molecule and the right electrode, which is
unfavorable to electron transport. Conversely, applying a 21.0 V
bias results in the localization of the HOMO to the right side, which
is also disadvantageous to electron transport. The entry of the delo-
calized HOMO-1 means that the current values at a negative bias are
considerably larger than those at positive one.

The single energy level model offers a more concise summary of
the electron transport in M1 (see Figure 6). At zero bias, the transport
system is assumed to be in an equilibrium state. When a positive bias
is applied, the Fermi energy level of the left electrode is lifted by eV/2,
and that of the right is depressed by eV/2. Since the molecule couples
more intensely with the right Au electrode, the conducting energy
level of the molecule will decrease with the decline of the Fermi
energy level of the right electrode, leading to a reduction in the scale
of the orbitals in bias window, which reduces conductance. In con-
trast, when a negative bias is applied, the Fermi energy level of the
right electrode is lifted by eV/2, and that of the left is depressed by eV/
2. In this situation, the conducting energy level of the molecule will
slightly increase rather than decrease, due to the elevated Fermi
energy level. Consequently, increasing scales of orbitals will be
included in the bias window, resulting in a conspicuous increase in
current.

Figure 7 shows the potential drop along the transport direction of
M1 with the bias of 61.0 V applied. The structure of the molecular
junction is shown in the background of the data. The dashed lines
indicate the position of the terminal thiol groups, with the electrode
regions lying outside of the lines and the molecular core within them.
From the figure, it can be seen easily that the potential of the electrode
layers close to the molecular core (the screening layers) fluctuates due
to the influence of molecular potential. The potential of the layers
further away from the molecular core tends to be invariable and
smooth. With the bias of 1.0 V, the potential of the molecule drops
dramatically and also fluctuates widely according to position. It is
worth noting that a potential barrier or step occurs in the range [3.6,
5.0] nm, impeding the further access of electrons from the left to the
right electrode. This is responsible for low current at positive bias. In
the case of 21.0 V, the potential of the molecular core decreases
sharply at first and then drops moderately from the right to the left
side. The electrons from the right side encounter no distinct barrier,
so can transfer from the high to the low potential effortlessly. The
difference of potential drops at 1.0 V and 21.0 V is enough to induce
a rectification of 2.5 at this bias. This is also consistent with the wave
function of the frontier orbitals. At 1.0 V bias, the HOMO is localized
at the left side of the molecular junction, which plays a dominant role
in electronic transport, resulting in a potential barrier on the right
side. At 21.0 V bias, although the HOMO is localized at the right
side, the HOMO-1 is delocalized over the entire molecular junction.
This also contributes to electronic transport, leading to an overlap-
ping interaction with the HOMO, and so there is no significant
potential barrier at 21.0 V. Moreover, it can also be related to the
single level model in Figure 6. At 1.0 V, the potential across the right
side of the molecule is close to the potential of Au lead, while for the
left side of the molecule, the potential drops dramatically, showing

that the potential on the molecule is affected more by that on the right
Au electrode. This is another indication of a stronger coupling and a
closer electron exchange between the OPE molecule and the Au lead.
However, at the bias of 21.0 V, the molecular energy level lies
between the Fermi levels of the Pt and Au (as shown in Figure 6),
so does the molecular potential, which drops almost smoothly from
high to low one at 21.0 V.

Discussion
By analyzing the charge distribution on the molecular junction, we
find that the left Pt electrode and the molecular core are negatively
charged, denoting an excess of electrons, while the right Au electrode
is positively charged, indicating a lack of them. As for M1, the
HOMOs play a leading role in electronic transport, meaning that
the ‘‘hole’’ is the carrier of the current. Thus, the OPE can be con-
sidered as a p-type semiconductor. The Schottky contacts between
the metal electrodes and the p-type semiconductor-like OPE mole-
cule before and after contact are shown in Figure 8. The Fermi energy
level of Au is the highest, followed by Pt, with OPE molecular last,
meaning that it has the strongest electronegativity. Once they come
into contact with each other, the Au electrode provides electrons to
the OPE molecule and Pt electrode to reach an equilibrium state.
After the equivalent Fermi energy level has been achieved, the Pt
electrode obtains some electrons and OPE obtains still more.
Consequently, a large barrier appears at the contact region of the
molecule and Au electrode, which is disadvantageous to conduc-
tance. Compared to this aspect, the barrier at the contact region of
the molecule and Pt electrode can be neglected, generating asymmet-
ric Schottky contact barriers at these two contacts of the molecule,
which is the root cause of the rectification. This can also be under-
stood in the case of the voltage drop at the biases in Figure 7. When a

Figure 6 | Single-level models for the explanation of the electronic transport mechanism of M1.

Figure 7 | Potential drop along the transport direction of M1 with
61.0 V bias applied. The dashed lines indicate the position of the S atom

in the z-axis. The background of the data shows the structure of the

molecular junction.

www.nature.com/scientificreports

SCIENTIFIC REPORTS | 4 : 6357 | DOI: 10.1038/srep06357 5



bias of 21.0 V bias is applied, the Fermi energy level of Au is lifted
and that of Pt is depressed, leading to a narrower depletion layer at
each contact region. Accordingly, the electrons can surpass the bar-
rier easily to transfer from the right side to the left. However, with the
voltage of 1.0 V applied, the depletion layers broaden further, espe-
cially at the OPE-Au contact region, making it significantly harder
for electrons with low energy at that position to tunnel. Thus, in this
situation, rectifying behavior emerges. In addition, after the forma-
tion of a junction, the Fermi energy level of the OPE molecule and Pt
electrodes will undoubtedly rise, as shown in Figure 8.

In summary, by applying quantum transport calculations based on
first principles theory, we have theoretically investigated the rectify-
ing behavior of an a,v-dithiol terminated OPE molecule sandwiched
between Pt and Au electrodes exhibiting molecular length and side
group effects. Our results show that when the molecule lengthens, the
currents of the molecular junctions vary nonlinearly. As the number
of benzene rings in the OPE increases from 2 to 6, the one containing
3 rings shows the highest rectification ratio and lowest current. The
current increases with molecular length while its asymmetry reduces.
This variation is derived from the difference in molecular eigenstates
and the coupling between the molecule and electrodes induced by the
varying molecular length. The Et side group does not fundamentally
influence the electronic transport properties of the molecular junc-
tion, but hinders the achievement of high rectification of the OPE
molecular junction. The rectifying behavior of heterometallic
molecular junctions can be attributed to the asymmetric contacts
between the molecule and different metal electrodes, which leads
to asymmetric Schottky barriers being formed at contact regions.
This analysis provides a fundamental understanding of the rectifica-
tion induced by asymmetric electrodes, and predicts that rectifiers
with different rectification direction from those in the previous
experiment can be designed, according to the size effect of electrodes.

Methods
The entire molecular junction is divided into three regions; a left electrode, a scat-
tering region, and a right electrode. The two metal layers outside the electrodes are
buffer layers, which are necessary to create a bulk environment for the heterometallic
electrodes. Two layers of metal atoms in each electrode and the molecule constitute
the scattering region, which is optimized by the SIESTA package29 with a maximum
force of 0.02 eV/Å. During the optimization, the anchoring atoms are only allowed to
relax along the transport direction and the relative positions of the electrode surface
layers are frozen except for the distance between the two electrodes. Each semi-
infinite gold electrode is simulated by a 5 3 5 3 3 unit cell. Due to the nonconformity
of the lattice constant of heterometallic electrodes, the models are dealt with by
imposing nonperiodic boundary conditions; that is, 1 3 1 3 1 k-points are chosen in
the xyz direction. We employ the improved Troullier-Martins type norm-conserving
pseudopotentials to describe the core electrons and linear combinations of the atomic
orbitals to expand the valence states of electrons. The Perdew-Burke-Ernzerhof (PBE)
formulation for the generalized gradient approximation (GGA) is adopted for the
exchange-correlation functional, which generally performs better for molecules and
metals. Although the PBE-GGA usually overestimates the HOMO level and under-
estimates the HOMO-LUMO gap of molecules while describe the band structure of
metals well, the theoretical studies show that the PBE-GGA usually provides sat-
isfying results for the description and explanation of the trend of experimental
phenomena rather than the magnitudes of values. In all the calculations a single-f

plus single polarization (SZP) basis set is employed for the metal atoms and a double-
f plus single polarization (DZP) basis for the other atoms. We note that the SZP is
comparable with even higher level basis set30 in calculations involving metal atoms as
we conduct in this work to obtain reliable results that can reveal the trends of key
physical quantities and to understand the underlying mechanisms.

Current through the junctions is calculated by the Landauer-Büttiker formula:

I~
2e
h

ð
T E,Vð Þ f E{mLð Þ{f E{mRð Þ½ �dE

where e is the electron charge, h is Planck’s constant, and T(E,V) is the transmission
function of the junctions at energy E under the bias voltage V. f(E 2 mL) is the Fermi-
Dirac distribution function with the electrochemical potential mL/R of the left (right)
electrode. The electronic transport properties are calculated using the ab initio code
TranSIESTA31.
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