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Abstract An ab initio approach was utilized to explore the
electronic transport properties of 4′-thiolate-biphenyl-4-
dithiocarboxylate (TBDT) sandwiched between two elec-
trodes made of various materials X (X=Cu, Ag, and Au).
Analysis of current–voltage (I–V) characteristics, rectifica-
tion performance, transmission functions, and the projected
density of states (PDOS) under various external voltage
biases showed that the transport properties of these
constructed systems are markedly impacted by the choice
of electrode materials. Further, Cu electrodes yield the best
rectifying behavior, followed by Ag and then Au electrodes.
Interestingly, the rectification effects can be tuned by chang-
ing the torsion angle between the two phenyl rings, as well as
by stretching the contact distances between the end group
and the electrodes. For Cu, the maximum rectifying ratio
increases by 37 % as the contact distance changes from 1.7 Å
to 1.9 Å. This is due to an increase in coupling strength
asymmetry between the molecule and the electrodes. Our
findings are compared with the results reported for other
systems. The present calculations are helpful not only for
predicting the optimal electrode material for practical appli-
cations but also for achieving better control over rectifying
performance in molecular devices.

Keywords Electrode materials . Rectification effects .

Torsion angles . Stretching distances . First-principles
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Introduction

Molecular electron devices have attracted considerable at-
tention owing to their great potential for practical applica-
tions in atomic-scale circuits. One of the many interesting
challenges in this emerging field is to measure the electronic
transport properties of a junction system containing a single
molecule attached at each end to electrodes. A variety of
experimental strategies have been utilized to probe electronic
transport through single molecules in such metal–molecule–
metal systems, including electrochemical [1], mechanically
controllable break junction [2], self-assembled monolayer
(SAM) [3], and scanning probe [4] techniques. The most
striking properties of these systems are their single-electron
characteristics [5], molecular rectification [6–8], negative
differential resistance [9, 10], and electronic switching [11].
In particular, the molecular rectifier, initiated by Aviram and
Ratner [6], is a basic functional element for building an
electronic circuit. However, most of the research into such
devices has focused on Au electrodes, since it is easy to
prepare a clean Au surface using SAMs [12]. Moreover,
from a practical application perspective, it is important for
the junctions to be easily integrable as well as reliable and to
have unique electrical characteristics. Hong et al. [13] re-
ported that SAM-modified Ag electrodes are robust and
reliable. Very recently, Kiguchi and coworkers [14] studied
a system with Cu electrodes that utilized the mechanically
controllable break junction technique, and found that
electron-vibration interactions are responsible for conduc-
tance suppression when single hydrogen molecule bridging
is present between Cu electrodes. It was also demonstrated
that Cu electrodes are the best candidates for carbon
nanocone rectification devices [15].

Understanding the electronic transport properties of a
molecular device is an essential step in the further develop-
ment of “bottom-up” molecule-based technologies, as the
device properties of these systems cannot be determined by
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simply combining the properties of the molecule and the
electrode materials. Theoretical and experimental studies
have demonstrated that the transport properties of a molec-
ular device require systematic investigation of the system as
a whole.Yaliraki and his co-workers [16], using a non-self-
consistent method, investigated the transport properties of
α,α′-xylyl-dithiol when it is used to bridge between two Au
or Ag electrodes. They found that the conductance of
Au(111) is five times higher than that of Ag(111). An early
theoretical analysis of the dependence of the transport prop-
erties of biphenyl-based systems with symmetrical end
groups on the electrode material is reported in [17]. Further,
Taylor et al. [18] have highlighted the effect of the contact
distance between the end group and the electrodes on elec-
tronic transport for junctions with symmetric end groups.
Recently, it was observed that the torsion angle between
the two phenyl rings significantly influences the transport
properties of molecular devices [19–21]. Li and Kosov [22]
reported that biphenyl-based systems with asymmetric end
groups and Au electrodes display rectification behavior.
However, there are many issues with asymmetric end
groups, such as their physical mechanism, practical applica-
tions, and other related factors (e.g., effects of their spatial
configurations, electrode materials, contact distances, etc.)
that still need to be addressed. Motivated by this, we used Cu
and Ag as electrodes to systematically investigate the trans-
port properties in molecular devices with asymmetrical end
groups using first-principles calculations. For comparison,
we also performed such calculations for Au electrodes. Fur-
ther, we also analyzed the effects of the torsion angle and
contact distance on the transport properties when using dif-
ferent electrode materials. It turns out that the electrode
material, torsion angle, and contact distance all have impor-
tant influences on the coupling strength between molecule
and electrodes, and thus on the rectification effects.

Model and computational methods

In the present work, all of the calculations were carried out
using an ab initio package, ATK-VNL [23], which combines
density functional theory (DFT) and the nonequilibrium
Green’s functions (NEGF) technique. This approach allowed
us to simulate or explain the transport properties of two-
probe systems that can be reasonably reproduced and veri-
fied using experimental results [24, 25]. Each two-probe
system was divided into three regions: the left electrode,
the right electrode, and the central scattering region. The
central region also contained parts of the electrodes so that
screening effects could be included in the calculations. The
simulation method applied to such systems was as follows.
Initially, the electronic structures of the left and right elec-
trodes were calculated to obtain a self-consistent potential.

This potential was shifted relative to each electrode by ap-
plying the bias voltage, which gave real-space boundary
conditions for the Kohn–Sham (K-S) effective potential of
the central device region. Using the Green’s function of the
central region, we obtained the density matrix and thereby
the electron density. Utilizing the electron density, the DFT
Hamiltonian matrix was then calculated using the above
boundary conditions. This loop was repeated until self-
consistency was achieved. Moreover, the current through
the device was calculated using the Landauer–Büttiker for-
mula [26, 27]:

I Vð Þ ¼ 2e

h

Z μR

μL

T E;V bð ÞdE; ð1Þ

where μL and μR are the electrochemical potentials of the
left and right electrodes which satisfy the relation μL – μR=
eVb. [μL, μR] is the energy region of the transmission spec-
trum that contributes to the current integral, and is referred to
as the bias window. T(E, Vb) is the transmission coefficient at
energy E and applied bias Vb. Based on eigenchannel de-
composition of the conductance, this total transmission T(E)
was decomposed into non-mixing eigenchannels Tn(E) [28]
as

T Eð Þ ¼
X

n
Tn Eð Þ: ð2Þ

For the system at equilibrium, the conductance G was
calculated via the transmission coefficient T(E) at the Fermi
energy Ef of the system:

G ¼ 2e2

h
T Efð Þ: ð3Þ

In our calculations, we used the Perdew–Zunger local
density approximation (LDA) to describe the exchange-
correlation functional [29]. Only valence electrons were
considered, and the wavefunctions were expanded with lo-
calized numerical (pseudo) atomic orbitals (PAOs) [30]. In
order to minimize computational effort and improve calcu-
lation precision, the valence electrons were expanded in a
double-zeta plus polarization (DZP) basis set for metal atoms
and a single-zeta plus polarization (SZP) basis set for other
atoms. The convergence criterion in the NEGF/DFT self-
consistent calculations was set to 10−5, and the number of
energy points used for the integration to calculate the current
was 100. All of the geometries were optimized until the
residual forces on each atom were less than 0.05 eV/Å. An
energy cutoff value of 150 Ry was selected for the expansion
of plane waves. To integrate the Brillouin zone, 1×1×150 k-
points were used within the Monkhorst–Pack scheme. Fur-
ther, we also performed calculations for 4×4×150 k-point
sampling and found that it did not affect the important
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features of the transmission spectra. A similar effect was also
observed by Li and Kosov [22].

Results and discussion

Contact distances with the optimized system geometry

We considered a 4′-thiolate-biphenyl-4-dithiocarboxylate
(TBDT) molecular junction system in which a dithiocar-
boxylate group was used on the left side while a thiol group
was employed on the right side. Therefore, all of the systems
constructed were asymmetric in geometry. Figure 1 shows
the optimized junction geometries. In our study, we consid-
ered electrodes made of materials X (X=Cu, Ag, and Au),
denoted by the wire boxes in the figure, and the molecule
was connected to the X (111) electrodes with (3×3) period-
icity. In order to validate the results using larger electrodes,
we carried out test calculations using Cu(4×4) electrodes,
and found no significant differences in their Cu(3×3) trans-
mission spectra, and thus their derived characteristics. The
same variations were expected for the Ag and Au electrodes,
which were not computed in order to save computational
effort. The S atom at each end was located at a hollow site,
and therefore the relationship between the X–S bond length
and the adsorption height was

d ¼ hð Þ2 þ 1=3 sð Þ2
h i1=2

; ð4Þ

where s ¼ latticeconstant=
ffiffiffi
2

p� �
is the X–X bond length and

d is the X–S bond length in X (111) surface, while h is the
distance between the X surface and the end-group atom,
which is referred to as the adsorption height.

Table 1 shows the optimized contact distances L and r
along with their corresponding transmissions T(Ef) at the
Fermi energy Ef of the electrode. Here, L is the optimized
distance from the left electrode X surface to the left end
group, and r is the distance from the right end group to the

right X surface. For the left dithiocarboxylate group, L is the
distance from the left electrode to the left atom S. It is evident
from Table 1 that the transmissions T(Ef) for molecular
devices based on TBDT are much higher than the corre-
sponding transmissions for those based on biphenyl dithiol
(BPD) [17] and benzene dithiolate (BDT) [31, 32]. This is
due to the fact that the left dithiocarboxylate group provides
stronger coupling between the molecule and the electrodes
than a thiol group [33], and thus high conductance at the
Fermi level. Further, we also calculated the distance between
electrodes (D) before and after optimizing junction geome-
tries for all of the models considered, and found that the
value of D was approximately the same (i.e., 24.84, 26.40,
and 25.93 Å, respectively) for the Cu, Ag, and Au electrodes.

Dependence on the electrode material

Using the optimized geometries, the self-consistently calcu-
lated current–voltage (I–V) characteristics for electrode ma-
terials X (X=Cu, Ag, and Au) in the bias range from −2 V to
2 V were derived, and are shown in Fig. 2a. Two important
features of the evolution of the currents are clearly visible:
(1) the magnitude of the current is higher for Au than for Cu
and Ag, which indicates that the Au electrode is more con-
ductive than the Cu and Ag electrodes, even at higher applied
biases; and (2) all of the junctions have different voltage
drops at the two metal–molecule contacts, thus resulting in
asymmetric I–V characteristics. Moreover, the asymmetry in
current is greatest for Cu, then Ag, and then Au. The
asymmetries of the I–V curves for all of the models
constructed are illustrated in Fig. 2b using the rectification
ratio R(│Vb│). R(│Vb│) is defined as the ratio of the cur-
rents under positive and negative voltages for the same
voltage magnitude, which was calculated via

R V bj jð Þ ¼ I þ V bj jð Þ=I − V bj jð Þ: ð5Þ

Cu clearly gives a stronger rectifying performance than
Ag and Au, as shown in Fig. 2b. Table 2 lists the maximum
rectification ratios Rmax(│Vb│) for the Cu, Ag, and Au
electrodes of the considered junction systems, as well as
the results available for other systems. It is apparent that
the Rmax(│Vb│) values of the TBDT-based systems are
higher than those for single-walled carbon nanocone
(SWCN) [15] and oligo(phenylene ethynylene) (OPE) [34]
devices. Moreover, the calculated Rmax(│Vb│) values of
TBDT are in good agreement with other reported results
[22]. The rectification ratio is a parameter that greatly influ-
ences the technological usefulness of a single-molecule de-
vice as a rectifier.

Further, the particular mechanism can be interpreted by
analyzing the transmission spectrum. Figure 3 shows the

Fig. 1 Structure of the molecular device we constructed. TBDT was
sandwiched between two X (X=Cu, Ag, Au) metal electrodes, with L(r)
referring to the optimized distance of the left (right) electrode from the
left (right) end-group atom
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transmission spectra T(E) for electrodes X at 0 V. The aver-
age Fermi level, which is the average of the chemical poten-
tials of the left and right electrodes, is set to zero. The two

transmission peaks that appear near the Fermi level corre-
spond to the highest occupied molecular orbital (HOMO)
and the lowest unoccupied molecular orbital (LUMO), re-
spectively. For all of the systems considered, the Fermi
energy is close to the LUMO, which means that the
electron transport is dominated by the LUMO. Further-
more, we can see that the transmission coefficient of the
LUMO peak is much larger than that of the HOMO peak.
In addition, the Au electrode has a taller LUMO peak than
those of the Cu and Ag electrodes, so the magnitude of
the current for Au is larger than those for the Cu and Ag
electrodes. In order to further understand the transmission
spectra, we calculated the density of states (DOS) of
TBDT without electrodes, as shown in Fig. 4a, and found
that the broad LUMO peak near the Fermi energy seen in
the transmission spectra for all of the systems is in accord
with the DOS, except that the peaks are shifted to higher
energy, by about 0.5 eV. We also calculated the projected
density of states (PDOS) for each of the systems
constructed. Although the PDOS is slightly different for
each material, the PDOS is similar to the transmission
spectrum for each electrode. For example, the PDOSs
for the Cu, Ag, and Au electrode materials (Fig. 4b) are
similar to their transmission spectra (Fig. 3). The broad
LUMO peak in the PDOS is shown more clearly in the
inset of Fig. 4b.

When the bias voltage is applied, the system is driven out
of equilibrium and its electrode potential changes. Figure 5
shows the transmission spectra for different electrode mate-
rials X under voltages of ±1.2 and ±2.0 V. Since the current
through the molecule sandwiched between two electrodes is
given by the Landauer–Büttiker formula, as stated above,
and the current is the integral of the transmission coefficient
within the considered bias window, an analysis of the trans-
mission spectra of Fig. 5 allows us to understand the I–V
characteristics. For all of the systems, the left peak shifts
toward the higher-energy orientation at a positive applied
bias. However, the right peak shows the opposite behavior.
This means that the HOMO peak follows the chemical

Table 1 Optimized contact distances L and r along with their corresponding transmissions T(Ef)

Present calculations Other calculations
Electrode material X (X/TBDT/X) (X/BPD/X) (X/BDT/X)

L (Å) r (Å) T(Ef) r (Å) T(Ef) d (Å) r (Å) T(Ef)

Cu 1.815 1.589 0.2450 1.591a 0.0179a 2.30b 1.76 0.043b

Ag 2.054 1.760 0.1900 1.760a 0.0170a 2.49b 1.85 0.060b

Au 1.977 1.631 0.3000 1.631a 0.0525a – – 0.058c

a From [17]
b From [31]
c From [32]
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Fig. 2 a The current I and b the rectification ratio R as a function of
applied bias for Cu, Ag, and Au electrodes
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potential of the right electrode and the LUMO peak follows
the chemical potential of the left electrode. Further, when the
applied bias is less than 1.0 V, the shifting peaks cannot
move into the bias window, even though the bias window
increases, as the rate of expansion for the bias window is
smaller than the shift in the transmission peaks. For Cu and
Au, when the bias voltage is increased to +1.2 V, both the
HOMO and the LUMO peaks enter the bias window
[−0.6 eV, +0.6 eV] and produce maximum rectification ratios
of 3.2 and 2.7, respectively. As a negative bias is applied and
increased to 2.0 V, the HOMO peak enters the bias window.
As a result, the current will increase slightly, so R(│Vb│) will
decrease. However, for Ag, the broad HOMO peak is far
from the Fermi energy, and thus a bias of more than +1.2 V is
required to shift both transmission peaks into the bias win-
dow. Therefore, Rmax(│Vb│) is obtained at an applied bias of
+1.4 V. Thus, we can conclude that different rectification
effects for Cu, Ag, and Au are observed due to changes in
interfacial coupling.

Torsion angle dependence

A complete understanding of the electronic transport mech-
anism associated with each electrode material required more

Table 2 The values of the max-
imum rectification ratios for Cu,
Ag, and Au electrodes

a From [15]
b From [22]
c From [34]

Rmax(│Vb│) at distance r (Å)

Present calculations Other calculations

Electrode material X (X/TBDT/X) (X/SWCNC/X) (X/TBDT/X) (Au/OPE/X)

Cu 3.2 (r=1.589) 1.6a (r=3.0) – –

Ag 3.1 (r=1.760) 1.55a (r=3.0) – 2.4c

Au 2.7 (r=1.631) 2.0a (r=3.0) 2.8b –
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intensive investigation. Thus, we specifically studied the
rectifying performance of X-TBDT-X molecular junctions
at different torsion angles (φ=0º, 30º, 60º, and 90º) between
two phenyl rings. As an example, Fig. 6 describes the I–V
curve at different φ for the Cu electrodes, as it had the
strongest rectifying performance among the different elec-
trode materials X. From the figure, it is apparent that the
current decreases as φ increases. The same trend was also
observed for the Ag electrodes (not shown here). Further, the
maximum rectification ratio Rmax(│Vb│) increases from 3.2
to 5.1 as the torsion angle φ is increased from 0 to 90º. This
enhancement in Rmax(│Vb│) is due to an increase in the
coupling asymmetry between the molecule and the elec-
trodes [29]. For comparison, we also calculated Rmax(│Vb│)
for Ag, as shown in Fig 6b. A similar increase in Rmax(│Vb│)
(from 3.2 to 5.0) with increasing φ (from 0 to 90º) when
using Au electrodes was noted by Wang et al. [21]. There-
fore, the above results indicate that the increase in
Rmax(│Vb│) with φ is nearly the same for all of the consid-
ered electrode materials X.

To further explore the obvious rectification effect, we
plotted transmission spectra obtained under applied biases
of 0 and ±1.2 V, as shown in Fig. 7. These show that when
the torsion angle is small (i.e., 30º or 60º), the heights of the

HOMO and LUMO peaks decrease with increasing φ,
resulting in a smaller current. When φ becomes 90º, the
peaks near the Fermi energy nearly disappear. Therefore,
the current at φ=90º is very small, in accordance with the
previous current analysis. The results reveal that the torsion
angle between two phenyl rings plays an important role in
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determining the rectifying performance of biphenyl-based
molecular devices.

Dependence on the stretching distance

To study the dependence of the transport properties on the
stretching distance, we first optimized the junction geome-
tries by selecting distances between electrodes (D) of 25.34,
26.20, and 26.18 Å for the Cu, Ag, and Au electrodes,
respectively. After optimization, L remained the same, as
illustrated in Table 1, while r became 1.7 Å for each elec-
trode X. Further, we stretched the junction by pulling the
right electrode and then optimized the structures again. This
process was repeated until one S–Cu bond was broken.
Figure 8a shows the total change in energy (left axis) and
the derivative of the energy (right axis) as a function of r for
the TBDT junction using Cu electrodes. The change in total
energy increases upon extension, whereas the derivative of
the energy first increases and then drops near a distance
r=1.9 Å. Similar behavior i.e. a decrease in the energy
derivative upon the scission of one S–Au bond under normal
and parallel stretching has also been observed by Wang et al.
[35]. This indicates that one right S–Cu bond breaks at about
r=1.9 Å. Figure 8a and b show relaxed TBDT junction
geometries before (r=1.7 Å) and after the scission of one
S–Cu bond on the right-hand side (r=1.9 Å).

For Cu, the I–V curve (Fig. 9) shows that the current
continuously decreases with increasing r. Further, on in-
creasing the distance r from 1.7 Å to 1.9 Å, the S–Cu bond
weakens (Fig. 8(b)) which increases the left–right coupling
strength asymmetry, and thus Rmax(│Vb│). From Fig. 9b, it
is clear that Rmax(│Vb│) increases by 37 % when r changes
from 1.7 Å to 1.9 Å. Rmax(│Vb│) values for the Cu, Ag, and
Au electrodes are also presented in the figure, which shows
that the increase in Rmax(│Vb│) for Cu is much higher than
those for the Ag and Au electrodes. Our findings agree well
with the theoretical results available for other systems [15],
and confirm that the Cu electrode is the best substitute for Ag
and Au electrodes in rectification devices.

In order to gain more insight into the microscopic mech-
anism for current asymmetry due to unequal coupling be-
tween the molecule and the electrode, we calculated the
transmission spectra at 0 and ±1.2 V for the Cu electrodes,
as shown in Fig. 10. For asymmetric contact geometries,
stretching the distance r weakens the strength of coupling,
leading to a higher potential barrier for electron transfer on
the right contact. Neglecting the complicated electron pro-
cess and assuming that the molecule’s energy level is fixed,
the electrostatic potentials of the left electrode μL and right
electrode μR can be computed as [36]

μL ¼ Ef þ ηeV b ð6aÞ

and

μR ¼ Ef− 1−ηð ÞeV b; ð6bÞ

1.6 1.7 1.8 1.9

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

T
o

ta
l e

n
er

g
y 

ch
an

g
e 

(e
V

)

Cu(a)

(b)

r (Å)

 Total energy change

 Energy derivative

E
n

erg
y d

erivative (n
N

)

Fig. 8 a The total change in energy and the derivative of the energy as a
function of the distance r for Cu electrodes. b Relaxed TBDT junction
geometries before (r=1.7 Å) and after the scission of one S–Cu bond on
the right-hand side (r=1.9 Å)

-2 -1 0 1 2

-20

-10

0

10

20

30

40

C
u

rr
en

t 
(μ

A
)

Voltage (V)

 r = 1.7 Å
 r = 1.8 Å
 r = 1.9 Å

(a)Cu

1.70 1.75 1.80 1.85 1.90

3.0

3.5

4.0

4.5

5.0

5.5

6.0
 Cu
 Ag
 Au

R
m

ax
|V

b
|

r (Å)

(b)

Fig. 9 a The current I as a function of the applied bias for Cu elec-
trodes, and b the maximum rectification ratio as a function of the
distance r for the Cu, Ag, and Au electrodes

J Mol Model (2013) 19:4467–4475 4473



where e is the charge on an electron and η<0.5 for asym-
metric contact (η=0.5 for symmetric contact). Therefore,
when positive or negative bias is applied, μR moves further
away from the Fermi energy Ef of the system (set as the
molecule’s energy level) than μL does. As a result, the
heights of the transmission peaks near the Fermi energy
decrease as r increases. Moreover, the transmission spectra
shift to higher-energy orientations upon stretching the dis-
tance. Therefore, upon stretching the distance r, more than +
1.2 V is required for both the left HOMO and the right
LUMO peaks to shift into the bias window and produce the
maximum R(│Vb│) in the molecular devices. The present
calculation indicates that distance stretching is also an im-
portant factor when tuning rectification effects in TBDT
devices.

Conclusions

We have investigated the dependence of the transport prop-
erties in biphenyl-based devices with asymmetric end groups
on the electrode material X (X=Cu, Ag, and Au) using the
non-equilibrium Green’s function method combined with
DFT. The results show that the evolution of I–V, the rectify-
ing performance, transmission functions, and the projected

density of states of TBDT are markedly impacted by the
choice of electrode material. Further, Cu electrodes yield
the best rectifying performance, followed by Ag and then
Au electrodes. In addition, the rectification effects can be
significantly improved by increasing the torsion angle be-
tween the two phenyl rings, as well as by stretching the
contact distances between the end group and the electrodes.
For Cu, the maximum rectifying ratio increases by 37 % as
the contact distance is increased from 1.7 Å to 1.9 Å. This is
due to an increase in coupling strength asymmetry between
the molecule and the electrodes. The present calculation
predicts that Cu electrodes are the best substitute for Au
electrodes in the design of biphenyl-based rectification
devices.
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