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Abstract
We demonstrate large rectification ratios ( 100> ) in single-molecule junctions based on a metal-
oxide cluster (polyoxometalate), using a scanning tunneling microscope (STM) both at ambient
conditions and at low temperature. These rectification ratios are the largest ever observed in a
single-molecule junction, and in addition these junctions sustain current densities larger than
105 A cm−2. By following the variation of the I–V characteristics with tip–molecule separation
we demonstrate unambiguously that rectification is due to asymmetric coupling to the electrodes
of a molecule with an asymmetric level structure. This mechanism can be implemented in other
type of molecular junctions using both organic and inorganic molecules and provides a simple
strategy for the rational design of molecular diodes.

S Online supplementary data available from stacks.iop.org/nano/26/291001/mmedia
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1. Introduction

Molecular electronics aims at using molecules as active ele-
ments in nanoscale electronic circuits and it was born with the
prediction that a single molecule could function as a diode
[1]. Molecular rectification has been shown in many-molecule
devices [2–5], in some cases with rectification ratios up to
about 150 [6–8], but often the current density is very low.
Single-molecule diodes have also been reported [9–12], but in
all cases they suffer from low rectification ratios ( 10< ), and
often the underlying physical mechanism remains unclear.
Here we show that a single molecule based on a metal-oxide

cluster (polyoxometalate) can reliably and reproducibly work
as a diode exhibiting rectification ratios larger than several
hundred both at room and cryogenic temperatures. Our sin-
gle-molecule diodes have very high current densities
( 10 A cm )5 2> − and, more importantly, we demonstrate
unambiguously that rectification is due to asymmetric cou-
pling to the electrodes of a molecule with an asymmetric level
structure. Such a physical mechanism is highly transferable
and, in principle, it can be implemented in macroscopic
molecular tunneling junctions.

Over the years, different physical mechanisms have been
proposed that could potentially lead to electrical current
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rectification in a molecular junction. Probably the simplest
one, conceptually speaking, is that in which a molecule is
asymmetrically connected to the electrodes. This may lead to
an asymmetric voltage profile across the junction that, in turn,
induces an asymmetry in the current–voltage characteristics
(I–V). This mechanism has been theoretically discussed by
several authors in the context of molecular junctions [13–16],
and it is believed to be behind many observations of small
asymmetries in the I–Vs [17]. However, no functional diode,
i.e. one with a large rectification ratio, based on this simple
mechanism has ever been demonstrated. In principle, an
asymmetric metal–molecule–metal coupling can be achieved
by employing intrinsically asymmetric molecules, something
that can be done by using asymmetric molecular backbones or
by introducing two different anchoring groups. This strategy,
however, has not been very successful so far. On the other
hand, an asymmetry can be created by controlling the relative
metal–molecule couplings by, for instance, controlling the
metal–molecule separation. It has been argued that although

such a procedure may lead to the desired asymmetry, it is
necessarily accompanied by a dramatic reduction of the cur-
rent [12]. The goal of this work is to show that an appropriate
choice of the molecule together with a precise control of the
metal–molecule coupling leads indeed to single-molecule
diodes with both huge rectification ratios and high current
densities which can operate even at room temperatures and in
ambient conditions.

2. Experimental section

The polyoxometalate cluster [DyP W O ]5 30 110
12− used in this

work was prepared following the procedure described in [19].
The polyoxometalate molecules were dissolved in milliQ
water to obtain dilute solution that was sprayed using a
commercial nebulizer (Meinhard TR-30-K1) onto an annealed
gold substrate (Arrandee). This deposition method gives a
better control on coverage of molecules on the substrate than

Figure 1. Tunneling spectroscopy on a single polyoxometalate (POM) molecule deposited on an atomically flat gold surface. (a) Top and side
view of the [DyP W O ]5 30 110

12− polyoxometalate molecule (red: oxygen; blue: tungsten; orange: phosphor; violet: dysprosium) and dimensions
considering the van der Waals radius for the oxygen atoms. (b) Scanning tunneling microscopy image in ambient conditions of the POM
molecule on an annealed Au substrate (Vbias = +1.2 V, applied to the substrate, I = 0.1 nA). Bias voltages in excess of +1.2 V are required for
scanning to avoid sweeping the molecules with the tip (see supplementary figure S1). The molecules physisorb flat on terraces and steps of
the Au(111) surface and are found to be stable in air. (c) Topographic profile (blue line) showing the typical scanning height on the substrate
(∼1.1 nm) and on the molecule (∼1.7 nm) for the usual scanning conditions. (d), (e) Tunneling I–V curve (red curve) above the molecule at
ambient conditions and at low temperatures (T = 350 mK), respectively. The thin black curve indicates the fit to equation (1). The
corresponding insets show the rectification ratio as a function of voltage. These curves are an average of 20 individual curves.
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other wet deposition methods such as drop casting, dipping,
etc. We used two different homebuilt scanning tunneling
microscopes: a low-drift, high-stability STM for the ambient
experiments and a low-temperature STM attached to an
Oxford instruments Heliox 3He refrigerator for the low-tem-
perature (350 mK) measurements. I–V characteristics were
acquired by ramping the bias voltage while the feedback was
suspended. They typically consists of 1024 data points
acquired in about 100 ms.

3. Result and analysis

Our proof-of-principle demonstration is based on the fabri-
cation of single-molecule rectifiers using polyoxometalate
(POM) clusters deposited on gold that were individually
contacted with a scanning tunneling microscope (STM) tip
both in ambient conditions and at low temperatures. POMs
are electron-acceptor metal-oxide clusters with a rich variety
of structures and electronic properties, which makes them
very interesting in many nanotechnological applications [18].
In particular, [DyP W O ]5 30 110

12−, the molecule used in this
work, is a molecular polyoxoanion formed by a tungsten-
oxide framework encapsulating a Dy ion in its internal cavity
(see figure 1(a)) [19]. In order to create metal–molecule–metal

contacts, we first deposited this inorganic molecule on
annealed gold. Imaging the molecules with STM shows iso-
lated molecules on terraces and steps of the Au (111) sub-
strate (see figure 1(b)). We target a single molecule and
acquire I–V curves by placing the tip above the molecule.
Between −1.3 V and +1.3 V, these I–V curves show a strongly
rectifying behavior with a negligible current for negative
voltages and an exponentially increasing current for positive
voltages higher than 1 V (see figures 1(d) and (e)). Indeed the
current can be accurately fitted by the expression

( ) ( )I I I Ve 1 (1)D0
V

VT= − +

where the first term has the form of the ideal diode equation
with saturation current I0. In the case of semiconducting
diodes, VT, the so-called thermal voltage, depends linearly on
temperature; in contrast, we observe no temperature depen-
dence in our molecular diodes, finding V 0.11 0.02T = ± V
both for ambient and liquid helium temperatures. The second
term has the form I AV BVD

3= + , where A and B are
constants, corresponding to tunneling between the two metals.
As shown in the insets of figures 1(d) and (e), the rectification
ratio, defined as the magnitude of the ratio of the current for
positive and negative voltages, V I V I VRR( ) ( ) ( )= − , for
large voltages depends exponentially on voltage, as in the

Figure 2. Tip–molecule separation dependence of rectification in a single molecule junction. (a) Selection of the I–V characteristics acquired
as tip–molecule separation s is reduced (linear-log scale). The thin black lines are a fit to the diode model described by equation (2). Each
curve has been acquired in about 100 ms. (b) Low bias conductance (in log scale) as the tip–molecule separation decreases. (c), (d) Maximal
current Imax at V = +1.3 V. and rectification ratio, RR, respectively. The black points in (b), (c), (d) correspond to the positions where I–V
curves have been acquired, the coloured points correspond to the I–V curves in (a).
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case of semiconductor diodes, and reaches very large values
(over 250 in ambient conditions and over 600 at low
temperatures). These rectification ratios reported here are
more than ten times larger than those previously reported in
single-molecule junctions (RR≈ 11) [10] and even larger than
those observed in junctions based on molecular monolayers
(RR≈ 150) [6, 7].

Next we explore the dependence of the I–V curves on the
tip height over the molecule by approaching the tip to the
molecule in 30 pm steps and acquiring I–V curves at each step
(see figure 2(a)). As the tip–molecule separation s decreases, we
observe that for changes in separation in the range

0.5 nm s 0 nmΔ− < < , the I–V curves are almost identical,
scaling with a factor e sβΔ− , with 11β ≈ nm−1. This exponent β
is similar to that corresponding to tunneling on the bare gold
substrate in ambient conditions (see supplementary figure S2).
Further reduction in tip–molecule separation results in the
saturation of the maximal current leading to an exponential
decrease in the rectification ratio RR (figures 2(c) and (d)). This
change is related to tip–molecule contact formation, and is
consistent with the tip height estimated from the apparent height
of the molecule on the gold substrate (see figure 1(c)). We have
studied over 20 different molecular junctions all of them pre-
senting a very similar behavior to the one just described.

For a functional diode not only a high rectification ratio is
needed but also a large enough current. In figures 2(c) and (d),
we observe that currents higher than 100 nA are possible with
rectification ratios higher than 100. These currents correspond
to enormous current densities of up to 10 A cm7 2− , which are
many orders of magnitude larger than those reported for
planar molecular junctions [7], which range from 10−2 to
1 A cm−2.

The charge transport process through the molecular
junction can be explained using a simple model that clarifies
the relevant physical processes giving insight into the
mechanism for rectification. This model, which is sketched in
figure 3(a), considers that the total current through the junc-
tion, I I ID M= + , is given by the contribution of two different
conduction paths or channels: a direct channel (from tip to
substrate), giving rise to a current ID, and a molecular channel
involving the electronic structure of the molecule, contribut-
ing a current IM. The direct channel involves coupling
between the tip and the substrate, and can be described via an
energy-independent tunneling rate t E( )D D F

2Γ π ρ= , where tD
is the matrix element describing the coupling between the two
electrodes and E( )Fρ is the local density of states at the
electrodes, which are assumed to be identical [16]. This direct
channel accounts for the tunnel-like current ID, whose linear

Figure 3. One-level model with the addition of a direct channel. (a) The molecule is coupled to the substrate and to the tip through tunneling
rates SΓ , and TΓ , respectively, and additionally the tip and substrate are coupled directly through tunneling rate DΓ . (b) Diagram for voltage
drop. The position of the level with respect to the Fermi level of the electrodes depends on the applied voltage and on the tunneling rates SΓ ,
and TΓ . (c), (d) Position of energy level, 0ε , and tunneling rates SΓ , (circles) and TΓ , (triangles), as a function of tip position. (e) I–V curves
obtained from the one-level model (colored curves) superposed on the experimental curves (gray curves). The colored symbols in (c), (d)
correspond to the colored curves in (e).
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part can be written as I E V4 ( )D h D
2 e

F
2 πΓ ρ= . The molecular

channel can be described in terms of a single-level model
[14]. In this model one assumes the charge transport to be
dominated by a single molecular level, the position of which
in the absence of bias is denoted by 0ε measured with respect
to the Fermi energy. This level corresponds to the lowest
unoccupied molecular orbital or LUMO, for 00ε > or to the
highest occupied molecular level or HOMO, for 00ε < and is
coupled to the metallic electrodes via energy-independent
tunneling rates SΓ and TΓ , which describe the strength of the
coupling of the molecule to the substrate and to the STM tip,
respectively. These tunneling rates can be written as

t E( )S S
2

FΓ π ρ= and t E( )T T
2

FΓ π ρ= , where tT (tS) is the
matrix element describing the coupling between the tip
(substrate) and the molecule [16]. In the spirit of the Landauer
formalism [14], the current in this model is given by

I V
h

T E V f E eV

f E eV E

( )
2e

( , ) [ ( 2)

( 2)] d (2)

M ∫= −
− +

−∞

+∞

where f(E) is the Fermi function, V is the voltage of the
substrate with respect to the tip, and T E V( , ) is the energy-
and voltage-dependent transmission that is expressed as

[ ]( )
T E V

E V
( , )

4
(3)S T

0
2 2

Γ Γ
ε Γ

=
− +

Here, S TΓ Γ Γ= + and V( )0ε is the level position that
we assume to shift with bias as V( )0 0ε ε= +
eV( 2)[( ) ]L RΓ Γ Γ− . This bias dependence takes into
account the fact that a larger portion of the voltage must
drop at the interface with the weaker coupling. It is precisely
this asymmetric voltage profile, which appears when S TΓ Γ≠ ,
the origin of the rectifying behavior. When the STM tip is
above the molecule, S TΓ Γ> , the onset of the current will
occur at eV S0ε Γ Γ= , and a positive onset like that shown in
figures 1(d) and (e) indicates that the molecular level is the
LUMO. This is consistent with the electron acceptor character
of the POM cluster [20].

To model the variation in the I–V characteristics as the tip
approaches the molecule, we assume that the tip–molecule
coupling, TΓ , and the tip–substrate coupling, DΓ , have an
exponential dependence on tip–molecule separation,

, eD
s

TΓ Γ ∼ β Δ− , with 11 nm 1β ≈ − , as expected for tunneling,
while the molecule–substrate coupling, SΓ , remains constant.
As a good tip–molecule contact is formed both couplings to
the molecule will become identical, i.e. S TΓ Γ= . We also
allow for a shift in the position of the molecular level 0ε ,
which may occur as a consequence of charge transfer between
the molecule and the tip. In figure 3(e) we show the evolution
of the I–V curves according to this model, with values for 0ε ,

SΓ and TΓ given in figures 3(c) and (d). In spite of the sim-
plicity of the model, which does not take into consideration
level degeneracy, proximity of several molecular levels, etc,
we find a good semi-quantitative agreement with the
experiment.

The validity of this model is further supported by the
reversal of rectification observed when the molecule becomes

attached to the tip (see figure 4). Indeed further pressing on
the molecule may result in partial burying into the gold
substrate (see supplementary figure S5) or more interestingly
in attachment of the molecule to the tip. In this case,
according to the model, the current onset will occur at
eV 0 Tε Γ Γ= − , explaining the reversal of rectification
observed in figure 4(c).

4. Conclusions

From the analysis above, it is clear that the rectification
mechanism described in this work requires two ingredients: (1)
an asymmetry in the coupling of the molecule to the metal
electrodes, i.e. T SΓ Γ< , and (2) an asymmetry in the electronic
structure of the molecule, with either the HOMO or the LUMO
located much closer in energy to the Fermi level of the elec-
trodes than the other. We can also identify the conditions for
the simultaneous optimization of rectification and current
density. In order to have a steep current onset the coupling of
the molecule to the substrate must be small to avoid level
broadening, i.e. S 0Γ ε≪ ∣ ∣. On the other hand, the coupling to
the tip TΓ should be smaller than the coupling to the substrate
but not be too small since that would reduce the current. Thus,
ideally a molecular diode should work in the regime

T S 0Γ Γ ε< ≪ ∣ ∣, with TΓ as large as possible. This implies that
the metal–molecule coupling must be moderately asymmetric.
In the present case, this coupling is expected to take place

Figure 4. Inversion of rectification as the molecule is transferred
from the substrate to the tip. (a) STM image before approach
experiment. (b) Tunneling I–V characteristics on the molecule in the
center of the red circle. (c) Tunneling I–V characteristics after
performing an approach experiment. The inversion of the I–V
characteristics is due to transfer of the molecule to the tip. (d) STM
image after approach experiment. The target molecule has been
transferred to the tip and then lost while scanning.
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between the LUMO of the POM and the metallic substrate.
Since the LUMO is essentially localized on the metal ions [21]
its coupling with the substrate is expected to be relatively low,
thus preventing level broadening. This ideal situation contrasts
with that of fullerene derivatives, as these are π-conjugated
molecules with accessible p-orbitals at their surfaces, which
favors a larger coupling with the substrate [22].

To conclude, we must remark that this mechanism for
rectification is by no means restricted to a particular type of
molecule, and could be implemented in both organic and
inorganic molecules, providing a simple strategy for the
rational design of molecular diodes. Finally there is no fun-
damental obstacle to scale up our molecular diodes without
affecting the rectification ratio by introducing eventually a
monolayer of these molecules.
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Note added in proof. After submitting this manuscript we
became aware of the work of [23] where the authors reported
the observation of rectification ratios in excess of 200 at
voltages below 400 mV in single-molecule junctions
immersed in ionic solutions. In this work the rectification
behavior is attributed to the presence of double layers formed
at the interfaces between the metallic electrodes and the polar
solvent to which they are asymmetrically exposed.
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