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Molecular electronics aims to miniaturize electronic devices by
using subnanometre-scale active components1–3. A single-mol-
ecule diode, a circuit element that directs current flow4, was
first proposed more than 40 years ago5 and consisted of an
asymmetric molecule comprising a donor–bridge–acceptor archi-
tecture to mimic a semiconductor p–n junction. Several single-
molecule diodes have since been realized in junctions featuring
asymmetric molecular backbones6–8, molecule–electrode
linkers9 or electrode materials10. Despite these advances,
molecular diodes have had limited potential for applications
due to their low conductance, low rectification ratios, extreme
sensitivity to the junction structure and high operating
voltages7–9,11,12. Here, we demonstrate a powerful approach to
induce current rectification in symmetric single-molecule junc-
tions using two electrodes of the same metal, but breaking sym-
metry by exposing considerably different electrode areas to an
ionic solution. This allows us to control the junction’s electro-
static environment in an asymmetric fashion by simply changing
the bias polarity. With this method, we reliably and reproducibly
achieve rectification ratios in excess of 200 at voltages as low
as 370 mV using a symmetric oligomer of thiophene-1,1-
dioxide13,14. By taking advantage of the changes in the junction
environment induced by the presence of an ionic solution, this
method provides a general route for tuning nonlinear nanoscale
device phenomena, which could potentially be applied in
systems beyond single-molecule junctions.

In this Letter we use the scanning tunnelling microscope-based
break junction technique15 (STM-BJ) to rapidly and reproducibly
measure the conductance (G = I/V) and current–voltage (I–V)
characteristics of thousands of single-molecule junctions (see
Methods and Supplementary Fig. 1). Using this technique, we
demonstrate rectification in single-molecule junctions by carrying
out measurements in propylene carbonate (PC), a polar solvent.
We use an STM tip insulated with Apiezon wax16 to reduce its
area to ∼1 µm2 and a gold substrate with an area greater than
1 cm2 (Fig. 1a). The insulation on the tip serves to reduce any back-
ground capacitive and Faradaic electrochemical currents stemming
from the electrolyte, but, more importantly, it gives us control of the
electrostatic environment around the tip and substrate.

We first demonstrate exceptionally high and statistically re-
producible single-molecule junction rectification in an oligomer
consisting of four thiophene-1,1-dioxide units flanked by two
gold-binding methyl-sulphide-bearing thiophenes13 (TDO4,
Fig. 1a). Sample conductance versus displacement traces for
TDO4 measured in PC are shown in the inset to Fig. 1b. Under
the conditions described above, there is a significant difference in

the single-molecule junction conductance measurements when per-
formed at +180 mV or −180 mV (tip relative to substrate). When
thousands of conductance traces are compiled, without data selec-
tion, into one-dimensional log-binned conductance histograms
(Fig. 1b), it is clear that the conductance measured at −180 mV
exceeds that measured at +180 mV by a factor of 3.25. This is a sig-
nificant difference for such a low-bias measurement. This bias
polarity-dependent conductance is not observed when TDO4 is
measured in a nonpolar and non-ionic solvent (1,2,4-trichloro-
benzene, TCB, Supplementary Fig. 2).

We next demonstrate the highest achieved rectification ratios in
single-molecule junctions by performing I–V measurements on
TDO5 (Fig. 1a) in PC. Thousands of individual I–Vs were obtained,
and only traces containing a molecular feature that sustained the
entire voltage ramp were considered (typically ∼500–1,000 traces
per molecule, see Methods). These traces were then overlaid and
compiled into a two-dimensional current versus voltage histogram
(Fig. 1c). The plot illustrates a clear asymmetry in current with
bias sign, showing a much higher current (flowing from tip to sub-
strate) at negative voltages than at positive voltages (tip relative to
substrate). Results from analogous I–V measurements in TCB,
where no asymmetry is observed, are shown in Fig. 1d.

To obtain a quantitative value for the rectification ratio (Ion/Ioff ),
each vertical slice of the two-dimensional histogram was fit with a
Gaussian, and a most probable current value was determined at
each voltage to obtain an average I–V curve (overlays in Fig. 1c,d).
In PC, a rectification ratio for TDO5 greater than 200 at ±370 mV
is observed. Although this ‘average’ rectification ratio is already
the highest reported for single-molecule junctions, several single-
trace plots of these junctions display exceptionally high rectifying
behaviour, in excess of 500, as shown in the inset of Fig. 1c.
Although high rectification ratios have been observed in systems
consisting of many-molecule junctions17,18, the number of
molecules involved in transport is generally unknown in these
systems. Moreover, past reports have relied on asymmetric
molecules, electrodes and chemical linker groups, unlike the
design described here.

We hypothesize that the highly asymmetric nature of the I–V
curves is due to the formation of an asymmetric, bias-dependent
electric double layer. We note that a polar ion-soluble solvent is
essential to observing rectification (Supplementary Fig. 3). Indeed,
measurements in PC with an added electrolyte (Supplementary
Fig. 4) do not differ significantly from those shown in Fig. 1. The
only source of asymmetry in our experiment is the disparate areas
of the two electrodes exposed to the solvent. Because molecular
junctions are formed after rupturing a gold–gold contact with a
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conductance greater than 5G0, with electrodes of the same metal
and symmetric molecules, the metal–molecule–metal structure at
the nanometre scale must, on average, be completely symmetric.
We therefore postulate that electric double layers at the tip and sub-
strate, formed when ions dissolved in the polar solvent19 move to
screen out the electric field due to charges on the metal, influence
the electrostatic environment around the junction. Specifically, the
asymmetry in the electrode areas exposed to the solvent results in
the formation of a denser double layer on the tip electrode when
compared with the substrate20. Experimental evidence for the exist-
ence of a dense double layer around the tip can be obtained from a
cyclic voltammogram of ferrocene dissolved in PC measured using
the same tip/substrate system used for the rectification measure-
ments. As shown in Supplementary Fig. 5, a clear, reversible ferro-
cene oxidation peak is observed at positive tip voltages, providing
definitive proof that the oxidation process occurs at the tip.

To understand the rectification in these junctions in more detail,
we considered a Landauer-like expression for current, assuming coher-
ent off-resonant tunnelling through the junction, a non-interacting
mean-field picture and zero temperature:

I =
2e
h
∫
eV/2

−eV/2T (E, ε, Γ) dE (1)

Here, e is the fundamental unit of charge, h is Planck’s constant, V is
the applied voltage and T (E, ε, Γ) is the energy-dependent (E)
transmission function for the junction. Transmission is modelled
here with a single Lorentzian peaked at the orbital energy ε and
with a width Γ as21

T (E, ε, Γ) =
(Γ2 /4)

(E − ε)2 + (Γ2 /4)
(2)

Despite a clear asymmetry in T (E, ε, Γ) about the junction Fermi
energy (E = EF), for a symmetric junction the current, evaluated
through equation (1), will be independent of the bias polarity.

We hypothesize that the double layer causes a bias polarity-
dependent shift of the molecular resonance energy within the junc-
tion, leading to rectification. This bias-dependent environmental
asymmetry can be modelled by replacing the resonance energy ε
in equation (2) with (ε + αeV). Parameter α describes the impact
of the applied voltage on the resonance position analogous to a
first-order Stark shift coefficient. Figure 2 illustrates this model
with a series of energy level diagrams where we assume, for simpli-
city, that α = 0.5. At zero bias (Fig. 2a), the resonance is located at an
energy ε relative to both the tip and the substrate chemical potential.
When a negative voltage V is applied to the tip relative to the
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Figure 1 | Environmentally enabled single-molecule diodes. a, TDOn molecular structure (alkyl side chains omitted for clarity) and schematic of the
molecular junction created using asymmetric area electrodes (not drawn to scale). b, Log-binned conductance histograms for TDO4 taken at −180 mV and
+180 mV, created using 3,000 traces each and 100 bins/decade. Arrows indicate the most probably measured conductance at each bias. Inset:
Sample conductance versus displacement traces, laterally offset for clarity. c, Two-dimensional absolute current versus voltage histogram for TDO5 in PC.
Inset: Examples of exceptionally rectifying junctions (three selected traces). d, Two-dimensional absolute current versus voltage histogram for TDO5 in TCB.
Average I–Vs for TDO5 are overlaid on c and d in black.
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substrate, the bias window will open symmetrically, consistent with
a locally symmetric junction. However, due to the tip–substrate
asymmetry of the double layer, we hypothesize that the resonance
shifts by an amount equal to αeV towards the tip chemical potential
(Fig. 2b). When the tip is biased positively, the resonance shifts by
the same amount, but in the opposite direction (Fig. 2c). We stress
that, under either bias polarity, the resonance position does not
change relative to the substrate chemical potential, but only relative
to the tip chemical potential (when α = 0.5). As long as T(E, ε, Γ) is
asymmetric about EF, the current, indicated by the shaded areas in
Fig. 2b,c, depends on the bias polarity yielding rectification.
Figure 2d presents a non-rectifying case in solvents such as
TCB, where the resonance position does not move relative to the
junction EF.

The mechanism described above implies the observation of
several additional phenomena. First, rectification ratios should in

general be higher for junctions composed of molecules with a
sharp resonance positioned closer to EF. Second, the molecular
orbital energy closest to EF should generally dictate the direction
of rectification: highest occupied molecular orbital (HOMO)-
dominated junctions should turn ‘on’ at the bias polarity that
turns ‘off’ lowest unoccupied molecular orbital (LUMO)-dominated
molecules. Junctions with resonances with large Γ and/or ε should
yield little or no rectification, as the transmission function about
EF will be relatively flat within accessible bias windows. Finally,
this rectification should occur in any polar/ionic environment.

Figure 3a presents I–V measurements for a family of derivatives
containing 3–5 TDO units (TDO3–TDO5) measured in PC. For
junctions in this series it has been shown previously that the
LUMO moves closer to EF with the addition of TDO units13. We
find that all three I–V curves display strong asymmetries, with sig-
nificantly more current (reaching close to 0.1 μA) at negative tip
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Figure 2 | Energy level diagram illustrating the rectification mechanism for a LUMO conducting molecular junction. a, Zero-bias schematic depicting a
molecular resonance with peak energy ε relative to the tip (T) and substrate (S) Fermi levels EF. b, In polar media, when the tip is biased negatively relative
to the substrate, the molecular resonance is at ε − eV relative to the tip chemical potential and at ε relative to the substrate chemical potential (here, α is
taken to be 0.5). For this system, a large area (shaded green) of the resonance falls within the bias window and the current is high. c, When the tip is biased
positively relative to the substrate, the molecular resonance again remains pinned to the substrate chemical potential, but is at ε + eV relative to the tip
chemical potential. A small area (shaded red) of the resonance falls within the bias window and the current is low. d, A similar schematic illustrating level
alignment in a nonpolar solvent (α =0) with the tip biased negatively relative to the substrate. Here, the resonance does not shift in response to the applied
bias, while both tip and substrate chemical potentials shift relative to the resonance position. The area under the resonance that falls within the bias window
is independent of the bias polarity.
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Figure 3 | High rectification ratios in TDOn junctions. a, Average I–Vs for TDOn (with n = 3–5) measured in PC. See Supplementary Figs 6 and 7 for two-
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limit at this critical voltage. This would imply that we are significantly charging the molecule and potentially breaking the linker–Au donor–acceptor bonds to
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bias for TDO5. For all molecules, under positive tip bias (relative to
the substrate) the I–V curves exhibit a more linear dependence of
current on voltage, indicative of a rather flat transmission in this
bias range, while the negative bias portions display a highly
nonlinear behaviour (particularly for TDO4 and TDO5) that is
indicative of a resonance approaching closer to the bias range.

The rectification ratios for each molecule as a function of
the magnitude of the applied voltage are presented in the inset
to Fig. 3a, which shows ratios of ∼4 at 0.6 V for TDO3, ∼90 at
0.42 V for TDO4 and ∼200 at 0.37 V for TDO5. We again empha-
size that these high rectification ratios occur at exceptionally low
voltages. The analogous I–V measurements carried out in TCB
are presented in Fig. 3b, which shows symmetric I–V curves that
become increasingly nonlinear at high voltages. Evaluating these
data, we confirm our first prediction: as EF aligns closer to a molecular
resonance, the rectification ratio at a given bias increases.

The impact of the dominant transport orbital on the orientation
of the diode is considered next. I–V measurements were performed
on three molecules that do not belong to the TDO family (Fig. 4a):
4,4′-bipyridine (1), 4-4″-diamino-p-terphenyl (2) and 2,9-dithia-
decane (3). The characteristic I–Vs for these measured in PC are
shown in Fig. 4b. It is clear that 1 and 2 display ‘on’ behaviour at
opposite bias polarities, while 3 does not show any discernable rec-
tification. Within our model, this suggests that the two molecules
should have transport dominated by different orbitals. Indeed,
past work has shown that 1 conducts through the LUMO22,
whereas 2 conducts through the HOMO23. The low rectification
ratios observed for 1 and 2 further suggest that the dominant trans-
port orbitals are rather far from EF. The large-gap alkane, 3, does not
rectify, indicating a flat transmission around EF.

Figure 4c compares measurements of 1 in different polar media
and in TCB24. The I–Vs measured in polar media are asymmetric,
with ‘on’ currents occurring at negative tip bias polarities. These
results show clearly that our method of creating a molecular rectifier
is not unique to either the TDO family or to PC as a solvent; a
single-molecule diode can be created out of any molecule in any
polar solvent (as long as the junction transmission function is asym-
metric about EF). All experimental results presented here support our
hypothesis that a bias-dependent double layer around the tip modifies
the electrostatic environment at the junction to alter the relative
alignment of the molecular orbital and the tip chemical potential.

After confirming the predictions implicit in our model, we now
demonstrate that we can determine the parameter α to provide quan-
titative support for the rectification mechanism proposed here. We
used a recently developed a.c. technique25, described briefly in the
Methods and in Supplementary Section II, to determine
the location of the conducting orbital (ε) and its coupling (Γ) to
the Au electrodes for TDO4 in PC and TCB. The values obtained
were then checked against zero-bias self-energy corrected density
functional theory (DFT + Σ) calculations23,26. Figure 5a,b shows
that, on average, εTCB is 0.6 eV, while the coupling, ΓTCB, is 7 meV.
The small value of ΓTCB suggests that a mean-field approximation
may be less adequate, particularly as the molecule charges under
bias. However, departures from this picture would not be expected
to alter the rectification mechanism described here. In PC we
solved these two equations by allowing α to vary from 0 to 0.5 in
steps of 0.05. For each value of α we obtained the average value of
ΓPC and εPC. Note that the coupling of the LUMO to the leads
should not be altered in different solvent environments as it primar-
ily depends on the Au density of states, which is nearly flat in the
relevant energy window. Based on the results from these a.c.
measurements, we find that the average ΓPC is the same as ΓTCB
when α = 0.5. Furthermore, we find that there is a 0.2 eV shift in
εPC towards EF compared with εTCB, which we attribute to a
solvent-induced shift27. Using these experimentally determined ε
and Γ parameters, we generated I–Vs from Lorentzian transmission
functions and compared these to experimentally measured I–V
curves (Supplementary Fig. 10). We find reasonable agreement
with the measured I–Vs and rectification ratios. This simple
Lorentzian model also enables us to derive an analytic form for
the observed rectification ratios, which are in good agreement with
the experiment (for a discussion see Supplementary Section II and
Supplementary Fig. 11).

We now turn to DFT + Σ calculations to validate three features of
our measurements: (1) the transmission function for TDO4 is well
described by a Lorentzian function; (2) PC alters the level alignment
in the junction but not the coupling; and (3) adding a dipole layer
on one electrode shifts the resonance position. We show the calcu-
lated zero-bias transmission functions for a TDO4 junction with
and without PC (structures shown in Fig. 5c) in Fig. 5d. We find
that these transmission curves are well described by a single
Lorentzian form dominated by the LUMO, that these have a
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similar Γ, and that they show a relative shift in ε of ∼0.3 eV. To
model a dipole layer on one electrode we added a layer of HF mol-
ecules within the unit cell oriented with the dipole pointing towards
or away from the electrode, and computed transmission through the
TDO4 junction. Results from these calculations are shown in
Supplementary Fig. 12. The presence of a dipole oriented with the
negative charge close to the electrode shifts the resonance position
closer to EF. We stress here that these are zero-bias calculations
and, as such, cannot be used to quantitatively address the shift in
the resonance position due to an applied bias as this depends on
the double layer density. A first-principles determination of α
would require computing the impact of the double layer around
the tip on the resonance position and is beyond the scope of
this work.

Although we do not have an atomistic model for the observed rec-
tification effects, the results from the a.c. measurements and the
DFT + Σ calculations support our postulated mechanism. To sum-
marize, two factors are needed to observe rectification: (1) electrodes
of different areas and (2) an ion-containing polar medium in which
the transport measurements are performed. Due to the presence of

ions in the environment, an electric double layer forms at each elec-
trode/solution interface to screen out any applied bias. The disparate
areas of the electrodes result in a denser layer of charge at the smaller
tip electrode. This results in the pinning of the molecular orbitals to
the chemical potential of the substrate, yielding a current dependence
on the polarity of the applied bias.

We have demonstrated an unconventional technique with which
to create single-molecule diodes with unprecedented rectification
ratios at low operating voltages using symmetric molecules. This
appealing and simple method enables the creation of single-
molecule junctions by self-assembly, without the tedious chemical
modifications that have commonly been used to control molecule
directionality in a junction7. Given the observed mechanism of rec-
tification, we envisage that this method can be easily implemented
in other junctions beyond the STM-BJ test bed. For example, the
use of other electrode materials including carbon nanotubes28 or
graphene29 should yield rectifying behaviour. By exploiting this
tunable asymmetry in the electrostatic environment, this new
approach offers a wealth of possibilities for translation into
device fabrication.
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Methods
Methods and any associated references are available in the online
version of the paper.
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Methods
Conductance measurements. Conductance measurements were carried out using
the STM-BJ technique15 and have been described in detail elsewhere30. Conductance
measurements for the TDOn family (for synthetic details see Supplementary
Section IV and Supplementary Fig. 13) were carried out in dilute solutions
(10–100 µM) in PC and TCB. Measurements for all other molecules (obtained from
commercial sources, with over 95% purity) were carried out from 1 mM
concentration solutions. The insulated tips were created by driving a mechanically
cut gold tip through Apiezon wax16. One-dimensional conductance histograms were
constructed using logarithmic bins (100 per decade) without any data selection.

Current–voltage measurements. I–V measurements were performed using the
STM-BJ technique, with a slightly modified procedure31. Instead of continuously
retracting the tip from the substrate, the tip was withdrawn for 150 ms, held for
150 ms, and then withdrawn for an additional 200 ms to fully rupture the molecular
junction. A constant voltage was applied during the initial and final segments, as well
as during the first and last 25 ms when the tip position was held fixed. During the
central 100 ms during which the tip was held, a voltage ramp was applied. Current
was measured during the entire 500 ms procedure (for a sample trace see
Supplementary Fig. 1). I–V data were analysed by first selecting traces with a
molecular junction that sustained the entirety of the voltage ramp. Traces were
selected using an automated algorithm that required the conductance during the
first and last 25 ms of the hold to be within the width of the molecular conductance
histogram. I–Vs in TCB were collected over a range of ±1.05 V, while I–Vs in PC
were collected over smaller molecule-dependent voltage ranges. After trace selection,
all I–Vs for a given molecule were used to construct a two-dimensional current
versus voltage histogram. A most probable I–V was obtained by fitting each vertical
line slice of the two-dimensional I–V histogram with a Gaussian and recording
the peak current. This was then converted to its linearly scaled I–V curve following
the procedure detailed by Huber and co-authors32.

Alternating-current measurement technique. The differential conductance
(G = dI/dV) and derivative of conductance with respect to voltage (dG/dV) were
measured simultaneously while applying a d.c. and an a.c. voltage across the junctions
in both PC and TCB. Analytical expressions for these quantities in terms of orbital
energy level alignment and molecular coupling strength were next obtained assuming a
single Lorentzian transmission, which was justified by the DFT calculations. We
included the effect of bias voltage on ε, as detailed in the main text, through parameter
α. For the TCB case, the set of two nonlinear equations was solved for Γ and ε with
α = 0; that is, the LUMO position was unaltered by the applied bias.

Computational details. To compute the transport properties of the molecular
junctions, an ab initio approach was used based on a combination of DFT, non-
equilibrium Green’s functions (NEGFs)26 and a GW-based self-energy correction33,
DFT + Σ23. To reduce the computational cost, we replaced the long –C6H13 chains in
the molecules by –CH3. The molecules were placed between two gold leads
consisting of seven Au (111) layers on each side, with 16 (4 × 4) atoms on each layer,
to form molecular junctions. Due to the donor–acceptor nature of the Au–S bond,
we used trimers as the binding motif, consistent with previous work23. The junction
geometry was relaxed using the Perdew–Burke–Ernzerhof (PBE)34 functional
implemented in SIESTA. The Au basis set and pseudopotential were adapted from
previous work23. The outer three layers of gold atoms were fixed in their bulk
geometry during relaxation. A 4 × 4 k-mesh was used and the atomic coordinates
were relaxed until all forces were below 0.04 eV Å–1. The resulting Au–S bond
lengths were ∼2.85 Å, and the angle between the Au–S bond and the thiophene
plane was ∼20°. After the junction geometry was relaxed, the transport
properties were computed using the DFT-NEGF formalism as implemented in
TranSIESTA26. The outer three layers of gold atoms formed the leads, and the
extended molecule consisted of four gold layers on each side. The PBE functional, a
6 × 6 k-mesh and 36 energy grid points in the integration contour were used26 to
converge the non-equilibrium density matrix. Due to the inaccuracy of PBE level
alignment between the junction Fermi level and molecular frontier orbital energies33,
we used a self-energy correction to the PBE Kohn–Sham Hamiltonian in the
non-self-consistent calculation of transmission function T(E), as detailed in the
Supplementary Section III.
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