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ABSTRACT

We have studied the gate and temperature dependence of molecular junctions containing sulfur end-functionalized tercyclohexylidenes. At
low temperatures we find temperature-independent transport; at temperatures above 150 K the current increases exponentially with increasing
temperature. Over the entire temperature range (10 −300 K), and for different gate voltages, a simple toy model of transport through a single
level describes the experimental results. In the model, the temperature dependence arises from the Fermi distribution in the leads and in a
three-parameter fit we extract the level position and the tunnel rates at the left and right contact. We find that these parameters increase as
the bias voltage increases.

Understanding the conduction characteristics through single
molecules is of crucial importance for further development
of molecular electronics.1-3 Temperature-dependent transport
measurements4-7 form a useful tool to distinguish between
different mechanisms. For example, experiments on en-
sembles of alkanethiols4 have shown temperature-indepen-
dent electron transport indicative of a tunneling mechanism
(superexchange). Selzer et al.5 report on a crossover from
temperature-independent transport at low temperature to an
exponential dependence at temperatures above 100 K. They
attribute this crossover to a change of conduction mechanism
from tunneling at low temperatures to incoherent hopping
transport at high temperatures induced by a coupling to
vibrational states. Finally, scanning tunneling microscope
measurements on single alkanedithiol molecules7 show an
exponential resistance dependence on temperature, which is
attributed to a change in conformer distribution as the
temperature is varied.

Here we report on the temperature dependence of three-
terminal molecular junctions based on sulfur end-function-
alized tercyclohexylidenes.8 The rigid molecules possess

σ-π-σ conjugation and consist of three cyclohexane-type
rings9 connected by double bonds (see Figure 1a). For low
bias voltages, we observe temperature-independent transport
at low temperatures and above a crossover temperature of
about 150 K the current increases exponentially with the
inverse temperature. A toy model based on transport through
one molecular level provides a good fit to the data at all
bias and gate voltages. We find that the tunnel couplings
(broadening) increase as the bias is increased and that there
is a weak shift of the level position as the bias increases.
The level position deduced from the temperature-dependent
fits agrees well with the level position determined from
stability diagrams, in which dI/dV is plotted as a function of
bias and gate voltage.

Electrodes with nanometer separation are fabricated by
electromigration.10 In short, we create a thin 10-nm-thick
gold wire (width 100 nm, length 500 nm) on top of an Al/
Al2O3 gate electrode using e-beam lithography. The thin gold
bridge is contacted by 100-nm-thick gold leads. To create a
gap, a technique similar to that of Strachan et al. is
employed.11 At ∼10-5 mbar the bridges are electromigrated
at room temperature by ramping a voltage over the bridge
using an active feedback loop: the voltage is ramped until
a decrease in the conductance is observed, upon which the
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applied voltage is returned to zero; the loop is repeated until
a target resistance has been reached. The samples are then
removed from vacuum and immersed in a 0.1 mM ethanol
solution of the molecules for 12 h; thereafter the samples
are dried and mounted in a probe station or a He-4 probe.

We have measured the current as a function of gate and
bias voltage for hundreds of devices at low temperature. We
found that in about 9% (42) of the 449 junctions the
numerical derivative of the current to the bias voltage (dI/
dV) showed an appreciable gate dependence in the range
from -3 to +3 V. Of these, 28% (12) of the junctions were
too unstable to study the gate dependence in detail. In 31%
(13) of the cases, multiple charge states (typically 5 or more)
and addition energies smaller than 0.1 eV are observed.10

These junctions most likely contain gold grains that dominate
transport instead of the molecules. In the remaining 41%
(17) 1 or 2 degeneracy points (crossing points of diamond-
like structures, see Figure 1) are present with addition
energies exceeding 0.2 eV; transport through these junctions

is attributed to transport through molecules, and the presence
of closed diamonds (rhomboids) in the dI/dV diagrams
indicate that it is dominated by a single molecule.12

The results of measurements on two stable junctions are
shown in Figure 1b and c. The presence of closing diamonds
indicates that in both cases a single island is present between
the electrode pairs and that the addition energy12 is about
0.5 eV for sample A and 0.4 eV for sample B. The two
samples in Figure 1 have a relatively high gate coupling. In
most other samples, the addition energy could not be
determined: a lower gate coupling allows only a single
degeneracy point to be observed or large and frequent
switching occurred causing an offset along the gate axis. (In
Figure 1b and c, a small switch is present in both figures.)
In all cases, however, the data are consistent with an addition
energy of 0.4-0.5 eV. Note that this addition energy cannot
be compared directly with the measured HOMO-LUMO
gaps of free molecules not attached to metal pads. The gold
electrodes can lower the addition energies dramatically as
indicated by the measurements on OPV-5 by Kubatkin et
al.13

We have measured the current as a function of temperature
for several gate and bias voltages. The most complete data
set has been obtained for sample B, which we will discuss
in the remainder of this paper. The data of sample A support
the conclusions presented here. Figure 2 shows the current
as a function of inverse temperature for four different bias
voltages at two gate voltages on a semilog scale. The highest
temperature is 240 K; when raised to this temperature we
found the same transport characteristics at low temperatures
after cooling again.

At low bias the curves in Figure 2 show thermally
activated transport at high temperature and temperature-
independent transport at low temperature. The crossover
temperature is about 150 K in Figure 2a and decreases
slightly as the bias is increased. The slope of the exponential
increase above this crossover temperature yields an activation
energy (Ea) of 120 meV at low bias and this value decreases
with increasing bias. At a bias of 200 mV, the current is
almost temperature-independent for the curve taken atVG

) -1.0 V. The same bias dependence of the slope and the
crossover temperature are seen at other gate voltages.

To describe the temperature-dependent transport, we have
considered a toy model14 that includes a single transport level
positioned at a gate-dependent energy ofε0, measured with
respect to the chemical potential in the leads atV ) 0, with
a broadeningΓ ) ΓL + ΓR. Here,ΓL/p is the tunnel rate to
the left electrode andΓR/p to the right electrode. In this model
the temperature dependence comes from the Fermi distribu-
tion, f(E), in the leads; coupling to vibrational modes is
neglected. The density of states is given by14

The current depends on the density of states within the bias

Figure 1. (a) Molecular structure of the sulfur end-functionalized
tercyclohexylidene. (b and c) stability diagrams of sample A
measured at 1.7 K and sample B measured at 8 K, respectively.
Plotted is the numeric differential conductance (dI/dV) in color scale
as a function of source-drain and gate voltage. The gate coupling
relating voltages on the horizontal gate axis to shifts in the level
position is 0.15 (sample A) and 0.1 (sample B).Gmax ) 0.04 µS
(sample A) andGmax ) 0.9 µS (sample B).
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window, defined as the difference between the electrochemi-
cal potentials in the left and the right lead:

Figure 3 shows the results of the calculated current versus
inverse temperature at different bias voltages normalized to
ε0. The results do not depend on the sign ofε0, and by
definition ε0 is taken to be positive. The overall shape of
these curves can be explained as follows. At low bias (V ,
2ε0/e) and low temperatures, the current is due to tunneling
with a rate determined by the broadeningsΓL and ΓR and
the difference betweenε0 and the chemical potentials of the
two leads. As long as the thermal energy,kBT, is much lower
than ε0 and Γ, the current is temperature-independent. As
the temperature increases, the step function of the Fermi
distribution broadens. The current remains temperature-
independent, until the high-energy (exponential) tail of the
Fermi distribution of the highest electrochemical potential
starts to overlap with the broadened level and the current

increases exponentially with temperature (see Figure 3). This
increase continues until the Fermi distribution of the other
electrode overlaps with the broadened level. At this point,
the current starts to decrease. However, when the level is
resonant with the chemical potential in the leads (V ) 2ε0/
e), the current is independent of temperature ifT < 2ε0/kB.
Above this temperature, thermal smearing causes the current
to decrease.

It may be expected that the crossover temperature,T*,
defined as the point where the zero temperature current
crosses the tangent line with the highest slope in the thermally
activated region, depends on the broadening of the level. We
have calculated the crossover temperature numerically, and
the result is shown in the inset of Figure 3b. We find that
kBT* only weakly depends onΓ and that the exponential
increase with temperature sets in at a temperature corre-
sponding to an energy scale about 1 order of magnitude
smaller thanε0. We have also calculated the slope of the
exponential current increase at low bias, that is, the activation
energy,Ea. For vanishingΓ the activation energy equalsε0,
but as the ratioΓ/ε0 approaches one the activation energy
can be substantially smaller thanε0, as is illustrated in Figure
3b.

We have fitted our data to this model. The lines drawn in
Figure 2 represent the best fits, which describe the data well.
We have chosen two gate voltages far away from the two
degeneracy points where variations in the current are large

Figure 2. Current as a function of inverse temperature for four
different source-drain voltages as denoted in the figures plotted
for gate voltages of (a)-1.0 V and (b) 1.0 V. Data are taken from
sample B. Drawn lines represent the best fits of the data to the toy
model with fit parametersΓL, ΓR, andε0.

I ) e
p
∫-∞

∞
D(E)

ΓLΓR

ΓL + ΓR
[f(E - eV/2) - f(E + eV/2)] dE

(2)

Figure 3. (a) Calculated current as a function of inverse temper-
ature for five different values of the bias voltageeV/ε0 for a
broadeningΓ/ε0 ) 0.02. (b) The low-bias activation energy as a
function of the broadening, all expressed in terms ofε0. Inset: the
inverse crossover temperature as a function of the broadening.
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and the fit procedure yields accurate values for the fit
parametersΓL, ΓR, andε0. The plots in Figure 2 probe two
different levels, and the fit parameters are collected in Table
1. The total broadening,Γ, ranges from 0.1 to 5 meV and,
interestingly, the values and the asymmetry betweenΓL and
ΓR differ for the two gate voltages. Another observation is
that the tunnel rates,ΓL,R/p, increase with increasing bias
voltage. In addition, theΓ/ε0 ratio ranges from 10-3 to 10-2

and as Figure 3b indicates the measured activation energy,
Ea, should be close toε0. The measuredEa value of 120 meV
is indeed in the same range as the values listed in Table 1.
The level position can also be compared to values15

independently determined from the stability diagrams in
Figure 1. For all measurements, we find that they agree, to
within a factor of 2, with each other, which is striking
considering the simplicity of the model. Finally, the numbers
in Table 1 also suggest that the level position is slightly raised
with increasing bias. Shifting of the level position with bias
has been predicted by quantum chemistry calculations for
nonequilibrium transport through single molecules.16,17

Information on the value ofΓ can also be obtained from
the differential conductance peaks plotted as a function of
bias voltage. IfΓ > kBT (this is the case forVG ) -1.0 V;
see Table 1) then a Lorentzian dI/dV peak shape is expected,
and if Γ ≈ kBT (VG ) 1.0 V) then the peak shape is the
convolution of thermal and the lifetime (Γ) broadening. As
Figure 4 illustrates, a Lorentzian peak is indeed found in
the former case with a broadening of 8 meV, close to the
high-bias value of 5 meV. AtVG ) 1.0 V the peak shape is
strongly asymmetric, prohibiting an accurate determination
of Γ. The asymmetry can be attributed to phonon emission
with Γ/h larger than the vibrational frequency in combination
with an asymmetric18 ΓL and ΓR. We have performed
quantum chemistry calculations using Amsterdam Density
Functional19 (ADF) on a tercyclohexylidene molecule con-
nected to gold atoms at either end that indicate vibrational
modes at 6, 11, and 13 meV. With a broadening of several
millielectronvolts, features related to these vibrational modes
cannot be resolved but may produce the shoulder present in
the data at the right-hand side of the peak. Interestingly,
Figure 2b shows an enhancement of the current forT g 70
K. This may have to do with the onset of phonon absorption

enabled by a temperature-induced population of the 6 meV
and other low-lying vibrational modes.

Several explanations for voltage-dependent broadening are
possible.20 Conformational changes due to a larger polariza-
tion at applied fields may give rise to a better electrode-
molecule coupling (and therefore broadening) at high bias.
Another explanation involves the energy dependence of the
density of states of the leads,21 giving rise to a nonsymmetric
dependence of the broadenings with bias. Estimates using a
free electron model show that this may account for an
increase inΓ of about 10% for typical parameters. We have
also considered the effect of an energy dependence in the
coupling between the leads and the molecule due to a change
in the barrier shape as the bias is increased, using a simple
tunneling model.22 For a typical barrier height of a few
hundred millielectronvolts, the increase inΓ is less than one
percent, much smaller than the observed increase.

In conclusion, we have shown that the temperature
dependence of the current through molecular junctions can
be explained well with a toy model that involves a single
transport level. Comparison of our data with this model yields
important information about the level position and the
broadening. We find that both parameters increase as the
bias increases. To compare this voltage dependence with
theory, a full self-consistent quantum chemical calculation
of the coupled molecule/metal system is needed.
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