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Surface plasmons are coherent oscillations of conductive
electrons that occur in a skin layer of metal and are capable of
producing strong local electromagnetic fields in the near-field
region.[1] Plasmons are imperative in surface-enhanced
Raman[2–5] and fluorescence spectroscopy[6] as they signifi-
cantly boost the sensitivity of these methods for the detection
of dilute concentrations of analyte molecules. Plasmons can
be coupled to molecular resonances,[7, 8] or molecules can be
exploited to control the properties of plasmons and the
optical properties of nanoscale metal structures upon irradi-
ation.[9] These studies, as well as several theoretical results,[10]

suggest that plasmons should also affect the transport proper-
ties of molecular junctions. Several recently reported exper-
imental approaches towards this goal are based on the
average effect from a large number of junctions formed in
ordered arrays of metal nanoparticles interlinked with
molecules.[11] Herein we report the current response of
individual well-defined molecular junctions to surface plas-
mons. The observed enhancement of current is explained by a
photon-assisted tunneling mechanism.

“Suspended-wire” molecular junctions (SWMJs) were
fabricated by trapping Au or Ag nanowires, which were
capped with a self-assembled monolayer of either 1,9-non-
anedithiol (C9) or decanethiol (C10) onto lithographically
defined Au leads by using a dielectrophoresis technique (see
Figure 1 and the Supporting Information). Figure 1a shows
representative I–V curves of junctions based on the two
molecules. Transition voltage spectroscopy (TVS) and inelas-
tic electron tunneling spectroscopy (IETS) measurements
were taken in order to confirm the molecular nature of the
junctions. TVS measurements are interpreted with a Fowler–
Nordheim analysis, that is, plots of ln(I/V2) versus 1/V, which
reveal minimum points at transition-voltage (VT) values that
are characteristic of the molecules under investigation.[12]

Figure 1b shows typical TVS curves of junctions with C9
molecules. An average value of VT = (1.1� 0.07) V was
calculated from all (C9 + C10) junctions. IETS measurements
were taken at 5 K using a standard lock-in technique (Fig-
ure 1c), which revealed typical alkane vibrations in both bias
polarities.[13] The agreement of measured VT values with

previous results,[14] and the lack of shift in the IETS peaks
(within an error of � 2 mV) prove that there is no potential
divider in the suspended structures, that is, although the
nanowires that are completely covered with a molecular layer
could potentially form two molecular junctions in each
SWMJ, only one junction per suspended nanowire (and a
metal to metal contact on the other end) is formed.

Laser irradiation of selected junctions under ambient
conditions was carried out by using a microscope with
maximum intensity of approximately 6 mWmm�2 and laser
polarization parallel to the nanowires. Two wavelengths were
used (see below): 781 nm (1.58 eV) and 658 nm (1.88 eV). We
estimate the temperature increment under the lasers, which
operated at maximum intensity, to be not more than DT=

5 K. This estimate is based on the resistance change of the
suspended-wire structures with bare metal nanowires; we
observed ohmic behavior that changes as a function of
temperature according to R = R0(1+bDT), where b is the
temperature coefficient of the metal and R and R0 are the
resistances with and without irradiation, respectively.

The SWMJ showed a maximum current increase of two
times over a bath temperature range of 300–400 K. Upon a
temperature change of 5 K, which arose from the laser
irradiation, the current change was negligible (see the
Supporting Information). We discarded all data that showed
conductivity changes below twofold upon irradiation, thus
leaving a substantial margin in terms of the exact effective
temperature of the conducting junctions.

Only one end of the junction in the suspended structure
was found to be responsive to irradiation. Finite-difference
time-domain (FDTD) simulations provided a better insight
into the role of plasmons in the SWMJs (Figure 2). Propagat-

Figure 1. a) Representation of a “suspended-wire” molecular junction
and typical I–V curves of the molecules used in this study. Inset: SEM
image of a suspended nanowire. b) Transition voltage spectroscopy of
three different C9 junctions. c) Representative IETS measurements of a
C9 junction measured at 5 K, showing characteristic peaks of alkyl
chains (C10 junctions have similar peaks).
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ing surface plasmons can be launched in a nanowire only
when the excitation laser is incident on the end of the
nanowire.[15] The dispersion curves of metal–insulator–metal
structures, with insulator thicknesses and dielectric parame-
ters similar to the molecules used in this study, were recently
calculated.[16] These results show that propagating plasmons
can be launched into the junctions by only a limited range of
photon energy values. The 781 nm and 658 nm wavelengths
fall within this range, and result in propagating plasmons in
the junctions with characteristic wavelengths of approxi-
mately 50 nm and propagation length of several hundreds of
nanometers. Thus, a substantial length of each junction (which
is typically less than 1 mm, see Figures 1 and 2) is affected by
the plasmons.

The main results for a Au–C9–Au junction are summar-
ized in Figure 3, which shows the ratio between the optically
induced current Ilight and the current without irradiation Idark

as a function of laser intensity for two wavelengths at a bias
value of 1 mV (see the Supporting Information for details on
the distribution of results and how each point was measured
and calculated). Two main observations are apparent: the
ratio Ilight/Idark increases linearly with laser intensity and has a
higher value for l = 658 nm. The distribution of results from
the different junctions is within � 50% (error bars are not
shown for clarity).

The experimental observations can be explained semi-
quantitatively by a photon-assisted tunneling mechanism[10b,j]

using an analytical expression from the treatment of Tien and
Gordon.[17] According to this model, in addition to the applied
dc bias, there is also a time-varying potential across the gap,
induced in this case by the propagating plasmons (see
Figure 2c). Under these conditions a certain fraction of the
tunneling charges undergo inelastic tunneling events in which
they either emit (n< 0) or absorb (n> 0) photons with energy

�hw by interacting with the oscillating (plasmon) field.
According to this model, the energy-dependent transmission
rate across a junction under the effect of an oscillatory
potential becomes:

GðEÞ ¼
X

n

J2
nð

eVw

�hw
ÞGðEþ n�hwÞ ð1Þ

where G(E) and G(E+n�hw) are the transmission rate with and
without irradiation, respectively, and Jn(a) is an n order
Bessel function with a = eVw/�hw where Vw is the effective
amplitude of the oscillating potential formed by the plasmon
in the junction.

The calculated electric profile along the cross section of
the junctions (between the metal nanowires and gold leads) is
shown in Figure 2 c. The plasmonic enhancement of the
electric field on the molecules is in the order of approximately
100 times. Considering the laser intensities used in these
experiments, the vacuum propagating electric field is in the
order of 2 mVnm�1. After enhancement, the field is Ez

� 200 mVnm�1 inside the junctions. Deep inside the metal,
within an order of few skin depths, which for Au at 781 nm
and 658 nm is approximately 25 nm, the field is zero. Any
electron that is within the metal and moves towards the
interface within a distance of a mean free path (taken here as
l = 10 nm) contributes to the tunneling process and is also
influenced by the oscillating field. Therefore, Vw (= E l) is
approximately 2 V. This value can be used to estimate a value
of a for the two wavelengths: a658� 1.06, a781� 1.25. With the
laser intensities used in these experiments, the contribution of
multi-photon processes is negligible, and therefore we need to
consider only the J0 and J1 Bessel functions in Equation (1).

The transmission probability through molecular junctions
based on thiolated alkyl chains, and also their density of states
have been theoretically calculated by several research
groups.[18] We used this data to estimate G(Ef��hw), where Ef

is the Fermi energy (Figure 3, inset). The highest occupied
molecular orbital (HOMO) level in the alkyl chains is closer

Figure 2. a) SEM side view of a SWMJ. b) FDTD simulation of the field
intensity in a SWMJ, calculated for l =781 nm. The spatial scales in
the z and x directions are different. The color scale of the field intensity
is in arbitrary units. Laser light impinges on the left side of the
nanowire, where the junction is located (marked by a red rectangle).
The electric field is enhanced in the junction. A plasmon propagates
along the nanowire to the other side of the structure. c) Geometry and
characteristic tangential (between metals, M) electric-field (Ez) profile
for the junction (note the different coordination system relative to (b).
The Ez is enhanced at the entrance by a factor of ca. 100, fluctuates
with a characteristic plasmon wavelength of ca. 50 nm, and is attenu-
ated to zero after propagating ca. 1 mm in the x direction (see also the
red color all along the junction in b).

Figure 3. Measured Ilight/Idark ratio for a Au–C9–Au junction as a
function of laser power, using two wavelengths 658 nm (blue circles),
and 781 nm (red rectangles). The continuous green lines are a guide.
Inset: Calculated transmission probability G through the junction as a
function of energy. The arrows show that G(Ef �1.58 eV)�5G(Ef ) and
that G(Ef �1.88 eV)�100G(Ef ).
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to Ef than the lowest unoccupied molecular orbital (LUMO).
Therefore, as a first approximation for the wavelengths used
here G(Ef)�G(Ef+1.58 eV)�G(Ef+1.88 eV), while
G(Ef�1.58 eV) is higher than G(Ef) by an order of magnitude,
and G(Ef�1.88 eV) by two orders of magnitude. Use of the
transmission enhancement and the above a values in Equa-
tion (1) gives a Ilight/Idark ratio (at maximum intensity) of 5 and
40 for l = 781 nm and l = 658 mn, respectively. These values
are consistent with the experimental results. We note that
without molecules (C9 and C10), that is, if the barrier for
tunneling is approximately the work function of the metal,
current enhancement by plasmons requires photons with
energies of approximately 5 eV. These photons are expected
to be absorbed by the metal as their energy is beyond the
plasma energy (ca. 2.4 eV).

In conclusion, we have demonstrated the effect of
plasmons on the conductivity of molecular junctions by
using SWMJs, which are a new type of molecular junction.
The observed current enhancement is in semiquantitative
agreement with a photon-assisted tunneling mechanism and
numerical simulations of the plasmon-induced enhancement
of the electromagnetic field between the metal leads of the
junctions. Further work to elucidate the effect of attributes
such as molecular structure and potential bias is underway.
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