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Inelastic electron-tunneling spectroscopy �IETS� is used to study charge transport in molecular break junc-
tions. Based on the differences in IETS and conductance measurements, we report the existence of two distinct
types of junctions. Earlier IETS measurements by Kushmerick et al. �Phys. Rev. Lett. 98, 206803 �2007��
showed that incorporation of metal nanoparticles into the tunnel junctions leads to enhanced IETS intensity and
changes in the line shape of some vibrational modes. The presence of gold nanoparticles in some of our devices
could therefore explain the differences in the measured IET spectra in addition to the complex response
exhibited by these junctions to illumination with light.
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Molecules have been proposed as an alternative in post-
complementary metal-oxide semiconductor �CMOS� de-
vices. Molecular electronics is an active area of research con-
cerned with building electronic devices using individual
molecules.1 In the past few years, electromigrated gold break
junctions have been used to study transport properties of a
single molecule with some groups reporting the observation
of Coulomb blockade and Kondo effects in these systems.2,3

However, there have been reports of observations of both
Coulomb blockade and Kondo effects in bare-
electromigrated break junction devices.4,5 Therefore it is of
great importance for single-molecule experiments to demon-
strate that tunneling electrons indeed pass through the mol-
ecule positioned in the gap and to be able to verify the mo-
lecular component of any observed phenomena.

An extensive study of optical properties of nanoscale
break junctions has been performed in recent years.6–9 Elec-
tromigration has been reported to produce metal nanoclus-
ters, which show very intriguing optical properties such as
electroluminescence under dc, ac, and pulsed excitation. The
several-atom gold clusters have exhibited asymmetric optical
response with applied electric field polarity.6,9 The observed
asymmetry has been attributed to the asymmetric proximity
of these metal nanoclusters with respect to the electrodes as
well as the observed energy-level asymmetry of the elec-
trodes �different oxygen content measured for anode and
cathode electrodes� to which the electrons are injected.9 The
fabrication process is performed under constant polarity.
Therefore the forces generated by the external electric field
can cause the structural and chemical polarization of metal
wires, which in turn can result in structural asymmetry in the
junction.

Inelastic electron-tunneling spectroscopy �IETS� �Ref. 10�
is a powerful technique for measuring the vibrational spectra
of molecules, which can be used to identify molecules or
molecular fragments based on the characteristic absorption
frequencies of functional groups. Similar to Raman and in-
frared spectroscopy, IETS relies on the excitation of the ac-
tive vibrational modes and energies of a molecule adsorbed
on a surface. Tunneling electrons can lose their energy
through excitation of vibrational modes of molecules con-
tained within a tunnel junction structure. When applied volt-
age exceeds a characteristic vibrational energy of a molecule,

the opening of a new inelastic conduction channel—in addi-
tion to the elastic one—results in a change in the slope of the
current, an increase in the conductance value, and peaks in
the second derivative of current versus voltage. Peaks in
�d2I /dV2� versus V correspond to molecular vibrations that
are excited by the tunneling electrodes.

In recent years, IETS has been used as an in situ probe of
molecular junctions in order to verify the actual presence of
the molecule and therefore the molecular character of a
junction.11–14 These IETS measurements were performed on
ordered self-assembled monolayers �SAMs� consisting of
thousands of molecules. A scanning tunnel microscope
�STM� setup has been used to measure the IETS signal of a
single molecule.15

Here, we report on differential conductance and IETS
measurements of empty break junction devices and
devices coated with 11-Mercapto-undecanoic acid
�HS�CH2�10COOH� molecules. Gold wires with width of 40
nm, lengths of 200 nm, and thickness of 30–35 nm were
fabricated on a Si /SiO2 wafer by electron-beam lithography.
The wires were cleaned with acetone, isopropyl alcohol, and
oxygen plasma and then placed in a cryogenic probe station
�TTP4, Lake Shore Cryogenics Inc.� connected to a LABVIEW

controlled sourcemeter to perform electromigration. We used
a voltage ramping LABVIEW program, which uses conduc-
tance as a feedback parameter, to perform electromigration
on gold nanowires in order to make the nanogaps. Details of
this voltage ramping algorithm have been reported
elsewhere.16

Electromigration was performed at room temperature. Af-
ter measuring the I-V curves of the devices at room tempera-
ture, they were immediately cooled to 4.2 K. Subsequently
the I-V characteristics of the devices were measured at 4.2 K.
In more than half of the devices, tunneling current dropped
by 2–3 orders of magnitude after cooling down to 4.2 K,
possibly due to the widening of the gap or restructuring of
the formed electrodes.17 Differential conductance and inelas-
tic electron-tunneling spectra �IETS� were obtained via stan-
dard ac modulation techniques using a Stanford Research
Model 830 lock-in amplifier. We used an ac modulation of 10
mV at a frequency of 500 Hz to obtain the first-harmonic
�dI /dV� and second-harmonic �d2I /dV2� signals.

The conductance and I-V measurements on about 90% of
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more than 200 devices fabricated for this study show an
asymmetric response with respect to bias polarity. Figure 1
shows the I-V and conductance measurements on a bare de-
vice with no organic molecules deposited on it. Incidentally,
we observed that these bare devices �which show strong volt-
age polarity dependence� exhibit a complicated response to
light as well. Our probe station is equipped with a micro-
scope lamp in order to observe the devices being measured.18

Figure 1�b� shows that upon illuminating this device with
light from the microscope lamp, a series of oscillations are
seen in the conductance. Such behavior is not expected from
a device which only consists of two electrodes a few nanom-
eters apart. Coulomb blockade and resonant tunneling oscil-
lations are expected where a charge trap with variable energy
level is positioned between two electrical leads.19 Normally,
a gate voltage is used to vary the average number of elec-
trons on the trap �e.g., metal particle�. Illuminating with light
capable of exciting electrons within the discrete energy lev-
els of charge traps can change the measured conductance
�which is a measure of the local density of states �DOS�
available for tunneling electrons� of devices.

Our setup is not capable of performing optical measure-
ments with a controlled spectroscopic source to determine
the wavelength dependence of the response. However, the

light emission from small gold nanoparticles in different sys-
tem such as thin metal films20,21 and electromigated break
junction devices7 has been studied extensively in the past.
The measured electroluminescence spectra of gold nanopar-
ticles �typically an array of 18–22 gold atoms� range from
650 to 750 nm in emission maximum. Illumination with
white light from microscope lamp can therefore cause exci-
tation of electrons within the discrete energy levels of gold
nanoclusters,22 which in turn can change the number of elec-
trons �holes� in these clusters and causes the conductance
oscillations or even photoconductivity.

In less than 10% of devices measured for this study, we
observe I-V and differential conductance curves, similar to
what is seen in Fig. 2. The I-V and differential conductance
measurements for these devices are symmetric with applied
voltage polarity, with little change in conductance upon illu-
mination with light. The absence of any Coulomb blockaded
region or oscillations in the measured differential conduc-
tance, in addition to being symmetric with respect to the
applied bias polarity and demonstrating no significant reac-
tion to light, suggests that this device is free of charge traps
and therefore suitable for single-molecule studies. However,
it remains a challenge of how to control the electromigration
�which is a relatively random process� parameters in order to
increase the yield for clean devices.

FIG. 1. �Color online� �a� I-V characteristics and �b� conductance measurements for a bare �no organic molecule� break junction device
measured at 4.2 K. The red plot in �b� is the conductance response of this junction illuminated with light from the microscope lamp. The
blue/dark gray plot in �b� is the conductance measurement of the same device with the light off. The asymmetric I-V and conductance curves
are suggestive of asymmetric nature of the tunnel junction due to the likely presence of gold nanoparticles in the junction �inset of a�.

FIG. 2. �Color online� �a� I-V
and �b� conductance plots of a
bare device measured at 4.2 K.
The symmetric I-V and conduc-
tance curves in addition to the ab-
sence of Coulomb blockade and
any significant change upon illu-
mination with light suggest that
this device is free of charge traps
�inset of Fig. 1�a��.
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Figure 3 displays the differential conductance and inelas-
tic electron-tunneling �IET� ��d2I /dV2� / �dI /dV�� measure-
ments on two different devices with 11-Mercapto-
undecanoic acid molecules in the junctions. After performing
electromigration at room temperature, the devices were im-
mersed in 10 mM solution of 11-Mercapto-undecanoic acid
in ethanol for about 1 hr in order to form a molecular junc-
tion. There are striking differences between the conductance
and IET spectra of the two junctions. The conductance of one
is symmetric with bias polarity with no resonant tunneling
peaks �blue plot, Fig. 3�b��, while the other device shows an
asymmetric conductance with resonant tunneling peaks �red
plot, Fig. 3�b��. There are clear differences in the line shapes,
presence, or absence of some molecular modes and intensity
of the IET spectra of two junctions. Mode assignments of the
observed features are based on the computation of the IETS
for an idealized junction using the methodology and compu-
tational details described elsewhere23 and supported by the
Fourier transform infrared �FTIR� spectra of this molecule
provided by Sigma Aldrich. However, full interpretation of
IETS results is difficult since there are no clear propensity
rules available and, without computational results, one does
not know which vibrations will be visible in the IET
spectra.24

While all the observed features in one junction �Fig. 3�c�,
blue curve� have only a peak �dip for negative bias� shape,
the other junction �red curve� has peak-derivative-like fea-
tures. The intensity of some vibrational modes such as Au-S
has increased more than 20 times for the junction depicted in
red. The C=O stretch �appears as a peak in the
1670–1780 cm−1 or 208–222 mV range� in addition to O–H
and C–H vibrational modes �overlap and appear as one peak
in the 2500–3300 cm−1 or 312–412 mV� are only seen for
the negative bias in the red plot. The C=O and O–H vibra-
tional modes are characteristic vibrational modes for car-
boxylic acid functional group which is the present functional
group in the molecule under study.

The possibility of observing asymmetry in IETS measure-
ments due to differences in contact density of states or dif-
ferent energy dependence of the coupling �e.g., STM-like
geometry or asymmetric positioning of molecular vibrational
modes in the junction with respect to the electrodes� has
recently been studied.25 However, the observed asymmetry
in Fig. 3�c� �red spectra� could be partially due to the inher-
ent asymmetry observed in these devices even prior to the
deposition of molecule �asymmetric I-V and conductance
with respect to bias polarity�.

Previous IETS measurements performed with monolayers
in crossed wire12 or microsphere14 junctions have shown
only peak shape features, similar to what we observed in Fig.
3�c� �blue spectra�. Recent IETS experiments by Kushmerick
and co-workers with monolayers in a crossed-wire junction
showed that incorporation of metal nanoparticles into tunnel
junctions leads to an enhanced IET intensity and changes in
the line shape for some of the vibrational modes.26–28 Junc-
tions with metal nanoparticles in them exhibited vibrational
features with peak-derivative-like line shapes, while junc-
tions with no incorporated metal nanoparticles had a simple
peak shape features in their spectra.

It is interesting to note that no Coulomb blockade or reso-
nant tunneling peaks are observed in the differential conduc-
tance at least up to 500 mV for the device depicted in blue
�Fig. 3�b��, even though the molecule’s signature is detected
in its IET spectra �Fig. 3�c�, blue spectra�. The peaks in the
differential conductance �Fig. 3�b� red plot� could be due to
the resonant tunneling into an empty state of gold clusters
since they have been observed in empty devices as well.

The existences of gold nanoparticles in these electromi-
grated break junctions can explain their very high Raman
sensitivity which was recently reported.29 Surface enhanced
Raman scattering �SERS� was first observed on molecules
adsorbed on a specially prepared rough silver surface; since
then, SERS has been reported on many molecules and with a
number of other metals �e.g., Au, Cu, and Pt�.30 Inelastic

FIG. 3. �Color online� �a� Chemical structure of 11-Mercapto-undecanoic acid, �b and c� conductance, and IET spectra of this molecule
in two different break junction devices. Peaks labeled * in �c� �red/gray plot� do not originate from the molecule and are likely due to modes
associated with the molecule-metal particle hybrids. Note that �=stretch and �=rocking. Numbers in blue/dark gray represent the values for
the blue/dark gray plots and numbers in red represent the plots in red/gray.
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electron tunneling is also known to generate light through
excitation of optically coupled surface-plasmon modes in
tunnel junctions consisting of rough Au and Ag surfaces.31

However, the complex geometric and electronic structures of
these metal nanoparticles make the comprehensive descrip-
tion of their behavior very challenging.

A likely mechanism that could give rise to the enhance-
ment and change in the line shape in the IET spectra is the
change in the energy level of a molecule-metal particle hy-
brid which is closer to the Fermi level than the highest oc-
cupied molecular orbital �HOMO� level of the molecule.
Theoretical and computational results have showed that a
resonant level close to the Fermi level could give rise to
larger IETS intensity and change the line shapes for some
vibrational modes.28,32

In summary, we have studied the charge transport in mo-
lecular break junctions using IETS technique and have been
able to identify two types of junctions. In one group of junc-
tions, we observed no Coulomb blockade or resonant tunnel-
ing features in their conductance and their IET spectral fea-
tures had only simple peak shapes. Illumination with white
light caused little changes in their conductance. In the second

group, we observed asymmetric conductance with peak-
derivative-like line shapes in their IETS spectra. Illumination
with white light caused drastic changes in the conductance of
these devices when measured bare. Incorporation of metal
nanoparticles in crossed-wire junctions in Ref. 26 leads to
changes in the line shape and intensity in the IET spectra in
the measured devices. By comparing the IET spectra of our
devices with those from crossed-wire junctions, we feel that
the presence of gold nanoparticles �leftover from electromi-
gration� in addition to molecules in some of our devices can
explain the observed differences in the IETS measurements
in addition to their observed reaction to illumination with
white light.
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