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ABSTRACT: Quantum interference in cross-conjugated
molecules embedded in solid-state devices was investigated
by direct current—voltage and differential conductance
transport measurements of anthraquinone (AQ)-based
large area planar junctions. A thin film of AQ was grafted
covalently on the junction base electrode by diazonium
electroreduction, while the counter electrode was directly
evaporated on top of the molecular layer. Our technique
provides direct evidence of a large quantum interference
effect in multiple CMOS compatible planar junctions. The
quantum interference is manifested by a pronounced dip
in the differential conductance close to zero voltage bias.
The experimental signature is well developed at low
temperature (4 K), showing a large amplitude dip with a
minimum >2 orders of magnitude lower than the
conductance at higher bias and is still clearly evident at
room temperature. A temperature analysis of the
conductance curves revealed that electron—phonon
coupling is the principal decoherence mechanism causing
large conductance oscillations at low temperature.

nderstanding and controlling electronic transport through
molecular layers is one of the main goals of molecular
electronics. Many different effects are used to tune the transport
properties of molecular devices. One such method, quantum
interference in cross conjugated molecules, results in the drastic
but reversible reduction of the conductance in molecular devices.
Quantum interference results from the wave properties of
electrons and is a well-known quantum effect in mesoscopic
physics.' > The ability to control quantum interference at the
molecular level could improve knowledge of electron transport
through molecular systems and provide novel electronic
behavior of molecular junctions. Furthermore, the nanometric
size of a molecular system implies large energy scales, making it
possible to address quantum effects at room temperature (rt).
Consequently, quantum interference in molecules has recently
attracted great interest, both theoretically“_14 and experimen-
tally. 1520
One of the first molecular systems where these effects have
been predicted is a benzene ring connected to two metallic leads
in a meta configuration.*”*'" Generally, such effects are
predicted to occur with specific unsaturated molecules, ie.,
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cross-conjugated molecules. Such systems are composed of three
unsaturated groups, two of whlch are conjugated to the third but
not conjugated to each other.”'* A recent theoretical report
presents an elegant and simple graphical method to predict the
occurrence of interference effects in single molecules by
c0n51der1n% the molecular structure and its bonding to
electrodes.’” The anthraquinone (AQ) molecule, whose
diazonium derivative is shown in Figure 1b (top), is of particular
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Figure 1. (a) Simplified scheme of the planar junction based on an AQ
layer covalently grafted on the bottom electrode. (b) Structure of the
diazonium derivative of the AQ molecule before grafting (top). Three-
level scheme showing the electron pathways through the molecular
orbitals interfering destructively according to ref 12 (bottom).

interest, because it is intrinsically cross-conjugated as long as
contact between the bottom and top electrodes involves the two
peripheral aromatic rings. Indeed, these molecules are comprised
of three unsaturated rings, with the central quinone unit (blue in
Figure 1b) conjugated to each of the unsaturated peripheral
benzene rings, but with these two benzene rings not conjugated
to each other. Quantum interference has recently been explored
experimentally in AQ and related molecules'® > molecular
junctions.

The expected signature of quantum interference in transport
through a molecule is a reduction of the transmission resulting
from destructive interference, with a clear antiresonance’ ™ **'7 at
the energy where interference occurs. A simple model for the AQ
junctions is shown in Figure 1b (bottom) representing localized
molecular orbitals of the three subunits of the molecule. An
electron transported from the left to the right electrode can
follow two distinct paths, represented by the arrows in Figure 1b
(bottom), thus leading to the destructive interference for this
case. According to theory, the ideal system for observing
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quantum interference is a single molecule junction based on a
cross-conjugated system.'” This has been demonstrated
recently'®'® but requires the ability to realize electrodes spaced
very closely together (~nm) and bonded to opposite ends of a
single molecule. Although significant progress has been made in
realizing nanogaps (i.e., electromigration, 1=23 with controllable
break junctions,**** and electrochemical methods®), reprodu-
cible fabrication of identical single molecule devices is still far
from possible. Consequently, most experimental reports rely on
statistical analysis of a large number of single molecule junctions
to observed conductance differences. Recently, quantum
interference effects have also been reported in systems involving
more than single molecules. Guedon et al.'” observed transport
measurements on metal—molecule—metal junctions consisting
of ~100 AQ molecules contacted by a conducting AFM tip. They
show not only a conductance reduction at low bias but also point
out that the 2D histograms of differential conductance calculated
from the current voltage characteristics have a shape that is
attributed to quantum interference effects.

We investigated quantum interference on AQ molecular layers
embedded in large-area, CMOS compatible solid-state devices
and, for the first time, found direct experimental evidence of a
large quantum interference effect through measurement of the
differential conductance. Our fabrication process combines
diazonium electroreduction, optical lithography, and metal
evaporation We demonstrate that quantum interferences are
present at rt and are enhanced as temperature is lowered for
molecular films thicker than a monolayer. Furthermore, we
report on the experimental signature of the electron—phonon
coupling appearing at low temperature as the major source of
decoherence, extinguishing interference effects. The visibility
and robustness of this quantum effect on such a large area
junction confirm the dominant intramolecular charge transport
mechanism occurring in the molecular layer, and it paves the way
for the development of practical devices based on the control of
the coherent electron transport through conjugated systems and
compatible with current microelectronic manufacturing.

Junctions were made using conventional fabrication techni-
ques (see Supporting Information, SI) in cross-bar geometry.””
Junction area ranges from 5 X S to 75 X 75 um? with a set of
larger junctions (240 X 500 um?) used as control experiments
and reported in SI. A schematic of the junction is shown in Figure
la. The bottom and top electrodes are made of a2 nm Ti/50 nm
Au bilayer. The few nm Ti layers are necessary to improve Au
adhesion on the Si/SiO, substrate and reduce diffusion of Au
atoms through the molecular layer. Further details of the
fabrication process are found in ref 28. The AQ layer is grafted by
the electroreduction of the corresponding diazonium salt.””~>*
This method ensures the formation of thin layers bonded
covalently to the surface in a reproducible way, allowing a strong
coupling to the electrode (details are found in the SI, along with
an electrochemical characterization of the deposited layer leading
to a surface concentration of 2.1 X 1077 mol-cm™). The
thickness of the molecular layer was estimated by measuring the
cross section of the bottom electrode before and after grafting by
AFM and profilometry,”* resulting in a mean value of 5.0 + 0.8
nm. By considering that the AQ length is ~1 nm, this implies a
molecular layer containing ~S$ units along the chain and is
consistent with measured surface concentration. The use of
ultrathin layers consisting of oligo(AQ) chains longer than the
monolayer should, in theory, improve the visibility of
interferences.** Indeed, authors in ref 34 showed that an
increased length due to alarger number of cross-conjugated units

has a larger effect on the amplitude of the transmission dip than
an increased length obtained by adding linear conjugated units to
a cross-conjugated core. Transport measurements were
performed at rt and in liquid helium (4 K) and consist of
differential conductance curves as a function of the applied
voltage (I(V) and dI/dV(V)). A two terminal transport
measurement scheme was adopted since connection line
resistance is negligible with respect to the junction resistance.
The conductance (dI/dV) was measured using standard lock-in
techniques with ~10 mV of excitation and a voltage bias V'
applied to the junction’s top electrode and the bottom electrode
grounded through a low impedance current amplifier. Typical
current densities at 0.5 V and 4 K are in the order of 1073~
107*A/cm?,

Figure 2 shows the I(V) (a) and dI/dV(V) (b) curves for a 30
X 30 pm”* area junction measured at 300 K (black circles) in
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Figure 2. Measured I(V) (a) and dI/dV(V) (b) data for an AQ-based
junction at 300 K (black circles) and 4 K (blue triangles) with an area of
30 X 30 um® The solid blue line, showing a clear mismatch, is a fit of the
data at 4 K to the Simmons model yielding 2.56 eV and 1.2 nm for the
tunneling barrier and thickness, respectively.

comparison with the corresponding measurement at 4 K (blue
triangles) in the case of an AQ molecular layer. Curves are
plotted on a log-scale to illustrate the factor of ~1000 change in
conductance with temperature.

A suppression of the differential conductance close to zero
voltage with a typical antiresonant shape and a negative curvature
is evident at rt. This shape, previously reported by Guedon et.
al,'” is the typical signature of quantum interference.
Consequently, the conductance “dip” strongly suggests that
destructive quantum interference is occurring in the large area
AQ-based devices studied here. At 4 K, the amplitude of the dip
in the differential conductance at 0 V increases to 3 orders of
magnitude and also exhibits a factor of 10° increase in
conductance between 0.01—1 V. Note that the conductance
level of the points very close to zero bias is limited by the
sensitivity of the acquisition instruments used during the
measurement. The values of the tunneling barrier and thickness,
2.56 eV and 12 nm, obtained by fitting the data at 4 K to a
coherent tunneling model based on the Simmons derivation®>®
(continuous blue line in Figure 2) are inconsistent with the
experimental values, and we can clearly see how the resulting
curve does not match the experimental result, especially close to
zero bias. Coherent tunneling should produce a parabolic curve
in the log plot of the differential conductance, with no marked
minimum at zero bias. Such a large temperature effect in the
conductance dip at low bias is thus consistent with quantum
interference effects. It is explained by considering first that
decoherence is reduced when the temperature is lowered' and
second that transport is sensitive to the thermal broadening of
the Fermi function due to the variation in energy of the
transmission function over several orders of magnitude, as
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follows: Assuming transport is well described by the Landauer
formalism, the current I(V) depends on the product T(E)
(fL(E,V) — fr(E,V)), where T(E) is the transmission probability
for an electron with energy E and f1() is the Fermi functions for
the left (right) electrodes. Thus, if the transmission is constant or
weakly dependent on the energy, the effect of the temperature
through the variation of the Fermi functions is weak. But when
the transmission is strongly varying at low energy, as predicted
when quantum interference occurs, a large conductance variation
between rt and 4 K, as those observed here, is predicted. In
mesoscopic systems, conductance suppression at zero voltage
can also be related to dynamic Coulomb blockade (DCB).>” This
effect is the result of inelastic tunneling of electrons through a
tunnel junction by excitation of an electromagnetic mode in the
environment. Two arguments exclude such possibility in our
case: First the visibility of DCB depends on the resistive and
capacitive environment of the junction which has to be well
controlled. In particular the resistance in the close proximity of
the tunnel junction has to be of the order of the resistance
quantum (12.9 k€2), while our connection lines are large enough
to show only a few ohms resistance. Moreover the large voltage
range on which conductance suppression is observed on AQ-
junctions implies, according to DCB theory, very low capacitance
values (<0.1 aF) much lower than the capacitance of our
junctions (~1 pF).

As a consequence, the specific behavior observed here strongly
suggests that quantum interference effects are observed in large
area solid-state molecular devices.

Figure 3 shows a magnified view of the dI/dV(V) data in the
temperature range 6 < T < 170 K and in the range of —0.3 < V' <
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Figure 3. (a) The dI/dV(V) data for an AQ junction with an area of 75 X
75 um® for temperatures ranging from 6—300 K (from the bottom to the
top); and (b) dI/dV(V) data at 6 K: numbered vertical bars indicate the
position of peaks that appears symmetrically with respect to zero
voltage. Inset: linear fit to peak position vs peak number.

0.3 V, which reveals the presence of reproducible oscillations in
the conductance with magnitudes well above the noise level of
the measurement. Such oscillations were observed in ~70% of
the measured samples and always at low temperature and at
similar bias values. Oscillations in the conductance are quite clear
below 60 K, although they vanish for higher temperatures. At
temperatures of ~170 K or higher, no oscillations occur but a
definite minimum in the conductance plot is always present. The
temperature behavior of our AQ based planar junction is
consistent with recent experimental results obtained in
mechanically controlled break junctions based on different
types of conjugated systems,'” where a clear temperature
dependence of the junction current was detected only in the
case of molecular systems for which destructive quantum
interference occurs. A qualitative interpretation of the observed
oscillations is based on the framework of a recent theoretical
work.*® Authors of ref 38 pointed out that quantum interferences

in electron tunneling through quasidegenerate molecular states
are suppressed by electron—phonon coupling, which is expected
to be strong in organic systems. During tunneling electrons can
lose energy by exciting a vibrational mode of the junction
molecules resulting in an inelastic process. In this picture,
vibrational coupling is a source of decoherence for the systems at
low temperature, thus reducing interference effects. The
coupling to vibrational modes is revealed by a succession of
steps in the I(V) characteristic of the junction at voltages given by
V, = 2(& + nhv), where ¢ is the renormalized electronic state of
the molecular structure, 7 the Planck constant, v the frequency of
the vibrational mode, and 7 an integer. As a result, peaks in the
differential conductance are expected at the same voltage values.
If differential conductance oscillations are actually related to the
excitation of vibrational modes, they should be symmetric with
respect to zero voltage. In Figure 3b we extract the dI/dV(V)
measurement at low temperature (6 K) where the oscillations are
most pronounced.

We numbered the peaks symmetrically with respect to zero
bias in Figure 3b. If two successive peaks are associated to the
same vibrational mode, their voltage separation is directly the
quantity 2/v. From the slope of a linear fit to the peak position vs
peak number shown in the inset of Figure 3b, we extract an
average peak spacing of ~33 meV. The corresponding vibrational
energy is in the order of 133 cm™. Such vibrational energies have
been reported in many devices based on molecular systems™” and
do not seem to be specific to AQ moieties. The exact attribution
in terms of molecular vibration remains an open question.

We also conducted additional transport measurements on
molecular junctions made with azobenzene, a linearly conjugated
molecule, and using another electrode material than Au (see SI).
In that case, the dI/dV(V) curve has a parabola-like shape, and
we observe no conductance anomaly that is related to quantum
interference. Finally, we checked the reproducibility and the
robustness of the QI behavior reported here. Figure 4 shows dI/
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Figure 4. For four different Au/AQ/Au junctions, dI/dV measured at rt.
Areas are 75 X 75, 50 X 50, 30 X 30, and 10 X 10 um?, respectively.

dV(V) data for AQ-based junction with various areas ranging
from 10 X 10 to 75 X 75 um? area at rt. The four devices show
very similar behavior with a typical antiresonant shape and a
negative curvature which is the clear signature of quantum
interference. Similar results as those reported in Figure 3 for
temperatures ranging from 6—300 K were observed for the four
devices. Optimization of the fabrication and grafting procedure
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led to a 90% yield of junctions showing such quantum
interference features.

In summary, we directly measured the differential conductance
of AQ-based large area planar junctions fabricated by CMOS
compatible processes. Our charge transport data on cross
conjugated AQ _derivatives are fully consistent with destructive
quantum interference. Indeed, we show that even on large area
devices containing > 107 molecules, the characteristic signature of
quantum interference, i.e., a dip at zero bias, is present. A
temperature analysis of the differential conductance dip reveals
that the amplitude of the antiresonance gains 3 orders of
magnitude by cooling the system to 4 K. Furthermore we report
experimentally the presence of differential conductance oscil-
lations that is attributed to electron—phonon coupling and
emerge as one of the major sources of decoherence at low
temperature. Moreover, the visibility and robustness of this effect
on such large area junction with inherently disordered molecular
layers thicker than a monolayer indicates that charge transport is
mainly intramolecular.

The observation of quantum interference effects at rt in
devices generated using grafting processes and fabrication
techniques compatible with current microelectronic manufactur-
ing opens the route for implementation of devices based on
quantum transport at molecular level.
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