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Abstract: Understanding the electronic transport mechanisms in molecular junctions is of paramount
importance to design molecular devices and circuits. In particular, the role of the different junction
components contributing to the current decay—namely the attenuation factor—is yet to be clarified.
In this short review, we discuss the main theoretical approaches to tackle this question in the
non-resonant tunneling regime. We illustrate our purpose through standard symmetric junctions
and through recent studies on hybrid molecular junctions using graphene electrodes. In each case,
we highlight the contribution from the anchoring groups, the molecular backbone and the electrodes,
respectively. In this respect, we consider different anchoring groups and asymmetric junctions.
In light of these results, we discuss some perspectives to describe accurately the attenuation factors in
molecular electronics.
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1. Introduction

One of the main goals of molecular electronics is to mimic standard electronic circuits using
molecules instead of p-n junctions like components based on silicon [1]. To do so, the first property to
achieve in a molecular junction is to favor and understand at the fundamental level the circulation of
the electronic current through the molecule. The problem of the electronic conduction mechanism in a
molecule connected to metallic electrodes is very complex, and the possibility of many different regimes
has been well presented theoretically by Reed et al. [2,3]. In particular, according to the molecular
length, different regimes are observed, which exhibit different dependences in voltage and temperature.
Hence, in the frame of elastic transport (considering that inelastic interactions only occur in the
electrodes), for big molecular chains (longer than 5 nm), the electronic transport lies in an activated
regime, called hopping regime, which is thermally activated. Indeed, in this regime, the conductance
evolution of the molecular junction can be written as G ~ exp(~Ea/kgT), where Ep represents the
hopping activation energy, around 0.5 eV, kg is the Boltzmann constant and T the temperature [4].
With respect to the molecular length, the conductance decreases linearly, which is easily understandable
since the electrons have to jump (hop) from one molecular site to the nearest neighbor one [5,6]. This
behavior is characteristic of Ohm’s law, which we can observe at the macroscopic scale.

For smaller molecular chains, (i.e., below 5 nm) [7], the regime is not activated anymore and
corresponds to the direct tunneling of the electrons through the molecular junction, provided that
the applied voltage is lower than the characteristic electronic barrier of the system. In this case, there
is no temperature dependence, and it is a reasonable approximation to say that the current varies
linearly with the voltage at low bias. Indeed, the current-voltage relation is often non-linear for a
significant range of voltages, before the molecular level is brought into alignment with the Fermi level
of the electrodes. The transition between both regimes has been observed around 4 nm in conjugated
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polymers [8]. Note that, for larger voltages, this regime is generalized to the Fowler-Nordheim
tunneling, where the current varies like the inverse of the voltage [9].

A fundamental problem in electronic transport in molecules lies in the length dependence of
the conductance in the molecular junction. This dependence is reflected in the so-called attenuation
factor, which is representative of the electronic current propagation in the molecular junction. Since a
molecular junction is generally not metallic, the electronic conductance decreases as a function of the
molecular length. Obviously, bearing in mind that the main application of molecular electronics is to
design new devices for future electronics, one is interested in the lowest possible attenuation factor
in order to increase the current in the molecular circuit. In the direct tunneling regime that we will
particularly consider here, the conductance decays exponentially with respect to the molecular length,
as we will detail in the next section. The main goal is therefore to reduce this exponential decrease as
much as possible in order to optimize the electronic flow in the molecular circuit.

Hence, many experimental studies have been devoted to the determination of attenuation factors
in different types of molecular junctions. In the meantime, theoretical methods have been developed to
determine the electronic and transport properties of molecular junctions. The aim of this short review
is not to describe extensively what has been done in the field, which would lead to an unreasonable
amount of references, but more to discuss, in light of some representative systems, the progress and
perspectives in theoretical methods to characterize the electronic transport in molecular junctions and
to determine the attenuation factors.

In this respect, this review is organized as follows: in the first section, I will present a short state
of the art of experimental determinations of attenuation factors in molecular junctions, and I will
stress the most important results. Then, I will discuss the commonly used theoretical approaches,
pointing out the corresponding strengths and weaknesses. In the fourth section, I will illustrate this
discussion with the standard case of alkane-based molecular junctions, considering first the role of
the anchoring groups in a symmetric junction with metallic electrodes and then by breaking this
symmetry by using either different electrodes or different anchoring groups at each molecule sides.
Obviously, since the anchoring groups are present in all the systems considered here, their influence
will be analyzed in coordination with the different electrodes, molecular backbones and symmetry
breakings. The underlying physical mechanisms will be addressed in light of these non-symmetric
junctions. To complete this section, I will also discuss the role of the molecular backbone and its
potential influence on the attenuation factor. Finally, I will summarize and draw some conclusions in
the last section.

2. Some Attenuation Factors of Standard Molecular Junctions

In this review, we will consider specifically the non-resonant tunneling regime, which deals with
small molecular lengths in the junction (typically below 5 nm [7]) and also low applied bias. In this
case, the evolution of the conductance with respect to the molecular length can be written in the
following form:

G =Aexp (-pL), (1)

where L is the molecular length, A is the pre-exponential factor representative of the contact resistance
at the molecule-metal interface, and S is the attenuation factor [10]. This attenuation factor is
representative of the current attenuation within the molecular junction, with respect to the molecular
length. In order to redefine the context, the attenuation factor is zero for a pure metallic junction,
as no attenuation occurs, whereas it is of the order of 25 nm™! for the vacuum where the current is
fully attenuated.

A standard example of attenuation factor measurement is alkane-based molecular junctions.
Many studies have been devoted to this system, and the attenuation factor currently lies around
7-9 nm~! [10-12]. It has to be noted that this value is strongly dependent on the chemical nature
of the molecular wire, since substituting carbon by silicon to constitute what is called oligosilane
chains reduces the attenuation factor to 3.9 nm™! [13]. This effect is even more enhanced considering
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germanium-based molecular wire, to form a germane chain, leading to § ~ 3.6 nm™! [14]. In this respect,
we can speculate that going down the lines of the periodic table, i.e., increasing the atomic number of
the chain constituents, would lead to an important reduction in the attenuation factor—in other words,
a higher conductance, potentially related to the increasing number of electrons per atom. On the other
hand, still considering non-conjugated molecular chains, the opposite behavior is found in siloxane
chains, where the repetition unit is based on a Si-O dimer, with a very important attenuation factor of 8
~12.3 nm™! [15]—in other words, almost no conductance.

Beyond the chemical nature of the molecular chain elements, the nature of the molecular bonding
plays an important role. For example, coming back to carbon elements, aromatic chains present reduced
attenuation with respect to alkane chains, with g ~ 2.5 nm™! [16]. Similarly, carotenoid polyenes present
B of 2.2 nm~! [17] and oligothiophenes have § between 2 and 3 nm~! [18]. Consequently, one can
deduce that the aromaticity of the molecular chain helps in reducing the attenuation factor; however,
it is more or less always in the same range.

Besides the above, some more complex molecular systems also exhibit even lower attenuation
factors, around 10 times lower than the polyenes discussed previously. For example, polymethine
dyes, which are m-conjugated compounds with an odd number of carbons, have attenuation factor
B ~ 0.4 nm~! [19]. This is mainly attributed to greater electronic delocalization, in comparison to
standard polyenes, enhanced by a smaller degree of bond order alternation. However, this behavior
seems to be limited by the molecular length, leading to a more resistive junction for long molecular
chains. In addition, the more exotic case of porphyrin polymers is very interesting. Indeed, when
considering oligo-porphyrin molecular junctions, based on Zn porphyrins with pyridine ligands,
one can observe a similar reduced attenuation factor  ~ 0.4 nm™! [20]. Actually, it seems that the
molecular conductance has a strong temperature dependence and a weak length dependence, even
though it does not correspond to the hopping mechanism described in the introduction. It is rather
consistent with phase-coherent tunneling through the whole molecular junction. Even more surprising
is the result obtained by Leary et al., who have studied molecular chains of fused porphyrins [21].
Namely, in the considered porphyrin oligomers, the monomers connect directly with their nearest
neighbor through the porphyrin cycle. In this case, contrary to the previous cases discussed here, the
conductance increases with the distance, by more than a factor of 10, when a small bias (~0.7 V) is
applied to the junction. This exceptional behavior is due to the evolution of the HOMO-LUMO gap that
rapidly decreases with the molecular length, which compensates for the increased tunneling distance.
Finally, the last example to be cited with respect to low attenuation factors is the work conducted by
Brooke et al., who show a structural control on the electronic transport resonance in HS(CHjy)n[1,4
—CgH4](CH,)nSH (1 =1, 3, 4, 6) metal-molecule-metal junctions, leading to very small attenuation
factors [22]. This work offers very promising perspectives in gating the transport resonance in order to
modulate the molecular junction behavior.

In this discussion, we have mainly considered the case of single molecule junctions. An interesting
question that arises is this: what happens if we consider not only a single molecule junction but also
a large molecular area? In this case, several experiments have found that the attenuation factor 3
mainly remains the same, and only the prefactor of the conductance is modified, as for molecular
junctions based on biphenyl, nitrophenyl, ethynyl benzene, anthraquinone, etc., where one can observe
attenuation factors around 2.7 nm~! [23] (see Figure 1).
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Figure 1. Overlay of attenuation plots for eight different molecules constructed from J-V curves with
different thicknesses of each structure (the length of the error bars is two standard deviations). The lines
are least squares regression lines for aromatic (2.7 nm~!) molecules. The different abbreviations stand
for the aromatic molecular names: NP = nitrophenyl, AQ = anthraquinone, NAB = nitroazobenzene,
BrB = bromophenyl, EB = ethynylbenzene, AB = azobenzene and BTB = bisthienylbenzene. Adapted
figure from [23] and with permission. Copyright (2010) American Chemical Society.

As an important consequence, these results show that the study of single molecule junctions is not
only important at the fundamental level. The understanding of the transport mechanism at the single
molecule level and, in particular, the determination of the attenuation factor may be extrapolated to
large molecular areas, which are currently used in molecular electronics devices. Another important
aspect that can be stressed is that, below 5 nm, it seems that there is no significant difference in the
attenuation factor with respect to the molecular backbone of the aromatic molecules considered in the
junction. This might be attributed to the relative positions of the molecular electronic levels, which
remain constantly pinned near the Fermi level at around 1.3 eV [23,24]. We will see in the next sections
that this position of the molecular levels is an important parameter to determine the attenuation factor.
However, it has to be noted also that most of these experimental results have been obtained using
molecular junctions in symmetric configurations, namely with the same electrode at each side of the
junction (most of the time, metallic electrodes made of noble metals) and similar anchoring groups.
Very few studies have considered non-symmetric junctions—for example, with different anchoring
groups at each molecular end—which might have an influence on the position of the molecular levels
and yield other kinds of information about the transport mechanism [25,26]. In addition, as we will
detail later, some recent experiments have started to use different electrodes at each end as well as
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non-metallic electrodes. Obviously, the question that arises is this: what is the fundamental element in
a molecular junction that determines the attenuation factor? Is it the chemical nature of the molecular
backbone? Is it the anchoring groups? Is it the electrode or the coupling to the electrode? Alternatively,
is it a mix of all these aspects? To answer these questions, theoretical modeling of the molecular
junction and of the electronic transport through the junction is of paramount importance. In particular,
it should help to discriminate these different contributions. In the next section, we will consider the
most common theoretical approaches to characterize the electronic transport in a molecular junction
and to determine the attenuation factor.

3. Theoretical Approaches

In this section, we will discuss the most common theoretical approaches used to determine the
electronic transport and in particular the attenuation factor in a molecular junction. An extensive
review of electronic transport calculations using ab initio and density functional theory (DFT) based
methods and Green functions can be found in [27]. Unfortunately, a direct relationship with the
attenuation factor and overall a deep interpretation is not necessarily straightforward to deduce from
these calculations. The objective here is to present the main contribution from the different parts of the
molecular junctions that are characterized theoretically in each approach.

Hence, the most common description of the electronic current in a molecular junction has been
shown by Simmons [1,28], considering the tunnel effect between metallic electrodes and a thin
insulating film. In this respect, the current and the electronic conductance follow an exponential
decay, as proposed in Equation (1), where the attenuation factor g can be expressed as f ~ /(2me/h,
with m the mass of the electron, 7 the reduced Planck constant and where ¢ represents the electronic
potential barrier of the system. In a molecular junction, this barrier is nothing other than the energy
difference between the closest (non-resonant) molecular level to the Fermi level of the electrode and
the Fermi level [1,10]. Namely, if we consider electron transport,  will depend on the E; ymo—Erermi
difference, whereas, if we consider hole transport, § will depend on the Epermi—Eromo (ELumo, Enomo
and Eprmi being, respectively, the energy position of the LUMO, HOMO and Fermi level of the system).
The immediate consequence of this interface property is that, in principle, beyond the nature of the
molecular backbone, one could modulate the attenuation factor by changing the specific anchoring
groups forming the bond between the molecule and the electrode. Indeed, the position of the molecular
levels with respect to the Fermi level is mainly influenced by the anchoring groups used to connect the
molecule to the electrodes. This aspect will be detailed later when considering properly the influence
of the anchoring groups in well-established examples. However, this heuristic model is inspired by
scanning tunneling microscope (STM) experiments, or the standard evolution of a wave function
through a potential barrier in quantum mechanics, and represents the simplest expression of the
Simmons model [28], currently used in molecular electronics to describe conductance attenuation in
molecular systems. It works rather well for molecular junctions where the levels are close to the Fermi
level but requires more ingredients when this is not the case.

Other more sophisticated models highlight the role of the molecular backbones without taking
into account the interfaces between the molecule and the electrode. For example, from an atomistic
point of view, the conductance of the molecular wire can be understood using a simple tight-binding
model, with N sites of energy €1 €5 . ey coupled through hoppings t; o, tp3, ... . tn.1,N and bridging
the two electrodes [29] (see Figure 2).
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Figure 2. Schematic representation of the bridge model with N sites of energy ¢1, €5 .. &N coupled
through hoppings t; o, to3, ... . tN.1,N and bridging the left and right electrodes. Reprinted figure
from [1] and with permission. Copyright (2010) World Scientific.

Notice that these energy sites are independent of the coupling at the interfaces, which automatically
eliminates the role of the anchoring groups. Moreover, we can consider that all these energies are
identical, namely to ¢y, and the same for the hoppings, which are all equal to t. In this approach,
the attenuation factor can be expressed as:

B(E) = (2/a) In |(E — o)/t @)

where a measures the segment size, for a total molecular length of Na [1]. Considering the energy E as
the Fermi level, and average values of |(E — €0)/t| = 10 and a = 5 A, this expression gives typical values
of B of around 9 nm~!, independently of the anchoring groups or the electrodes. Note that a similar
result can be deduced from the dispersion relation of an infinite linear chain:

2t cosh(ka) = Epermi — €0, 3)

with k = /2, (Epermi — €0)/t >> 1, and where the hyperbolic cosine stands for the exponential behavior
at each side of the molecular chain where the electronic wavefunction tunnels from or to the electrode.
In other words, this approach is also a generalization of the Simmons model. However, here, the
energy difference Epermi—€g corresponds to the potential barrier of an infinite molecular chain without
anchoring groups or electrodes, namely ¢( being an orbital of the infinite molecular backbone and not,
for example, the HOMO level of the junction.

Finally, the last important model lies in the determination of the attenuation factor through a
complex bandstructure calculation [30,31]. Similarly to what happens in solid state physics, an infinite
molecular chain (analog to an infinite crystal) is considered and its bandstructure is calculated. Real
wavevectors correspond to the usual molecular spectrum of the junction.

The attenuation factor is determined from the calculation of evanescent states of the electronic
wavefunction inside the molecule, namely the electronic states corresponding to complex wavevectors.
These evanescent states, which correspond to the Schockley surface states in solid crystals [32],
correspond to the different potential conduction channels of the molecular junction, originating from
the different orbital hybridizations. Obviously, among all these different channels, the current will
follow the channel with the lowest attenuation factor, similarly to the macroscopic behavior. Therefore,
the value of the attenuation factor can be read on the complex bandstructure for the evanescent
state with the smallest extension in the gap, as represented in Figure 3. This approach also leads to
attenuation factors around 8 nm~! for alkane chains. Notice that an interesting mathematical derivation
establishes a link between this result and a square root variation for the attenuation factor similar to
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the one of the Simmons model. However, this expression is valid again only for the infinite molecule
and not for the one whose HOMO and LUMO levels are determined by the coupling at the interface.

Complex Band Structure Minimal Basis: Alkane
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Figure 3. Calculated complex bandstructure for an infinite alkane molecular chain. The left and right
part of the graph correspond to the imaginary and real wavevectors, respectively. The attenuation factor
can be read on the horizontal axis, in the imaginary wavevector part, considering the localized state
with the smallest extension (semielliptical-like curve). Reprinted figure from [30] and with permission.
Copyright (2002) by the American Physical Society.

To summarize the different theoretical approaches presented in this section, we can observe
that each approach stresses a specific contribution. Hence, the model considers either the anchoring
groups/electrodes (namely the coupling of the molecule at the interface) through the relative position
of the molecular levels with respect to the Fermi level or the molecular backbone (namely the chemical
nature of the molecular chain), in a rather exclusive manner. Consequently, it remains difficult to
determine accurately and for all kinds of molecular junctions the corresponding attenuation factor.
As such, a universal model does not seem to exist yet. Therefore, the debate remains open regarding
whether the attenuation factor is determined by interface effects or only by the molecular backbone or
by a combination of both. A large experimental consensus seems however to be established in favor
of a major influence of the molecular backbone. As a remark, we can stress nevertheless that all of
these theoretical studies (as already discussed in the previous section for most of the experimental
studies) have only considered symmetric cases, where electrodes and anchoring groups at each side
were similar. The study of a non-symmetric case through these models would be of high interest to test
their range of applicability.

In the next section, we will illustrate these different models with standard test cases, namely
alkane molecules sandwiched between metallic electrodes, and we will investigate the respective roles
of the electrodes, the anchoring groups and the molecular backbone, by investigating asymmetries in
the junctions.
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4. A Test Case: Alkane Chains

4.1. Role of the Anchoring Groups: Symmetric Junctions

Alkane polymers probably constitute the most common and the simplest molecular chains that
have been studied in molecular electronics. Indeed, from their simple chemical nature, their easy
availability and ability to connect to different chemical groups or metals and despite their very large gap,
which would in principle reduce the conductance, it represents a toy model for electrical conduction in
molecular systems. Hence, it is no surprise that this system has been measured in numerous works
using different metallic electrodes (mainly noble metals Au, Ag, Cu) and different anchoring groups.
Here, we briefly present the well-documented results in the literature on symmetric alkane-based
molecular junctions, before exploring further the underlying physical mechanisms through the study
of hybrid junctions. For example, anchoring groups like thiol (-SH) [33], amine (-NHy) [34], carboxylic
acid (-COOH) [35], isocyanide (-NC) [36], methyl sulfide (-SMe) [37], etc., have been studied extensively.
What is particularly interesting is the comparison of the measured attenuation factors for several
junctions with different anchoring groups. For example, Chen et al. [38] performed such a comparison
between thiol, amine and carboxylic acid anchoring groups. The first important difference in the
respective electronic properties of these junctions lies in the contact resistance, which is inversely
related to the prefactor A in Equation (1). Indeed, the contact resistance is smaller for thiol, bigger
for amine and even bigger for carboxylic acid, which yields overall conductance higher for thiol than
for amine and then higher for amine than for carboxylic acid. This is due obviously to the different
kinds of electronic coupling at the interface, namely of covalent nature for the thiol, much weaker
for the amine and related to a deprotonation process of the carboxylic acid to contact the electrode.
In this respect, geometries at the interfaces are also affected and the involved symmetries are different,
as we will see in more detail later. In addition, the electronic properties seem to be rather different,
since the HOMO level is located at around 2.0 eV from the Fermi level in the thiol case, 5.5 eV for
the amine case and 1.1 eV in the carboxylic acid case. These differences in HOMO level positions are
attributed to different symmetry couplings at the interfaces, as will be discussed in the next section.
However, despite these important differences, the attenuation factors seem to remain rather similar
for the three junctions, around 0.8-0.9 per C atom (or -CHj unit). Considering such similarities in
the attenuation factors for different anchoring groups, one can wonder what the real impact of the
anchoring groups on the attenuation factor is. From these first results, the only incidence that we can
deduce is a variation in the contact resistance and consequently a variation in the overall conductance.
In the next section, we will consider the role of the electrode, using different anchoring groups, in the
electronic transport in molecular junctions. The main idea is to compare the influence of the anchoring
groups with the same or different electrodes.

4.2. Role of the Electrodes: Hybrid Junctions Using a Graphene Electrode

Most of the conductance measurements in molecular electronics have used metallic electrodes and,
in particular, noble metals, either using mechanically controlled break junctions (MCB]J) [39], scanning
tunneling microscopy (STM) [40], conductive probe atomic force microscopy (CP-AFM) [41] or also
the STM-based I(s) method developed by Nichols et al. [42]. Nevertheless, an important number of
recent works have been devoted to the use of carbon electrodes or even graphene substrates [43,44].
In this respect, we will discuss here the attenuation factors measured experimentally and determined
theoretically on hybrid molecular junctions with a gold electrode at one molecular end and a graphene
electrode at the other. We will also consider the role of different anchoring groups using this
graphene electrode.

First, we start by considering alkanedithiol molecules of different lengths, probed experimentally
using the I(s) method and modeled using DFT and electronic transport calculations to interpret the
obtained results [45]. An atomic model of the system is represented in the left part of Figure 4
for a butanedithiol sandwiched between a gold and a graphene electrode, forming a hybrid
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metal/molecule/graphene junction. The conductance has been measured for different molecular lengths
between 2 and 12 -CH, groups, allowing us to deduce the length dependence of the conductance.
In this respect, the use of a graphene electrode does not affect the exponential conductance decay.
In parallel, electronic transmission spectra and conductance have been calculated after DFT structural
optimization of the junctions and density of states calculations. In addition, the contact resistance
has been determined to be significantly larger than what is obtained for a standard symmetric
junction with two gold electrodes. This is due to the weak coupling (of van der Waals nature) at the
graphene—-molecule interface.

1 — Au/Graphene (black)
7 ] ~— Au/Au (blue)
— Au/Graphene theory (red)

= 6
oAy
. 'L}-,\,;"‘l‘..,;t,!
g 1"?‘ Gold tip — &
Cop ©
" — 0 1
b 5]
Ix Molecule 3 ]
2 ] e
1 1
0 ] .
4 6 8 10 12

n/ number of (-CH,) groups

Figure 4. (Left) Schematic representation of the hybrid metal-molecule junction formed in the
experiment for conductance measurements. (Right) Evolution of the conductance as a function of
the molecular length: experimental measurements on asymmetric metal-graphene junction (black),
experimental measurements on symmetric metal-metal junction (blue) and conductance calculation on
asymmetric metal-graphene junction (red). Reprinted figure from [40] and with permission. Copyright
(2016) American Chemical Society.

The length evolution of the experimental and theoretical conductance is represented on the right
part of Figure 4.

As a result, the attenuation factor for this hybrid junction is approximately half of the one
obtained for its symmetric metal-molecule-metal counterpart. Namely, the attenuation factor now
lies at around 0.4 per carbon atom. Hence, even though the contact resistance is quite high for the
hybrid junction due to the weakly coupled interface with graphene, for molecules longer than
~1 nm, the metal-molecule-graphene junction turns to be more conductive than the standard
metal-molecule-metal one. Moreover, for similar molecular lengths, the hybrid junction is also
longer than the standard one, due to the van der Waals contact which requires a 3 A distance between
the molecule and graphene. Therefore, the question arises: how can such unusual behavior occur?
We will try to understand it in the frame of the Simmons model, the most common theoretical approach
to determine an attenuation factor that we have discussed in Section 3. Hence, the electronic behavior
can be explained as follows by the different couplings at the electrode-molecule interfaces and the
different molecular level alignments. When a thiol-terminated alkane is adsorbed on a gold surface,
due to the strong interface electrostatic dipole, there is an important charge transfer, which partially
depopulates the molecule and moves the HOMO level toward the Fermi level of the surface. If the
same molecule is contacted between two gold electrodes, there is an interface dipole at each molecular
extremity, in opposite directions, leading to a cancellation of the two dipoles. Then, the HOMO level
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remains far from the Fermi level, at around 2 eV, as discussed previously, yielding an important
electronic barrier that is reflected in a high attenuation factor (3 ~ 8.6 nm-1 or 0.8 per C atom [1,11]).
Note that Brooke et al. have also studied the case of symmetric junctions, where it was argued that
dipoles in symmetric junctions can result in the HOMO level being dragged down in energy [22].
If the second electrode is now a graphene plane, the interface dipole at the graphene side ruled by
van der Waals interaction is much weaker than the one at the gold side, which is not cancelled in
this situation. This results in an important charge transfer at the gold-molecule interface and a shift
of the HOMO level toward the Fermi level. Consequently, the energy difference Egermi—Exomo is
reduced to 0.4 eV, which reduces considerably the attenuation factor, to 0.4 per C atom, as observed
experimentally. In this case, as we can see, the simple Simmons model is perfectly able to describe the
electronic behavior of the junction. Moreover, we have observed that the use of a graphene electrode at
one extremity breaks the electrostatic symmetry of the system, leading to a reduced attenuation factor
for thiol groups, as compared to the same junction and two gold electrodes.

Now, in order to extend the comparison to symmetric junctions, and to probe the theoretical
model used for the thiol case, we will consider another hybrid junction with different anchoring groups,
namely amine groups [46]. The same procedure has been applied here with I(s) measurements and
DFT based electronic transport calculations. The corresponding results are presented in Figure 5. First,
we consider the evolution of the conductance as a function of the molecular length, in a logarithmic
scale. Similarly to the case of the thiol Au-graphene junction, an attenuation factor of 0.4 per C atom is
also found in the amine case. This behavior is consistent with what happens with Au-Au junctions,
as we have seen in the previous subsection. Indeed, for all the anchoring groups, the attenuation
factor remains practically the same. Here, the introduction of a graphene electrode seems to result in
a similar effect, but it is reduced to around half its value with respect to Au—Au junctions. What is
more surprising here is the direct comparison of the conductance with the Au—-Au junction and the
same amine groups. Indeed, while, for the thiol case, we observed greater conductance above a certain
molecular length due to the reduced attenuation factor, we can observe for the amine group a more
important conductance independently of the molecular length is, as shown in Figure 5. Even more
surprisingly, while, for the Au—Au junction, the thiol case presents higher conductance than the amine
one (due to better contact and lower contact resistance), in the Au-graphene junction, the amine case
presents higher conductance than the thiol one.
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Figure 5. (Left) Evolution of the conductance as a function of the molecular length for molecular
junctions with different anchoring groups and electrodes: conductance calculation on Au—graphene
junctions with amine group (green), conductance measurements on Au-graphene junctions with
amine group (black), conductance measurements on Au—graphene junctions with thiol group (red) and
conductance measurements on Au-Au junctions with amine group (blue). (Right) Density functional
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theory (DFT) calculated density of states (DOS) for Au—graphene and Au—-Au molecular junctions with
amine anchoring groups. Reprinted figure from [46] and with permission. Copyright (2017) American
Chemical Society.

In order to understand this particular behavior, we have calculated the density of states (DOS) for
the alkane-based junction with amine anchoring groups, using Au-Au or Au-graphene electrodes.
The result is represented in the right part of Figure 5.

The calculated DOS allows us to determine the position of the HOMO level (which is the closest
level to the Fermi level and therefore the conductive one in the junction, as for the thiol junction),
so that we can apply the Simmons model used previously to determine the attenuation factor and the
overall conductance. However, the calculated DOS indicates here a HOMO level located not around
0.4 eV below the Fermi level but 3.5 eV below the Fermi level for the amine anchoring group. As a
consequence, the use of such a big potential barrier in the Simmons model would necessarily lead to
a huge attenuation factor, which is not in agreement with the experimental observations. Therefore,
this simple example highlights some limitations of the models presented in Section 3. Indeed, other
models based on complex bandstructure calculations would not help either in determining correctly the
attenuation factor, as electrode asymmetry cannot be taken into account. Note that the determination
of the attenuation factor for the symmetric Au-Au junction is complicated as well, since, in that
case, the energy barrier is about 5.5 eV, which does not fit into the Simmons model either. From
this system, we can deduce that there is no universal model to calculate accurately the attenuation
factors in molecular junctions. Hence, the Simmons model can be used only for specific ranges of
electronic potential barriers, and the other models seem to be valid only for symmetric junctions,
without properly considering the influence of the anchoring groups or the electrodes.

In [46], this problem has been solved by considering that, between the Au-Au and the Au-graphene
amine junctions, the HOMO level has been relocated from the same amount as in the Au-Au and
the Au—graphene thiol junctions, namely around 2 eV (as indicated by the green arrow on Figure 5).
Since the attenuation factors are the same for both anchoring groups in Au—Au junctions, it can be
deduced that they should be the same for the Au—graphene junctions. The underlying reason is the
fact that the coupling to the electrode and the molecular conduction are different for thiol and amine
anchoring groups. The thiol groups connect very well to the electrodes, as of 7t symmetry, which
explains the small electronic barrier, whereas the amine groups connect poorly to the electrodes, as of o
symmetry. Conversely, the thiol groups connect poorly to the alkane molecular backbone, yielding low
intramolecular electronic propagation, whereas the amine groups connect much better, which increases
the intramolecular propagation. One effect compensating the other, both anchoring groups lead to the
same attenuation factor, mainly depending on the electrodes. This balance between coupling to the
molecular backbone, leading to a good intramolecular conductance, and coupling to the electrode,
which reduces the interface potential energy barrier, also explains the similar attenuation factors for
different anchoring groups in alkane-based symmetric junctions between gold electrodes.

One last point has to be clarified regarding the overall conductance of the amine junction, and the
explanation is found again in the DOS calculation. Indeed, the HOMO level is different in the case
of Au—graphene electrodes, due to a level splitting with respect to the Au—Au junction. Indeed, the
introduction of the graphene electrode breaks the symmetry of the molecular junction (this effect was
also observed for the thiol junction, where the symmetry breaking was seen in the non-compensation of
the electric dipoles) and splits the original HOMO level, leading to a reduced molecular gap (by about 2
eV). Consequently, since the overall conductance depends on the self-energies that couple the molecule
to the electrodes, and these self-energies vary as the inverse of the molecular gap, this important
reduction of the gap leads to a much higher molecular conductance. This is why the Au—graphene
alkanediamine junction presents more important conductance than its Au-Au counterpart but also
than the alkanedithiol junction, where the introduction of the graphene electrode shifts the molecular
levels without any gap reduction.
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4.3. The Case of Platinum—Graphene Hybrid Junctions

In the previous subsection, we have considered hybrid Au-graphene electrodes for two different
anchoring groups in alkane-based molecular junctions and we have observed an important reduction
in the attenuation factor. Here, we will observe the effect of a change in the metallic electrode by
substituting the gold electrode with a platinum one. As a matter of comparison, we consider again
the alkanedithiol molecular junction, following the same experimental and theoretical procedure [47].
Similarly to the Au—graphene alkanedithiol molecular junction, the conductance presents an exponential
decay, still within the framework of the non-resonant tunneling. The corresponding attenuation factor
is slightly lower, around 0.3 per C atom, which is attributed mainly to the difference in work function
between gold and platinum. It has to be noticed that this system is again very well modeled through
the Simmons approach, because of the strong coupling to the electrode and the reduced electronic
potential barrier.

Moreover, we can deduce from this result, combined with the results obtained on Au—graphene
junctions, that the reduction of the attenuation factor is caused by the symmetry breaking of the
graphene introduction in the system. This is not related to the nature of metallic electrode, but rather
to the difference of interaction strength at each electrode interface. Indeed, the metallic electrode is
coupled covalently to the molecule through the anchoring group, while the graphene electrode is
coupled in a much weaker manner through van der Waals interaction. This is particularly true in the
case of the thiol anchoring group, which deprotonates at the gold interface, leading to a -5 radical
(thiolate) that is very reactive with the gold electrode, whereas it remains in the thiol form —SH at the
graphene interface, leading to van der Waals contact. Consequently, this is the interaction symmetry
breaking at each molecular end, covalent/van der Waals, which leads to the important decrease in the
attenuation factor and the increase in the molecular conductance. In this respect, one can anticipate
that a molecule weakly coupled to two graphene electrodes through van der Waals interaction would
probably present a similar attenuation factor as the one obtained for symmetric Au-Au junctions. As a
remark, a similar junction has been studied using a graphitic tip for the I(s) measurements and the
usual graphene electrode. The resulting attenuation factor was found to be very similar to the one of
the Au—graphene junction, around 0.4 per C atom. This was due again to a coupling difference, since
the graphitic tip was very reactive in this situation and coupled covalently to the molecule, whereas
the graphene counter electrode coupled weakly to the molecule [48].

4.4. Role of the Anchoring Groups: Asymmetric Junctions

As we know now, symmetry effects are very important in electronic transport in molecular
junctions. In particular, we have seen that it has a strong influence on the attenuation factor. For this
reason, it is interesting also to see what would be the influence of considering different anchoring
groups at each molecular side to connect the electrodes to the molecules. In this respect, we highlight
here the interesting case of hybrid Au-S-alkane-COOH-graphene molecular junctions, where thiol
and carboxylic acid groups have been used at each extremity of the junction with gold and graphene
electrodes [49]. An atomic representation of the molecular junctions studied here is represented in
Figure 6.

Obviously, from the theoretical considerations discussed above, there was no valid approach until
now that was able to describe accurately such an asymmetric junction. Moreover, this type of junction
has also been studied previously using Au-Au electrodes. As a reminder, the attenuation factor of
junctions using only thiol or only carboxylic acid as anchoring groups are very similar, around 0.8-0.9
per C atom. Then, the corresponding attenuation factor for an asymmetric junction using different
anchoring groups was found to be of the same magnitude, so without important change with respect to
the symmetric junctions [25]. When considering junctions with Au-graphene electrodes, the situation
is slightly different. Indeed, for a symmetric junction with carboxylic acid at both ends, the attenuation
factor is around 0.7 per carbon atom, probably due to the low coupling of the carboxylic acid to the
electrodes, which does not make a lot of difference in the situation of two gold electrodes. However,
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the situation is slightly different in the Au-graphene case, where the attenuation factor is around
0.4 per carbon atom, namely the same value as that found previously for thiol and amine groups in
Au-graphene junctions. Interestingly, the electronic behavior is rather different. In thiol overall, but
also in amine molecular junctions, the electronic transport is achieved through the HOMO level which
is the closest level to the Fermi level. Here, as shown in Figure 7, the Fermi level is rather located near
the middle of the HOMO and LUMO gap of the molecule, similarly to what is observed in the same
junction with carboxylic acid at each molecular end. In terms of electronic transport, it means that
there is no dominant molecular level (HOMO or LUMO) to the molecular conductance.

Figure 6. Atomic representation of the different hybrid Au—graphene alkane-based molecular junctions
using thiolate and carboxylic acid anchoring groups at each extremity. Reprinted figure from [49] and
with permission. Copyright (2019) Wiley-VCH Verlag GmbH & Co.
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Figure 7. DFT calculated electronic transmissions for Au—-graphene molecular junctions with carboxylic
acid anchoring groups at each extremity (pink) and a thiol group at one extremity and a carboxylic acid
at the other one (blue). Reprinted figure from [49] and with permission. Copyright (2019) Wiley-VCH
Verlag GmbH & Co.

From this result, we can deduce that molecular junctions with asymmetries in the anchoring
groups see their electronic transport driven by the anchoring group that couples the most, even though
the electronic structure is also strongly affected by the less coupled anchoring group. In other words,
the current flows along the most conductive channel, similarly to what happens at the macroscopic
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scale, namely the channel which presents the best coupling at the molecule—electrode interface or the
lowest contact resistance. Certainly, this constitutes only one particular study of asymmetric junctions
in terms of anchoring groups and many other examples should be probed to extract trends that are
more general. Nevertheless, it appears rather intuitive that the most conductive anchoring group will
favor the most conductive channel and therefore the lowest attenuation factor.

5. Importance of the Molecular Backbone: Conjugated Molecular Wires

In the previous section, we have focused the discussion on alkane molecular chains and we
have considered the different parameters which can influence the electronic transport in the junction
and consequently the attenuation factor. In particular, we have considered the anchoring groups,
in symmetric or asymmetric junctions, and the electrodes, with different metals and with a graphitic tip.
Without being exhaustive, it is important also to consider what happens when using another molecular
backbone, like conjugated molecular wires. To this end, we chose to have a short look at polyphenylene
chains, which are also very common and popular for molecular electronics. These polymers are very
interesting, since, as presented in Figure 1 and [15], their attenuation factors are around three times
smaller than for the alkane chains, making these molecular wires much more conductive. Hence, with
what we have seen by using graphene electrodes, we can expect an even higher conductance for these
polymers used in hybrid molecular junctions.

Therefore, hybrid Au—graphene and standard Au—-Au molecular junctions have been studied
through I(s) measurements and DFT calculations, with polyphenylenes, using thiol and amine
anchoring groups, as a direct comparison with alkane-based molecular junctions [50].

Surprisingly, the electronic behavior is very different from what was expected. Indeed, either
experimentally or theoretically, almost no difference has been found for the attenuation factors
determined for Au-Au and Au-graphene junctions. Moreover, the different anchoring groups, thiol
and amine, did not bring any significant difference. Again, this can be better understood from the DOS
calculations represented in Figure 8. The projected DOS on the molecular part (including the anchoring
group) reveals that there is almost no difference in the electronic structure of each molecular junction.
This means that, in this case, the use of a graphene electrode does not break the symmetry, as was the
case for the alkane chains. This is further illustrated in Figure 8 with the representation of the spatial
extension of the HOMO level for both Au-Au and Au-graphene junctions. In both cases, we can
observe a molecular orbital of T symmetry which propagates well along the molecular chain. However,
we can also observe that the coupling to the electrodes remains the same in both junctions, despite the
introduction of the graphene electrode. In other words, for this system, there is no symmetry breaking
induced by the introduction of the graphene electrode. Consequently, the coupling to the electrode or
the anchoring group used will have no effect on the electronic structure of the system and therefore on
the electronic transport. Hence, the polyphenylene molecular chain solely drives the attenuation factor.
From a theoretical point of view, in this case, the Simmons model would not help in discriminating the
effect of the anchoring group, whereas a complex bandstructure calculation would probably give the
correct attenuation factor, independently of the electrodes or the anchoring groups.
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Figure 8. (Left) DFT calculated projected density of states for Au-graphene and Au-Au triphenyl
molecular junctions using thiol groups. (Right) Representation of the corresponding HOMO
wavefunction for both junctions. Reprinted figure from [50] and with permission. Copyright (2019)
American Chemical Society.

6. Summary

In this review, we have introduced the main electronic transport mechanisms in molecular
junctions, to discuss mainly the non-resonant tunneling regime. In particular, we have considered
as a characteristic of this regime the attenuation factor in the current exponential decay, observed
experimentally and determined theoretically. In this respect, we have discussed the main theoretical
approaches proposed to date to describe the attenuation factors. As we have seen, there is
unfortunately no universal model to characterize the electronic transport in a molecular junction.
Beyond performant DFT calculations, which allow us to calculate the electronic transmission and
to deduce the attenuation factor, a full understanding of the electronic transport in a molecular
junction remains complicated. Indeed, each present theoretical approach describes either the role
of the anchoring group, by considering an accurate evaluation of the molecular levels position with
respect to the Fermi level, or the role of the molecular backbone, without considering properly the
coupling to the electrode or the interface states related to the anchoring groups. In addition, most of
the studies consider symmetric junctions with the same electrodes and same anchoring groups at each
molecular side.

Then, we have illustrated these aspects by shortly reviewing experimental and theoretical studies
on alkane-based molecular junctions. Starting with standard junctions with gold electrodes at each
end, we have also considered a hybrid junction where one gold electrode is substituted by a graphene
electrode. In this case, and for different anchoring groups, we have obtained a much reduced attenuation
factor. In addition, for some specific anchoring groups, it is even possible to increase the overall
conductance of the molecular junction. By considering platinum instead of gold, yielding the same
effect, we have deduced that the attenuation factor reduction can be attributed to symmetry breaking
induced by the graphene electrode in the molecular junction. Indeed, at one side, the molecule is
coupled covalently to the electrode, whereas it is weakly coupled (through van der Waals interactions)
at the other side. Another interesting case to consider is a full asymmetric junction, with different
anchoring groups and different electrodes at each side. As a result, the most conductive anchoring
group, similarly to what happens at the macroscopic scale, mainly drives the conductance. Finally,
hybrid junctions with conjugated molecular wires have been studied as well. A much lower attenuation
factor could have been expected since these molecules are very conductive, unfortunately, due to bad
coupling to the electrodes, the electronic transport properties remain unchanged, independently of the
electrodes or the anchoring groups.
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To conclude, despite the recent advances in the measurement techniques as well as in the theoretical
and computational approaches, a full understanding of the electronic transport mechanism in molecular
junctions has not been reached yet. In particular, the theoretical determination of the attenuation factor
of the current remains a difficult task due to the lack of universal model to treat this problem. As we
have seen, the Simmons model applies in very specific cases where the HOMO level is close to the Fermi
level, as in the case of alkanedithiol in hybrid gold—graphene junctions. For other anchoring groups,
the difference in symmetry couplings strongly modifies the energetic position of the molecular states,
and the Simmons model does not apply anymore. Other theoretical approaches do not apply either
since they consider infinite molecular chains and no effect of anchoring groups or electrodes. Therefore,
the attenuation factors for these systems are theoretically deduced from this first case in comparison
with the standard symmetric junctions, which are well documented in the literature. The attenuation
factors of these hybrid junctions are all very similar, due to compensation effects between coupling
and conduction in the molecular backbone and coupling to the electrodes. Moreover, we have also
observed that the complex bandstructure approach may apply to aromatic molecular chains since
the attenuation factors do not differ from the one determined in symmetric junctions. Consequently,
a challenging task and an ideal perspective for theoretical approaches in determining attenuation
factors in molecular junctions would be to consider, in the meantime, the intrinsic properties of the
molecular backbone and the coupling to the electrodes through the anchoring groups that determines
the positions of the molecular levels with respect to the Fermi level.
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