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Preface to ”Molecular Electronics”

The purpose of this Special Issue is to offer a general overview of the current state of affairs in the

field of molecular electronics without the intention of covering every single aspect. We envisage that

this Special Issue will be useful for specialists in the field, both theoreticians and experimentalists.

Furthermore, given the strong interdisciplinarity of this topic, which lies at the interface between

physics, chemistry, biology and engineering, it will be appealing to the non-specialist who is looking

to gain a feeling about what is going on at the moment in the field. In times such as these, in

which the number of scientific journals and research studies is soaring, Special Issues are a good

opportunity for researchers working in the same field to “meet” virtually on a common platform. This

has become even more important in the last year due to travel restrictions following the COVID-19

pandemic, which have prevented researchers from meeting in person at international conferences.

I am, therefore, very grateful to the authors for their enthusiasm and willingness to take part in

the project. Finally, I would like to thank the editorial team of Applied Sciences for their invaluable

assistance, which has made this a very enjoyable experience.

Linda Angela Zotti

Editor
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The field of molecular electronics is currently experiencing a renaissance. Recent ad-
vances in experimental techniques on the one hand, combined with theoretical modelling
on the other, have enabled the exploration of new avenues, as well as allowing for signifi-
cant progress along more traditional lines. The field is very diverse and embraces many
cutting-edge research areas such as quantum interference, thermoelectrics, heat transfer,
spintronics, switch devising, and biomolecular electronics. Studies on these subjects are
driven by a multitude of needs in modern society: the current global quest for cheap and
sustainable technology, the conversion of waste thermal energy, efficient ways of storing
and processing information, and the fabrication of biocompatible and implantable devices
to name but a few. Last but not least, molecules have proven to be an ideal platform
for the advancement of knowledge of fundamental physics. This special issue aims at
showcasing some of the many facets of research in molecular electronics and surveying the
latest advances in the field. It contains seven studies, including five research papers [1–5]
and two reviews [6,7], which span different areas of the field from both a theoretical and
experimental perspective.
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Abstract: We studied the coherent electron transport through metal–protein–metal junctions based on
a blue copper azurin, in which the copper ion was replaced by three different metal ions (Co, Ni and
Zn). Our results show that neither the protein structure nor the transmission at the Fermi level change
significantly upon metal replacement. The discrepancy with previous experimental observations
suggests that the transport mechanism taking place in these types of junctions is probably not
fully coherent.

Keywords: azurin; solid-state junction; biomolecular electronics; electronic transport; density func-
tional theory; molecular dynamics

1. Introduction

The study of metal–protein–metal junctions has opened up new avenues in the field
of molecular electronics as it paves the way to develop new hybrid devices capable of ex-
ploiting proteins’ remarkable properties [1]. In particular, they have the inherent capability
of transferring charge over long distances. Thus, one can foresee the production of sensors,
flexible implants, solar cells and many other types of electrical devices incorporating pro-
teins [2–6]. The significant amount of work accumulated in recent years on this topic has
given rise to a new field, namely that of protein-based electronics, which has been given the
name of proteotronics [7]. Research in this field has been carried out on various fronts. On
the one hand, remarkable effort has been made to understand the exact nature of the charge
transfer mechanism in protein-based junctions as well as to identify the components which
play the dominant role in the transport process [8–11]. On the other hand, the possibility
of modifying the conductance properties by the insertion of mutations [3,10,11] has also
attracted a lot of interest. Research on the transport properties of the building blocks of
proteins, namely amino acids and peptides, has also been carried out [12–14].

Recent experimental results highlight the possibility of tuning the current density
through azurin-based junctions via the replacement of the central copper ion with other
metals [15]. These measurements were performed on proteins monolayers lying on a
conducting substrate and contacted to a macroscopic electrode at the opposite side. At low
temperatures, the difference in current between the Cu(II)-azurin and the Zn-azurin was
found to be nearly two orders of magnitude. This was ascribed to the fact that each metal
contributes to levels lying at different energies with respect to the Fermi level. Combining
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organic and metal components in the central area of molecular junctions is indeed a strategy
which has been used quite often in molecular electronics [16–18].

In the case of azurins, this possibility becomes particularly intriguing since the afore-
mentioned results of Amdursky et al. [15] indicate that by modifying only one (metal)
atom one can modify the conductance properties of a system of almost 2000 atoms. To
shed light on this issue, we thus performed theoretical calculations based on density
functional theory (DFT) and calculated the electron-transport properties of several metal–
azurin–metal junctions based on different metallic ions. Numerous computational studies
on the active site on metal-substituted azurins are reported in the literature [19,20], but
none involved the study of a whole junction comprising an entire protein held between
two metal electrodes. Azurins are one of the proteins which have been studied the most
in the field of protein-based electronics; additionally, they have long been the object of
many computational studies because of their key role in biological functions [21]. Over
the years, various experimental techniques have been adopted to measure the conduc-
tance of proteins [6,8,10,22–33]. In this work, we focus on structures which are likely to be
formed during the experiments based on STM (Scanning Tunneling Microscopy), which
are generally designed to measure the conductance of a single protein. The exact nature
of the electron transport through the blue-copper azurin has been the object of a long
debate [10,34], the degree of coherence being one of the issues at the heart of the debate.
More specifically, what still needs clarifying is whether the process is fully coherent or
whether it is better described by a sequential-tunneling process consisting of various steps
which are individually coherent. In the case of the metal-substituted proteins studied in [15],
the low-temperature results showed evidence for coherent transport; it was suggested that
both tunneling and hopping are possible, however, depending on the temperature and the
type of junction [35]. For the present study, we are particularly interested in the possibility
of fully-coherent transport, which was suggested by the temperature-independence of
the conductance measured in several experiments based on azurins [8,11,23,26,32,36–39].
In [34], various types of configurations were studied, in which an STM tip was contacted
to a blue-copper azurin in three different ways: in blinking mode (in which the tip is
kept at a fixed distance from the surface and the protein is allowed to attach to the tip
spontaneously), via top indentation (in which the tip is brought closer to the protein) and
by lateral indentation (in which the tip approaches the protein sideways). It was found
that, under the assumption of fully-coherent electron transport, measurable conductance
values can only be obtained by slightly compressing the protein upon tip indentation from
the top or by bringing the tip close to the protein from the side. In this study, we chose to
focus on this latter scenario. We compared the conductance properties of the blue-copper
azurin from Pseudomonas aeruginosa with that of junctions in which the Cu ion was replaced
by Zn, Ni or Co. Such a substitution is well known to lead to the formation of stable
compounds [40–45], which in fact were used for the aforementioned experiments [15]. The
Apo (protein deprived of the metal ion) was also considered.

2. Methods

2.1. Azurin Molecular Dynamics Simulations Free Solved in Water

To inspect structural modifications resulting from the ion-substitution, we performed
all-atom molecular dynamics (MD) simulations. To this aim, three different azurin variants
were considered: Cu-azurin or native azurin, Co-azurin and Ni-azurin. In all cases, the start-
ing configuration is the one available in the the protein data bank [46,47] (PDBID = 4 AZU),
and for each variant the Cu atom was replaced by the corresponding ion. Subsequently, pro-
tons were added accordingly to the calculated ionization states [48] of its titratable groups
at a pH of 4.5—corresponding to the pH used in reference experiments [10]. In all cases,
the resulting structures had a zero net charge. The amino acids inter-atomic interactions
were modeled using the standard ff14SB force field [49]. As for the ion-coordination site,
composed by the ion and five surrounding amino acids (GLY45, HIS46, CYS112, HIS117
and MET121), we adopted the ab-initio derived force-field parameters reported in [20].
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This force-field includes all bonded and non-bonded terms in the coordination sphere for
the three metal ions here considered (these parameters are detailed in the Supplementary
Materials). Being all simulations performed in an explicit water medium, these solvent
atoms were described using the TIP3P force-field [50], which is consistent with the choice
of both aforementioned force-field parameters.

All MD simulations were performed using AMBER18 software suite [51] with NVIDIA
GPU acceleration [52–54]. Moreover, we used periodic boundary conditions (PBC) with
a rectangular box and particle mesh ewald (PME), with a real-space cutoff of 10 Å, to
account for long-range electrostatic interactions. Van der Waals (vdW) contacts were
truncated at the real space cutoff of 10 Å and coordinates were saved every 1000 steps. The
temperature of the system was adjusted by means of a Langevin thermostat [55] with a
friction coefficient of γ = 1 ps−1. For the simulations performed in the NPT ensemble, a
Berendsen barostat [56] with a relaxation time of tp = 1 ps was used. The SHAKE [57]
algorithm was used to constrain bonds containing hydrogen atoms, thus allowing us to
use an integration time-step of 2 fs. The simulation protocol is analogous to the one used
in [3], which consists of the following four stages: (1) preparing the system by embedding
the protein in water in such a way that the minimum solute–water distance is 1 Å, thus
resulting in a system with dimensions ∼70 Å×63 Å×69 Å; (2) energy minimization of
the structures using a combination of steepest descent and conjugate gradient methods;
(3) heating up the system from 0 to 300 K with a 2 ns NPT simulation thus ensure an
even temperature and density/presure (T = 300 K and P = 1 atm) on the system; and (4)
performing 500 ns-long MD production runs in the NVT ensemble.

2.2. Density Functional Theory Calculations on Metal–Protein–Metal Junctions

We carried out density functional theory (DFT) calculations on metal–protein–metal
junctions obtained by replacing, in the geometries obtained for the work in [34], the Cu
ion with Zn, Co or Ni without re-optimizing the structure. This strategy makes it possible
to identify effects in the electrical conductance due to changes in the electronic structure
only, ruling out factors which may rather be related with geometrical differences. As
mentioned in the Introduction, we focused on the structures that describe a gold tip
approaching the protein sideways since, among the possible scenarios analyzed in [34],
this was found to yield one of the highest conductance values. Further details about the
protocol followed for obtaining these metal–protein–metal geometries can be found in the
Supplementary Materials.

In all cases, the substrate and tip employed in these calculations consist of 969 and
252 atoms, respectively. Note that the corresponding number of gold atoms employed in
the MD simulations was instead much larger (2538 and 835, respectively): this is because,
when importing the MD output structures for the Cu-based junctions as an input for
the DFT calculations, the outermost layers in both the surface and the tip as well as the
surrounding water molecules were removed in order to comply with the computational
limitations. The OpenMX code was used, which is based on highly optimized numerical
pseudoatomic orbitals (PAOs) [58,59] and which we already used for our previous work on
proteins [8,34,60,61]. We used the Perdew–Burke–Ernzerhof (PBE) exchange and correlation
functional [62] and norm-conserving pseudopotentials [63]. Single-ζ basis sets were used
for all species involved in the calculations (including the gold tip and substrate) except
for the metallic ion for which a double-ζ basis set was employed instead. The cutoff radii
used for the PAOs were 8 Bohr for the metal ion, 7 Bohr for S and 5 Bohr for C, N, O and
H. As for the gold electrodes, the Au atoms belonging to the tip and the substrate were
described by the cutoff radii of 9 Bohr in those regions closer to the protein, whereas a 7-
Bohr cutoff radius was chosen for the rest of the atoms. Due to computational reasons, these
calculations were performed without spin polarization. The electronic self-consistency is
achieved by a Pulay mixing scheme based on the residual minimization method in the
direct inversion iterative subspace (RMM-DIIS) [64] with a Kerker metric [65], using an
energy cutoff of 10−8 Ha as convergence criterion. Further details about the strategies used
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to reach the self-consistent-cycle convergence can be found in [60,61]. The overlap and
Hamiltonian matrices obtained by the DFT calculations were subsequently used to compute
the zero-bias transmission as a function of energy in the spirit of the Landauer formalism
and making use of Green’s function techniques. Within this method, the structure is divided
in three regions (left (L), center (C) and right (R)) and the energy dependent transmission
is given by

τ(E) = Tr[ΓLGr
CCΓRGa

CC], (1)

where ΓL/R are the scattering rate matrices and G
r(a)
CC is the retarded (advanced) Green’s

function (see [34] for further details).

3. Results and Discussion

First, we inspect the influence of ion replacement on the protein structure. Henceforth,
we refer to X-azurin (X = Ni, Cu, Co and Zn) as the azurin containing the X-ion. The
four metals considered all belong to the first row of the d block of the periodic table. In
Figure 1a–c, we represent the time averaged configuration obtained from a 0.5 μs long
MD simulation of the three different proteins, i.e., Cu-azurin (black), Co-azurin (red) and
Ni-azurin (green). From the structure overlap between the different proteins and native
azurin (i.e., Cu-azurin), it becomes apparent that the ion replacement has little influence on
the protein conformation. This is further corroborated and quantified, by both small root-
mean-square-deviation (RMSD) between average structures (shown in Figure 1a–c) as well
as the preservation of the most prevalent secondary structure on the protein, i.e., β-sheets
shown in Figure 1e. The β-sheets refer to a particular spacial organization of the protein’s
amino acids regulated/characterized by a specific hydrogen bond network among them. In
the particular case of azurin, the most prevalent sort of secondary structure is the β-sheet,
which are further arranged in a circular manner, thus forming a characteristic β-barrel. In
Figure 1e, we quantify the content of this secondary-structure for the different variants to
realize that the ion replacement does not alter/disrupt the H-bond network sustaining the
characteristic shape and structure of the wild-type azurin. Moreover, from the RMSD, we
observed that all proteins exhibit a structural deviation from the native protein smaller than
1.5 Å. Such RMSD values are within the structural variations experienced by the protein
resulting from thermal fluctuations. Moreover, the process of protein adsorption and
subsequent tip indentation results in a structural deformation which is at least three times
larger than the one observed from altering the protein ion (see Figure 2). All considered,
one may state that, by altering the coordination ion, the structural modifications thus
introduced are substantially smaller than the ones the protein experiences during the
contact formation process. Note that the similarity of the parameters governing the bond
motif of the different metal ions (e.g., charge and bond distances provided in Figures S2–S5)
precluded the negligible structural modifications here observed. All considered, by the
aforementioned reasons, the subsequent simulations were performed using a tip-protein
contact equilibrated.

Figure 2 shows the initial and final output geometries of the MD simulation performed
on the Cu-azurin from which the structures used for the present work were obtained (see
more details in [34]). In this simulation, the tip is brought close to the protein sideways
and the contact is established via the α-helix arm and hidrophobic patch.

In the left column of Figure 3, we show the zero-bias transmission as a function of
energy for the four proteins considered, at four different values of the tip-ion distance
(dt−X). Such a distance was evaluated as the distance between the center of the lowest tip
layer and the metal ion. In all curves, all resonances appear very sharp, indicating very
low hybridization between the corresponding orbitals and the metallic leads. As expected,
for most energy values the transmission decreases for increasing distance.
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Figure 1. Structural characterization of the X-azurin (X = Cu, Co and Ni) free solved in TIP3P water obtained via atomistic
MD simulations. (a–c) Energetically equilibrated averaged configurations obtained over the last 200 ns of MD simulation
for: (a) native azurin; (b) Co-azurin; and (c) Ni-azurin variants. The Zn-azurin is not included given the lack of reliable
force-field parameters for this variant. Note that the Co-azurin (red) and Ni-azurin (green) configurations are aligned with
the native one (black) and superposed to it. The difference is quantified by the RMSD between both averaged configurations.
The protein representation used in all figures is the same as in Figure 2. A comparison between the averaged Cu-azurin
obtained in this work (black) with the one obtained in previous MD simulations where a different force-field for the
cooper coordination sphere was used [3] is included on (d). (e) Percentage of β-sheet content for the three azurin variants
considered. It is calculated using the DSSP algorithm [66] included on the CPPTRAJ ambertools [67]. Note that the β-sheet
content of the azurin averaged structures is also included as the protein is represented with its secondary structure (β-sheets
represented as planar arrows).
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Figure 2. Initial (a) and final (b) geometries obtained during the simulations of the lateral STM-tip indentation carried
out for the Cu-azurin. The arrow indicates the central copper ion which has been replaced with three different metals to
reproduce the other junctions under study. The azurin is represented with its secondary structure: β-sheet (red arrows),
α-helix (purple helix), 310-helix (dark-blue helix), turns (cyan) and random-coils (white). The ion is shown using its van der
Waals representation in an opaque green color, and its coordination residues are represented with a ball-stick model. The
disulfide bridge and the main chain of the two cysteines which formed it are colored in light orange. The sulfur atoms of
these two cysteines are highlight in pink. The variation of the protein structure on the junction is quantified by computing
its root-mean-square-deviation from the Cu-azurin free solved in water structure (RMSD f s) [3].

Figure 3. (a) Transmission as a function of energy for the four metalloproteins studied at the four different tip-protein
distance values considered; and (b) projected density of states on the metal ion in each protein for the shortest tip-ion
distance (1.40 nm). For each row, the corresponding metal ion is indicated on the left-hand side.
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In the right column of the same figure, we report the projected density of states (PDOS)
on the metal ion for the shortest tip-protein distance. The curve for Zn clearly differs from
the other three in that the d-level peaks lie at lower energies with respect to the Fermi level
as compared to the other metal ions (this, in turn, derives from the closed-shell electronic
Zn configuration). This difference is reflected in the corresponding transmission curve, in
which no peaks appear in a broad range immediately below the Fermi level as opposed to
the other three proteins. Indeed, the lower density currents measured for the Zn-protein
junctions and reported by Amdursky et al. [15] were ascribed to the different energy
alignment of the metal-derived levels. A common feature to the transmission curves of all
proteins is the energetic position of the lowest occupied orbital (localized on HIS35), which
shows minimal changes from one curve to another. This is not surprising because, in our
simulations, the position of the amino acids (including HIS35) within the protein is the
same for all cases. Consequently, they contribute to the transmission with similar features.
Note that, although the lack of re-optimization might in principle lead to some artifacts,
the MD simulations discussed above revealed minimal changes upon ion replacement.
This suggests that they would result into energy shifts of individual orbitals the effect of
which would most likely be hidden by the rest of the contributions of the whole electronic
structure of the protein (given the extreme sharpness of all peaks in the transmission
curves of Figure 3, it is hard to believe that any shift of one of these peaks would affect the
transmission at the Fermi level). The same applies to possible shifts of individual peaks
arising from the spin polarization of the metallic ion which could not be described in our
closed-shell calculations.

Figure 4 (left) shows a comparison for the transmission curves obtained for the four
proteins at the shortest tip-ion distance in a narrow energy range around the Fermi level.
The transmission curve for the Apo (the protein deprived of the metal ion) is also shown
in the same graph. It mainly differs from the other curves in the obvious absence of the
peaks which derive, in the case of the other four proteins, from the d states of the metal
ions. Quite strikingly, the transmission at the Fermi level for the metal-substituted azurins
and the Apo is almost identical. This is due to the extreme sharpness of the HOMO-related
resonances deriving from the metal ions. Similar conclusions can be drawn for the other
three tip-protein distance values (see Figure 4 (right) for a comparison of the transmission
values at the Fermi level at all distances for all proteins). In the case of Co, Ni and Cu, these
results suggest that, despite these metal ions contributing to levels close to the Fermi level,
their role in a fully-coherent electron transport is certainly important but not so dominant
as one might naively expect. A large part of the contribution seems instead to be given by
the rest of the protein, which provides the same background transmission for the Apo and
for the other proteins analyzed in this study. For the short-distance structure corresponding
to the curves shown in Figure 4, the main role seems to be played by the LUMO (this is less
visible in the case of the curves of Figure 3 corresponding to larger distances, which seem
to rather indicate an equal contribution between HOMO and LUMO). In any case, one has
to bear in mind that the occupied energy range immediately below the Fermi level includes
the contribution of several residues (mostly glutammic and aspartic acids: for a detailed
analysis in the case of the Cu-azurin, we refer the reader to the work of Romero-Muñiz
et al. [34]). In the case of the Zn-azurin and for the Apo, part of the contribution to the
transmission at the Fermi level seems indeed to be provided by these residues as well. As
an aside, it is worth mentioning that recent experiments on protoporphyrins have revealed
that the metal redox center has no role in the electron transfer, which was instead found
to be mediated solely by the conjugated backbone of the molecule [68]. Our results are
based on DFT, which is known to be affected by uncertainties concerning the size of the
HOMO–LUMO gap because of self-interaction errors in the standard exchange-correlation
functionals and image charge effects [69–74]. Nevertheless, it is hard to foresee that the
main conclusions would change upon use of a more sophisticated exchange-correlation
functional. Although in this study we focused on sideways approach of the tip, other
mechanisms would be possible such as indentation from the top. Geometries obtained
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via this kind of simulation, however, would probably lead to similar conclusions as those
drawn for the geometries discussed above. Such a prediction is based on the fact that,
for the Cu-azurin for instance, the main features of the transmission curves (concerning
coupling and energetic alignment) were found to be quite similar [34].
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Figure 4. (a) Transmission as a function of energy for all five proteins studied at the shortest tip-ion distance (1.40 nm); and
(b) transmission at the Fermi level for all five proteins at all four tip-protein distance values considered.

We now turn to comparing our results with the experimental ones reported in [15].
There, the current density was found to follow the trend Cu > Ni > Co > Zn. This is
at odds with our results which, as explained above, did not show significant changes
for the transmission at the Fermi level. However, our findings, based on single-protein
junctions, cannot be directly compared with those experiments, which were carried out on
self-assembled monolayers; the latter are affected by dipole–dipole interaction and other
effects [75] which are not present in our systems. Moreover, the electrodes which were there
used (a highly-doped Si substrate and, in certain cases, a top electrode made of Hg) are
very different from the gold electrodes employed in our simulations. Amdursky et al. [15]
also reported a decrease of two orders of magnitude for the current through the Apo with
respect to the Cu-azurin for a large range of temperatures. However, we also note that,
in [11], the Apo was actually found to show similar conductance to that of Cu-azurin,
although this was attributed to different tunneling distances. In any case, the discrepancies
between our results and those reported in [15] suggest that probably the electron-transport
mechanism taking place in these systems is not as completely coherent as was claimed
in multiple works [8,11,23,26,32,36–39]. It also highlights the fact that probably a proper
description of the transport process needs other effects to be taken into account such as the
time dependence of the fluctuations of the surrounding ligands. Similar conclusions were
actually drawn by Romero-Muñiz et al. [34] concerning the Cu-azurin on the basis of the
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very low transmission values obtained for a broad range of geometries. We believe that
these latest results of ours further confirm the need of further investigation regarding the
nature the charge transfer in these kinds of junctions.

4. Conclusions

In summary, we studied metal–protein–metal junctions based on modified blue-copper
azurins in which the central copper ion was replaced by Zn, Ni or Co, while leaving the
rest of the structure unmodified. Comparison with the Apo protein was also performed.
The striking similarity of the transmission values at the Fermi level among the five proteins
suggest that, within a fully-coherent-transport picture, the dominant role would not actually
be played by the metal ions, opposite to what common wisdom would suggest. The
discrepancy with recent experimental observations suggest that a different kind of electron-
transport mechanism is probably involved, although simulations employing more similar
structures to those formed in the experiments of Amdursky et al. [15] should be carried
out in order to draw definitive conclusions. Molecular dynamics simulations performed
on the Cu-, Ni- and Co-azurin indicate that the ion substitutions do not alter the secondary
structure significantly. The structural variation induced is much smaller than that arising
from contact with the top electrode. Understanding whether such a difference can result in
major changes in the conductance will be pursued in future studies.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/app11093732/s1, Figures S1–S3: partial charges; Figure S4: bond distances and force constants;
Figure S5: transmission curves for the Apo azurin.
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Abstract: External electric fields (EEFs) have proven to be very efficient in catalysing chemical reac-
tions, even those inaccessible via wet-chemical synthesis. At the single-molecule level, oriented EEFs
have been successfully used to promote in situ single-molecule reactions in the absence of chemical
catalysts. Here, we elucidate the effect of an EEFs on the structure and conductance of a molecular
junction. Employing scanning tunnelling microscopy break junction (STM-BJ) experiments, we form
and electrically characterize single-molecule junctions of two tetramethyl carotene isomers. Two
discrete conductance signatures show up more prominently at low and high applied voltages which
are univocally ascribed to the trans and cis isomers of the carotenoid, respectively. The difference
in conductance between both cis-/trans- isomers is in concordance with previous predictions con-
sidering π-quantum interference due to the presence of a single gauche defect in the trans isomer.
Electronic structure calculations suggest that the electric field polarizes the molecule and mixes the
excited states. The mixed states have a (spectroscopically) allowed transition and, therefore, can both
promote the cis-isomerization of the molecule and participate in electron transport. Our work opens
new routes for the in situ control of isomerisation reactions in single-molecule contacts.

Keywords: molecular electronics; single-molecule junctions; STM break-junction; in-situ isomerisa-
tion; carotenoids

1. Introduction

The development of novel, more efficient ways to control molecular reactions has
been a restless quest for synthetic chemists. Many different triggers, such as light, heat or
external electric fields (EEF) are being used to promote chemical reactions [1,2]. EEF have
been shown to be able to stabilize conventionally non-favourable electronic structures [3]
and thus to enable new transition states [4,5] in a theoretically predictable manner. These
field-induced chemical reactivity experiments, which are well reported in single-molecule
devices [3,5], represent an exciting alternative to traditional bulk chemical catalyst ap-
proaches since EEF provide a cost-, material-efficient methodology to precisely control
molecular reactions in a cleaner, more sustainable way.

In the molecular electronics (ME) field, one of the most appealing single-molecule
reactions is the isomerisation reaction [6–9], because small changes in the molecular struc-
ture give rise to a significant change in the conductance of the molecular wire [8,9]. The

Appl. Sci. 2021, 11, 3317. https://doi.org/10.3390/app11083317 https://www.mdpi.com/journal/applsci

15



Appl. Sci. 2021, 11, 3317

molecular configuration constitutes a defining parameter for the intrinsic conducting prop-
erties of a molecule. Moreover, measuring single-molecule conductance can be used to
follow structural changes in a molecular contact [10–13], opening the way to real time
detection of electrical currents associated with in situ stimuli-induced molecular structural
changes [5,14,15]. Charge transport across molecular systems as a function of molecule con-
figuration has been widely studied theoretically [16–18] and experimentally [8,9,11,19–22],
including cis-/trans- isomerization. Different isomers exhibit characteristic conductance
values that can be attributed to various effects, such as the potential energy barrier vari-
ation due to structural change [8,17,19], the different contact geometry [8,9,16,21], or the
different energies of the frontier molecular orbitals with respect to the electrode Fermi
levels for each isomer [17,18,22]. Behind unravelling the particular phenomenology for
each system, the detection of electrical currents across molecules in metal|molecule|metal
junctions [13,23,24] have been essential to electrically characterize structural changes of
individual molecular systems [25].

Here, we report on single-molecule scanning tunnelling microscopy break junc-
tion (STM-BJ) conductance experiments of all-E-carotene with terminal 1,5-dimethyl-
3-methylthiophenyl groups (trans-TMC, Figure 1a) and 9-Z-carotene with terminal 3-
methylthiophenyl groups (cis-TMC, Figure 1b) carotenoid derivatives. Both, trans-TMC
and cis-TMC-syn molecules are chemically stable at room temperature [22,26]. Carotenoids
contain a delocalized π-conjugated polyene backbone chain with planar configuration
maximizing π-orbital overlap resulting in an efficient electron pathway [27–29]. They serve
in several natural photosynthetic systems as energy/electron transfer mediator [30,31].
Our main findings indicate: (1) applying an STM bias voltage to the high-conductance (HC)
trans-TMC-based molecular junction promotes the in-situ switching to a low-conductance
(LC) cis-TMC-based molecular junction whose chemical compound cannot be synthesized
wet chemically due to steric constraints. (2) The ratio of LC/HC signatures scales with the
Vbias (i.e., EEF) magnitudes. At low biases, the weaker EEF do not promote the isomerisa-
tion and thus trans-TMC is the only detectable isomer. In contrast, at medium and high
biases, the EEF strength is enough to promote the isomerisation and the cis-TMC becomes
electrically detectable. (3) According to our density functional theory (DFT) calculations
the isomerisation is facilitated via an EEF-induced excited state in the trans-TMC. (4) The
difference in junction’s lifetime between cis-TMC and trans-TMC isomers is attributed to a
relatively high stability and more constrained configuration of the former in the molecular
junction. (5) The low conductance for the cis isomer is ascribed to the presence of a single
point gauche defect in the carotenoid alkene backbone which breaks the π-orbital pathway
thus lowering conductance [32].
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Figure 1. (a) Trans-TMC (terminal 1,5-dimethyl-3-methylthiophenyl) and (b) cis-TMC-syn synthesized molecules.
(c) Schematic of the dynamic BJ approach: (1) current saturation; tip and substrate in contact, (2) current plateau at
Istep due to the formation of a molecular junction during tip retraction, (3) zero current (junction breakdown) stage when
the tip is pulled away from the surface and the molecule detaches from one electrode. (d) Schematic of the blinking
approach: (1) fixed inter-electrode distance, d, at a pre-defined tunnelling current, It. (2) current blink at, Im due to the
spontaneous formation of a molecular junction (with a finite lifetime τ), (3) current drop to It upon spontaneous molecular
junction breakdown.

2. Materials and Methods

2.1. Experiments

The conductance measurements were carried out with a mechanically and electron-
ically isolated “PicoSPM II” microscope head controlled by Picoscan-2500 electronics
(Agilent) using a homemade PTFE STM cell. Current signals from the STM were cap-
tured using a NI-DAQmx/BNC-2110 (National Instruments analogic-digital converter
PC-interface acquisition system), analysed with LabVIEW software and plotted employing
Python through Matplotlib [33]. All glassware and homemade PTFE cells were cleaned
with freshly prepared piranha solution (volume ratio of 3:1 H2SO4:H2O2) before the experi-
ments and subsequently rinsed with 18 MΩ cm−1 Milli-Q water (Millipore®, Burlingtone,
MA, USA). A Au(111) single crystal (10 mm × 1 mm, MaTeck) of 5N purity and an ori-
entation accuracy of <0.1° was employed as a substrate. Before each experiment, the
Au(111) crystal was electro-polished to eliminate possible residual contamination, rinsed
with Milli-Q water, annealed in a H2 flame for 10 minutes and then cooled down in Ar
atmosphere. The crystal was then placed in the STM cell that was filled with 80 μL of pure
mesitylene (purity 99 %, ACROS Organic, Thermo Fisher Scientific). One drop of a 0.5 μM
mesitylene solution containing the target carotenoid molecule was added to the STM cell
before starting the single-molecule conductance experiments. The employed molecules
in this work, trans-TMC and cis-TMC-syn, were synthetized according to a procedure
described by Kim et al. [22] (for synthetic details see Appendix A.4).

2.2. Simulations

All calculations were performed using the ORCA 4.2.1 software package [34]. DFT and
time dependent DFT TD-DFT [35] calculations with the BP86 density functional [36,37], theDef2-
TZVP basis set [38,39] and the D3 corrections [40,41]. State overlaps were calculated by the WF
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Overlap program [42] where excited states were constructed from all TD-DFT orbital excitations
with a weight larger than 1 × 10−6. This tight setting led to many determinants to account for the
10 first excited singlets, ranging from 4015 to 5333, depending on the calculation. Comparison
between the overlap matrix before and after orthonormalisation demonstrates the adequacy
of the determinant basis to account for the excited state wave functions as evidenced by the
small relative angles between both matrices (0.023 and 0.004 for the cis-TMC and trans-TMC,
respectively).

3. Results and Discussion

We have employed dynamic and static STM-BJ methods to characterize single-molecule
TMC isomers conductance and to study the effect of the EEF generated by the STM bias
voltage, on the conductance of the TMC single-molecule junction. Briefly, in the dynamic
BJ approach (Figure 1c), the STM tip electrode is repeatedly moved into and out of contact
with the substrate electrode at a constant piezo voltage ramp at 0.5 V/s with the STM
piezo servo-feedback loop off. The junction conductivity is captured via the current versus
time (or displacement) traces in the retraction stage. During the contact process (stage 1
in Figure 1c,), the two metal electrodes (STM tip and substrate) are in contact, which the
corresponding current saturation due to high conductive nature of the metal/metal contact,
and individual carotenoid molecules in solution spontaneously attach to them through
the -SMe terminal groups that have a high affinity for Au [26]. When the tip is retracted
from the substrate, the metallic contact breaks and makes it possible for a TMC molecule
to bridge the nanoscale gap (stage 2 in Figure 1c). In such cases, the current trace exhibits
characteristic step-like features or plateaus corresponding to the quantum conductance
of the molecular junction. Upon further retraction of the tip, the molecule detaches from
one electrode (stage 3 in Figure 1c). The collapse of the molecular junction (open gap) is
accompanied by a sharp drop in current. In a typical dynamic BJ experiment, we collect
thousands of current traces, and an automated selection process designed in LabVIEW
selects the decays that show plateaus (formation of a molecular junction and accumulates
them into 1D semi-logarithmic conductance histograms [26]. The same selection criteria
to build all histograms are applied throughout all experimental series. The yield of decay
curves showing plateaus that meet the selection criteria is typically around 25% of the
total number of collected curves [43]. The data selection process results in 1D conductance
histograms that show peaks above the tunnelling background baseline, providing an aver-
aged single-molecule conductance value, G. G is defined as G = Istep/Vbias, where Istep is
the current plateau and Vbias is the voltage applied between the two Au electrodes.

In the static approach (Figure 1d) [5], a fixed inter-electrode distance (electrode-electrode
separation) is established between the STM tip and the substrate by setting a defined tun-
nelling current, It, to flow between them. When the gap has stabilized and shows a constant
It versus time signal, the It feedback is turned off and the actual tunnelling current monitored
(stage 1 in Figure 1d). A sudden current increase to Im appears when a target molecule is
spontaneously caught in the gap and transiently forms a molecular junction, lowering the
resistance between the electrodes (stage 2 in Figure 1d) [44]. This sudden increase in current is
commonly referred to as a blink. A current blink is characterized by its conductance value and
by its lifetime. The (spontaneous) collapse of the junction (i.e., molecule detaches from one
electrode) is evidenced by a sudden drop of the Im to It [5,45,46] (stage 3 in Figure 1d). The
number of individual blinks per fraction of time defines the accumulation yield and hundreds
of them are plotted as 1D and 2D conductance histograms with a common x-axis time origin.
All blinks are accumulated for evaluation without any selection using an automated process
designed in LabVIEW. This process provides the averaged single-molecule conductance as
a peak in the 1D histograms and prominent coloured regions of higher counts in the 2D
blinking conductance-map histograms. The current corresponding to a trapped molecule
(Iblink) is defined as Iblink = Im − It. Conductance values G are extracted from Iblink divided by
the Vbias.
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The 1D semi-logarithmic conductance histogram retrieved from single-molecule dy-
namic BJ experiments in the trans-TMC molecules exhibits two broad, overlapping conduc-
tance features (Figure 2); 1.68 × 10−4 Go (low conductance regime, LC) and 3.21 × 10−4 Go
(high conductance regime, HC), where Go = 2e2/h = 77.47 μS, the h Planck constant, the e
elementary charge. The HC value is roughly twice of the LC value which might suggest
the formation of multiple trans-TMC molecular junctions. However, several experimental
observations rule out previous scenario: first, all the collected current traces show no
correlation, displaying either HC or LC plateaus (Figure 2b), as opposed to current traces of
junctions formed by multiple molecules that are characterized by the appearance of sequen-
tial plateau features due to consecutive molecular disconnections [47]. Second, junctions
formed by multiple molecules also have a characteristic formation yield that decreases
with the number of trapped molecules, i.e., the frequency of molecular junction formation
decreases from the low conductive (few molecules) to the high conductive junctions (many
molecules) [47,48]. The latter is the behaviour opposite to that observed in Figure 2a where
the HC yield (27.7%) is significantly higher than the LC yield (17.4%). As such, we rule
out that the HC values are related to a multiple molecule junction scenario and that the
detection of the two current signatures must be a consequence of distinct single-molecule
properties as discussed below.

 

Figure 2. (a) Semi-logarithmic histogram from dynamic break junction (BJ) experiments for trans-TMC displaying a high con-
ductance peak (HC, green traces) and a low conductance peak (LC, orange traces) fitted with Gaussians. (b) Representative
individual current versus gap distance traces. Vbias = 20 mV.

The nanoscale inter-electrode distance of a molecular junction allows strong electric
fields in the gap in the order of 108 to 109 V/m [5]. Such strong fields have been reported
to promote single-molecule reactions of trapped molecules in an STM junction [3]. Given
the cis-/trans- isomerization in carotenoids, we explore the possible electric field effect
on the isomerization reaction in these systems [25,49–53]. The dynamic BJ approach can
have detrimental effects when studying molecular configuration dynamics in a molecular
junction due to the mechanical stress induced by the STM tip during retraction, which pulls
on the molecule and can induce structural modifications [25,49–51]. Instead, the static BJ
approach (Figure 1b) avoids the aforementioned drawbacks by employing a fixed inter-
electrode distances also ensuring a constant gap EEF strength. The static BJ approach allows
for a precise oriented EEF along the main junction axis. To this aim, we define three EEF
of increasing magnitudes (low, intermediate, and high) by applying Vbias values of 7 mV,
65 mV and 130 mV. For a tip-substrate gap of approximately 3 nm (estimated length of
the trans-TMC), the corresponding gap EEFs are ca. 2.3 × 10−3 V/nm, 2.2 × 10−2 V/nm,
and 4.3 × 10−2 V/nm, respectively. Figure 3b–d shows the 2D blinking conductance-map
histograms obtained for the three applied EEFs. In the low bias regime of 7 mV, the trans-TMC
displays HC events only at ca. 3 × 10−4 Go (Figure 3b). At intermediate and high Vbias of
65 and 130 mV, the trans-TMC 2D conductance-maps additionally exhibit a LC feature with
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blinks at ca. 1.5 × 10−4 Go (Figure 3c,d). These results are in agreement with the dynamic
BJ results and provide further evidence that the observed conductance features originate
from two distinct molecular features in the junction. The blink lifetime is the highest for
the low-bias regime, reaching 0.73 s, decreasing to 0.44 s for HC and 0.58 s scores for LC at
intermediate Vbias and the shortest blink lifetimes, of 0.32 s for HC and of 0.42 s for LC, at high
Vbias. The decrease in blink lifetime with increasing Vbias can be explained by a decrease in
junction stability due to local heating effects and electromigration-induced mobility of metal
atoms under higher EEFs. [54]. Note that at all the applied bias voltages, HC blinks display
a 1.3 times longer lifetime as compared to LC blinks, which denotes an intrinsically higher
junction stability in the case of HC junctions. The relative populations of the HC and LC
junctions display a clear dependence on the applied EEFs. At low bias, all detected blinks
correspond to the HC regime while at intermediate and high biases, the HC yield decreases
significantly but LC features increase. At Vbias = 65 mV, the LC/HC yield ratio is nearly one
to one, 48 /52, respectively. At Vbias = 130 mV, the LC/HC yield ratio increases to more than
three, with the LC yield reaching 77 % of the total captured blinks. The observed behaviour
in the blinking BJ approach is in accordance with the dynamic BJ results. In dynamic BJ
experiments the varying gap distances produce overall higher EEFs even at the lower Vbias
due to the transiently lower electrode–electrode gap distances (starting at direct electrode-
electrode contact in the break-junction cycle, Figure 1c), which are sufficiently strong to induce
the in situ trans-to-cis isomerisation and resulting in observed larger LC (cis-TMC) yields than
in the blinking experiments. The observations for both BJ approaches suggest a conversion
of HC to LC regimes in the presence of a sufficiently large Vbias, i.e., a sufficiently strong
applied EEF.

To test the HC to LC switching hypothesis, we perform voltage-pulse experiments
where a high bias voltage pulse of 300 mV is applied for 10 ms during the lifetime of a HC
blink to induce the switching to LC (Appendix A, Figure A1). After the voltage pulse, the
junction switches from HC to LC and stays at the characteristic LC value at the returning
low Vbias of 30 mV prior to junction breakdown. Analogous voltage-jump experiments
performed during LC blinks, show no conversion from LC to HC values. Both sets of
experiments attest an irreversible process for the HC-to-LC conversion.

What is the nature of the two distinct Vbias-dependent conductance features for trans-
TMC in Figure 3? The static BJ results rule out a mechanical origin of the observed
conductance switching initially observed in the dynamic BJ experiments, and point toward
the bias voltage as the driving force for the observed bimodal conductance behaviour.
Guided by previous literature that showed isomerisation reactions of individual molecules
tuned by voltage differences [52,55], we hypothesize that applying a Vbias to the TMC
junction induces a trans-to-cis isomerisation of the molecule in the junction [52]. We have
synthesized a homologous cis carotenoid (cis-TMC-syn) with a nearly identical structure
(Figure 1b) and use it as a control test. The cis-TMC-syn control junctions show identical
yield, conductance and blinking lifetime as the LC regime observed for the trans-TMC
junctions (see Appendix A.4 for details). These control findings strongly support our
hypothesis that the trans-TMC undergoes an in situ isomerisation induced by the applied
EEF along the junction.

The observed irreversibility of the isomerisation can be explained by preferential
molecule|electrode coupling of the cis-TMC compared to trans-TMC [9]. We speculate that
the cis-TMC structure offers an increased coupling between the distal phenyl ring and the
Au electrode through van-der-Waals (π-) interactions [56,57]. As a consequence of the cis-
TMC geometry adopted during the single-molecule contact, the phenyl ring comes closer
and laterally faces the Au electrode [9], promoting a π-stacking interaction, in additional
to the thiol bond [56–58], with interaction energies in the order of 20 kcal/mol [59]. The
relative orientation of phenyl moiety with respect to the Au electrode and its close distance
to the electrode surface is known to play an important role for stability and transport
properties in single-molecule junctions [57]. Thus, the methyl-S–Au bond accompanied by
phenyl–Au interactions provide the larger stability of the cis-TMC single-molecule junction
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relative to the trans isomer [60]. Such cooperative stabilisation effect can be expected to lead
to longer junction lifetimes and non-reversibility of the in situ trans-to-cis isomerisation, in
line with our observations. Despite the larger molecule|electrode coupling for cis-TMC, the
overall conductance of the cis-TMC junction is dominated by the gauche defect that breaks
the π-orbital electron pathway through the molecule [32], yielding a lower conductance.

Figure 3. (a) Representative HC (green) and LC (orange) blinks of the trans-TMC junction formation in a typical static BJ
experiment. 2D conductance maps built out of hundreds of trans-TMC blinking traces at Vbias = (b) 7 mV, (c) 65 mV, and
(d) 130 mV at a fixed gap distance. Counts are normalized to a maximum of 100.

To corroborate the hypothesis of in situ EEF-induced trans-to-cis isomerisation in the
single-TMC junction, we performed density functional theory (DFT) calculations to model
the effect that an oriented EEF has on the trans-TMC molecule in the junction. Low-energy
excited states are often the key to describe photoinduced isomerisation processes [61–63]. We
then analysed how an electric field affects these energy levels via applied voltage bias. For the
S1 (first excited state), a dramatic change in the oscillator strength (spectroscopic transition
probability) is observed for both the cis-TMC and trans-TMC conformers. Figure 4 shows
(black line) that the S0 → S1 transition is strongly forbidden in the absence of an electric
field and is associated with delocalized orbitals extending along the molecule (see natural
transition orbitals for the trans-TMC conformer in Figure 5). The addition of an EEF (blue and
red curves in Figure 4) increases the oscillator strength dramatically for both cis-TMC and
trans-TMC conformers (0◦ and 180◦ respectively along the X-axis rotation coordinate depicted
in Figure 4) due to conjugation along the molecular chain, leading to large polarizability. In
the case of trans-TMC, the enhancement of the oscillator strength is less dramatic than in the
cis-TMC conformer (a factor of 12 instead of 600, Figure 4) because the transition to the S1
state at zero field for trans-TMC is weak but not as forbidden as for cis-TMC. These differences
are related to the reduction of symmetry associated with double bond rotation (see C9–C10
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in Figure 1a), as illustrated in Figure A4. In cis-TMC case, natural transition orbitals [64],
localized at each side of the double bond, indicate that the transition to S1 will lead to the
charge displacement along the charge transport direction, contributing to the current.

Calculated energy profiles of the TMC trans-to-cis isomerisation in the absence of an
EEF for molecules in the ground state S0, show expectedly large energy rotation barriers
of ca. 48 (30) kcal/mol (Appendix A, Figure A3). These barriers are consistent with
previous estimates of C=C double-bond rotation activation energies [65]. EEF, however,
promotes the mixing of the S1, S2 and S3 states, in line with the observed enhancement of
the oscillator strength (the overlap matrix is given in the Table A1 of the Supplementary
Information). For trans-TMC molecules, the oscillator strengths of the S0 → S1 transition
at fields on the order of 4.3 × 10−2 V/nm increases to 0.2. Therefore, a voltage difference
in the order of a few hundreds of mV for an inter-electrode distance (nanogap) adapted
to the molecular size, should be sufficiently strong to induce a mixing between the S1
and S2 states, suggesting that the S1 state participates in the current-induced excited-state
dynamics and promotes the isomerisation. In our case, DFT calculations indicate that a
voltage bias is likely to enhance the contribution of the S1 state to the electron dynamics,
promoting the isomerisation process. The applied bias voltage does not need to overcome
the double-bond rotation barrier to promote conformational switching. Travelling electrons
will activate isomerisation pathways by populating the π* orbitals connected with photo
switching processes, as evidenced by the dramatic EEF- induced mixing of the key S1 state.

Figure 4. Oscillator strength for the S0 → S1 transition. Black, blue, and red colours correspond
to external electric fields (EEF) = 0, +2.3 × 10−4 a.u. and −2.3 × 10−4 a.u., respectively. Note the
strength difference in the enhancement of the oscillator between trans-TMC and cis-TMC conformers
(a factor of 12 and 600, respectively).
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Figure 5. Orbitals for the S0 → S1 natural transition of the trans-TMC in the absence (top) or presence
(bottom) of an EEF (0◦ dihedral angle). Left numerical column indicates the weight for each orbital.

To summarize, we can rationalize all observed experimental results with the assign-
ment of HC and LC values to trans-TMC and cis-TMC isomers, respectively:

Conductance. The cis isomer has a lower conductance value than the trans isomer. As
previously reported [22], the breaking of the π-conjugation due to isomerisation lowers the
transport efficiency along the polyene backbone [32].

Lifetime. The difference in lifetime between the HC blinks and the LC blinks reflects
the different stability of each isomer in the molecular junction. The higher lifetimes of
the LC blinks and the irreversibility of the trans-to-cis isomerisation can be attributed
to a relatively higher stability of the cis-TMC isomer in the junction due to a more con-
strained configuration involving the terminal phenyl rings in the molecular anchoring to
the electrodes.

Population vs. Vbias. The ratio of LC/HC blinks increases with increasing Vbias. DFT
calculations suggest that the S1 state remains spectroscopically dark at low fields, and
therefore cannot promote electron transport. Thus, only high conductance associated with
the trans-TMC isomer is observed. At high biases, the EEF induces an excited state mixing
and hence promotes the trans-cis isomerisation, leading to an increasing number of (less
conductive) cis conformers.

4. Conclusions

In the present study, an in situ electric field-dependent isomerisation in a single-
molecule junction is demonstrated. Our experimental platform allows modulating the EEF
by modifying the bias voltage magnitude to well-defined nano-gaps between two metal
leads, while detecting single-molecule current events. By characterizing both a trans-TMC
and a synthetically homologous cis-TMC version, we have univocally assigned molecular
conductance features to each isomer. Trans-TMC is then ascribed to the molecular junction
displaying average conductance values of ca. 3 × 10−4 Go, and the in situ generated cis-
TMC is ascribed to molecular junctions average conductance values of ca. 1.6 × 10−4 Go.
We show that controlled voltage pulses can be used to in situ isomerize the trapped polyene
molecular backbone in the nanoscale molecular junction. Our combined experimental
results and DFT calculations ascertain that a controlled isomerisation irreversibly occurs in
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the trans-TMC-based single-molecule junctions when converted into a more structurally
stable cis-TMC-based junction. The isomerisation rate dependence on the EEF strength is
supported by the increasing yield of junction formation of the cis-TMC form as a function
of the EEF magnitude. Under high bias regimes (i.e., strong EEF), the cis-TMC LC feature
dominates the conductance histogram. We conclude that the isomerisation from the trans-to
the cis-TMC is promoted in a controlled way under a specific EEF strength in the single-
molecule junctions. These findings have a special relevance in the field of electrocatalysis,
since obtaining the cis-TMC isomer is unfeasible using traditional bulk synthetic routes
due to steric constrains.
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Appendix A

Appendix A.1. In Situ Irreversible High-Conductance (HC) to Low-Conductance (LC) Conversion

To induce HC-to-LC conversion in situ and to study its reversibility [6,52], a high-
voltage pulse of 300 mV is applied for 10 ms during the lifetime of a detected HC blink, with
the aim to switch the molecular junction to the LC regime (Figure A1a,b). Immediately after
the pulse, at Vbias = 30 mV, the detected current decreases to the characteristic LC value
(Figure A1c), attesting the Vbias-induced conversion of an individual trapped trans-TMC
molecule. Eventually, the junction collapses spontaneously and the current suddenly drops
to the It value. Equivalent experiments performed during LC blinks show constant Im
profiles independent of the bias pulse, without conversion from LC to HC values (see
Figure A1d). Both sets of experiments point to an irreversible HC-to-LC conversion under
the experimental conditions.
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Figure A1. (a,c) Vbias versus time traces indicating the 10 ms short voltage pulse of 300 mV. (b,d) Conductance versus time
traces corresponding to the voltage schemes depicted in (a,c) at a fixed inter-electrode distance of ca. 3 to 3.5 nm.

Appendix A.2. Energy Profile for trans-to-cis Rotation in the Absence of an Electric Field

Geometry optimisations for the cis-TMC and trans-TMC configurations reveal that
both isomers present a similar energy, with a difference of 0.82 kcal/mol favouring the cis-
TMC isomer. Of course, this energy difference is below the typical error of DFT methods,
so we can consider both isomers to be of basically the same energy. Starting from the
optimized cis-TMC isomer, the dihedral angle connecting both structures was rotated in
15◦ intervals (Figure A2). The ground state energy profile was insensitive to the addition
of an electric field of ±2.2 × 10−4 atomic units (a.u.), i.e., 1.1 × 108 V/nm, and curves are
indistinguishable from the ground state in Figure A3a.

Figure A2. Superposition of structures with θ = 0◦ (blue), 45◦, 90◦, 135◦, 180◦ (red). Colour code: S,
yellow; C: grey. Hydrogen atoms are omitted for clarity. The structures have not been reoptimized
for each studied dihedral angle.

25



Appl. Sci. 2021, 11, 3317

Figure A3. (a) Energy of the ground (solid lines) and first singlet excited (dashed) states along the
rotation of the C–C double bond connecting cis-TMC and trans-TMC configurations. (b) Stabilisation
of the S1 state due to the inclusion of an EEF of 2.2 × 10−4 a.u. in the z direction. Blue and red colours
correspond to positive and negative signs for the field.

 

Figure A4. Natural transition orbitals [64] for the S0 → S1 transition of the cis-TMC in the absence
(top) or presence (bottom) of an EEF (180◦ dihedral angle). The weight of each contribution is
indicated at the left side.

Table A1. Overlap matrix for the ground state (GS) and 10 lowest singlet excited states (Sn) in the presence and absence of
an EEF of +2.2 × 10−4 a.u. Larger positive and negative contributions are highlighted in blue and red, respectively.

cis-TMC isomer:

GS S1 S2 S3 S4 S5 S6 S7 S8 S9 S10

GS 0.9995 0.0004 0.0262 −0.0148 −0.0003 −0.0046 −0.0004 −0.0002 −0.0001 −0.0003 0.0001
S1 −0.0112 0.8926 0.4447 0.0352 0.0272 0.0565 0.0076 −0.0126 0.0002 0.0043 0.0044
S2 0.0236 0.4445 −0.8925 0.0177 −0.0617 0.0302 0.0000 0.0173 0.0012 0.0012 −0.0063
S3 −0.0140 0.0333 0.0324 −0.8770 −0.4738 0.0048 −0.0302 0.0462 −0.0019 −0.0091 0.0282
S4 0.0053 −0.0230 0.0590 0.4740 −0.8741 0.0295 −0.0677 −0.0331 −0.0067 −0.0221 −0.0137
S5 0.0042 −0.0623 −0.0051 −0.0230 0.0285 0.9713 0.0093 −0.2210 0.0008 −0.0008 0.0487
S6 −0.0003 0.0046 −0.0029 −0.0077 0.0506 −0.0064 −0.7369 −0.0596 −0.5787 0.3402 −0.0127
S7 −0.0014 0.0138 −0.0203 −0.0528 0.0092 −0.2141 −0.0937 −0.9482 0.1290 −0.1580 −0.0343
S8 −0.0001 0.0038 0.0041 0.0060 0.0582 0.0538 −0.6394 0.2106 0.4624 −0.5703 −0.0387
S9 0.0002 −0.0023 −0.0001 0.0049 −0.0080 −0.0081 −0.1834 −0.0161 0.6555 0.7209 0.1284
S10 −0.0002 −0.0016 0.0081 −0.0304 −0.0037 0.0520 0.0145 0.0141 0.0701 0.1171 −0.9886
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Table A1. Cont.

trans-TMC isomer:

GS S1 S2 S3 S4 S5 S6 S7 S8 S9 S10

GS 0.9997 −0.0013 −0.0217 −0.0123 0.0029 −0.0052 0.0008 −0.0013 −0.0002 0.0009 0.0017
S1 0.0101 −0.8381 0.5414 −0.0248 −0.0201 −0.0566 0.01 −0.007 0.0017 0.0023 −0.0008
S2 −0.0192 −0.5417 −0.8386 −0.0041 0.0462 −0.0205 −0.0155 0.0062 −0.0006 −0.0016 −0.0057
S3 0.0106 −0.0178 0.0302 0.9064 0.4184 0.0022 −0.0217 0.0244 −0.0037 −0.0004 0.0314
S4 −0.007 0.0188 0.0404 −0.4185 0.9042 −0.0309 0.0375 0.0506 −0.0018 −0.0149 −0.0064
S5 −0.0053 0.0568 −0.0184 0.0222 −0.0287 −0.9782 0.189 −0.0427 −0.0001 0.0055 0.0241
S6 −0.0013 0.006 0.0045 −0.019 0.0511 −0.0663 −0.5116 −0.7544 −0.3966 −0.0344 0.0567
S7 −0.0002 −0.0101 −0.0151 0.0287 0.0066 0.1766 0.829 −0.419 −0.3031 −0.0968 −0.0596
S8 −0.0009 0.0002 −0.0059 0.0014 0.0336 0.0388 0.0798 −0.4876 0.8005 0.3317 0.0489
S9 −0.0016 −0.0022 −0.0036 −0.0167 0.0005 0.0221 0.0652 0.1119 −0.3153 0.8471 0.4066
S10 −0.0014 −0.0049 −0.0045 −0.0245 −0.0119 0.0293 0.0488 −0.0036 0.1032 −0.4018 0.9077

Appendix A.3. cis-TMC-syn (Synthetic) Carotenoid Control Experiments

As a control experiment for the trans-to-cis isomerisation process, we employ a ho-
mologous cis-TMC isomer control molecule, the cis-TMC-syn (see Figure 1b). The control
molecule possesses an almost identical structure to cis-TMC and thus represents a suitable
molecular reference to assign the LC feature in (Figure 3) to the cis-isomer. The missing
methyl substituents on the phenyl rings on the carotenoid control compared to TMC are
not expected to affect significantly the characteristic conductance value of the conjugated
carotenoid wire, since CH3- and H-terminal groups exhibit comparable electron-donating
character [26].

Unlike for trans-TMC that shows two discrete LC and HC regimes in the dynamic
approach, the dynamic BJ cis-TMC-syn experiments exhibit a single (low) conductance
value (Figure A5a). cis-TMC-syn yield of 20.3 % and the conductance value of 1.77 × 10−3

Go are nearly identical to the analogous concepts for trans-TMC junctions: a yield of 17.4 %
and a LC value of 1.68 × 10−3 Go. as Figure 2a shows.

Figure A5c–e displays the 2D conductance maps of the cis-TMC-syn at the different
applied EEF. Unlike for trans-TMC, cis-TMC-syn junctions show a unique and constant
current signature at all three applied Vbias regimes. The molecular conductance value
extracted from the blinking approach of 1.60 × 10−3 Go is in good agreement with the
conductance value obtained from the dynamic approach. The extracted conductance values
from the 2D blinking histograms of cis-TMC-syn junctions are statistically identical to those
of the LC regimes measured in the trans-TMC at the same Vbias (Figure A6a, blue and
orange plots).

Another remarkable similitude between cis-TMC-syn and LC trans-TMC junctions is the
observed blinking lifetime that are correlated under equivalent bias regimes (see Figure A6b,
blue and orange, respectively). For both measured species, the blinking lifetime is ca. a factor
1.3 larger than that of the HC trans-TMC junctions.
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Figure A5. (a) Semi-logarithmic histogram from dynamic experiments for cis-TMC-syn control molecule displaying a single
peak of LC fitted with a Gaussian. (b) Representative individual current versus gap distance traces. Vbias = 20 mV. (c–e) 2D
conductance maps of the cis-TMC-syn control molecule blinking experiments Vbias = (b) 7 mV, (c) 65 mV and (d) 130 mV at
a fixed gap distance. Vbias was randomly changed for each set of experiments for a total time of 5h for each bias regime.
Counts are normalized to a maximum of 100.

 
Figure A6. (a) Molecular conductance and (b) blinking lifetimes for trans-TMC HC (green) and LC (orange) as well as for
cis-TMC-syn (blue) junctions for the three employed Vbias values. Conductance and standard deviation values are extracted
with Gaussian fits of the peaks in 1D blinking histograms of Figures 3 and A5.
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Appendix A.4. Synthetic Details

 
Figure A7. 1H nuclear magnetic resonance (NMR) spectrum for cis-TMC-syn (top) and for trans-TMC (bottom).
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Abstract: There is a worldwide race to convert waste heat to useful energy using thermoelectric
materials. Molecules are attractive candidates for thermoelectricity because they can be synthesised
with the atomic precision, and intriguing properties due to quantum effects such as quantum
interference can be induced at room temperature. Molecules are also expected to show a low thermal
conductance that is needed to enhance the performance of thermoelectric materials. Recently, the
technological challenge of measuring the thermal conductance of single molecules was overcome.
Therefore, it is timely to develop strategies to reduce their thermal conductance for high performance
thermoelectricity. In this paper and for the first time, we exploit systematically the effect of anchor
groups on the phonon thermal conductance of oligo (phenylene ethynylene) (OPE3) molecules
connected to gold electrodes via pyridyl, thiol, methyl sulphide and carbodithioate anchor groups.
We show that thermal conductance is affected significantly by the choice of anchor group. The
lowest and highest thermal conductances were obtained in the OPE3 with methyl sulphide and
carbodithioate anchor groups, respectively. The thermal conductance of OPE3 with thiol anchor was
higher than that with methyl sulphide but lower than the OPE3 with pyridyl anchor group.

Keywords: molecular electronics; thermoelectricity; phonon; thermal conductance; OPE3; anchor
groups; pyridyl; thiol; methyl sulphide; carbodithioate

1. Introduction

Currently, nearly 10% of the world’s electricity is used by computers and the internet
and converted to heat. This waste heat could be used to generate electricity economically,
provided materials with a high thermoelectric efficiency could be identified [1]. The
demand for new thermoelectric materials has led to a worldwide race to develop materials
with a high thermoelectric efficiency [2–11]. The efficiency of a thermoelectric device is
inversely proportional to its thermal conductance κ = κp + κe due to electrons (κe) and
phonons (κp) [12]. Therefore, low-thermal-conductance materials are needed for an efficient
conversion of heat into electricity. The state of the art thermoelectric figure of merit (ZT)
was found in inorganic materials, e.g., 2.2 at high temperatures 900 K [13]. These inorganic
materials are toxic, and their global supply is limited. Therefore, organic materials are now
being considered [14].

Molecules are attractive candidates for thermoelectricity because their structure can
be modified with atomic precision and desirable properties can be induced by the engi-
neering of their structure [15,16]. They are also expected to show intriguing properties,
such as room temperature quantum and phonon interference, that can be used to simulta-
neously increase their electrical conductance and Seebeck coefficient and to suppress their
thermal conductance [17,18].

Just recently the technological challenge of measuring the thermal conductance of
single molecules was overcome [19,20]. This opens new avenues to study the thermoelec-
tric efficiency of single molecules [21,22]. To optimize molecular junctions for a maximum
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efficiency, strategies to increase their electrical conductance and Seebeck coefficient si-
multaneously and to suppress their thermal conductance should be developed. So far,
thermal conductance of a few molecules, including C60 [23], alkanes [19,24], OPE2 deriva-
tives [17], OPE3 [19,23], Benzene [25,26], Oligoyne [24], biphenyl-dithiol [17], bipyridyl
and its radical counterpart [18], between gold electrodes has been calculated. Among
these, thermal conductance of alkanes [19,20] and OPE3 [27] molecules with thiol anchor
were measured. Table 1 shows a summary of room temperature thermal conductance
calculations due to electrons (κe) and phonons (κp) of single molecules between gold elec-
trodes using density functional theory (DFT) combined with the non-equilibrium Green’s
function (NEGF) method for transport calculations and comparison with single molecule
thermal conductance measurements. Previous studies show that the thermal conductance
of single molecules is dominated by phonons. For example, the measured thermal con-
ductance of OPE3 is 20 ± 6 pW/K [27]. The calculated contribution from electrons and
phonons are 0.1 pW/K and 19 pW/K, respectively [27]. The thermal conductance can be
controlled using electrically inert side groups and phonon interference through multipath
molecular backbones [17,25,26,28,29].

Table 1. Room temperature thermal conductance due to electrons (κe) and phonons (κp) of single molecules between gold
electrodes using DFT–NEGF calculations and single molecule measurements.

Molecule
Calculated κ (pW/K) Measured κ

(pW/K) Ref.
κp κe at DFT Fermi Energy

Biphenyl–4,4′–dithiol (BDT) 19.6 2.3 - [17]

2,2′–dinitro–BDT 11.7 <0.01 - [17]

oligo(2–phenylene–4,4′–ethynylene)–dithiol
(OPE2) 9.9 <0.01 - [17]

2,2′–dinitro–OPE2 9.7 16.7 - [17]

4,4′–bipyridyl (BP) 34.8 <0.01 - [17]

3,3′,5,5′–tetrachloride–BP 14.8 <0.01 - [17]

3,3′–dinitro–BP 23.6 <0.01 - [17]

oligo(3–phenylene–4,4′–ethynylene)–dithiol
(OPE3) 19 0.1 20 ± 6 [19]

Octane–dithiol 23 0.02 29 ± 8 [19]

Alkanes with dihy-
drobenzo[b]thiophene

(BT) anchor
(N = number of C2H4)

N = 1 25.4 0.03 - [24]

N = 2 33.4 <0.01 - [24]

N = 4 30.3 <0.01 - [24]

N = 8 5.6 <0.01 - [24]

Alkanedithiol
(N = number of C2H4)

N = 1 17–22 5.7 14.6 ± 3 [20]

N = 2 18–27 1.1 13.4 ± 5 [20]

N = 3 17–29 <0.01 16.9 ± 3 [20]

N = 4 20–33 <0.01 26.3 ± 7 [20]

N = 5 17–33 <0.01 28 ± 8 [20]

Oligoyne with BT anchor
(N = number of C2H4)

N = 1 15.6 0.4 - [24]

N = 2 9.2 0.5 - [24]

N = 4 7.7 0.25 - [24]
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Table 1. Cont.

Molecule
Calculated κ (pW/K) Measured κ

(pW/K) Ref.
κp κe at DFT Fermi Energy

2,2′–bipyridine–BP 6 0.3 - [18]

BP functionalized with tert–butyl nitroxide
radical 2 1.45 - [18]

C60 monomer 20–46.3 68–572 - [23]

C60 dimer 7–7.3 0.1–1.8 - [23]

Benzenedithiol
meta 7.5 - -

[26]
para 22.5 - -

Benzenediamine
meta 24.5 - -

[25]
para 25.2 - -

2–fluoro–1,4–diaminobenzene 24.4 2.62 [25]

2–chloro–1,4–diaminobenzene 22.2 2.7 - [25]

2–bromo–1,4—diaminobenzene 16.9 2.8 - [25]

2,5–dibromo–1,4–diaminobenzene 17.9 2.9 - [25]

2,6–dibromo–1,4–diaminobenzene 10.5 2.9 - [25]

2,3–dibromo–1,4–diaminobenzene 18 3 - [25]

OPE3–diamine
meta 13.8 0.11 - [25]

para 24.5 <0.01 - [25]

In most of the molecular junctions, molecules are contacted to the electrodes via
suitable anchor groups [30]. From Table 1, the calculated thermal conductance of alka-
nes is different in [24] (Alkanes with dihydrobenzo[b]thiophene (BT) anchor) and [20]
(Alkanedithiol). While the electrodes and the molecular backbone are the same, these cal-
culations use different anchor groups for alkanes. Therefore, it seems that the anchor group
plays a significant role in the thermal conductance of molecules. In order to understand the
effect of anchor groups on thermal conductance, a systematic study of a given molecular
backbone with different anchor groups is needed. For this reason, we choose OPE3 and
exploited its thermal conductance with different anchor groups including pyridyl (PY),
thiol (S), methyl sulphide (SMe) and carbodithioate (CS) between two gold electrodes (see
Figure 1). We found that thermal conductance due to phonons is affected significantly by
the choice of anchor groups. For example, thermal conductance of OPE3 decreased by a
factor of 2 from CS to SMe. This is significant because the thermoelectric figure of merit
(ZT) is inversely proportional to thermal conductance, and therefore ZT can be enhanced
by a factor of 2 using the choice of a suitable anchor group.
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Figure 1. Phonon transmission coefficient versus phonons with energy h̄ω for OPE3 with different
anchor groups: (a) pyridyl PY, (b) thiol S, (c) methyl sulphide SMe and (d) carbodithioate CS.

2. Results and Discussion

To study vibrational and thermal properties of junctions formed by OPE3 and different
anchor groups, the geometry of OPE3 in gas phase and between gold electrodes was
relaxed to the force tolerance of 5 meV/Å using the SIESTA [31] implementation of density
functional theory (DFT), with a double-ζ polarized basis set (DZP) and the local density
approximation (LDA) functional with Ceperley and Alder (CA) parameterization. A real-
space grid was defined with an equivalent energy cut-off of 350 Ry. Following the method
described in [12,24], a set of xyz coordinates were generated by displacing each atom
from the relaxed xyz geometry in the positive and negative x, y and z directions with
δq′ = 0.01 Å. The forces Fq

i =
(

Fx
i , Fy

i , Fz
i

)
in three directions qi = (xi, yi, zi) on each atom

were then calculated and used to construct the dynamical matrix Dij = Kqq′
ij /Mij where

the mass matrix M =
√

Mi Mj and Kqq′
ij =

[
Fq

i

(
δq′j

)
− Fq

j

(
−δq′j

)]
/2δq′j for i �= j obtained

from finite differences. To satisfy momentum conservation, the K for i = j (diagonal terms)
was calculated from Kii = −∑i �=j Kij.

The phonon transmission Tp(ω) can then be calculated from the relation Tp(ω) =

Trace
(

Γp
L(ω)GR

p (ω)Γp
R(ω)GR†

p (ω)
)

where Γp
L,R(ω) = i

(
∑

p
L,R(ω)− ∑

p
L,R

†(ω)
)

describes

the level broadening due to the coupling to the left (L) and right (R) electrodes, ∑
p
L,R(ω) is the

retarded self-frequencies associated with this coupling and GR
p =

(
ω2 I − D − ∑

p
L −∑

p
R

)−1

is the retarded Green’s function, where D and I are the dynamical and the unit matrices,
respectively.

Figure 1 shows the phonon transmission coefficient Tp for phonons with energy h̄ω
traversing from one gold electrode to the other through OPE3 derivatives with different
anchor groups. Tp was limited to phonons with energies h̄ω < 19 meV, which is the Debye
frequency of Au electrodes [24]. The amplitude of Tp was generally higher for OPE3 with
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the pyridyl PY (Figure 1a) and carbodithioate CS (Figure 1d) anchors. The amplitude of Tp
was noticeably lower for OPE3 with the methyl sulphide SMe anchor (Figure 1c) compared
to that with the thiol S anchor (Figure 1b). This is due to a combination of two effects. First,
our calculations show that the binding energy between Au-S in SMe (0.47 eV) was weaker
than that of Au-S in thiol (2.08 eV). This is because SMe makes a coordination bond to Au
whereas the bond between Au–S in thiol is a stronger covalent bond. This means that the
vibrational coupling between Au–S is stronger with thiol compared to the SMe anchor.
Secondly, phonon interference [17] due to CH3 side group in SMe led to the suppression of
Tp. The phonon waves transmitted through sulphur atoms interfered destructively with
the reflected waves by CH3 groups for given frequencies, leading to the suppression of
Tp. This is like a guitar string, where waves with certain frequencies are suppressed by
pressing the string at different points.

Using Tp, the phonon thermal conductance κp at temperature T was calculated from

κp(T) = (2π)−1 ∫ ∞
0 �ωTp(ω)(∂ fBE(ω, T)/∂T)dω where fBE(ω, T) =

(
e�ω/kBT − 1

)−1
is

the Bose–Einstein distribution function, � is the reduced Planck’s constant and kB is the
Boltzmann’s constant [12]. Figure 2 shows thermal conductance for OPE3 with the PY, S,
SMe and CS anchor groups. κp increases with temperature T and saturates for temperatures
higher than 150 K. This saturation of κp is mainly because of the small Debye frequency
of gold electrodes [24]. The order of thermal conductances for different anchors is as
follows: OPE3–CS (34 pW/K) > OPE3–PY (30 pW/K) > OPE3–S (25 pW/K) > OPE3–SMe
(19 pW/K). Clearly, thermal conductance due to phonons is influenced strongly by the
choice of anchor groups and the lowest thermal conductance is obtained for the molecule
with the SMe anchor group. The thermal conductance of OPE3 with the SMe anchor was
about two times lower than that with the CS anchor.

Figure 2. Phonon thermal conductance versus temperature T for OPE3 with different anchor groups.

To understand the DFT result further, we constructe a simple tight binding (TB)
model of ball and springs with one degree of freedom per site and the spring constant
γ = 61.3 × 10−3eV (Figure 3a) connected to two one dimensional leads through a week
coupling. Figure 3b shows the phonon transmission coefficient using the TB model for
junctions with different anchor groups. Note that for simplicity, we have considered all
spring constants γ the same. The phonon thermal conductance showed a similar trend
to the DFT result κCS

p > κPY
p > κS

p > κSMe
p . The only difference between the junction

with S and SMe anchors is the additional pendent side groups in SMe (Figure 3a). These
pendent side groups attached to S clearly leads to the suppression of Tp resonances for the
high frequency phonons and consequently to the decrease of the thermal conductance in
OPE3 with the SMe anchor groups. The width of the Tp resonances with the CS anchor
group was larger. CS anchors were connected to the electrodes from two points (inset
of Figure 1d); thus the overall coupling strength to electrodes is higher. This leads to the
larger broadening of Tp resonances in OPE3 with the CS anchor groups, leading to a high
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thermal conductance. Note that thermal conductance is proportional to the area under Tp
curve that increases when width of a resonance increases.

Figure 3. Tight binding (TB) model. (a) A simple ball and spring TB model with one degree of
freedom per atom connected to two one dimensional leads through the weak coupling, (b) phonon
transmission coefficient Tp for phonons with frequencies ω and (c) phonon thermal conductance
versus temperature T for the simple TB model in (a).

The thermal conductance of OPE3 with the PY anchor is larger than that of with the
S anchor. The only difference between these two junctions in the simple TB model is the
additional sites at the two ends of the molecule (Figure 3a). There are two competing
effects associated with this. First, the level spacing between resonances decreases when the
size of the system (the number of atoms) increases. As a result, the thermal conductance
is expected to increase because more resonances moved into the energy window defined
by the Bose–Einstein distribution function at room temperature. Secondly, the resonance
width decreases. This is because the length of the junction increases and, consequently, the
density of phonon state at the two end points decreases, leading to the smaller broadening
of the resonances. Clearly, the first effect is dominant here and thermal conductance
increased from the S to PY anchor.

It is worth mentioning that thermal conductance is dominated by phonons in molecu-
lar junctions. For example, the room-temperature thermal conductance due to electrons
and phonons in 4,4′–bipyridy connected to gold electrodes are 0.17 pW/K and 34.8 pW/K,
respectively [17]. This is because the off-resonance thermal conductance due to electrons
is approximately proportional to electrical conductance fromo the Wiedemann–Franz
law [12,32] (e.g., κe = αG where G is electrical conductance and α = 7.3 × 10-6 at room
temperature). Since molecules normally show a small electrical conductance, their thermal
conductance due to electrons is small. Our result demonstrates that a suitable choice of
anchor group can be used to suppress thermal conductance and enhance the thermoelectric
figure of merit and efficiency of molecular thermoelectric devices.

3. Conclusions

In this paper, we investigated the effect of anchor groups on thermal conductance
of single OPE3 molecules. We showed that thermal conductance is affected significantly
by the choice of anchor group. The thermal conductance of OPE3 can be tuned between
20–35 pW/K at room temperature by choosing different anchor groups. Our calculations
indicate that SMe is the better anchor to suppress thermal conductance for thermoelec-
tricity, whereas pyridyl and carbodithioate are better choices for thermal management
applications.
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Abstract: We investigate, using density functional theory (DFT), the electronic and conducting prop-
erties of benzenediamine connected to gold electrodes via different tip structures. We examine a
series of binding motifs to the electrodes and calculate the junction spectral properties. We consider
corrections to the position of molecular resonances at the junction and discuss different approaches
to the calculation of these shifts. We relate the magnitude of these corrections to resonance energies
to the atomistic structure of the tip. Benzenediamine DFT-based transmission spectra can be well
approximated by a Lorentzian model involving only the highest occupied molecular orbital (HOMO).
We show how benzenediamine calculated conductance values in quantitative agreement with previ-
ous experiments can be achieved from the combination of DFT-based spectra and corrections to the
DFT-based HOMO energy and an accessible Lorentzian model.

Keywords: single molecule junctions; metal/molecule interface; energy level alignment; density
functional theory; conductance; electron transport; DFT + Σ

1. Introduction

Understanding and controlling charge transport in single molecule junctions have
been important since it was first suggested that a single molecule might function as an
active electronic component [1], and therefore, that metal–organic interfaces are building
blocks for the next generation of electronic devices [2,3]. Charge transport properties
are mainly measured using scanning-probe methods, in particular, scanning tunneling
microscopy break junctions (STM-BJ) [4,5], and mechanically-controlled microscopy break
junctions (MC-BJ) [6,7]. Such measurements are typically carried out in solution and at
room temperature, and data from thousands of measurements are compiled to generate
conductance histograms [8–10]. However, in those experiments, the geometry of the
interface on the atomic scale is not known, as it cannot be measured in situ, and it is also
changing during the experiment, or from sample to sample. Therefore, theoretical methods
to understand and guide experiments are extremely valuable [3,11].

Density functional theory (DFT) is the fundamental approach to calculate the elec-
tronic properties and optimize the geometry of the junction [12,13]. Similarly, electron
transport calculations are normally performed within the non-equilibrium Green’s function
(NEGF) formalism. DFT-NEGF, even at zero bias (DFT-Landauer), has been able to correctly
reproduce trends in conductance with the correct physical picture [14–20]. However, despite
the significant progress that DFT simulations have offered, their limitations are well known.
Among them, perhaps the most relevant for electron transport is the underestimation of
the fundamental energy gap at the metal/molecule interface [21–24]. To go beyond the
semi-quantitative picture provided by DFT, it would be desirable to make quantitative
comparisons with experimentally measured conductance. For this, corrections to the DFT
electronic structure at the interface need to be made. The most widely used approach
is the DFT + Σ method [25–31], where corrections to conducting orbital(s) are calculated
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externally and added onto the converged system Hamiltonian after the DFT cycle. The cor-
rection is a self-energy composed of two terms: one that corrects the molecular gas-phase
and one that accounts for the nonlocal polarization due the metal electrodes [25,32,33].

A typical molecular junction is composed of a single molecule bonded to electrodes
on either side using chemical linker groups. Electrodes are generally metallic, and Au
has been the most commonly used electrode material in scanning-probe studies because
of its inertness, which enables consistent and reproducible measurements over a wide
range of conditions [5,34]. Linker groups connect the molecule to the electrodes mechan-
ically and electronically [35]. Depending on their chemical nature, linker groups bind
to the electrodes either forming donor-acceptor bonds with surface asperities (for exam-
ple, amine groups -NH2) [25,36], geometry-dependent binding using pyridine groups
(−NC5H5) [37,38], covalent bonding (such as thiol groups −SH) [39–41] or through car-
boxylic groups (−COOH) [42,43]. The atomistic details of the metal–molecule interface
have been shown to tune the electronic and conducting properties of the junction [44–47].
Experimentally, variations in conductance strongly depend on the nature of the linker
group. While for thiolate–Au linkers, they are very large [9,47–50], for amine-terminated
molecules, these are significantly smaller [25,26,33,51]. The benzenediamine (BDA)–Au
interface is a prototypical metal–molecule structure that has been extensively investigated
experimentally [25,33,51] and theoretically [26,27,52,53], and is, therefore, an excellent
benchmark. STM-BJ studies of BDA between Au electrodes yield a conductance peak at
6.4 × 10−3 G0 [25,51,52].

In this work, we focus on the simulation of Au–BDA–Au junctions and investigate
how sensitive the electronic and conducting properties are with respect to the atomistic
termination of the Au tip structures between molecules and electrodes. We carry out this
analysis using both DFT and DFT + Σ formalisms, where, for the latter, we also discuss in
detail the magnitude of the necessary corrections to DFT orbital energies at the junction.
This study illustrates, for a range of BDA interface geometries, how simple post-processing
corrections to DFT-based transmission properties can achieve very good agreement with
measured conductance values.

2. Methods

We employed the well-known SIESTA and TranSIESTA codes [13,54–56]. We con-
structed the junction geometries from the knowledge that the amine groups bind selectively
to undercoordinated Au sites on the metal (111) surface [5,25]. We modeled the N-Au
contact using three possible motifs consisting of one, three or four Au atoms (corresponding
to adatom, trimer or pyramidal tips, respectively) and considered all possible combina-
tions of these motifs. The resulting six structures are shown in Figure 1: adatom–adatom,
adatom–trimer, trimer–trimer, adatom–pyramid, trimer–pyramid and pyramid–pyramid.
We relaxed the positions of the atoms in the molecule and Au tip atoms until the residual
Hellman–Feynman forces fell below 0.02 eV/Å. We used an exchange correlation func-
tional which accounts for van der Waals (vdW) interactions [57]. For structure optimization,
the real-space grid was defined with an equivalent energy cut-off of 250 Ry, while the re-
ciprocal space was sampled using a 2 × 2 × 1 Monkhorst-pack mesh. For calculations of
density of states, we used a 5 × 5 × 1 Monkhorst-pack grid.
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Figure 1. Model structures of benzenediamine (BDA) junctions, for combinations of different binding motifs, consisting of
one, three or four Au atoms (adatom, trimer or pyramid).

Subsequent calculations of charge transport were performed at zero bias for optimized
geometries using the Landauer formalism [58] as implemented by TranSIESTA [13,56].
Au atoms were described using a single-ζ polarized basis set, while a double-ζ polarized
basis was used for molecular atoms. In these calculations, 5 × 5 × 1 and 15 × 15 × 1
Monkhorst-pack grids were used in reciprocal space for calculating the Green’s function
and transmission spectra, respectively.

We also employed the DFT + Σ method [25–27,29,30], which we implemented in
SIESTA. In this approach, corrections are added explicitly into the system Hamiltonian
(H→H + Σ) by an orbital dependent operator of the form,

Σ = ∑ Σn

∣∣∣ψmol
n ψmol

n

∣∣∣, (1)

where Σn is the self-energy correction for the nth molecular orbital, and
∣∣ψmol

n
〉

denotes
the wavefunction states of the molecule. These states are calculated from the Hamiltonian
of the molecular subspace Hmol, contained into the Hamiltonian of the total system (H).
The correction operator (Equation (1)) acts only on the molecular subspace Hmol ⊆ H,
by construction [26,33,59,60]. The self-energy operator Σ can be constructed from a separate
calculation of the relaxed isolated molecule [27,60] or from the Hamiltonian of the molecular
subspace Hmol directly cropped from the converged ground-state Hamiltonian of the junc-
tion. Either way, the correction operator is introduced into the total Hamiltonian, which is
diagonalized again in order to obtain the corrected electronic properties of the system.

The self-energy correction term consists of two parts that address: (1) the underesti-
mated gap of the isolated molecule in conventional DFT (Σ1

n, gas phase correction) and (2)
the lack of renormalization due to the metallic electrodes (Σ2

n, polarization due to metallic
surface). The total correction is the sum of these two contributions which, as discussed
below, have opposite signs, i.e., Σn = Σ1

n + Σ2
n. In principle, this correction could be cal-

culated for every molecular orbital n. However, since we are interested in conductance,
we focused on the region around the Fermi level, and calculated it only for the highest
occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO).
We applied ΣHOMO to all occupied states and ΣLUMO to all unoccupied states [26,53].

The first contribution to the self-energy, the gas phase correction Σ1
n, is defined as the

difference between the DFT energy level and the quasiparticle energy level. We calculated
the ionization potential (IP), i.e., the energy required to remove an electron from the ground
state, and the electron affinity (EA), i.e., the energy required to add an electron to the
ground state. These quantities are defined in terms of (DFT) total energies as IP = E(N) −
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E(N − 1), and EA = E(N + 1) − E(N), where E(Ni) is the total energy of the system with
Ni electrons [28,29,61]. Furthermore, the gas-phase correction to the HOMO (LUMO) is
calculated as a difference between the DFT energy position of the isolated molecule EDFT

HOMO
(EDFT

LUMO) and IP (EA),
Σ1

HOMO = EDFT
HOMO−IP, (2)

Σ1
LUMO = −

(
EDFT

LUMO − EA
)

(3)

The second term, accounting for the polarization due to the metallic surface Σ2
n, is ap-

proximated by a classical image charge model [32,61]. It is modeled as the potential energy
of a point charge distribution between two image planes. We used a point charge qn = 1 for
the n = HOMO or LUMO, corresponding to each atom in the molecule. Each point charge
qn,i is located at a vertical distance zi from the image plane ztop (zbottom), corresponding to
the top (bottom) electrode. Therefore, the self-energy term is calculated as

Σ2
n = ∑

i

| qn,i| 2

4
(
zi − ztop

) + ∑
i

| qn,i| 2

4(zi − zbottom)
(4)

3. Results and Discussion

We began our analysis by studying the electronic properties of the junctions within
DFT, as well as their variation with respect to the binding motifs (Figure 1). We focused
only on the position of the HOMO peak, as it has been shown in the literature that HOMO
dominates the zero-bias conductance for BDA [25,26,51,52]. Figure 2 shows the density
of states projected over the atoms of the molecule for all the binding motifs considered:
adatom–adatom, adatom–trimer, trimer–trimer, adatom–pyramid, trimer–pyramid and
pyramid–pyramid. The figure is centered around the energy of the DFT HOMO peak
(−1.0 eV). The inset shows the same data on an extended energy range. The data are
offset vertically for clarity. From the figure, the position of the HOMO peak at the DFT
level had a small variation across all different structures, ranging from −0.83 to −1.09 eV.
The LUMO peak was found between 2.74 and 2.92 eV. From Figure 2, tip structures involv-
ing adatoms broadly resulted in sharper PDOS peaks and resonances closer to the Fermi
level. In order to implement the DFT + Σ method, it is necessary to calculate the magnitude
of the self-energy correction of the appropriate resonance (Equations (2) and (3)). We first
address the calculation of the gas-phase self-energy correction of the HOMO peak, Σ1

HOMO,
which involves the calculation of the isolated molecule. Several ways of computing this
correction are possible. One option is to optimize the geometry of the molecule. Another
possibility is to compute the molecule in the geometry it adopts at the junction. In the
case of BDA, the magnitude of both corrections was the same in all cases regardless of
which approach was used, −2.99 eV, although we believe that this is due to the reduced
conformational flexibility of the amine linker. We anticipated a spread of values for other
linkers, such as methyl-sulfide groups, which rotate when adsorbed with respect to their
gas-phase geometry. In this case, it would be more consistent to use the geometry the
molecule adopts at the junction [20,35].
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Figure 2. Density functional theory (DFT) density of states projected over molecular atoms for BDA junctions with different
tip structures: adatom–adatom, adatom–trimer, trimer–trimer, adatom–pyramid, trimer–pyramid and pyramid–pyramid.
Data are vertically offset for clarity. The plot is centered on the position of the HOMO peak (~−1 eV). The inset shows the
same data on a wider energy range.

The second term in the self-energy correction, accounting for the polarization due
to the metallic surface, Σ2

HOMO, was approximated using a classical image charge model,
as described in Equation (4). A single point charge was positioned at the geometrical
center of the molecule [28,29,53]. The image plane position was taken to be 1.0 Å above the
outer atomic plane of each Au [62]. Results for all tip structures are presented in Table 1.
The calculated shift of the HOMO resonance due to screening is, for both approaches,
given in Table 1. We see that the largest values were obtained for “short” tips that protrude
the least from the surface, such as adatoms or trimers. When pyramidal tips were consid-
ered, image charge screening was reduced due to the larger vertical distance spanned by
these tips.

Table 1. Polarization due to the metallic electrodes, Σ2
HOMO, calculated using a classical image charge

model with a single point charge.

Σ2
HOMO (eV)

Adatom–Adatom 1.22
Adatom–Trimer 1.22
Trimer–Trimer 1.22

Adatom–Pyramid 1.03
Trimer–Pyramid 1.03

Pyramid–Pyramid 0.81
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The total self-energy correction for the HOMO peak is the sum of both (opposing)
contributions. Results for all tip structures are presented in Table 2. As expected, the de-
pendence with tip structure is opposite that of Table 1: the largest shift was found for the
pyramid–pyramid combination, where the polarization self-energy was lowest, and struc-
tures with one pyramid followed. These differences are relevant for the calculation of
conductance in subsequent sections. Furthermore, the total self-energy correction for the
LUMO peak was 1.90 eV for the adatom–adatom, adatom–trimer and trimer–trimer tip
structures, 2.09 eV for the adatom–pyramid and trimer–pyramid tip structures and 2.31 eV
for the pyramid–pyramid tip structure.

Table 2. Total self-energy correction (ΣHOMO = Σ1
HOMO + Σ2

HOMO), calculated using the geometry of
the molecule at the interface and a single image point charge.

ΣHOMO (eV)

Adatom–Adatom −1.77
Adatom–Trimer −1.77
Trimer–Trimer −1.77

Adatom–Pyramid −1.96
Trimer–Pyramid −1.96

Pyramid–Pyramid −2.18

Having described the spread of the self-energy values with respect to tip structure,
we applied the correction to the Hamiltonian (H→H + Σ) as described in Equation (1).
The shift was applied to the molecular Hamiltonian. DFT values are given by the eigenstates
of the molecular box of the junction Hamiltonian, as described previously. The initial and
final (corrected) energies of the HOMO resonance are given in Table 3. Figure 3 shows
the corrected density of states projected onto the atoms of the molecule for tip structure
combinations. The figure is centered on the range around −3.0 eV, near the position of
the corrected HOMO peak. The inset reproduces the same data on a linear scale and over
an extended energy range with the curves offset for clarity. The LUMO peak was shifted
following the same procedure described here. The position of the corrected HOMO peak
ranged between −2.9 and −3.2 eV. Additionally, the position of the corrected LUMO peak
ranged between 4.5 and 4.8 eV.

Table 3. Highest occupied molecular orbital (HOMO) peak position, calculated using the DFT and
DFT + Σ method.

HOMO Peak Position (eV)

DFT DFT + Σ

Adatom–Adatom −0.84 −3.04
Adatom–Trimer −0.83 −2.91
Trimer–Trimer −1.09 −2.93

Adatom–Pyramid −0.96 −3.01
Trimer–Pyramid −0.97 −2.98

Pyramid–Pyramid −0.93 −3.17
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Figure 3. DFT + Σ density of states projected onto molecular atoms for BDA junctions with different tip structures. Data are
offset vertically for clarity. The inset shows the same data over a wider energy range.

So far, we have focused on the DFT and corrected electronic properties, discussing
how to calculate the magnitude of these corrections. In the final section of the paper,
we turn to the electron transport properties and how to apply these corrections to DFT-
based conductance calculations. Figure 4 shows the transmission spectra of the different
BDA junctions calculated using the DFT-Landauer formalism. These calculations take the
DFT-based electronic structure as input, with its well-known errors in resonance position.
Figure 4 highlights the energy range below the Fermi level where the HOMO resonance,
which defines zero-bias conductance, appears at the DFT level. As before, the inset plots
the same data on a linear scale over an extended energy range. Figure 4 shows that low-
bias conductance is determined by the tailing of the HOMO resonance into the Fermi
level [25,26,51,52]. In Figure 4, the HOMO peak position is found between −0.85 and
−1.00 eV over the tip structures considered, obviously following the DFT-based density of
states (see Figure 2 and Table 3). This is to be compared to the HOMO transmission peak
between −0.94 and −1.27 eV reported in the literature [25,26]. Calculated conductance
values, given by the transmission at the Fermi level, are given in Table 4. Furthermore,
as is common for DFT-based approaches, calculated conductance significantly exceeds the
experimental value (6.4 × 10−3 G0) [25,51,52], in this case, by about a factor 10.
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Figure 4. DFT-Landauer transmission spectra of BDA junctions using different tip structures. The figure highlights the tail
of the HOMO resonance (~−1 eV at the DFT level) into the Fermi level. The inset shows the same data over an extended
energy range.

Table 4. Conductance for BDA junctions using different tip structures from DFT-Landauer and
from Lorentzian fits to DFT HOMO or to DFT + Σ HOMO. Numbers in parenthesis indicate the
overestimation of conductance compared to the measured value (6.4 × 10−3 G0) [25,51,52].

Conductance (10−2 G0)

DFT-Landauer Lorentzian (DFT) Lorentzian (DFT + Σ)

Adatom–Adatom 6.61 (10.33×) 6.66 (10.40×) 1.00 (1.56×)
Adatom–Trimer 6.07 (9.48×) 6.64 (10.38×) 1.03 (1.61×)
Trimer–Trimer 5.55 (8.68×) 6.25 (9.77×) 1.08 (1.69×)

Adatom–Pyramid 6.66 (10.41×) 5.66 (8.85×) 0.64 (1.00×)
Trimer–Pyramid 6.33 (9.88×) 4.62 (7.21×) 0.63 (1.00×)

Pyramid–Pyramid 8.10 (12.65×) 3.23 (5.05×) 0.35 (1.82×)

To improve the agreement between calculated and measured conductance, it is necessary
to correct the position of the conducting orbital. The implementation of DFT + Σ in a fully self-
consistent DFT-NEGF cycle, out of equilibrium, is far from simple. However, trends can often
be drawn from studies in equilibrium. Since in many molecular junctions, conductance
takes place due to non-resonant tunneling [3,11,34], it is illustrative to consider simple
models involving only one molecular resonance. Although single level models fail when
transport involves several molecular orbitals [63] or in cases of quantum interference [64],
they nevertheless provide a good starting point for many representative molecular junc-
tions. Different ways of fitting the relevant parameters and their accuracy have been
discussed [9,35,44,59,63–67]. Here, we consider a single level (HOMO) at zero bias.
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First, the DFT-based conducting peak (in this case HOMO) is fitted using a Lorentzian
model of the form,

T(E) =
A(

(E − EHOMO)
2 + (Γ/2)2

) , (5)

where EHOMO and A are the HOMO peak position and amplitude, respectively, and Γ is the
full width at half maximum. The position of the resonance is then corrected using the self-
energy previously addressed (ΣHOMO). This model assumes that width of the Lorentzian (Γ)
is unchanged, which is reasonable since DFT captures the electronic coupling well. For the
BDA junctions considered, Γ takes three range of values. For adatom–adatom, adatom–
trimer and trimer–trimer structures, the widths were 0.51, 0.52, and 0.55 eV, respectively.
For adatom–pyramid and trimer–pyramid structures, the widths were 0.43 and 0.45 eV.
Finally, for the pyramid–pyramid structure, the width was the lowest, 0.35 eV. This agrees
well with previous calculations, where the conductance peak width showed a modest
variation between 0.34 to 0.56 eV [25]. The conductance from the Lorentzian fitted curve is
presented in Table 4. The agreement with DFT-Landauer values was very good, where the
structures with the widest peaks showed a conductance closest to DFT-Landauer.

Table 4 also reports the conductance values calculated from the Lorentzian fit using
the DFT + Σ resonance positions. Agreement with experiment was significantly improved.
For the adatom–pyramid and trimer–pyramid structures, the corrected conductance was
1.0 × 10−2 G0. This value still exceeded the experimental conductance, but only for a factor
of about 1.6, a substantial improvement as compared to the previous factor of 10. For the
adatom–pyramid and trimer–pyramid structures, the corrected conductance was about
6.3 × 10−3 G0, which perfectly matches with the experimental value [25,51,52]. Furthermore,
for the pyramid–pyramid structure, the corrected conductance was 3.5 × 10−3 G0, even falling
below the experimental conductance value by a factor of about 1.8. Additionally, the variation
between the calculated conductance values among all tip structures was modest, about 18%.
This is comparable to the experimental variation of conductance, about 8% [25]. Therefore,
the combination of corrections to resonance positions within the DFT + Σ methodology,
and a Lorentzian model of conductance, leads to a very good quantitative agreement
with measured conductance values of BDA. The approach that we have described here
would be of use to calculate the level-corrected conductance for broad classes of molecular
junctions from standard DFT-Landauer calculations and rather straightforward corrections
to resonance positions, combined with a Lorentzian transport model.

4. Conclusions

We studied the simulation of electronic and charge transport properties of BDA
junctions with different tip structures. As is well known, at the DFT level, the HOMO
position is too close to the Fermi level, and we discussed corrections to the DFT-based
HOMO energy within the DFT + Σ formalism. We discussed the two contributions to
the resonance energy correction, arising from the self-energy of the isolated molecule and
from the screening at the metallic interface. This correction shifts the HOMO resonance
further form the Fermi energy. We found that, for BDA junctions, the first term was not
sensitive to the details of its calculations. However, the contribution due to interface
screening, which was approximated here by a classical image charge model, did show a
substantial variation of several tenths of an eV with tip structure. The total correction to
the HOMO resonance at the interface was close to 2 eV towards more negative values.
For the interfaces considered, DFT-based transmission spectra of BDA yielded conductance
values that significantly overestimate the measured conductance by as much as an order of
magnitude. We found that a Lorentzian model considering the HOMO resonance matched
the DFT transmission spectra well. We showed that a DFT + Σ approach where this
Lorentzian model was combined with the corrected HOMO energy produced a significant
improvement in the calculated conductance values. For the different interface structures
considered, this approach resulted in values in quantitative agreement with experiments.
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Abstract: In this work, we put forward a prescription of achieving spin selective electron transfer
by means of light irradiation through a tight-binding (TB) magnetic chain whose site energies are
modulated in the form of well known Aubry–Andre–Harper (AAH) model. The interaction of
itinerant electrons with local magnetic moments in the magnetic system provides a misalignment
between up and down spin channels which leads to a finite spin polarization (SP) upon locating
the Fermi energy in a suitable energy zone. Both the energy channels are significantly affected
by the irradiation which is directly reflected in degree of spin polarization as well as in its phase.
We include the irradiation effect through Floquet ansatz and compute spin polarization coefficient
by evaluating transmission probabilities using Green’s function prescription. Our analysis can be
utilized to investigate spin dependent transport phenomena in any driven magnetic system with
quasiperiodic modulations.

Keywords: spin polarization; magnetic chain with AAH modulation; light irradiation

1. Introduction

“Spintronics” has been an emerging field of research during the last two decades
which involves manipulation of electron spin along with its charge [1–10]. Unlike conven-
tional electronic devices, where spin degree of freedom is neglected, spin based ones are
much superior in the context of functionalities, new applications, operations and power
consumption. Nowadays, spintronics can be applied almost everywhere, from data storage
to robotics, speed control and navigation, designing of single as well as parallel logic gates,
computer and mobile games and precise detection of defective cells, to name only a few.
For most of these functionalities, spin injection across an interface is one of the important
prerequisites. However, the fact is that the injection efficiency is remarkably low in most of
the cases [11,12]. Though the efficiency can be improved by some mechanisms, still it is
far away from the desired limit. One possible route to circumvent this issue is the use of a
“spin filter” [13–20].

The basic concept to have filtration effect or in a more simple way to say to get
polarized spin current from a completely unpolarized one, relies on the misalignment of
up and down spin channels. That can be made possible by considering any kind of spin
dependent scattering factor. One of the most common scattering mechanisms is associated
with spin-orbit (SO) coupling [21–31]. In usual solid state materials SO coupling gets two
different functional forms, known as Rashba [32] and Dresselhaus [33] SO couplings. The
first one is involved with asymmetry in confining potential and hence can be regulated
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externally, whereas the other one is associated with the bulk inversion asymmetry of
the material and its strength cannot be monitored. Different SO coupled systems like
molecules, semiconducting materials, tailor made systems etc., with two-, three- and
even multi-terminal junction configurations have been taken into account to explore the
characteristics of polarized currents [34–47]. For all these cases, especially for molecular
systems the key limitation is that the SO coupling is too weak [48]. Because of this fact,
large mismatch among the two spin channels is not possible which prohibits to have higher
SP in a reasonable bias window.

On the other hand, due to the existence of large spin dependent scattering, magnetic
materials exhibit high degree of SP compared to the SO coupled ones. Most commonly
ferromagnetic (FM) materials [49,50] are used, though nowadays attention has also been
paid in different kinds of antiferromagnetic (AFM) materials [51–56] for spin filtration.
For efficient functioning, tuning of spin polarized current is extremely crucial and that is
usually done by applying a magnetic field. However, it has several limitations especially for
small size systems where confining a magnetic field is a challenging task. To eliminate this
prescription some alternative proposals have been put forward by a few groups, including
us. Placing the functional element within a suitable gate electrode, the degree of SP and
its phase can be tuned selectively, and the gate controlled transport phenomena have also
been discussed in some other contexts.

In the present work we follow a different scheme, probably not explored so far in
literature, where SP is engineered by means of light irradiation [57–63]. To substantiate
this fact we consider a one-dimensional (1D) FM system which is irradiated by an arbitrary
polarized light (see Figure 1). Each site of the magnetic chain is associated with a local
magnetic moment that interacts with the injected electron spin [64–69]. Because of this,
interaction electrons get scattered. The up and down spin energy channels are largely
modified due to irradiation as it renormalizes the hopping strength, and this fact is directly
reflected into the transport behavior. To make the system more realistic we introduce disor-
der in the proposed model. Instead of “uncorrelated” disorder, we consider a “correlated”
one in the form of Aubry–Andre–Harper model [70–77] since the later one exhibits several
atypical signatures. Both diagonal, off-diagonal and generalized AAH systems have been
extensively studied in literature exploiting several unusual phenomena, especially along
the line of electronic localization, due to unique and diverse characteristic features of AAH
models, and here in our present work we concentrate only on diagonal AAH system as a
first attempt and discuss the interplay between the AAH potential and irradiation on spin
selective electron transmission.

Figure 1. Spin polarized setup where a one-dimensional magnetic chain is coupled to non-magnetic
source and drain electrodes. The magnetic chain is subjected to light irradiation which controls spin
transfer through the junction.

Describing the quantum system within a tight-binding framework where irradiation
effect is incorporated via the usual Floquet prescription [59,60], we determine spin depen-
dent transmission probabilities following the Green’s function formalism [78–82]. Using
the transmission probabilities, we evaluate spin polarization coefficient. From the results,
we find that the degree along with the phase of SP can be tuned in a wide range by means
of irradiation. Several interesting features are emerged and our results might be useful in
designing spin based electronic devices in near future.

The rest of the work is arranged as follows: In Section 2 we illustrate the spin polarized
setup and TB Hamiltonian, and then give an outline of theoretical prescription for studying
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spin dependent transport phenomena. All the results are presented and critically analyzed
in Section 3. Finally, we summarize our essential findings in Section 4.

2. Magnetic Junction, TB Hamiltonian and Theoretical Formulation

2.1. Junction Setup and the Hamiltonian

Let us begin with the spin polarized setup, shown in Figure 1, where a magnetic
chain having N lattice sites (filled red balls) is clamped between two non-magnetic (NM)
electrodes, commonly referred as source (S) and drain (D). Each site of the magnetic chain
contains a finite magnetic moment which interacts with the injected spin σ (σ =↑, ↓). The
magnetic chain is subjected to light irradiation (yellow arrows) that plays the central role
for engineering spin polarization in our analysis.

The Hamiltonian of the magnetic nanojunction can be written as

H = Hmag + HS + HD + Htun (1)

where different sub-Hamiltonians are associated with different parts of the junction. We
describe explicitly all these terms one by one in TB framework as follows.

The sub-Hamiltonian Hmag reads as

Hmag = ∑
i

c†
i

(
εi −�hi.�σ

)
ci + ∑

i

(
c†

i+1 t̃ci + h.c.
)

(2)

where c†
i =

(
c†

i↑ c†
i↓
)

. c†
iσ (ciσ) is the usual fermionic creation (annihilation) operator.

εi = diag(εi↑, εi↓) where εiσ represents the site energy. In the presence of AAH modulation,
the site energies are expressed as [71–73] εi↑ = εi↓ = W cos(2πbi + φν), where W measures
the strength of the cosine modulation, b is an irrational number and φν is the AAH phase
factor. In our calculations, we set b = (1 +

√
5)/2 without loss of any generality. With

a suitable setup, one can regulate the phase factor φν, and here we discuss its effect on
SP. The term �hi.�σ is responsible for spin dependent scattering [64–69], where �hi is the
spin-flip scattering factor and�σ denotes the Pauli spin vector. It is a well known scattering
phenomenon and has been elaborately studied in literature (see Refs. [64–69], and the
references therein). The strength hi is usually very large and in some cases it becomes
an order of magnitude higher than the SO coupling [64]. Because of this fact, we get
large mismatch between the two spin channels. The orientation of the spin flip vector is
described by the conventional polar and azimuthal angles, θi and ϕi, respectively. Here, it is
relevant to note that, in the present formulation we ignore the effect of interaction among the
neighboring magnetic moments. It is well established that the moment–moment interaction
can be expreesed as an effective Zeeman like term which represents the interaction of
localized magnetic moments with an effective B-field (commonly referred as the “molecular
field”). Compared to the interaction of itinerant electrons with local moments, as the
Zeeman coupling is too weak, due to the existance of the factor μB, no appreciable change
is expected in SP even when the magnetic field is too high.

The rest part of Hmag is associated with the hopping of an electron from one site to its
neighboring sites. t̃ = diag(t̃, t̃). In the presence of light irradiation, the nearest-neighbor
hopping (NNH) strength t gets renormalized and it takes the form [59,60]

t̃ = t
1
T

T∫
0

ej(p−q)Ωτe�A.�a dτ

= tJ(p−q)(Λ) (3)

where J(p−q) is the (p − q)th order Bessel function of the first kind.
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To include the effect of irradiation we follow the Floquet ansatz. Within the mini-
mal coupling scheme the irradiation can be simplified through a vector potential �A(τ)
like [59,60]

�A(τ) =
{

Ax sin(Ωτ), Ay sin(Ωτ + φ)
}

(4)

where Ax and Ay represent the amplitudes and φ corresponds to the phase. Depending
on these parameters we get linear, elliptical and circularly polarized lights. The vector
potential satisfies the relation �A(T + τ) = �A(τ) where T (=2π/Ω) is the time period of
the driving field. �a is the lattice vector and j =

√
−1. As we are working with a strictly

1D system, Λ simplifies to Λ = Axa, and, Ay and φ do not have any explicit roles in
our analysis.

The other three sub-Hamiltonians of Equation (1) can be written in a much simpler
way as they do not include any kind of magnetic interaction and irradiation. They are
expressed as:

HS = ∑
i≤−1

a†
i ε0ai + ∑

i≤−1

(
a†

i+1t0ai + h.c.
)

(5)

HD = ∑
i≥N+1

b†
i ε0bi + ∑

i≥N+1

(
b†

i+1t0bi + h.c.
)

(6)

Htun = c†
1tSa−1 + c†

NtDbN+1 + h.c. (7)

where ai and bi are of the similar form like ci, and they contain usual fermionic creation
and annihilation operators. The electrodes S and D are parametrized by on-site energy ε0
and t0, respectively. The parameters tS and tD represent the coupling strengths of S and D
with the magnetic chain, respectively.

2.2. Theoretical Formulation

The spin polarization coefficient of the above Hamiltonian (Equation (1)) is obtained
by determining the spin dependent transmission probabilities which we compute by using
Green’s function formalism where the effects of S and D are incorporated through self-
energy corrections. For comprehensive analysis of this formalism, we recommend the
general readers to see the Refs. [78,79]. The effective Green’s function of the magnetic chain
reads as [78,79]

Gr = (Ga)† =
(
EI − Hmag − ΣS − ΣD

)−1 (8)

where E is the energy of the incoming electron from the source end and I is the identity
matrix having dimension (2N × 2N). ΣS and ΣD are the self-energy matrices of the S and D,
respectively. From this Green’s function, we determine the transmission probabilities using
the Fisher–Lee expression [78–82]

Tσσ′ = Tr
[
Γσ

SGrΓσ′
D Ga

]
(9)

where Γσ
S and Γσ′

D are the coupling matrices. These coupling matrices are found from the
self-energy matrices via the relations

Γσ(σ′)
S(D)

= i
[

Σσ(σ′)
S(D)

−
(

Σσ(σ′)
S(D)

)†
]

. (10)

Using Equation (9) we get both pure (σ = σ′) and spin flip (σ �= σ′) transmissions
through the magnetic junction. With these co-efficients we get the net up and down spin
transmission probabilities as

T↑ = T↑↑ + T↓↑, (11)

T↓ = T↓↓ + T↑↓. (12)
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Determining T↑ and T↓, we evaluate the spin polarization coefficient P with the
relation [83–87]

P =
T↑ − T↓
T↑ + T↓

. (13)

P = ±1 represents complete up (down) spin polarization, while P = 0 denotes
vanishing polarization.

3. Numerical Results and Discussion

Based on the above theoretical framework now we present the results. Our primary
goal is to achieve a high degree of spin polarization and tuning its phase by means of
irradiation. All the results are worked out in the high frequency limit which is defined as
h̄Ω >> t, and in this limiting condition only the lowest order Floquet band, i.e., p = q = 0
contributes. For the chosen parameter values, the frequency becomes Ω ≥ 1015 Hz which
denotes the far-infrared (FIR) region. The intensity of the irradiation is of the order of
107 W/m2 which is within the experimental limit. The corresponding electric (E ) and
magnetic (B = E/c) fields are 105 V/m and 10−4 Tesla, respectively.

The other common set of parameter values that we choose for our calculations are as
follows. In the electrodes S and D we take ε0 = 0 and t0 = 2 eV, and they are coupled to
the magnetic chain via the coupling strengths tS = tD = 1 eV. In the magnetic chain we
choose t = 1 eV, AAH modulation strength W = 1 eV, spin flip parameter hi = 1 eV ∀ i,
ϕi = 0 ∀ i. Unless specified, we fix the total number of sites in the magnetic chain N = 30.
The parameter values those are not constant are given in the appropriate places, and all
the other energies are also measured in unit of eV. Throughout the calculations we restrict
ourselves in the zero temperature limit. This is a realistic approximation as long as the
average energy level spacing is higher than the thermal energy, and for small scale systems
(even for N < 200) this condition can be easily achieved. It is also important to note that
one cannot increase the chain length as much as it is possible, since we need to confine
the system size within the spin coherence length. Otherwise no such phenomenon will
be observed.

Let us begin with Figure 2 where spin dependent transmission probabilities Tσ along
with spin polarization co-efficient P are shown as a function of energy E for some specific
values of Ax. Several key features are emerged those are analyzed as follows. At a first
glance we see that the transmission spectrum is highly fragmented and gapped in nature.
This is solely due to the cosine modulation in site energies, as gapped energy spectrum is
the generic feature of an AAH system. The transmission spectrum is a direct manifestation
of the energy values. Unlike the perfect magnetic chain where energy spectrum is not
gapped, for the AAH case we have a finite probability to get non-zero spin polarization
at different energy zones. More importantly, even near the energy band centre we can
get a reasonably large spin polarization. This feature is always desirable since one can
easily place the Fermi level close to the central region, apart from placing it near the energy
band edges. The role of irradiation is of course fascinating. For Ax = 0, a finite overlap
between up and down spin transmission probabilities takes place, following the up and
down spin energy channels, for a broad energy region. Therefore, for these energy zones
spin polarization becomes too small. Whereas, the transmission spectra start to get shifted
with Ax and they are almost separated for higher Ax, which is clearly visible by comparing
the spectra given in the left column of Figure 2.

The shifting of transmission probabilities with Ax is entirely due to the modification
of energy eigenvalues of the magnetic chain, since the NNH strength gets renormalized in
presence of the irradiation (see Equation (3)). As effective hopping decreases compared
to the irradiation free case, we get reduced allowed energy windows for up and down
spin electrons, and thus the transmission spectra. All the characteristic features are directly
reflected in the P-E spectra (see right column of Figure 2). Almost 100% spin polarization
can be achieved for the entire allowed energy zones by suitably adjusting the irradiation
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parameter. It gives a clear signature of achieving externally controlled spin polarization
through a magnetic nanojunction.
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Figure 2. Up and down spin transmission probabilities (T↑ → light green color and T↓ → black color)
and spin polarization coefficient P as a function of energy E at four typical values of Ax. Here we set
θi = 0 ∀ i and AAH phase φν = 0.

The above analysis gives rise to a very fundamental question that how the spin
polarization can vary if we tune Ax continuously, instead of fixing it at some typical values.
To demonstrate it, in Figure 3 we show the dependence of P as a function of Ax by varying
it in a wide range. The results are presented for two distinct energies, E = −1 eV and 1 eV.
Both for these two energies, P shows a large oscillation with increasing amplitude for lower
Ax, and eventually saturates exhibiting 100% polarization for higher Ax. At E = −1 eV
or 1 eV, there is a finite overlap between the two transmission functions when Ax = 0 and
thus P becomes very small. The spectral properties and thus the transmission spectra get
modified with the alteration of Ax. However, the fact is that the NNH strength t does not
monotonically decrease with Ax as it follows the zeroth order Bessel function of the first
kind (see Equation (3)). Due to this reason, in some cases we get finite overlap between
T↑ and T↓ which yields lesser P. On the other hand when the overlap is less, higher P is
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achieved. This is the underlying mechanism to have oscillatory behavior of P with Ax. For
large Ax, when T↑ and T↓ are practically separated we get the maximum SP. Depending on
the dominating factor among T↑ and T↓, we get either 100% up or down spin polarization.
These results clearly justify that the degree of SP can be tuned in a wide range by regulating
Ax, without altering any other physical parameters describing the system.
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Figure 3. P-Ax characteristics at two distinct energies. All the other physical parameters kept
unchanged as taken in Figure 2.

The results discussed so far are computed for the magnetic chain where all the mag-
netic moments are aligned along +Z direction i.e., θ = 0 (we refer θi = θ as we assume
that all the moments are aligned in a particular direction). For θ = 0, there is no spin
flipping i.e., T↑↓ = T↓↑ = 0, since in this case σx and σy do not involve into the TB
Hamiltonian Equation (2) and it becomes exactly diagonal. However, finite spin flipping
occurs as long as the moments are aligned in a particular direction with respect to +Z
axis, and to reveal the θ dependence on SP, in Figure 4, we present P-θ characteristics
by changing θ in a wide range, for two different values of Ax, considering the identical
energy values as taken in Figure 3. Both for the orange and black curves, associated with
Ax = 0.5 and 1 respectively, the spin polarization co-efficient shows a complete phase
reversal under rotating the magnetic moments. For the two typical values of θ, SP drops
exactly to zero, as expected. With the change of θ spectral behavior gets changed and hence
the SP. Thus, the alignment of the magnetic moments has an important role in SP.

To explore the explicit dependance of SP on both θ and Ax, in Figure 5, we present a
density plot of P by varying these factors in a broad range fixing the energies at some spe-
cific values. From these spectra we get a clear hint about the range of physical parameters
for which large degree of spin polarization can be obtained for this magnetic junction. The
phase reversal is also clearly noticed.

Now we focus our attention to examine the critical role played by the AAH phase φν on
spin selective electron transfer. In Figure 6, we present the variation of spin polarization co-
efficient as a function of φν for two distinct energies. The orange curve is for E = −0.75 eV,
while the other one is for E = 0.75 eV. A reasonably large change is reflected from both
these two curves. Regulating φν, that can be done externally, we can change the available
energy channels between the electrodes as the effective site energies of the magnetic chain
are modified, and therefore, the degree of spin polarization can be tuned. Thus, along with
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the irradiation parameter, the AAH phase can also be considered as a suitable parameter
for regulating the spin transfer.

To have a more clear picture and to understand precisely the interplay between the
light parameter and the AAH phase, in Figure 7, we present a density plot of SP by varying
simultaneously Ax and φν in a broad range. Some typical energies are selected like what
we consider in Figure 5. Quite interestingly we find that, the degree of SP and its sign
can be monitored selectively by adjusting Ax and φν. The phenomenon persists for a
wide range of these parameters which suggests that extremely fine tuning is no longer
required. It certainly gives us a confidence that the present findings can be tested in a
suitable laboratory setup.
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Figure 4. P as a function of θ (θi = θ ∀ i) at two different energies, where the orange and black lines
correspond to Ax = 0.5 and 1, respectively. The AAH phase φν = 0.
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Figure 5. Simultaneous variation (density plot) of P with θ (θi = θ ∀ i) and Ax at some specific values
of energy. The AAH phase φν = 0.
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Figure 6. Spin polarization co-efficient P as a function of φν at two typical energies, where the orange
and black curves are for E = −0.75 eV and E = 0.75 eV, respectively. Here, we consider Ax = 0.75
and θi = 0 ∀ i.
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Figure 7. Simultaneous variation (density plot) of P with AAH phase φν and light parameter Ax at
some specific energies. Here we set θi = 0 ∀ i.

Finally, keeping in mind the possible experimental realization of our prescription it is
indeed required to investigate the effect of system size on spin dependent transmission
probabilities and the spin polarization co-efficient. To explore it, in Figure 8, we show the
dependence of these physical quantities on system size N by varying it in a wide range at
two typical energies. For both of these energies, Tσ and P exhibit large amplitude oscillation
with N. This is solely due to the effect of quantum interference among electronic waves,
and can be observed for other energies as well, which we confirm through our detailed
numerics. The crucial thing is that the oscillating nature persists even for a reasonably large
system size, and therefore, we can safely verify our proposal in a suitable laboratory setup.
In this context it is relevant to note that similar kind of oscillation in transport quantities by
varying system size has also been reported in different contemporary works, and for the
ordered systems it can be tested even analytically [65,88,89].
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Figure 8. Spin dependent transmission probabilities (T↑ → light green color and T↑ → black color)
and corresponding spin polarization co-efficient P as a function of system size N at two typical
energies. Here we set Ax = 0.25, φν = 0 and θi = 0 ∀ i.

4. Closing Remarks

A possible route of engineering spin polarization by means of light irradiation is pro-
posed considering a tight-binding magnetic chain with cosine modulation in site energies.
Each site of the magnetic system possesses a finite magnetic moment which interacts with
the itinerent electrons. Because of this interaction, up and down spin channels get mis-
aligned. Simulating the nanojunction, formed by placing the magnetic chain between two
non-magnetic contacts, within a tight-binding framework, we determine spin dependent
transmission probabilities using the Green’s function formalism. From the transmission
function we evaluate spin polarization co-efficient. The interplay between the irradiation,
included into the Hamiltonian following the standard Floquet prescription, and the AAH
potential has an important role and we investigate it critically on SP. Apart from achieving
a high degree of spin polarization we can also selectively tune its phase with the help of
irradiation. The peculiar gapped nature of up and down spin energy channels in pres-
ence of cosine modulation allows us to get higher filtration efficiency at multiple energy
zones, and most importantly, it is also possible near the energy band centre together with
other energy regions. Our analysis can be utilized to investigate spin dependent transport
phenomena in different driven magnetic systems with correlated impurities.
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Abstract: The societal impact of the electronics industry is enormous—not to mention how this
industry impinges on the global economy. The foreseen limits of the current technology—technical,
economic, and sustainability issues—open the door to the search for successor technologies. In this
context, molecular electronics has emerged as a promising candidate that, at least in the short-term,
will not likely replace our silicon-based electronics, but improve its performance through a nascent
hybrid technology. Such technology will take advantage of both the small dimensions of the
molecules and new functionalities resulting from the quantum effects that govern the properties
at the molecular scale. An optimization of interface engineering and integration of molecules to
form densely integrated individually addressable arrays of molecules are two crucial aspects in the
molecular electronics field. These challenges should be met to establish the bridge between organic
functional materials and hard electronics required for the incorporation of such hybrid technology in
the market. In this review, the most advanced methods for fabricating large-area molecular electronic
devices are presented, highlighting their advantages and limitations. Special emphasis is focused on
bottom-up methodologies for the fabrication of well-ordered and tightly-packed monolayers onto the
bottom electrode, followed by a description of the top-contact deposition methods so far used.

Keywords: molecular electronics; self-assembly films; Langmuir-Blodgett films; electrografting;
top-contact electrode

1. Introduction

The impact of the omnipresent Complementary Metal-Oxide Semiconductor (CMOS) electronic
industry on the global economy is enormous, due to its role not only in the production of computers,
mobiles, tablets, etc., but mainly as an essential component in products from many other industries
(automobile, aeronautics, artificial satellites, trains, security and armies, communication systems,
computer science, robotics, energy, financial services, diagnostic equipment in hospitals, booster of the
research, development, and innovation, etc.). Thus, the global market for electronic components is
expected to grow in the 2020–2025 period at a compound annual growth rate of ca. 4.8% [1]. The new
scenario imposed by the COVID-19 pandemic has further evidenced the relevance of the electronic
industry in our society. Could the reader imagine how the months of confinement would have been
like without the internet, teleconferencing, online teaching, streaming videos, online shopping, etc.?

If we look back over the historical development of the electronic industry, the last four decades
have witnessed enormous and rapid progress in the miniaturization of electronic devices (Moore law)
from 3 μm transistors in 1980 to the current 7 nm technology already in the market, using the finfet
(fin field-effect transistor) technology, with microprocessors that incorporate more than 50 billion
transistors and pursuing the 5 nm transistor in 2020. This miniaturization is accompanied by a reduction
in the global size and weight of electronic components, an increase in switching performance and
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faster processors, an increase in logic area efficiency, as well as a decrease in the energy consumption
and consequently longer battery life. It is expected that if the surface area of a transistor decreases by
two every two years (reduction of the lateral size by 1.4), the 3 nm technology could appear in 2022
(the mit has created a 2.5 nm transistor [2]), and by 2024, 1 nm transistors might emerge. There are,
however, a number of associated technological problems within this miniaturization race that will
need to be overcome for these predictions to be reached. In devices thinned to a few nanometers,
quantum effects governing the electron behavior appear, which can make transistors unreliable, due to
the quantum uncertainties [3]. The reduction in the size of transistors is also associated with a dramatic
increase in the fabrication process costs (second Moore law) which has resulted in a drastic decrease
of foundries (from 20 foundries for 130 nm technology to only four major companies providing
transistors in the 10 to 7 nm range), which is ultimately reflected in the cost of electronic devices in the
market and could make future nodes unaffordable, due to the manufacturing costs for ultra-large-scale
implementation [4]. Additionally, when an increasing number of transistors are ensemble into a small
area of a single piece of an integrated circuit, inelastic scattering of electrons [5] results in waste-heat
that emerges as an additional problem as chips get too hot, which requires efficient heat dissipation
systems [3].

The technological and economic limits of the current cmos technology are therefore imminent,
and scientists all over the world are working on alternative technologies, due to the continual and
growing social demand for more efficient, more rapid, more versatile, and low-power devices, not to
mention flexible electronics. In 2016, the eighteen years old itrs [6] (International Technology Roadmap
for Semiconductors) was renamed as irds [7] (International Roadmap for Devices and Systems), which is
a clear reflection of the need of alternative technologies in the XXI century. A potential successor of our
current technology, must not only fulfill the same expectations as cmos but also outperform prevalent
technology in at least a number of several clue aspects, including power consumption, mass production,
fabrication costs, and performance, and overcome current functionalities, i.e., fully enter in the
“More than Moore” path [8]. These efforts are being made from a multidisciplinary point of view,
for which the contribution of physicists, chemists, and engineers is essential for overcoming the
enormous challenges ahead.

In the above-described scenario, molecular electronics emerges as a great promise. Molecular
electronics is based on the idea of using molecules as functional units in circuitry to permit, control,
and manipulate the movement of electrical charges between two electrodes [9]. The fundamental tool for
understanding electrical transport through these two electrodes is the creation of electrode |molecule |
electrode molecular junctions [10–14]. The official birth of molecular electronics is widely recognized
as 1974, with the publication of the seminal paper from Aviran and Ratner that proposed (theoretically)
that a single-molecule could act as a rectifier [15]. Intense work in the field for more than four decades
has included the development of methodologies based on scanning tunneling microscopy (STM) or
conducting atomic force microscopy (c-afm) for measuring the electrical properties of single-molecules
and molecular assemblies [14,16–22]. These studies have resulted in a growing understanding of the key
parameters that determine the electrical properties of molecular junctions (molecular backbone [12,23],
chemical anchoring groups [24–26], conformation [27], metal complexation [28], redox state [18,29–31],
electrode material [32–35], and if applicable, the characteristics of the medium: Solvent [36], pH [37],
etc.), as well as the mechanisms behind electronic transport in molecular junctions [38–40]. In particular,
molecular wires [41], switches [42], diodes [43], rectifiers [44], transistors [45], and single-molecule
light-emitting diodes [46] have already been demonstrated in the laboratory and make feasible the
idea of integrating molecules into electrical circuits. The expectations in molecular electronics lie on its
several advantages as compared to the above-described Si-based technology with relevant contributions
in the field [47–50], making emphasis on applications of molecular electronics in solar-energy harvesting,
thermoelectricity, catalysis, or molecular sensing. Another field of remarkable importance today is the
study of single-molecule chemical reactions within the molecular junction [51–53]. The use of molecules
has several advantages—both from a fundamental and an applied point of view. The most remarkable
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phenomena observed in molecular junctions and their promising perspectives in a short-term future
technology result from:

� The size of the molecules—in the order of a few nanometers—that may enable heightened
capacities, faster performance, and high integration density, with millions of identical electric
machines each of them as small as one molecule [50].

� Molecular junctions exhibit a plethora of rich and tunable physicochemical properties—different
from those exhibited by molecular materials in bulk—since charge transport is governed by
quantum mechanics at the molecular scale. These phenomena at the nanoscale include quantum
mechanical interference, the Coulomb blockade, and the Kondo effect [12,54].

� The versatility of organic chemistry to produce millions of identical functional units
(molecules)—estimated in 1060 molecules with 15 atoms or fewer [51]—is expected to result in
not only in low-cost manufacturing, due to self-assembly (SA) capabilities, but also in thinner and
low-weight devices, lower supply-voltages [51], as well as a large variety of new and distinctive
functionalities provided by molecules (optical, magnetic, thermoelectric, electromechanical, etc.),
which are often not possible by employing conventional materials [10].

� Redox-active molecular components can be addressed and ‘switched’ through the introduction of
a third ‘gate’ electrode [45,55–57]. In this field, exploration of the molecular structure, ligands,
inclusion of different metal clusters, control of electrochemical gating together with the potential
for modular construction [58] may have relevant implications in the field of molecular electronics.

� The properties of (magnetic) molecules together with control over the spin state of molecular
devices by tuning the interaction of the localized orbitals of the molecule with the electronic states
of the electrode also open the door to the exploration and control of spin transport phenomena
and spintronic applications, e.g., switches and qubits [59–62]. In addition, the study of magnetic
spins on a molecule connected to a superconducting electrode represents a fascinating topic of
interest today [63].

� One of the most promised envisioned applications of molecular electronics is thermoelectrics,
i.e., efficient conversion of heat to electricity [64]. Fabrication of ultrahigh-efficient thermoelectric
power generators as small as one molecule is possible, and could potentially be used to build
ultrahigh-efficient thermoelectric power generators [64–66]. These power converters could reuse
and recycle the dissipation heat produced by (molecular) electronic devices into electricity to
(partially) supply the power required to operate the device, resulting in a meaningful decrease
in electric power consumption [67], and also in applications for on-chip cooling in nanoscale
electronic devices [68].

� The combined use of organic molecules and carbon-based or polymeric-based materials as
electrodes could pave the road towards not only flexible devices [33,69], but also to biocompatible
electronics [70] and also lead to more sustainable fabrication processes, reduce e-waste and
culminate in the development of electronics that self-degrade after service life [71].

Two different paradigms have attracted the interest of researchers in the field of molecular
electronics. On the one hand, the study of single-molecule junctions, i.e., electrode | molecule |
electrode, is of fundamental importance for the understanding of charge transport, as well as the
different factors that determine the electrical properties of these junctions, Figure 1a. Thus, it is well
known that the molecular structure, the anchoring groups, the presence of metal or redox moieties, etc.
can strongly determine charge transport at the molecular level. However, fabrication of these single
molecular junctions with our current technology is not a scalable process, which seriously hampers
the incorporation of molecular electronics into the market. On the other hand, the study of large-area
devices, i.e., electrode |molecular assembly | electrode, has gained attention in the last years. Here,
collective effects (intermolecular forces and polarization phenomena), induced by the close packing of
the molecules in the monolayer, may determine the electrical behavior of these systems, which opens
the door to finding new effects and also to tune the properties of the devices by an exhaustive control
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of interactions between neighbor molecules, Figure 1b. Additionally, these molecular assemblies
allow the manufacture of devices with a surface density of up to 1015 molecules·cm−2. Importantly,
the deposition of molecules onto the electrode can be carried out using simple and scalable technologies
that allow high-quality and reproducible assemblies, making possible the manufacture of thousands of
devices. This potential processability and scalability in the fabrication of large-area molecular electronic
devices are much more appealing for industrial processes opening the door towards industrial mass
production. Here, it is encouraging to note that a molecular electronic device for audio processing
has already been commercialized [72], albeit briefly. Therefore, the translation of such science to a
viable technology for industrial applications is an active goal today, with a considerable number of
scientific and technological challenges [73] remaining to be met, as indicated below. Such incorporation
of molecules into hard electronics will probably take place, at least in a first stage, in combination
with traditional silicon-based current technologies. An optimization of interface engineering has been
recently named as “the most challenging issue that hampers the development of reliable molecular
junctions” in a recent review published in Nature Reviews Physics [13]. Such technology should be
able to optimize the molecule-electrode contacts oriented to mass production of high yield, robust,
stable, scalable, and reproducible devices to be produced at a reasonable cost. The optimization of the
electrode |molecule interface (Figure 1c) involves several aspects:

(i) Coupling of the molecule to the electrode surface through the contacting group, which plays a
crucial role and has prompted an extensive search for chemical groups that can effectively serve
as molecular ‘anchor groups’ [25,28,35,74–78];

(ii) Mechanical stability of the electrode molecular junction avoiding fluxional bonds [79,80].
Several strategies have been employed for this purpose, including the use of multidentate
anchor groups [57,81], and multipodal platforms [82];

(iii) Compromise between the mechanical stability and electronic coupling since a too strong interface
coupling may result in the loss of electrical functionalities and also in poor gating effects in
three-terminal structures. This compromise could be reached by the insertion of a spacer between
the anchoring group and the conjugated skeleton within the molecular structure [13];

(iv) Control of the geometry of molecules to avoid fluctuations, due to different orientations (and then
a different distance for the electrons tunneling between the electrodes), which can be achieved by
an exhaustive control of the surface coverage and molecular packing density [83].

(v) Control of lateral interactions and aggregation effects in molecular assemblies. These lateral
intermolecular interactions may have a decisive role in the electron transport properties of
large-area devices based on π-conjugated materials [22];

(vi) Deposition of the top contact electrode avoiding the formation of short-circuits and/or damage of
the functional organic molecules in the monolayer [84,85].

Taking into account this scenario, consideration is now being given to device fabrication strategies
(deposition of a monolayer onto the bottom electrode and deposition of the top contact electrode
onto the monolayer) for the construction of large-area devices that could progress the integration of
the concepts of single-molecule electronics towards viable large-area devices. The objective of this
focused review, with no claims of completeness, is to describe the most widely used strategies for
the deposition of a monolayer onto the bottom electrode, as well as an overview of the top-contact
deposition methods explored so far.
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Figure 1. (a) Scheme of a molecular device based on single-molecule junctions. The electrical contact
is made directly with a conductive probe. (b) Scheme of a sandwiched large-area molecular device.
The electrical contact can be made using a top-contact electrode (I), which is more oriented to mass
production, or directly above the organic monolayer (II), to determine the electrical properties of the
electrode |monolayer structure. (c) Main challenges to be addressed in molecular electronics.

2. Fabrication of Molecular Films, Deposition Techniques

Nanofabrication of monolayers for the construction of vertical devices has attracted considerable
attention in the field of molecular electronics, in particular by those working on the large-area device
paradigm. An overview of the fabrication methodologies for these large-area methodologies is the
scope of this section. A well-ordered monolayer sandwiched between two electrodes is the fundamental
element to be studied in this field, with many seminal works establishing key structure-property
relationships through the construction and study of electrode |monolayer | electrode system (molecular
junctions). For this reason, bottom-up techniques—in which forces acting at the nanoscale are used
to assemble molecules into large assemblies—have been widely employed for the deposition of a
monolayer onto the bottom electrode and will be revised in this section. The most widely used
techniques for the construction of electrode |monolayers in the context of molecular electronics include
the Self-assembly (SA), the Langmuir–Blodgett (LB), and the Electrografting (EG) methods. Because of
the remarkable ensemble capabilities of each one of these techniques, monolayers or multilayers made
of organic, organometallic, hybrid inorganic-organic building blocks, as well as biomaterials have
been deposited onto conducting or semiconducting substrates. In addition, the growing knowledge
on the electrode |monolayer interface, together with the mature synthetic expertise in this research
field, has boosted the ad hoc synthesis of materials with improved anchoring characteristics onto the
bottom-electrodes [35,82,86–91]. Table 1, gathers, with no claim of completeness, some of the families
of compounds that have been more widely used for fundamental studies in molecular electronics.
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2.1. The Self-Assembly Technique

The self-assembly technique is based on the autonomous and spontaneous reaction of a certain
functional group on a surface (chemisorption) [150] and subsequent organization of the backbone
of the molecule, due to non-covalent lateral intermolecular forces between neighbor molecules,
resulting in long-range molecularly ordered domains within the monolayer. The cooperative effect
of this strong-soft combination of forces often results in dynamic behavior of the molecules in the
self-assembly monolayer (SAM), exhibiting lateral diffusion, conformational isomerism, and even
reconstruction [151].

A general procedure for SAMs fabrication is illustrated in Figure 2. The substrate (e.g., Au,
Ag, Pt, Cu, Pd, SiO2, etc.) is introduced in an organic solution containing the molecule of interest
(typically in the 10 μM to 10 mM range). A previous thorough cleaning process of the substrate is
required, and often, a pre-treatment of the surface is also applied (annealing, plasma, etching, etc.).
After a certain incubation time, the sample is withdrawn from the solution and exhaustively rinsed to
remove any physisorbed material. In order to obtain high-quality monolayers with a large surface
coverage, it is necessary to optimize a number of influential parameters, such as the incubation time,
the concentration, the solvent, the temperature or the ambient relative humidity, due to the water
adsorption on the surface of the substrate prior to the immersion into the solution containing the
molecule of interest [152,153].

Figure 2. Scheme that illustrates the procedure for the preparation of a self-assembled monolayer.
First, a clean substrate is incubated in a solution containing the molecules of interest for a certain time.
Second, the substrate is withdrawn and thoroughly rinsed to remove the physisorbed material.

The self-assembly method has been widely used [154–156] in the field of molecular electronics
since it is probably the most useful approach for the fabrication of well-organized and tightly-packed
monolayers, due to its simplicity and versatility. The main advantages of the self-assembly
methodology include:

� Fabrication of high-quality monolayers exhibiting 2D-crystalline long-range molecularly
ordered regions.

� Low-cost process: (i) No specific instrumentation is required; (ii) it takes place under ambient
conditions (no annealing neither low pressures required); (iii) no significant contamination
problems occur upon the monolayer fabrication; (iv) the process is quite straightforward for
the operator.

� The SA method is easily scalable.
� The assembly process can be in situ followed by a quartz crystal microbalance, QCM, that provides

information about the deposition rate and surface coverage.
� Further functionalization of the monolayer either to form multi-layered films [157] or to deposit the

top-contact electrode trough a strong molecule-electrode interaction is possible by an appropriate
design of the material with the inclusion of a terminal group with the desired functionality.
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Chemisorption is highly specific in nature, and therefore, the terminal functional group of the
organic moiety needs to be carefully designed to find a compromise between the strength of the
anchoring process on the surface and the final performance of the electrode |monolayer junctions [158].

In the self-assembly methodology, the main limitation comes from the number of functional
groups showing the specific affinity and robust interactions with the electrode. As a consequence,
a vast majority of the SAMs for molecular electronics incorporate molecules having a thiolate derivative
as the head group interacting with the metal substrate [159–175]. In fact, most of the pioneering
work in the study of electrical properties of molecules done in the late 1990s and early years of the
21st century was based on thiol on gold contacts [176–179]. These seminal works served to set the
basis of the methods to measure the electrical properties of both single-molecules and ensembles
of molecules and also to demonstrate the viability of using molecules as basic elements in circuitry.
However, the Au–S bond is fluxional and not very stable, which explains some of the reproducibility
problems encountered in the literature [92,109]. Additionally, other drawbacks to the thiol on gold
SA technique have been reported, such as the tendency of organic thiols to oxidize to disulfides;
this problem can be overcome by using protected thiols, but the incorporation of extraneous material
within the system when in situ deprotection steps are involved may also affect the final electrical
properties of the system [180]. The chemical reactivity and thermal stability of these systems in
ambient and aqueous solutions have also been reported to seriously limit the technological applications
of thiol and dithiol monolayers on gold [161]. Moreover, a recent contribution has revealed that
SAMs prepared from the solution deposition of dithiols do not have a chemisorbed character [181].
For these reasons, many other anchor groups have been studied in the last two decades on different
substrates (SiO2, Cu, Ag, Au, WO3, and ITO–indium tin oxide-among others), including selenols [94],
amines [110,111], cyanides and isocyanides [95,96], isothiocyanates [182], trimethylsilyl group [183,184],
acetylenes [107,112,124,185], thiophenes [132,186], trichlorosilanes [133], trimethoxysilanes [97,142],
phosphonate [98,105] terminated molecules, perylenes [187], and fullerenes [106,188,189]. Recently,
Qiu et al. [106] reported the spontaneous formation of molecular junctions of glycol ether functionalized
fullerenes on AuTS, which resulted in the large stability and robustness of the SAMs.

As it was mentioned before in the introduction section of this review, much interest has been
paid recently to the use of SAMs incorporating multidentated anchor groups [190] that are expected
to provide additional robustness to the molecular junction, lower fluctuation defects, more efficient
electronic coupling, and enhanced electrical performance [26,170]. In this context dithiols [100,122],
carboxylic acids [103], dithiocarbamates [123,191], carbodithiolates [75], dithiocarboxylic acids [93],
tetrathialfulvalenes [131], phosphonic acids [101,102,192] and cathecols [136] terminal groups have
been assembled in SAMs and their electrical response evaluated. Some of these multidentated anchor
groups have been demonstrated to exhibit superior electrical properties. For instance, dithiocarbamates
on gold result in improved stable and low contact resistance junctions in comparison to thiol contacts,
with a drop in the contact resistance by ca. 2 orders of magnitude [123]. Multipodal platforms also
provide firm coupling between the molecule and the electrode through individual anchor points,
and are also receiving increasing interest. Examples include tripodal [134,135,193] and tetrapodal [194]
platforms incorporated onto SAMs which, allow to make a strong contact and to enforce an orientation
of the molecules at a fixed distance from the surface [190]. Additionally, a selection of the bulky
tripodal platform guaranties an effective separation with the metal surface, avoiding the quenching of
the excited state caused by the metal surface in a photoisomerization process, allowing to develop
optoelectronic devices of great interest in the electronic industry [82]. Construction of multilayer
films using multipodal molecules by hydrogen-bond formation through pH control has also been
used to demonstrate long-range electronic transport [192]. Other relevant properties in multipodal
platforms have also been found, including attenuation of tunnel currents more effectively than do
the corresponding monodentate SAMs, which may be useful in future applications for gate dielectric
modification in organic thin-film devices [101]. More examples of both multidentate [74,81,195] and
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multipodal [196–198] platforms have been studied at the single molecular level, though the extension
of these investigations to large-area ensembles is a topic of growing interest.

The incorporation of compounds with different molecular lengths has been recently explored as a
tool to tune the electronic interaction between neighbor molecules in these mixed SAMs, which results
in changes in the quantum tunneling performance of the devices [199,200]. This result opens the door
to the exploration of new functionalities taking advantage of the lateral supramolecular organization
of the molecules in SAMs. Whilst, the incorporation of photochromic moieties to fabricate switching
molecular electronics devices, where it is possible to control the on/off state by external stimuli, is also
a topic of interest [201].

In addition to the standard SA method, the combination of SA capabilities with other techniques,
such as electrochemistry results in the electrically assisted self-assembly methodology [202–207]
that may result in a significant decrease in the deposition time and an improve in the quality of
the monolayer.

Self-assembly strategies in which molecules are located onto a gold electrode by forming covalent
Au–C σ-bonds [208] have resulted in SAMs with a significantly higher conductance than those with
the above-described conventional anchoring groups [76,209–211]; electrically transmissive monolayers
with Au-C junctions have also been reported [112]. These results are attributable to the creation
of exceptionally stable SAMs (~4 eV) and strong electronic coupling because of an uninterrupted
conjugation between the electrode and the molecule [107,212]. These investigations have been
extended to other interfaces, including various metal-C and C (from the electrode)-C (from the
molecule) [212], as well as silicon-C junctions [34]. Ultrastable SAMs with high thermal, hydrolytic,
chemical, oxidative, and electrochemical stabilities of N-heterocyclic carbenes (NHCs) on gold have
also been demonstrated [213].

Proteins are basic elements that work as building blocks in bioelectronics devices,
including protein-based transistors or sensing applications (monitoring bio-molecular interactions
between target molecules and proteins). In this context, an important body of research in the field
of molecular electronics is being done with proteins both at a single-molecule level [214–218] and
thin-films comprising a monolayer or a short number of layers [219–223]. Additionally, it has been
experimentally and theoretically proved that it is possible to tune molecular electron transfer rates
in electron transfer proteins (ETpr’s) through (i) chemical modifications and changes in the redox
center, as well as the locations of the donor, the acceptor, and the bridge moieties within the ETpr’s
structure [220,224–228] (ii) modifying the solvent environment [229], and importantly, (iii) orientation
relative to the electrode and changing the strength of the protein–electrode coupling [230–232]. The study
of large-area protein-based molecular electronic devices has been carried out mainly by the self-assembly
method [148,149] via an appropriate linker. DNA has also focused the interest of researchers in
the molecular electronics community due to several reasons, including (i) superior self-assembly
properties [233,234]; (ii) its unique electrical properties [235], and (iii) its potential use in bioelectronics
devices. Additionally, a combination of self-assembly and dielectrophoresis (DEP) methodologies has
been pointed out as an efficient tool in the construction of nanodevices [236]. Relative large materials
in the field of molecular electronics, including proteins, DNA, carbon nanotubes, graphene oxide,
nanoparticles, etc., can be assembled onto an electrode by means of DEP [148,223,237–243]. DEP is
based on the movement of a polarizable nanoscale object (neutral or charged) caused by the polarization
of such nano-object induced by a non-uniform electric field [244–252]. Coulomb interactions between
the induced surface charges of the nano-object and the electric field occur. If the nano-object is in a
uniform electric field, the net force acting on the nano-object is zero. In contrast, in a non-uniform
electric field, there is a net force acting on the nano-object. This net force results in the motion of the
nano-object since one end of the dipole is in a weaker field than the other, and the nano-object is pulled
electrostatically along the electric field gradient. There are two types of DEP: positive and negative.
If the nano-object experiences a force towards the high-field intensity region, the phenomenon is
known as positive dielectrophoresis. In positive DEP, the nano-object has a larger polarizability than

78



Appl. Sci. 2020, 10, 6064

the surrounding medium, and it is pushed towards the region of a higher electric field. In contrast,
if the nano-object experiences a force towards the low-field intensity region, the phenomenon is
called negative dielectrophoresis. In negative DEP, the nano-object has smaller polarizability than
the surrounding medium. Deposition through dielectrophoresis can be experimentally controlled by
adjusting a series of parameters, including the dielectric constant of the nano-object and its surrounding
medium, magnitude and frequency of applied electric field, and electric field gradient.

As mentioned in the introduction, this vast body of research related to SAMs of organic,
organometallic, and biomaterials may find direct use in the incorporation of molecules in large-area
devices that may work as molecular wires, diodes, molecular switchers, rectifiers, single-molecule or
protein-based transistors, etc. The control of the thermoelectric properties of SAMs (by using
an appropriate anchor group, where the Seebeck coefficient can be boosted by more than an
order of magnitude), represents a critical step towards functional ultra-thin-film devices for future
molecular-scale electronics [253,254]. Other applications of SAMs beyond the field of molecular
electronics include, just to mention a few examples, the protection of electrodes from otherwise
highly detrimental environments preventing electrochemical corrosion. This is a useful finding
to increase, for instance, the lifetime of electrochromic devices [102]. Moreover, nanotemplating
(which resembles the host−guest interaction in supramolecular chemistry) can be applied in molecular
separation, chemical sensors and nanoreactors [255]. This technique has been also used as a tool to
fabricate hybrid organic/inorganic nanostructures with application in sub-5 nm bottom-up patterning
nanolithographic processes, which is an important point for the development of future electronic
devices [256]. Other research fields where SA appears as a useful and versatile working technique
include the development of drug delivery systems [257,258], the merge of advanced nanomaterials and
optical fibers, known as lab-on-fiber optrodes [259], as well as biopharmaceutical applications [260],
among many others.

2.2. The Langmuir–Blodgett Technique

In contrast to the SA method, in which molecules are first assembled onto the substrate,
and subsequently, they are organized, in the Langmuir–Blodgett method, molecules (amphiphilic in
nature) are first organized at the air-liquid interface (the liquid is usually water). The driving forces
operating for the arrangement of the molecules at the air-liquid interface are mainly van der Waals
interactions, hydrogen bonding, and/or electrostatic interactions. In addition, the pH of the liquid
subphase, as well as the presence of ions can also govern the organization of the molecules [261].
Once the monolayer at the air-water interface, Langmuir film, is well-formed, it can be transferred onto
a solid substrate to fabricate a Langmuir–Blodgett (LB) film. The transference can be done either by the
emersion or the immersion of a vertical substrate (electrode) with respect to the air-water interface
or by the horizontal lifting of a substrate located parallel to the subphase (Langmuir-Schaefer, LS,
methodology). Depending on the nature of the solid substrate and the anchor groups present in the
molecules, the molecules can be physisorbed or chemisorbed [126]. The main advantages associated
with the Langmuir–Blodgett technique include:

� Fabrication of high-quality monolayers with high internal order;
� Fabrication of homo and heterogeneous multi-layered systems [262], resulting in highly ordered

3D molecular architectures;
� Fabrication of directionally oriented monolayers when asymmetric molecules are used [37,114].
� Large control of the orientation and the packing density of the molecules within the LB monolayers

through optimization of different parameters that can be modified upon the manufacturing
process, including the nature of the subphase, the spreading solvent (or even mixture of solvents),
the temperature, the closing barriers speed, the dipping speed, the transference pressure,
or transference direction of the electrode;
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� In situ characterization of the Langmuir film upon the compression process by a wide variety of
techniques [263–270] as surface pressure vs. area per molecule and surface potential vs. area per
molecule isotherms, Brewster Angle Microscopy (BAM), ellipsometry, X-ray reflectometry,
dilational rheology, Infrared reflection spectroscopy or UV-vis reflection spectroscopy, etc.
These techniques provide complementary information for the understanding of the intermolecular
interactions in the film;

� A really large number of different anchor groups can be used in the LB methodology in contrast
with the SA method since these groups can be not only chemisorbed but also physisorbed onto the
electrode. Furthermore, the transference of these films is possible to almost all types of substrates
(e.g., metals, conducting polymers, silicon, carbon-and graphene-based electrodes, etc.).

The historical background and comprehensive descriptions of the technique have been reported
before [90,91,261,271,272]. The Langmuir–Blodgett technique, illustrated in Figure 3, involves a more
complex monolayer formation process compared to the SA method. Briefly, a Langmuir though is used.
The basic elements of a Langmuir though include a cuvette made of a hydrophobic material, one or two
barriers, and a Wilhelmy plate to determine the surface pressure (defined as the difference between the
surface tension of pure water minus the surface tension of the water with the monolayer). Additionally,
the transference of the monolayer onto the substrate requires a dipper to introduce or withdraw the
substrate. The starting point in the LB process is the spreading of a solution of the molecule in an
organic solvent. The solvent must dissolve the material, be highly volatile, and exhibit a large spreading
coefficient. A certain volume of this solution is carefully spread onto the subphase. After waiting for
the solvent evaporation, the compression process starts with the aid of one or two mechanical barriers,
and the surface pressure vs. area per molecule is recorded. Therefore, as the available area per molecule
is being reduced, the molecules get closer resulting in intermolecular interactions. This gradual change
in a molecular arrangement is reflected in surface pressure variations registered with the Wilhelmy
balance. Thus, upon the compression process, the monolayer undergoes several bi-dimensional phases
(gas, liquid expanded, liquid condensed, and solid) and phase transitions. Once the monolayer reaches
the target surface pressure of transference, the Langmuir film can be deposited onto a solid substrate,
forming an LB monolayer (LBM).

 

Figure 3. Scheme showing the main steps involved in the Langmuir–Blodgett monolayer (LBM)
fabrication. First, an organic solution containing the molecule of interest is spread on the water surface.
Second, the molecules are organized upon an isothermal compression resulting in a Langmuir film.
Finally, the monolayer is transferred onto a solid support—forming the LBM.

Possibly the main drawback of the LB method is that it is a time-consuming technique.
Concerning the fabrication process, a slow and critical step is the manual spreading process. Here,
the electrospray (ES) spreading methodology could be an alternative to make this technique more
functional and likewise to improve reproducibility. For instance, this methodology has been recently
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employed by Hirahara et al. [273] to obtain LBMs incorporating clay mineral nanosheets hybridized
with the ODAH+, where a comprehensive analysis of the influence of the infusion rates on the film
properties is carried out.

In general terms, the materials typically used for the fabrication of LBMs are water-insoluble
molecules with a head (hydrophilic)-tail (hydrophobic) amphiphilic structure [90,262,271,274].
Molecular assemblies using the LB technique for fabricating large-area molecular electronic devices of
highly conjugated materials with monodentated anchor groups, such as thiols [114,275], nitriles [79],
amines [21,276], trimethylsilylethynyl group [113,277], acetylenes [120], pyridines [125,278], or a
viologen moiety [83], have been constructed. Additionally, the use of multidentate or multipodal
anchor structures to improve the robustness and stability of the molecular junction has also
been explored. For instance, using acids [116,118,279] or diacids [37], methyl esters [121],
tetrathiofulvalenes [280], a 2-aminopyridine group [127], a pyrazole moiety [81], or the tripodal
head group 2,6-bis((methylthio)methyl)pyridine [126].

Conductance in large-area molecular electronic devices incorporating carboxylic groups with
lateral intermolecular H-bonding can be enhanced by deprotonation in a basic media with the
subsequent rupture of those H-bonds. Therefore, this demonstration exploits the switching behavior in
the conductance under protonation−deprotonation conditions for the construction of pH sensors based
on molecular junctions [37]. Moreover, an LB film of a dyad consisting of an electron-rich “π-donor”
(D) and an electron-poor “π-acceptor” (A) separated by a rigid, insulating “spacer” (featuring three
main components of the original Aviram–Ratner rectifier design) has shown rectification behavior
validating the rectification proposal by Aviram, and thus, allowing the possibility of producing organic
molecular rectifiers [280].

In addition to the typical amphiphilic molecules described above, the LB technique is
largely enlarged towards the assembly of more complex structures with interest in molecular
electronics (and organic electronics). Polymers [281–283], metalloporphyrines [284], DNA [285],
perylenes [286], perylene–NH2 [287], ruthenium complexes [288], organo-modified inorganic
nanoparticles in combination with polymer nanospheres (nano-mille-feuille system) [289], pillar[5]arene
derivatives [290], polymer-coated CsPbBr3 nanowires [291], aligned SWCNTs [145], semi-conductive
2D materials based on 2,3,6,7,10,11-hexaiminotriphenylene (HATP) [292], or rGO [146] have been used.

Although this review is focused on the potential of this bottom-up technique in the construction
of monolayers with applications in molecular electronics, the LB technique has been applied in
many other research fields. Here, it is worth mentioning the role of the LB methodology in
many other fields of research that cover a large in the emerging concept nanoarchitectonics [293,294],
which combines nanotechnology with other fields, such as supramolecular chemistry, nano/micro
fabrication, organic chemistry, and bio-related technology. Nanoarchitectonics represents today a
promising and powerful strategy in which the LB method yields a perfectly molecular organization
within a 2D plane [295,296]. Therefore, because of the wide generality of the nanoarchitectonics concept,
LB films can also be applied to a wide range of research fields with practical importance, such as
materials production [297–299], sensing [300,301], catalysis [302,303], device [304,305], energy [306–310],
or biological/biomedical applications [311–314], or even in the fabrication of smart textile-based sensors
(TEX sensors) [311]. These studies underscore the almost limitless possibilities of the LB technique to
fabricate well-ordered 2D films of a wide range of materials.

2.3. The Electrografting Technique

Electrografting (EG) is a well-known approach for surface functionalization or modification,
in which an electrochemical reaction takes place between the conductive substrate and organic
material [312]. This methodology has two main and powerful advantages:

� The formation of a direct covalent bond between the electrically active molecule (s) and the
electrode, resulting in stable and robust molecular junctions.
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� Carbonaceous electrodes (in addition to other conductive substrates, such as metals, metal oxides,
polymers, and semiconductors) are relatively easy to functionalize. The use of carbon-based
electrodes represents a growing trend today in the development of sustainable technology able to
manufacture electronic devices free of expensive and contaminant materials [313].

Nevertheless, the main drawback associated with this methodology is the tendency to form
non-ordered multi-layered systems, due to the extremely high reactivity of free-radicals involved in
the electrografting process. Several strategies have been successfully used in order to avoid such a
multilayer growing. These approaches include molecular functionalization with bulky groups or the
use of redox mediators or inhibitors [314,315].

EG covers reductive and oxidative processes, depending on the organic compound, as was
comprehensively described before by Bélanger and Pinson [312]. Since this methodology was
developed [316], different functional groups have been used for surface modification, including aliphatic
amines [99], aromatic amines [317], or diazonium salts [314,315].

In the field of molecular electronics, widespread research concerns the modification of a bottom
electrode (metals, carbon-based electrodes, hydrogenated silicon surfaces, etc.) by electrografting
of diazonium salt derivatives [314,315,318,319]. One of the preferred methodologies to generate
diazonium cations is the in situ diazotization of aromatic amines, as illustrated in Figure 4 [320]. As a
general procedure, the diazotization step is followed by the electrochemical reduction, where highly
active aryl radicals are produced. Subsequently, these radical intermediates covalently bind to the
surface [128].

Figure 4. Scheme showing the electrografting process for a diazonium salt.

Numerous examples can be found in the literature reporting molecular electronic devices based
on the electrografting of diazonium salts. Here, it is noteworthy the pioneering work done in the group
of McCreery [321,322], that reported the first all-carbon based molecular tunnel junctions. This group
also developed methodologies for the grafting of diazonium salts onto a pyrolyzed photoresist film
(PPF) [323] and has recently reported an all-carbon molecular electronic device constructed on flexible
or semi-transparent substrates [33]. These methodologies and materials pave the way for applications
in which molecular electronics and photonics are combined. Additionally, the McCreery group also
launched the first commercialized molecular electronic device, in which a molecular rectifier composed
of a molecular layer sandwiched between two carbon-based electrodes is used for audio processing
applications [72].

A different and emerging family of suitable molecules for indirect or direct electrografting
are iodonium salts [130]. Concerning the direct grafting, Guselnikova et al. [324] have
reported the surface functionalization of a gold substrate by UV-light grafting of the
3,5-bis (trifluoromethyl)phenyl)iodonium salt. Ramírez-Chan et al. [325] recently described
the fabrication of electrografted films by oxidation of a nitrophenylbutyrate derivative
(NO2Ph(CH2)3COO−) exploring the influence of different supporting electrolyte ions on the film
formation. Madsen et al. [326] used a two-phase bipolar grafting system to simultaneously functionalize
gold bipolar electrodes with diazonium salts and primary amines or thiophenes.

In addition to the fabrication of exceptionally robust monolayers for molecular electronics
applications, this technique is an affordable methodology to reach specific improvements in surface
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functionalization for an extensive variety of substrates. For example, mixed monolayers made of
organophosphonic derivatives have been electrografted onto nitinol (NiTi), which is an alloy often
employed in the biomedical field, in order to prevent the release of the possibly carcinogenic
Ni2+ ions [327]. Kim et al. [143] modified a GLAD-ITO substrate by the electrografting of a
porphyrin diazonium salt, showing the possibility to introduce molecular functionalities, such as
photo-activity on nanostructured metal oxides electrodes. Moreover, polymers, such as the PEDOT
(Poly(ethylenedioxythiophene) films, have been electrografted to repair IMPC (Ionic exchange polymer
metal composite) to overcome the problem of water leakage and also providing reinforced properties to
the electrode [328]. Another approach to enhance the adhesion of PEDOT onto ITO and gold surfaces
was presented by Villemin et al. [329], who introduced a two-step strategy in which the first step consists
of the fabrication of an electrografted promoter layer based on EDOT or thiophene moieties. Likewise,
materials, such as carbon nanodots (CD) have been immobilized onto carbon substrates, through the
attachment of nitrogen moieties at the nanodot surface (diazotized N-CD), resulting in carbon substrates
with new performances in sensing applications [330]. Finally, other conductive substrates such as
carbon composite electrodes, including thermoplastic electrodes (TPE) [331], edge plane pyrolytic
graphite electrodes (PGEs) [332], glassy carbon (GC), and pyrolyzed photoresist (PPF) [333], have also
been modified by electrografting.

Finally, two useful and recent advances in this field are worth mentioning. One of them
results from the merge of the LB and the electrografting techniques and was recently published by
Gabaji et al. [334]. In this methodology, the electrografting process occurs simultaneously to the
transference of the Langmuir film onto the solid substrate. The other relevant approach results from
the combination of EG with the electrode mediated shadow edge deposition methodology; here,
molecules of 9,10-dioxo-1-anthracenediazonium salt were covalently attached to metallic nanotrenches
producing stable and reproducible lateral architectures of molecular junctions [335].

Although EG is widely utilized for the construction of monolayers with applications in molecular
electronics, this technique is also used in many other research fields as well as in industrial
applications. In this context, it is worth mentioning the development of a diazonium-based
biochip for surface plasmon resonance (SPR) analysis, a well-established technique for studying
affinity between biomolecules whose interaction takes place in a liquid/solid interface [336],
by electrografting of a carboxybenzene diazonium salt [337]. Additionally, electrografting, followed by
a post-functionalization, is being an interesting approach in the design of well-defined interfaces for
electrochemical (bio) sensing, very important in fields, such as chemistry, materials science, engineering,
biology or medicine [320]. Furthermore, EG is an important tool to modify electrodes in bipolar
electrochemistry applications, which involves two feeder electrodes and a conducting object (the bipolar
electrode) in an electrolytic solution; a field of renewed interest in the last decades, due to its use in
materials science or sensing [338]. Accordingly, EG can be applied in a wide range of applications in
the areas of catalysis, biosensors, sensors, corrosion protection, composite materials, energy conversion,
energy store, or superhydrophobic coatings, which reveals the enormous possibilities of the EG
methodology to fabricate bi-dimensional arrangements using a wide range of materials. EG is also used
in industrial applications, such as the modification of carbon black by simple mixing with diazonium
salts generated in situ in aqueous solution (patented by Cabot Coorporation, Boston, MA, USA) to
produce pigments for inkjet applications, automotive coatings, solar cells, and fuel cells [339]; or the
fabrication of drug-eluting stents (endovascular devices to deliver locally therapeutic agents) [340];
revealing that EG technique is as a powerful tool for real-life applications.

To sum up, in this section, the most relevant techniques for the construction of monolayers
onto (semi-)conducting or dielectric surfaces for molecular electronic applications have been covered,
with examples of a large variety of technological applications. Table 2 gathers the main concepts
here presented and may serve as a comparison scheme with the different pros and cons of each of
these methodologies.
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3. Fabrication of the Top Contact Electrode

Once the molecules have been assembled using some of the methodologies above-described onto
a bottom-electrode, the subsequent deposition of a top-contact electrode to close the circuit is one of the
most crucial and delicate steps in molecular electronics. Even when the deposition of the top-contact
electrode has been largely investigated, having a reliable control in the fabrication of this electrode is still
a challenge to reach viable incorporation of molecular electronics in the market. Different techniques
have been employed to deposit or make a top-contact electrode, including physical or chemical
vapor deposition, atomic layer deposition, liquid metal droplets, break junctions, scanning probe
tips, electrodeposition, electroless deposition, etc. Moreover, these techniques can be divided into
two categories: (i) Those that can be used to integrate molecular constructs into devices; and (ii)
those that are employed for characterizing molecular electronic properties. In this review, we will
focus mainly on the first ones. Moreover, the reader can find elsewhere excellent and comprehensive
reviews that describe in detail the methods used to characterize, in the laboratory, molecular electronic
properties through the formation of temporal metal-molecule contacts, but that are unsuitable for
large-scale integration such as: In situ break junction (STM-BJ), mechanically controlled break junction
(MCBJ), I(s) (I = current, s = distance) and I(t) (I = current and t = time) methods based on an
STM, electromigration breakdown junction, liquid metal droplets, etc. [9,84,169,341]. In the MCBJ,
firstly, a fine metal bridge is formed, and subsequently, this is cleaved upon bending the whole
assembly allowing forming the molecular bridge. Similarly, in the STM-BJ method, break junctions
are mechanically formed using an STM tip to create a metallic contact to the substrate, which is then
cleaved, forming the molecular bridge, while monitoring the current. On the contrary, in the I(s)
method, although it also uses an STM tip to form molecular junctions, there is no contact between
the metal electrodes since the STM tip is brought close to the surface and then withdrawn, while the
tunneling current is measured. Meanwhile, in the I(t) method, the STM tip is placed at a constant
distance from the substrate, and the formation of molecular wires is monitored in the time domain.

Top-contact electrodes on molecular assemblies have been fabricated by direct evaporation of
metals using either physical vapor deposition (PVD) [342] or chemical vapor deposition (CVD) [343].
In PVD, the top-electrode is formed by evaporating a metal, at a sufficiently high temperature and low
pressure, for the subsequent condensation of metal atoms in the molecular layer. Nevertheless, in this
method, both the film thickness and the spatially selective growth of the metallic film are difficult to
control. CVD is a more selective technique and permits higher control in the thickness of the metal
deposition than PVD. However, CVD is characterized by rather slow growth rates unless high thermal
activation temperatures (≥200 ◦C) are employed, with these high temperatures being incompatible
with most organic thin-films. Regardless if PVD or CVD are used, both methods often result in damage
to the monolayer and also in penetration of metal atoms through the monolayer, and therefore, metallic
contact between the top and bottom-electrodes [84,344,345]. Alternatives (such as metal evaporation
onto a cooled substrate [346,347], blocking the direct path between the crucible and the sample with
baffles [348], or the use of an indirect evaporation method to reduce the exposure of the molecular
layer to energetic metallic atoms and temperatures [349]) have been proposed to minimize damage to
the monolayer, as well as the presence of short-circuits.

The incubation of a functionalized monolayer into a metal nanoparticle dispersion results
in the chemical deposition of the metal nanoparticles on top of the organic layer. In this context,
gold nanoparticles and thiol functional groups have been widely used [350]. However, this methodology
results in an incomplete metallization of the organic layer [350]. Therefore, alternatives to increase
the surface coverage of the metal deposits have been developed. For instance, the photoreduction
by UV-vis light of a metal precursor provides surface coverage of the monolayer surface as large as
76% [115,277]. In this methodology, the metal precursor is incorporated from an aqueous subphase to
an LBM upon the transference process, generating in situ metal nanoislands on top of the monolayer
by photoreduction of the precursor. This method has been proved not to damage the underlying
organic film, nor penetration of the nanoparticles through the film Additionally, anisotropic palladium
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nanostructures, previously produced by a CO-confined growth method [351,352], were deposited onto
the monolayer to generate large palladium nanodeposits (PdND) across the surface without any damage
to the monolayer, and importantly, a surface coverage of 85% [111]. Moreover, the incorporation of in
situ generated uncapped gold nanoparticles (NPs) has been explored. Here, the NPs were attached to
a terminal alkyne functionalized monolayer through the formation of Au–C σ-bonds, via a heterolytic
cleavage of the alkyne C–H bond [107].

An interesting methodology for the soft deposition of metallic contacts such as Au, Pt and Cu
with yield >90% is the surface-diffusion-mediated deposition (SDMD) [353,354]. In this approach,
firstly, a SiO2 etch mask patterned on a pyrolyzed photoresist film (PPF) layer, is fabricated by optical
lithography on a silicon substrate with a thermal SiO2 insulating layer. After that, the molecular layer
is formed on the conducting PPF substrate through a C–C bond by electrografting. In order to protect
the monolayer from the source radiation or from the direct impingement of metallic vapor generated
by using electron-beam evaporation, an adjacent silicon dioxide layer is used. Surface diffusion of
the metal atoms from the silicon dioxide to the molecular layer leads to the formation of a “soft” top
contact, albeit this approach has a significant addressability problem.

Atomic layer deposition (ALD) is a chemical process related to CVD but differs from it in several
key aspects [355–357]. ALD involves a well-defined chemical reaction route to form the top-contact.
In this methodology, the related chemical reactants (or precursors) are sequentially introduced into the
reaction chamber via short pulses (each of them followed with a purge of inert gas to remove excess
reactants). A layer-by-layer deposition onto the organic film takes place. Here, the free-ends of the
molecule have been specially designed to exhibit affinity by these chemical reactants (or precursors)
favoring a selective reaction. Since the film growth is self-limiting, atomic-scale control of the film
thickness and minimization of the defects (pinhole-free films) is achieved. Subsequently, this protective
molecular layer can be used to deposit a thicker metal film using traditional methods. ALD is very
advantageous in fabricating metal-insulator-metal tunnel junctions (MIMTJ) and provides a high
control of the thickness of the ultrathin insulating layer inserted in the junction [356]. For these
reasons, ALD is considered an enabling technology for future electronics. In addition, based on this
methodology, the conductor polymer PEDOT:PSS (where PSS is poly(4-styrenesulphonic acid)) has
been used as an interlayer in large-area molecular junctions resulting in very stable devices with a shelf
life of more than several months. The main drawback of this methodology may be associated with the
presence of hydrophobic end groups in the monolayer that can difficult the subsequent deposition of
the hydrophilic PEDOT:PSS [358].

Electrodeposition could be an attractive method for the metallization of monolayers because it does
not require expensive vacuum equipment, and it is often easier to control. However, this methodology
has so far been unsuccessful since the formation of clusters, or the penetration of metal ions from the
solution or even metal wires through the defect sites in the monolayer are often observed—resulting in
very low yield devices [84,359,360]. Although these problems—which are mainly associated with the
existence of imperfections in the monolayer and the presence of free metal ions in the solution—have
been able to be overcome or reduced [22,361–363], still exits serious limitations in this approach.
Only 1/3 of the monolayer is covered by the top metal layer; albeit this value can be increased until an
almost completely covered SAM by repeating the adsorption-electrochemical reduction cycle in a metal
ion free solution, but with the inconvenience of increasing the presence of short-circuits [364,365].

An alternative to reduce or eliminate the inconvenient of metal penetration is electroless deposition.
This approach allows the deposition of metals and other materials on a variety of substrates [84,366].
It is very similar to electrodeposition in the sense that the metal deposition results from the reduction
of metal ions from solution, but without applying an external potential, which additionally makes this
method compatible with insulating or low conductivity materials. However, electroless deposition
often requires the use of a catalyst to be adsorbed on the surface prior to the metal deposition, which can
contaminate the organic layer affecting the final functionality of the junction [367–369]. To control
the diffusion of the catalyst, the organic layer can be functionalized to selectively adsorb the catalyst,
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limiting the metallization to the functionalized areas [370,371]. A modification of this method is the
electroless nanowire deposition on micropatterned substrates, which is employed to direct the growth
of metallic nanowires on the monolayer surface [368].

To solve the problems that arise from damage to the monolayer or formation of short-circuits,
different non-destructive methods have been developed. Nanotransfer printing (nTP) is one of these
methods that fabricate soft top-contact electrodes by transferring the metal contact to the monolayer
(by mechanical contact) from elastomeric poly(dimethylsiloxane) (PDMS) or perfluoropolyether (PFPE)
stamps [372,373]. The transference is a consequence of the chemical affinity between the metal contact
and the anchoring groups present in the monolayer, for instance, a thiol-terminated monolayer and
a gold metal contact [374]. By using the lift-off float-on (LOFO) method [374], a metal film can be
transferred onto a monolayer via capillary interactions avoiding the physical damage in the monolayer.
This approach includes basically four steps: (i) Evaporation of a metal film onto a solid support
(denoted as leaf); (ii) detachment of the metal leaf from the solid support by floating the leaf at the liquid
surface (lift-off); (iii) adsorption of a monolayer onto a solid support; and (iv) attachment of the metal
film at the liquid surface to the monolayer supported in the solid substrate using a liquid-mediated
process (float-on). Several different types of molecular junctions without any observable damage to the
monolayer have been formed using this method [9]; however, the wrinkling of the leaf, the presence of
air gaps between the monolayer and the leaf, as well as small monolayer-metal contact areas limit LOFO
methodology for further applications and mass production. The transfer of a top metal layer with a
hydrophobic polymer, polymer-assisted lift-off (PALO, which combines aspects of nTP with LOFO),
solves the wrinkling problem and the small metal contact area in LOFO. Using PALO, metal electrodes
with dimensions from 100 μm2 to 9 mm2 can be produced with high yield (≥90%) [375]. In this
methodology, the alignment of the top and bottom contacts without using cross-bar geometries is a
significant difficulty.

Other relevant methods for fabricating molecular junctions are via the construction of a hole,
such as a nanopore or a nanowell [375–377]. To fabricate a nanopore device, a thin Si3N4 layer is
deposited in a double-sided polished silicon wafer. A window, suspended over the silicon wafer,
is obtained by optical lithography, reactive ion etching (RIE), and wet etching techniques. After that,
a gold layer is evaporated onto the top side of the membrane, filling the pore (the top electrode).
Then, the sample is immediately incubated in a solution to assemble a molecular layer on the top
electrode surface. Finally, the sample is placed in a vacuum chamber to thermally deposit the bottom
metal (Au) electrode. Recently, large-area junctions based on SAMs deposited in AlOx micropores
fabricated on ultraflat template stripped bottom electrodes of gold (AuTS) have been fabricated with
high mechanical stability [378]. The construction of a nanowell is more simplified, and occurs in a
planar device in contrast with the nanopore. In this case, a nanowell device is fabricated on silicon
wafers incorporating pre-patterned gold electrodes covered with silicon dioxide prepared with the
focus ion beam (FIB) technique. After the hole is created, molecules are self-assembled on this bottom
electrode, and the hole is filled with gold to close the circuit. The disadvantages of these approaches are:
The requirement of delicate processes during the sample fabrication, the non-reproducible electrical
properties from sample to sample, and a higher ratio of short-circuits by penetration of the metal,
overall in nanopore devices. However, to overcome these disadvantages, a conducting buffer interlayer
can be inserted between the metal layer and the monolayer to avoid damaging the organic layer,
which allows the creation of large-area molecular junctions [358,379–386]. Another alternative to
fabricate large-area junctions is to create microfluidic channels made with an elastomeric polymer
(PDMS) on the bottom electrode using conventional photolithography in which the organic layer is
self-assembled, and then the channels are filled with Ga2O3/EGaIn electrodes [387]. It is noteworthy
that even when large contact areas can be fabricated by LOFO, PALO, nano (micro) pore, or nanowell
and microfluidic channels approaches, these techniques are not easily scaled up for the fabrication
of molecular electronic devices; in contrast, nanotransfer printing approaches represent a promising
methodology to fabricate integrated molecular devices.
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Other radical different alternatives to fabricate “soft” top-contact electrodes have been developed
recently. Examples include the so-called Thermal Induced Decomposition of an Organometallic
Compound (TIDOC) method in which an organometallic film is thermally decomposed—resulting
in the formation in situ of gold nanoislands on top of the film without producing short-circuits by
penetration of the metal top-contact electrode through the layer [137,138]. Moreover, the fabrication
of nanotrenches of controlled width by means of the shadow edge evaporation method resulting in
molecular junctions with very good stability and reproducibility, which offer the advantages of large
scale integration, reduced leakage currents, and easier access to the molecular layer with external
tools [335]. Additionally, the DEP method (described before in this review) has also been used for the
controlled deposition of a top contact electrode. Fereiro et al. used Au nanowires electrostatically
trapped between two microelectrodes. The Au nanowire act as the top-contact electrode in a flat gold
| protein monolayer | Au nanowire junction [148].

While the ordinary metal electrode molecular junctions described above remain operational,
experimental platforms based on non-metal materials are being constructed, leading to new
possibilities for molecular-scale electronics. Carbon electrode−molecule junctions are one of these new
testing systems, where several carbon materials, such as reduced graphene oxide (rGO), graphene,
or single-walled carbon nanotubes (SWNTs) are used as top-contact electrodes because of their unique
advantages [9]. Graphene or rGO films fabricated by chemical vapor deposition have been widely
used as the conductive interlayers in molecular junctions [379,384]. Meanwhile, soft top-contacts for
the non-destructive fabrication of molecular junctions using floating-processed ultrathin graphene
films [384], or transferred onto the layer via poly(methyl methacrylate) (PMMA)-mediated transfer [388],
have also been implemented.

Nanoscale gaps in SWNTs with precise control are fabricated by lithography-defined oxidative
cutting [389], resulting in SWNT-molecule single-molecule junctions, which could be easily extended
to industrial mass production since all of the operations in the process are compatible with
conventional micro- and nanofabrication techniques [9]. Meanwhile, using dash-line lithography [390],
robust single-molecule junctions with a high yield, based on indented graphene point electrodes can
be created. This methodology provides a large control regarding the size of the nanogaps through the
regulation of the etching process.

Electron beam evaporation of carbon (e-C) to create soft top-contact electrodes onto monolayers has
been used successfully with a high yield, excellent reproducibility, and thermal stability [33,321,391–393].
The fabrication of amorphous carbon top-contact electrodes (with well-defined shape, thickness,
and precise positioning on the film) from a naphthalene precursor using a focused electron beam
induced deposition (FEBID) technique has been recently employed to create molecular junctions with
a high yield and stability [117].

Once the top-contact electrode is fabricated to close the circuit, the typical way to verify that
these molecular junctions, created with a given structure, are reliable is to statistically investigate
the electrical characteristics of these devices. Conducting-atomic force microscope (C-AFM) and
scanning tunneling microscope (STM) are the techniques usually used to address the electron transport
properties of these devices by registering current-voltage (I-V) curves (or density current-voltage (J-V)
curves). A detailed analysis of these curves together with temperature-varying measurements allow to
rule out the presence of short circuits; also to determine conductance through the fabricated molecular
junctions, as well as establish the mechanisms that govern the charge transport; in addition, it is
possible to elucidate energy level alignments through a spectroscopic analysis (by the transition voltage
spectroscopy, TVS, method). Theoretical models are also employed to better understand the charge
transport mechanisms through the molecular junctions. Whilst, the shape of the obtained conductance
histograms for the molecular junctions is an efficient technique to determine the interaction energy
between adjacent molecules, one of the key parameters to understand and optimize the performances
of these large-area molecular electronic devices. Additionally, inelastic electron tunneling spectroscopy
(IETS) can be utilized to investigate the vibrational modes in the molecular junctions. In addition,
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the thermoelectricity of the molecular junction, which measures the induced voltage drop or the
induced current across the junctions between two electrodes at different temperatures, helps our
understanding of the mechanism of the thermoelectric effect, and therefore, may serve to improve
the technologies for converting wasted heat into useful electrical energy. Finally, the determination of
durability and operational stability of the device is crucial for the practical application of these devices
in the actual industry.

4. Summary and Outlook

The use of molecules in electronic devices as critical functional elements in circuitry is expected to
result in a novel technology opening the path to future industrial processes for high-value products.
The use of functional organic materials has attracted a great deal of attention due to the numerous
and very appealing advantages of using molecules as functional units. Importantly, the use of
molecules in electronic devices is expected to result not only in the further miniaturization of transistors,
but also in diminished power consumption and new functionalities, due to the quantum effects that
govern the properties at the nanoscale. Researchers are currently immersed in the exploration of two
different paradigms. On the one hand, the study of single-molecule junctions, which is of primary
importance to understand charge transport through molecules. On the other hand, the fabrication
and characterization of large-area devices in which assemblies of molecules are located between
two (or three) electrodes. The fabrication of these electrode | monolayer | electrode systems can be
done through simple, soft and scalable technologies that result in high-quality and reproducible
monolayers, making possible the manufacture of thousands of devices. Many advances towards the
deposition of a continuous top-contact electrode, without short-circuiting or damaging the monolayer,
have also been made in the last years. This potential processability and scalability in the fabrication
of large-area molecular electronic devices pave the way towards industrial mass production. In this
review, progress in the fabrication of large-area molecular electronic devices in recent years has been
presented, with particular emphasis on the techniques used for the fabrication of well-ordered and
tightly-packed monolayers, as well as top-contact deposition methodologies. An overview of the
current nanofabrication techniques clearly evidences that there is still a long way to go before having a
well-defined manufacturing route to get integrated, high yield, robust, stable, scalable, and reproducible
molecular devices, produced at a reasonable cost. A multidisciplinary approach with the collaboration
of chemists, physicists, and engineers is being made in research groups all over the world to overcome
these difficulties and put in the hands of the next generation an emerging technology that is expected
to improve people’s quality of life.
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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.

Keywords: molecular junctions; attenuation factor; density functional theory; graphene

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/kBT), where EA represents the
hopping activation energy, around 0.5 eV, kB 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
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].
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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 = A exp (−βL), (1)

where L is the molecular length, A is the pre-exponential factor representative of the contact resistance
at the molecule–metal interface, and β 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−1 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−1 [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−1 [13]. This effect is even more enhanced considering
germanium-based molecular wire, to form a germane chain, leading to β ~ 3.6 nm−1 [14]. In this respect,
we can speculate that going down the lines of the periodic table, i.e., increasing the atomic number of
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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 β
~ 12.3 nm−1 [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 β ~ 2.5 nm−1 [16]. Similarly, carotenoid polyenes present
β of 2.2 nm−1 [17] and oligothiophenes have β between 2 and 3 nm−1 [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 π-conjugated compounds with an odd number of carbons, have attenuation factor
β ~ 0.4 nm−1 [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 β ~ 0.4 nm−1 [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(CH2)n[1,4
−C6H4](CH2)nSH (n = 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 β

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−1 [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−1) 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 β can be expressed as β ∼ √(2mϕ/� ,
with m the mass of the electron, � the reduced Planck constant and where ϕ 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, βwill depend on the ELUMO–EFermi

difference, whereas, if we consider hole transport, βwill depend on the EFermi–EHOMO (ELUMO, EHOMO

and EFermi 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 ε1, ε2 . . . εN coupled through hoppings t1,2, t2,3, . . . . 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 ε1, ε2 . . . εN coupled
through hoppings t1,2, t2,3, . . . . 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 ε0, and the same for the hoppings, which are all equal to t. In this approach,
the attenuation factor can be expressed as:

β(E) = (2/a) ln |(E − ε0)/t|, (2)

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 − ε0)/t| = 10 and a = 5 Å, this expression gives typical values
of β of around 9 nm−1, 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(κa) = EFermi − ε0, (3)

with κ = β/2, (EFermi − ε0)/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 EFermi−ε0 corresponds to the potential barrier of an infinite molecular chain without
anchoring groups or electrodes, namely ε0 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−1 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.

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 (-NH2) [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 –CH2 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 (MCBJ) [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 –CH2 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.

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 Å 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 (β ~ 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 EFermi–EHOMO 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.

 
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 π symmetry, which
explains the small electronic barrier, whereas the amine groups connect poorly to the electrodes, as of σ
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 –S 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.

 
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 π 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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