Current state and perspectives of nanoscale molecular rectifiers
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Abstract: The concept of utilizing a molecule bridged between two electrodes as a stable rectifying device
with the possibility of commercialization is a "holy grail” of molecular electronics. Molecular rectifiers do not
only exploit the electronic function of the molecules but also offer the possibility of their direct integration
into specific nano-electronic circuits. However, even after nearly three decades of extensive experimental and
theoretical work, the concept of molecular rectifiers still has many unresolved aspects concerning both the
fundamental understanding of the underlying phenomena and the practical realization. At the same time,
recent advancements in molecular systems with rectification ratios exceeding 10° are highly promising and
competitive to the existing silicon-based devices. Here, we provide an overview and critical analysis of the
current state and recent progress in molecular rectification relying on the different design concepts and
material platforms such as single molecules, self-assembled monolayers, molecular multilayers,
heterostructures, and metal-organic frameworks and coordination polymers. The involvement of crucial
parameters such as the energy of molecular orbitals, electrode-molecule coupling, and asymmetric shifting of
the energy levels will be discussed. Finally, we conclude by critically addressing the challenges and prospects

for progress in the field and perspectives for the commercialization of molecular rectifiers.

1. Introduction



As the size of the electronic components in modern-day devices approaches the few-nanometer (nm)
limit, complementary metal-oxide-semiconductor (CMOS) elements start to face enormous complexities
owing to issues such as short channel effects, the thickness of oxide layers, and lithography limitations. In this
context, considerable efforts have been expended over the last three decades to explore the feasibility of using
molecules, with the sizes on the order of few nm, as an alternative to CMOS circuit elements. This idea is
backed by the fact that essentially all electronic processes in nature, from photosynthesis to signal
transmission, are mediated by molecules and their assemblies. An extension of conventional electronics to
molecular building blocks, connected to the real world by suitable electrodes, would not only allow further
miniaturization of electronic devices but also provide a valuable opportunity of exploring intrinsic properties
of molecules at the nm scale’=. Prototype systems in this context are two-terminal molecular junctions that
are now frequently used as a testbed for investigating structure-function relationship in passive and stimuli-
responsive charge transport*®. Such a relationship represents a key advantage of molecular electronics, on the
ground of the assumption that a function of a molecular device can be controlled by chemical synthesis to
degrees that are difficult to achieve within the standard, solid-state CMOS technology. The respective rational
design should ensure that specific, predefined electronic functions of such a device are primarily determined
by the nature and electronic characteristics of the molecules, making them truly molecular devices’°.
Currently, this relationship is sometimes not entirely straightforward, which eventually casts into doubt that
some of the reported "molecular devices™ are, in reality, truly molecular. Further requirements for a working
molecular electronic device include its stability, reliability, reproducible performance, high yield, and the
possibility of its integration with other elements of an electronic circuit.

Meanwhile, the concept of molecular electronics, which was initially something between science fiction
and wishful thinking, has been experimentally realized'*4, with the availability of different design
frameworks and a variety of sophisticated fabrication and analysis techniques'®>2°. The whole family of basic
electronic components, such as resistors, capacitors, diodes, transistors (still a challenge), and memory
elements, can be realized by embedding molecules between two conducting electrodes and contacting them,
if necessary, by an additional electrode or an external stimuli??2, Among these components, molecular diodes
are one of the most straightforward, owing to their relative simplicity and usefulness, in combination with
other building blocks, for various functions in electronic circuits. A molecular diode acts electronically, very
similar to its semiconductor counterpart, allowing the current to flow in one direction and restricting the flow
in the opposite direction, i.e., a molecular diode behaves as a rectifier. The performance of a rectifier, in
general, is quantified by the rectification ratio (RR), which represents the ratio of the current density (J) at a
given forward bias (+Vx) compared to the current density at the reverse bias of the same magnitude (—Vx).
Accordingly, RR(Vx) = [J(+Vx)/J(-Vy) | with the sign of the bias being usually chosen to yield RR >1. Following
the initial theoretical proposition of one-molecule rectifier by Aviram and Ratner,?® many claims of molecular

rectification using different molecules, diverse fabrication strategies, and various analysis platforms have been
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reported. Few representative examples of different molecular designs applied currently in context of

rectification are compiled in Table 1.

Table 1. Different types of molecular design in context of rectification
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The first column of Table 1 describes various types of molecular design, while representative examples of
specific molecular structures and the respective references are presented in the second and third columns,
respectively. The first type of molecules is D-6-A type proposed by Aviram and Ratner (AR model)?3. Here,
tetracyanoquinodimethane (TCNQ) moiety acts as the acceptor (A), bicyclo[2.2.2]octane as an insulator (o-
bridge), and thiofulvalene (TTF) as the donor (D). Similar kind of design was later reported by Perrin et al.
using phenyl-ethynyl-phenyl as donor (D) and fluorophenyl-ethynyl phenyl as acceptor (A) linked by an
insulating ethane moiety?*. D-A is the next type of molecular design which is different from the AR model,
here donor and acceptor moieties are connected directly without a o-bridge. An example of the respective
design, introduced by Yu et al., features an electron-donating bithiophene unit and an electron-accepting
bithiazole block?. Another example of the D-A design, provided by Diez-Perez et al., involved dipyrimidinyl-
diphenyl as diblock, decorated with the thiol anchoring groups to self-assemble on gold electrodes®®. Elbing
et al. proposed D-perpendicular-A type molecular design, in which phenyl-ethynyl-phenyl and fluorophenyl-
ethynyl phenyl act as donor (D) and acceptor (A) n-systems, respectively, fused by a biphenylic C—C bond?”.
Later, Handayani et al. designed a D-perpendicular-A-type complex, in which naphthalene (A) moiety is
connected to porphyrin (D) at meso position?®, A further design concept is non-D-A type proposed by Liu et
al. and featuring cobaltocene asymmetrically decorated with two terminal thiol groups, resulting in an

3



asymmetric electrical potential drop along the molecule?®. Another example of such a design, reported by
Troisi et al., featured 2-(3-mercaptophenyl)acetonitrile with conformational changes upon applied bias
producing rectification.>® Alternatively, D-A n-stacked type design was suggested. A representative example,
proposed by Fomine et al., is shown in the Table; it features metalloporphyrin (D) linked to fullerene (A)%L.

Fundamentally, a molecular rectifier must include an asymmetric feature along the direction of charge
transport®*°, The biggest hurdle in assessing whether the observed rectification behavior is truly molecular
or not is the fact that almost any asymmetry in a molecular junction (electrode/molecule/electrode) can
generate rectification. An electrode/molecule interface can be ohmic if it does not have notable energy
(Schottky) barrier at the interface, provided there is a good matching of the electronic wave functions of the
molecule and the electrode®. Primarily, the rectification behavior associated with the Schottky barrier
originates from the work function mismatch between the contacts to the electrodes rather than from the
molecules themselves. However, frequently, naturally grown oxides at the electrode/molecule interfaces
generate a noticeable Schottky barrier, leading to an asymmetric voltage profile (potential drop) across the
interface that induces asymmetry in the measured current-voltage (I-V) characteristics. Accordingly, such a
barrier can likely be the reason behind many observations of small asymmetries in the I-V characteristics of

molecular junctions.

Another possible configuration that can lead to rectification in a molecular junction is an asymmetric
coupling of a molecule to both electrodes®”*°. Such a situation can be achieved by employing asymmetric
molecules that feature either an asymmetric molecular backbone or different anchoring groups facing the
electrodes®®3241-43 However, this strategy has led to diverse results, with comparably low RR for various
systems, and rectification has also been demonstrated for symmetric molecules***°. Also, both electrodes
contacting the molecules in all likelihood (e.g., the same material) can have different surface features such as
surface roughness and morphology, making the binding sites for the anchoring groups of the molecules to
vary from device to device, leading to variability*® 8. To reduce the variability, precise control of the electrode
morphology and surface chemistry needs to be attained. In addition, a better understanding of the electronic
state coupling at these interfaces, charge redistribution upon the junction formation, and charge carrier-

injection dynamics is required.

Despite the vast amount of experimental data collected with different experimental platforms, the overall
goal of a practical molecular rectifier remains still elusive. A real-life application will require high-quality
molecular rectifiers with sharp voltage thresholds, large RR, smaller time constants, fast switching speed,
retention time, and so on. The major factors that hindered initially the practical application of molecular
rectifiers were the lower RR values (<10%) compared with commercial CMOS counterparts (10°—108), limited
stability of molecular junctions, and the need for high operating voltages®®32424%50 However, during the past
five years, a variety of stable molecular junctions with high RRs have been reported®':52 245354 'motivating

scientists to work towards commercial implementation of molecular rectifiers. In this review, we showcase
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recent advances in the field of molecular rectifiers within the different material platforms, including single
molecules, self-assembled monolayers, molecular multilayers, heterostructures, and metal-organic
frameworks and coordination polymers, and critically analyze the advantages and disadvantages of these

systems as well as their potential towards commercialization.

2. Single-molecule-based rectifiers

Among various platforms used for the study and realization of molecular rectification, single-molecule
rectifiers are particularly important since they materialize the very idea of the truly molecular device and
predominantly rely on molecules' intrinsic quantum mechanical properties and hence can exhibit electronic
characteristics that cannot be achieved otherwise. It has been generally expected that a molecular rectifier
should be longer than one nm in length; otherwise, the tunneling leakage current would overwhelm the
function of the molecular component itself. Nevertheless, contacting a single molecule in a device is not an
easy task, and to do this in a controlled and reproducible fashion is even more difficult. However, the advances
made in the field of manipulation techniques at the nanometer scale, such as mechanically controlled break
junctions (MCBJs)>®®, scanning tunneling microscopy (STM)®° and conductive-probe atomic force
microscopy (CP-AFM)¥%60-62 have made it possible to obtain controlled and reproducible results. With
improved measurement capability, a variety of new effects beyond the charge transport, including
thermoelectricity, quantum interference, and spin transport, were discovered at the single-molecule level*>83-
%, In the MCBJ technique, by mechanically bending the substrate using a piezoelectrically controlled push-
rod, a single atomic contact of a metal is formed using a three-point bending configuration just before breaking
the metal wire. Once the wire is broken, a nanogap opens, bridged successively by a molecule introduced from
the solution or gas phase, thus forming a single-molecule junction. In contrast, in the STM-BJ technique,
molecular junctions are formed in a nanogap made by breaking a metal point contact between the STM tip
and a metal substrate. Complementary advances have also been made in first-principle calculation methods.
Theoretical approaches based on Green’s function theory (many-body theory) have been developed that allow

researchers to explore the intrinsic properties of single molecules under non-equilibrium conditions®®®’.

The interpretation of the experimental data in this field is, however, hampered by the difficulty in
determining how many molecules are bridged between the electrodes and how many molecules directly
contribute to the measured results. Owing to this uncertainty, certain discrepancies emerged not only between
experimental data and simulated results but also between datasets collected from different labs. At the same
time, techniques such as inelastic electron tunneling spectroscopy (IETS) and surface-enhanced Raman
spectroscopy (SERS) at a single molecular level have evolved and profoundly improved our understanding of
the chemical and structural behavior of single molecules in the charge transport process. In addition, using a
third electrode acting as a gate, allowed tuning the electrostatic potential of the molecule, thereby changing

the alignment of the molecular levels responsible for the transport with respect to the Fermi energy of the
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electrodes, leading to tunable RR®. The dependence of the RR on the gate voltage increases the confidence
that the origin of the observed rectification is truly molecular and not arising from other features of the
experimental setup.

Even though rectification in a single-molecule junction was first experimentally realized in 2005, a low
RR (<10) and uncertainty regarding the underlying charge transport mechanisms*-%° have cast doubt on the
practical relevance of this concept. However, significant progress has been made during the last five years in
this direction, affording single-molecule rectifiers that can potentially rival silicon-based counterparts in their
rectification performance. In particular, Aragones et al.’”®, using an STM-BJ approach under ambient
conditions, reported an RR exceeding 4x10° for 1,8-nonodiyne molecules deposited on low-doped silicon
electrodes with high mechanical stability. Besides the efficient rectification achieved in this junction,
integrating single molecules with semiconductors added an extra advantage of compatibility with conventional
semiconducting circuitry. Alternatively, Perrin et al. demonstrated a gate-tunable, single-molecule diode with
an RR as high as 6x10? using an asymmetrically substituted dithiol molecule embedded into a MCBJ setup’™.
The rectification mechanism proposed in that work was directly linked to the molecular structure and
attributed to the presence of two conjugated states which were weakly coupled through a saturated linker that
broke the conjugation. These findings demonstrate that specific electronic functionality can thus be

implemented in single molecules by optimizing the internal molecular structure.

Further in this direction, Schwarz et al. achieved RR values exceeding 102 at bias voltages of less than
+1.0 V in a two-terminal junction featuring different dithiol molecules with a redox-active metal center’2. This
behavior was mediated by field-induced conductance switching, relying on the redox processes in the metal
centers. In a more recent report, relying on the CP-AFM method, Atesci et al.”® showed that the RR value of
Ru-polypyridyl complexes assembled in a monomolecular fashion on a transparent and conducting indium tin
oxide (ITO) substrate could be changed by more than three orders of magnitude (between 10° and 10%) by
simply toggling the relative humidity between 5% and 60% (FIG. 1). The key to this behavior is the presence
of the two localized molecular orbitals in series, which are nearly degenerate in a dry state but become

misaligned under high humidity conditions due to the displacement of counter ions (PFg).

Today, the main challenges for single-molecule electronics are the reproducibility of parameters and the
improvement of stability of molecular devices. In general, the current detected in single-molecule junctions is
very small (~nA), being therefore extremely sensitive to external vibrations, contamination, and
environmental conditions, such as humidity and temperature variation. For MCBJ, if the electrode nanogap
changes a little, the system will adopt a different configuration that might be either stable or unstable. The
main difference between the stable and unstable junctions can then be the difference in the structure of the
immediate contact region between the molecule and electrodes, which can vary from junction to junction and
heavily influence reproducibility. Furthermore, the reproducibility can be affected by possible molecular

degradation, which is a factor that also has to be considered. Moreover, experimental realization of molecular
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rectification mostly requires a relatively high bias voltage (> 1 V), at which the stability of a single molecule
junction can become a limiting factor. Another fundamental challenge is the integration capability, i.e., design
and fabrication of single-molecule junction platforms capable of serving as complement parts in the existing
CMOS circuits. Finally, although most of the relevant molecules can be synthesized in large quantities and
cost-effectively, most widely used techniques, such as electron-beam lithography for nanoelectrode

fabrication, are still too expensive for large-scale production.
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FIG. 1 An example of single-molecule rectifier:” (a) Schematic of molecular junctions with Ru(ll)-
polypyridyl molecules assembled on ITO substrate and contacted by CP-AFM probe, (b) the chemical
structure of the molecule. The counter anions are not shown here for simplicity. (c, d) 2D histograms of
current-voltage (I-V) curves for low (c) and high (d) humidity cases. (e) 2D histogram of logarithmically
binned RR for the high humidity case (right panel) and 1D histogram taken at V=0.9 V (left panel). Overlaid
in blue is the mean of the Gaussian fits at each bias voltage bin. The error bars represent the half widths of the
fits.

3. Self-assembled monolayers-based rectifiers

The use of 2D molecular ensembles, such as self-assembled monolayers (SAMs), is more appealing as a
working practical device than single molecules due to the ease of fabrication, compatibility with large-scale
production, and comparably low costs’*"". A variety of methods can generally be used for the assembly of
densely packed SAMs on different substrates; interested readers are directed to reviews on monolayer
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formation in general*®"®7° and their assembly on specific substrates, such as metals*®%, oxides®'#3, and oxide-
free Si®*8%. Among different monomolecular systems, SAMs with thiolate anchoring groups, originating
mostly from thiols or dithiols, turned out to be especially popular in the context of large-area molecular
junctions® %3, The advantages of these systems are not only the high affinity of thiols or dithiols to coinage
metals but also their relative simplicity, reproducibility, and versatility. The disadvantages include a
comparably long self-assembly time, defect formation, and high chemical reactivity which frequently leads to

partial oxidation of SAM-forming molecules®%4,

Generally, the electronic structure of molecules embedded between the two electrodes and work functions
of the electrodes define the energy level alignment in a given junction, including possible charge transport
barriers. At the same time, upon assembling a junction, charge transfer between the molecules and electrodes
usually takes place, with the extent depending on the strength of bonding (weak or strong electronic coupling),
until an equilibrium state, associated with possible realignment of the energy levels, is achieved.
Consequently, not only the molecules but the entire junction must be taken into account while determining

the tunnelling barriers and overall charge transport behavior®.

With all the existing knowledge gained over the last two decades, researchers can now frequently
rationally design and even fine-tune the rectification behavior of a given molecular junction by modifying the
chemical structure of SAMs and/or by varying the characteristics of the electrodes. It is important to note that
the mechanism of rectification can vary considerably depending on the molecular structure and specific
experimental platform used for a particular study. Initially, very low rectification values (RR <30) were
reported for molecular ensembles. A breakthrough in this direction was the report of Nijhuis et al., in which
SAMs of alkanethiols with a terminal, redox-active ferrocene (Fc) moiety were asymmetrically placed
between the bottom Ag electrode and top eutectic Galn (EGaln) electrode %, with the device exhibiting a RR
of ~1.0 x 10? at +1 V*5979 The rectification behavior was associated with the constructive participation of
the ferrocene HOMO in the charge transport process at negative bias®”%. Using a combination of two
ferrocene moieties (Fc—C=C—Fc) instead of one, the same group later fabricated a molecular diode with a RR
of 1.0 x 1034, The operation of this diode relied on sequential tunneling involving both HOMO and HOMO-1
of ferrocene molecules positioned asymmetrically inside the junction. Further extensions of these activities
were controlling the direction of rectification in a molecular diode by the variable placement of ferrocene
within the molecular backbone®” and analyzing the factors which affect the performance of molecular
diodes®”®°. Following a similar experimental approach but using fullerene (Ceo) instead of ferrocene, Qiu et
al. employed undecanethiolate SAMs with Ceg tail group in a junction with the bottom Ag and top EGaln
electrodes and reported an RR of up to 940 at +1 V®°. The exact RR value varied however to some extent
dependent on the fullerene density, the composition of the top contact (EGaln), and the energy of the lowest
unoccupied n-state of the SAMs-forming molecules (FIG. 2a,b). Compared to ferrocene, fullerene-based

junction showed a higher RR value. It can be ascribed to the lower energy difference in electrode Fermi level
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and LUMO (~4.5 eV) of the fullerene, besides the larger surface, spherical symmetry of Cso molecules, and
asymmetric metal (contact)-fullerene interactions. The junctions also show hysteresis in the I-V curve upon
applying positive bias above 0.45 V, which further increases at +1.0 V. The authors have not shed light on a
reason for the hysteresis, but one can speculate that it is triggered by the involvement of ambient
moisture/water vapor, possible under the ambient conditions of the experiment. This underlines the importance
of measuring RR under entirely controlled conditions to improve the reproducibility of the results and to avoid

their distortion by external factors.

The next major step was the use of Pt substrate instead of Ag, resulting in an RR exceeding 10° (at a bias of
~3.0 V), comparable to CMOS-based devices (10°-108) - for the molecules with the Fc—C =C—Fc termini®.
A noticeably lower but still reasonable RR of 2.5 x 10* and a resistive ON/OFF ratio of 6.7 x 10% were reported
for a molecular junction featuring the Ag and EGaln electrodes and SAM of S(CH2)11 MV2" X2 (where MV
is methyl viologen and X" is the counter ion, FIG. 2¢,d),>® which is a promising outcome. Further significant
advancements include a transition from direct to inverted charge transport Marcus regions in molecular
junctions via molecular orbital gating'® and reversal of the direction of rectification induced by Fermi level
pinning at molecule-electrode interfaces in redox-active tunneling junctions®®. Most recently, SAMs of
S(CH2)u1BIPY (BIPY= bipyridine) complexed with a metal ion (cobalt or copper) have been integrated into
molecular junctions with Au and EGaln electrodes'®. The junction featuring BIPY-CoCl, moiety showed a
reasonable RR value of ~82 at £1.0 V due to the constructive involvement of the dominant molecular orbital,
such as the LUMO, at positive bias only. Rectification behavior disappeared, however, for BIPY-CuCl>
because of the symmetrical involvement of the molecular orbitals (HOMO or LUMO) at both positive and
negative bias.

Another important advancement was the use of interstitially mixed monolayers, which are an attractive
alternative to the traditional single-component and mixed SAMs. In interstitially mixed monolayers, small
molecules fill the interstices between the bulky molecules via repeated molecular exchange minimizing the
defects within the monolayer. The use of such specifically designed films can potentially enhance the stability
and reproducibility of molecular junctions without degrading their function and reliability. For instance, Kong
et al. fabricated interstitially mixed SAMs using n-undecanethiol terminated with 2,2"-bipyridyl (HSC11BIPY)
for matrix and n-octanethiol (HSCs) as reinforcement material'® with a continuous exchange of molecules in
the SAMs occurring during rectification. The experimental results combined with theoretical simulations
confirmed a defect-free monolayer structure, yielding high operation stability in a noticeably broader voltage
range (£ 3.3 V) compared to traditional mixed SAMs.

Other potential candidates for molecular rectification are SAM-forming biomolecules, such as
oligopeptides, proteins'®, and DNA-113_ A particular advantage of DNA is the possibility of fine-tuning its
charge transport properties by subtle alteration of its conformation via the ionic environment, methylation, or

intercalation with metal ions and complexes'4-1%8, In particular, in one of representative studies, a DNA-based
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molecular rectifier was constructed by site-specific intercalation of small molecules, such as coralyne, into an
11 base-pair DNA-complex, providing an RR value of ~15 at +1.1 V!, Also, an oligopeptide-based diode
with platinum electrodes featuring peptide chains comprised of two pairs of amino acids, alanine—lysine and
threonine—alanine, has been reported!!®. The length of the peptide chains and the arrangement of the amino

acids played a pivotal role in its performance.
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FIG. 2 Examples of SAM-based molecular rectifiers: (a,b) Schematic of rectification recorded in
undecanethiolate SAMs with fullerene (Ceo) tail group embedded in the junction with bottom Ag and top
EGaln electrodes. At negative bias (a), LUMO is outside the conduction window (the region between the
Fermi levels of Ag and EGaln), whereas at positive bias, (b) LUMO is brought into the window; as a result,
electrons tunnel to the LUMO and then hop to the EGaln electrode. (c,d) Schematic illustration of an electric
field-driven, dual-functional molecular device featuring alkanethiolate SAMSs terminated with methyl
viologen moiety at a positive (c) and negative bias (d).

4. Multilayer molecular rectifiers

Over the years, multilayer structures in nature (butterfly wings, birds feather, etc.) have strongly motivated
researchers to design and develop a wide range of artificial multilayer-based coatings and devices with
established superior properties in the fields of energy, metamaterials, optoelectronics, power and flexible
electronics, signal systems, etc'*®. Multilayer-based molecular rectifiers are not an exception in this context,
gaining significant attention due to their high internal quantum efficiency, potentially high RR and
transconductance, and a feasible way of junction fabrication. In this aspect, molecular bilayers employing the

donor (D)-acceptor (A) concept, mentioned in section 1 and illustrated to some extent in Table 1, are most
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prevalent. In general, under forward bias, electrons flow from the acceptor to the donor side (AR model?3, see
FIG. 7) provided the coupling between the donor and acceptor is stronger than that to the electrodes, which,
however, should still be sufficiently good for acquiring high currents and getting rectification behaviort?°-122,
Conversely, if the coupling between the donor and acceptor layers is weaker than that to the electrodes,
electrons flow from donor to acceptor at a forward bias (anti-AR model, see FIG. 7)*?3, This D-A concept
was in particular tested in bilayers featuring Ceo and pentacene (Pn) films deposited on Cu(111) and contacted
from the top by an STM tip*24, The resulting assembly epitomized an AR-type rectifier with RR values close
to 10 but also showed a lower RR value near the edges of the bilayers as a consequence of confinement and
tip-induced Stark effects. Apart from the molecular structure of a bilayer, the extent of rectification also
depends on a variety of parameters, such as the nature of the contacts, internal dipoles, charge polarization,
presence of trapped molecules, and details of the bilayer preparation (including solvents, temperatures, and
operating voltage) experienced by a particular system!?5L In particular, Lopes et al. have reported a
temperature-regulated inversion of rectification direction (IRD) in molecular diodes employing copper
phthalocyanine (CuPc) and hexadecafluorophthalocyanine (FisCuPc) bilayer?®., An RR of 10 with 1(-V)
higher than 1(+V) has been observed at temperatures below 50 K, but decreased progressively with the
increasing temperature. At T = 220 K, I1(+V) and I(-V) were equal, while at room temperature 1(+V) exceeds
I1(-=V), thus displaying temperature-driven IRD behavior. The IRD phenomenon was explained on the basis of
trap-mediated Poole-Frenkel mechanism and tip-induced Stark effect. Other AR rectifiers, featuring D-A
layers with comparably large HOMO-LUMO gap, were reported to rectify at both low and high temperatures
with an RR of ~300%,

It is also important to have a wide frequency response in molecular junctions, which has not been achieved
until recently, being limited by low frequencies. The frequency range can, however, be significantly extended
by constructing an electronic device utilizing organic bilayer heterostructures. For instance, junctions
comprising ultrathin F1sCoPc/CuPc bilayer (1 nm/7 nm) exhibit rectification behavior at a frequency of up to
10 MHZz'?". The fabricated devices showed an RR of ~400, ascribed to the different interfacial properties of
the top and bottom Au electrodes. The high-frequency response was achieved due to efficient charge injection
and transport from the bottom Au contact to phthalocyanine. In another study, molecular junctions featuring
Fe(lI1) bis-terpyridine-appended dithienylethene (Fe-tpy-DTE-tpy)n photochromic film of variable thickness,
fabricated by layer-by-layer (LbL) technique, were studied (FIG 3a)*?8. The junctions displayed a reasonable
RR of 200 in both photostationary states along with an ON/OFF ratio of 120.

Besides the temperature and light factors, the effect of solvent on the rectification behavior of bilayer and
multilayer molecular junctions was studied as well*?°. In a related study, fluorene (FL) and benzoic acid (BA)
were used to form a bilayer where H* ions were replaced by lithium ions forming lithium benzoate (LiBA)
and providing carbon/FL-4.5nm/LiBA-4.0nm/carbon stacking configuration (FIG 3b)'?°. The conductance of

the respective junctions, containing mobile ions, decreases drastically at the presence of a polar solvent,
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triggered by the electric-field-induced solvent and ions reorganization. Whereas RR of these junctions was
initially very low (1.3 at £1V), it increased, however, to 18 after repetitive 1-V scanning, and the junctions
could be reset at 0 V. In another study, McCreery and co-workers have fabricated both single and bilayer
molecular junctions consisting of anthraquinone (AQ), bis-thienylbenzene (BTB), and AQ-BTB combination
(FIG 3c). The polarity of photoconduction and rectification direction of the respective devices depended
strongly on the electronic structure of the involved molecular layers™. Further, the same group has
synthesized a multifunctional trilayer by stacking AQ, BTB, and LiBA layers and integrating this assembly
into a junction with carbon electrodes as bottom and top contacts (FIG 3d). The single AQ layer, AQ/BTB
bilayer, and LiBA/BTB/AQ trilayer assembly have been checked for the I-V performance, exhibiting unique

characteristics, including RR of 28 and 75 for the bilayer and trilayer, respectively3!.

Several research groups have shown that multilayer molecular rectifiers can also be used for brain-
inspired memory devices, which display exceptional computing performance, outstanding tunability, and
excellent adaptability®3#133134 In particular, a combination of Cs-BTBT bilayer with a modulated Schottky
barrier diode was used to fabricate phototunable synaptic-like devices for neuromorphic computation to
overcome the von Neumann bottleneck. The device featured Au/C8-BTBT/Au configuration grown on
Si/SiO2 substrate, with the thickness of the active layer and channel length being set at 3 nm and 40 pm,
respectively. Under a small applied bias, the fabricated devices displayed an exceptional RR of ~10° with an
energy consumption of 13.6 pJ'®, along with the striking light switching performance (liignt /ldark =100 at 2 V),
excellent state holding ability, and variable synaptic behavior. These exceptional properties make the
respective molecular devices potential candidates for energy-efficient organic optoelectronic computing

elements with nearly ideal characteristics.

Generally, multilayer-based molecular rectifiers have numerous advantages, making them potentially
eligible for a variety of advanced technological applications. However, they also possess several serious
drawbacks, such as complicated fabrication processes, limited availability, high production costs, and complex
energy band arrangements, which should be overcome or at least diminished for the practical realization and

commercialization of the respective devices.
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(a)

FIG. 3 Schematic illustration of molecular junctions featuring (a) (Fe-tpy-DTE-tpy), multilayer assembled
via LbL technique; (b) FL4s/LiBA4 bilayer; (c) BTB/AQ bilayer; and (d) a LIBA/BTB/AQ trilayer. The
molecules were assembled on either ITO (a) or eCarbon/Au (b-d) substrates; a CP-AFM tip (a) or eCarbon/Au
(b-c) were used as the top electrode.

5. Heterostructure-based rectifiers

Remarkable progress has been made in designing and synthesizing conjugated molecules. However,
harnessing useful work from these molecules to perform as a rectifier is a more daunting task. In this aspect,
non-functionalized molecules, including conjugating ones, which provide symmetric tunneling charge
transport can, at first sight, hardly perform as molecular diodes!®*-1%, Nevertheless, these molecules are able
to demonstrate desired, asymmetric 1-V characteristics in heterojunction structures as their interfacial band
alignment can be altered via combining with other moieties. In this regard, a variety of design concepts for
the fabrication of hybrid molecular junctions or heterojunctions has been developed, where inorganic

materials, such as nanoparticles and 2D semiconductors, were combined with molecular films'**4, For
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instance, in one of the relevant studies, ZnO nanoparticles were electrostatically assembled over organic
molecular films such as rose Bengal (RB) and copper phthalocyanine (CuPc) to fabricate hybrid molecular
junctions (n-type Si/n-ZnO or p-ZnO/organic molecules/Hg or n-type Si/organic molecules/n-ZnO or p-
ZnO/Hg)*2. Due to the donor-acceptor character of the nanoparticles and organic molecules, respectively,
charge flow was feasible only in one direction, resulting in current rectification. In another study, metal-
phthalocyanines and transition metal dichalcogenides (MoS and WSe>) were used as organic and inorganic
materials to fabricate a heterojunction (by an electrostatic adsorption process) featuring current rectification
(FIG 4a)*%. Here, the central metal atom played a crucial role; depending on the character of its 3d band the
strength of the magnetization vector changed, triggering alignment of planar metal phthalocyanine molecules
on the electrode surface. Such an alignment altered the molecular orbitals and thereby affected the energy
levels at the interface, which overall influenced the RR values. In another representative study, MoS, and
WSe; layers have been combined with thiolate SAMs on Au as organic-inorganic heterojunctions (FIG 4b)#4,
The number of the MoS; and WSe> layers and the length of the molecular chain of the SAM-forming
molecules were varied. In the case of the SAMs only, no asymmetry was observed (an RR of ~1); however,
the 1-V curves changed dramatically with the attachment of MoS, and WSe,, becoming asymmetric and
yielding RRs of 1.79 x 10 and 2.31 at + 1 V for the OPT2/MoS; and OPT2/WSe; junctions (OPT2 = biphenyl-
4-thiol), respectively.

(a)
OPT(n) HS [@]n= s

Cn) Hs’[/\}\ma 10,12

Si <111> / Piar tip

1,-WSe,

FIG. 4 Schematic illustration of molecular junctions featuring (a) MoS2/MPc (metal-phthalocyanines),
and (b) MoS; or WSe, /SAMs heterostructures for studying nanoscale rectification. Figures (a) and (b) are
reproduced with permission from ref.1*3 and ref.}#4, respectively.

6. Coordination polymers/MOFs-based rectifiers

Presently, research areas related to metal-organic frameworks (MOFs) and coordination polymers (CPs)
formed by coordinating metal nodes and organic linkers are rapidly flourishing due to the tunable electronic
and optoelectronic properties of these systems'*14’. However, so far, MOFs have been hardly explored
in molecular electronics because of the insulating nature of organic linkers and a poor overlap between the &-
orbitals of these linkers and the d-orbitals of the metal centers, resulting in electrical conductivity of 10

S/cm or even lower. The conductivity can, however, be noticeably improved by different means, such as
14



coupling the metal sites to the redox-active linkers, doping with redox-active guest molecules,
etc.121.148.149.150.151 Besjdes these options, the introduction of noncovalent interactions within coordination
complexes, such as H-bonding, - interactions, van der Waals forces, anion-7 interactions, etc., also leads to

enhancement in the MOF conductivity as described in numerous reports, reviews, and perspectives!?120152.153

Even though polymers are generally regarded as semiconducting, their limited thermal stability makes them
unsuitable for molecular electronics. In this context, MOFs could probably be more suitable forthcoming
applicants in molecular electronic devices, providing us a new domain, '"MOFtronics'*>*. From this perspective,
we mostly emphasize here the use of MOFs or CPs as rectification devices, linking the rectification behavior
to their structural properties. In 2017, first efficient, CP-based molecular diodes have been developed using
Cd(IT) coordination polymers, such as [Cd(4-bpd)(SCN)2]» and [CdsL2(NCO)s]n complexes, where 4-bpd is
1,4-bis(4-pyridyl)-2,3-diazo-1,3-butadiene and L is (E)-2-methoxy-6-((quinolin-8-ylimino)methyl)phenol
(FIG 5a)>1%, Upon exposure to light, these devices displayed distinct rectification behavior, which was

further optimized by the structural variation of the CP linker moieties.

Before 2019, the overall reported RR values for the best performing MOF/CP-based diodes were in the range
of 10%-10%, which is noticeably lower compared to analogous CMOS-based devices (10°-108). However, a
recent report by Ballav et al. demonstrated a much higher RR value of 10° for a device featuring Cu(l1)-BTEC
CPs, where BTEC is 1,2,4,5-benzenetetracarboxylic acid'®’. To enhance the conductivity of CPs, TCNQ
(7,7,8,8-tetracyanoquinodimethane) was doped into the Cu-BTEC thin film. Such doping created
electronically coupled conducting channels via Cu?>*~TCNQ coordination linking, leading to an enhancement
in conductivity by a factor of up to 7.8 x 10° compared to the non-doped CP film. The high RR value was
attributed to the resemblance of the Cu(I1)-BTEC film structure with a regular p-n junction, where half of the
film was conductive (due to the doping) while the other half was insulating. Apart from this configuration,
certain counter anionic species have been observed as another factor affecting the electrical conductivity of
MOFs. In particular, a recent study has reported that BF4™ species were used as guests in a three-dimensional
network of Zn(11) MOFs with neutral bispyrazole based ligands™®. In these systems, the porous channels
formed inside the MOFs were populated with various H-bonded anions and anion-solvent clusters, which
resulted in an enhanced electrical conductivity. When integrated into a two-terminal junction configuration
with the bottom ITO and top Al electrodes, they provided current rectification, even though with quite low
RRs of 15-19 only (FIG 5b). In a further study, electronically conducting MOFs (EC-MOFs) have been
employed as an effective interlayer material to modulate the Schottky barrier (@g) in the self-powered
Schottky diodes, which is essential for photodetector application as well. A series of highly oriented
triphenylene-based EC-MOF thin films, M3(CisHsXs)2 (M = Ni or Cu; X = O or NH), has been utilized to
optimize the silicon-based Ag/EC-MOF/n-Si Schottky junctions (FIG 5¢)**°. &g was successfully tuned from
0.67 eV in Ag/n-Si to 1.11 eV in Ag/EC-MOF/n-Si junction via varying EC-MOF components. However,
preparing such high-quality EC-MOF thin films is still a daunting task.
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FIG. 5 MOFs-based molecular junctions exhibiting current rectification characteristics, with the
structure of the sandwiched MOFs additionally shown. (a,b) Schematic illustrations of (a) [Cd(4-
bpd)(SCN)2]n**°and (b) {[Zn(H2MBP)15](BF 1)} based molecular diodes employing ITO and Al as bottom
and top contacts. (c) Schematic illustration of Ni3(C1sHs(NH)s)2, Cuz(C1sHs(NH)s)2, and Cus(C18HeOg)2 based
diodes employing n-type Si and Ag as bottom and top contacts*>®. The MOF structures in (a), (b), and (c) are
reproduced from refs. 160161159 with permission.

Recently, the basic molecules of crystalline organic semiconductors, such as anthracene and fullerene, have
also been applied as linker moieties to fabricate surface-anchored MOFs (SURMOFs)'¢2. By using a LbL
approach, crystalline Cuz(adc)z(dabco) [adc = 9,10-anthracene dicarboxylate] and Ceo@Cuz(bdc)z2(dabco)
[bdc = 1,4-benzene dicarboxylate, dabco = 1,4-diazabicyclo[2.2.2]octane] layers, denoted as p-SURMOF and
n-SURMOF, respectively, were successively grown on a pre-functionalized gold electrode forming a p-
SURMOF/n-SURMOF assembly (FIG 6a,b). The MOFs of different conductivity were thus combined over

16



a crystalline heterointerface, building the molecular devices exhibiting a diode-like behavior with an RR of
approximately six orders of magnitude. FIG 6c shows the junction’s energy profile diagram, where the purple
and green lines represent the HOMO and LUMO of the p/n-SURMOFs. Here, anthracene and fullerene are
the active moieties, mediating the charge transport in the assembly via a charge hopping mechanism, which

is quite common in organic semiconductors at room temperature.

Generally, the p-n junction configurations obtained for the exemplary SURMOFs by either selective doping®®’
or successive growth'®? can be extended to other MOF systems, enabling to fabricate p-n-like heterojunctions
with exceptionally high RR values. This underlines the potential of MOFs and CPs in the context of molecular
rectification. However, despite the progress achieved so far, large-scale production of reliable MOF-based
devices is still difficult as preparation of high-quality and well-ordered crystalline SURMOFs is yet a
challenging task. Also, ligand design and coordinating chemistry are somewhat limited and hence require new
ideas and concepts for further development. It is nevertheless believed that the scalable formation of
conducting MOFs via controlled preparation routes and their facile fabrication on conducting substrates will

make MOFtronics renowned in the near future.
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FIG. 6 An example of SURMOF-based rectifier: Schematic illustration of (a) fullerene- (Ceo) and (b)
anthracene-containing n-SURMOF and p-SURMOF. (c) Schematic illustration of a junction featuring a p/n-
SURMOF bilayer with crystalline heterointerface and top and bottom Au electrodes. (d) Energy profile
diagram of the bilayer junction with the HOMO and LUMO of the p/n-SURMOFs and schematic illustration
of the charge transport mechanism. The figure is reproduced from ref.6? with permission.

7. Plausible mechanisms of rectification

Along with the description of different molecular rectifiers, the plausible mechanisms that govern their
rectification behavior should be shortly discussed. The basic theoretical models are graphically represented in

FIG 7. In the sequential tunneling model proposed by Aviram and Ratner?® (FIG. 7a), individual tunneling
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steps, with the rates denoted as I'n, occur through the molecular energy levels of the acceptor (A) and donor
(D) units, with three tunneling barriers being involved. The respective units, separated by an electrical spacer
(o bridge), respond differently to the applied bias, resulting in their alignment or misalignment depending on
the bias sign, emphasized by a difference in the onset of the resonant tunneling for the two bias directions.
However, frequently, the A and D units belong to the same molecule and are not electronically decoupled, so
that the intermediate tunneling step can be neglected, with only two steps left. This assumption is a basis for
the Kornilovitch-Bratkovsky-Williams (KBW) and Datta-Paulsson (DP) models of molecular rectification,
illustrated in FIG. 7b and FIG. 7c, respectively. A further key assumption of these models is the different
couplings of the molecular electronic system with those of the electrodes, resulting in asymmetric level
shifting depending on the bias sign. The mechanism of the asymmetry is, however, different in both models.
In the KBW model, the rectification is mediated by asymmetric tunneling barriers, with the level shifting by
an electric field. This leads to a shift in onset voltage for resonant tunneling depending on bias direction. In
contrast, in the Datta-Paulsson (DP) model, a different differential conductance in the region of resonant
tunneling plays a major role, mediated by asymmetric charging®® (FIG. 7c). The higher the charging energy
of a given molecular state, the smaller is the differential conductance. The KBW and DP models can also be
combined, resulting in a generalized description of molecular diodes (FIG. 7d), especially useful for
asymmetric coupling of the energy levels typical of asymmetric molecules. Within this combined model, the

discrete energy levels can be shifted due to electric field, charging, or a combination of both these factors.

It should be noted that it is frequently difficult to distinguish between the three discussed mechanisms
(Aviram-Ratner, asymmetric field, asymmetric charging) in a particular experiment. For instance, a strict
Aviram-Ratner diode is difficult to realize practically since a complete decoupling of the donor and acceptor
energy levels is not always guaranteed®*. Moreover, charge transport experiments frequently suffer from an
uncontrolled coupling between the terminal groups of the molecules and the electrodes due to a not entirely

controlled character of the terminal group-electrode interaction and random contact geometries'®®.

It should also be noted that the described basic theoretical models do not exclude further system-specific
models, reflecting specific features and parameters of molecular systems, such as involvement of several
energy levels, redox processes, quantum interference, change of molecular conformation, etc. Such models,
along with quantum mechanical simulations, are frequently derived in context of specific experiments to

rationalize the results.
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FIG. 7 Theoretical models employed for explanation of current rectification in molecular junctions. (a)
In the A-R model, the energy levels of the donor and acceptor moieties, separated by an electrical spacer,
respond differently to the applied bias, resulting in their alignment or misalignment depending on the sign of
the bias. (b) In the KBW model, the couplings of the molecular energy level to the electronic systems of both
electrodes are different. Accordingly, the energy level shifts asymmetrically by an electric field, leading to
rectification. (c) In the DP model, the diode characteristics originate from asymmetric energy level shifting
through the different charging energy. (d) In the combined model, asymmetric shifting of the energy level is
mediated both by an electric field and charging energy. Only one energy level is used in this model for the
sake of clarity. I'n represents the rates of individual tunneling steps. The figure is adapted from ref.1%¢ with
permission.

8. Comparison of different systems and related implications

Discussing the different concepts of molecular rectification and providing representative examples in this
context, we think that it can be useful to present a short overview of the discussed systems to compare their
performance, represented mostly by the RR, with each other and the conventional CMOS-based devices. Such

an overview is shown in Table 2. Whereas the RR values differ largely between the different molecular systems
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prepared within the different design concepts, in many cases, they are sufficiently high to compete with the
CMOS-based devices. Indeed, the SAM, multilayer, and CP/MOF approaches deliver RR values on the order
of 10° and even higher, with the ultimate values of 6.3x10° and ~10° for the SAM of Fc—C=C—-Fc-decorated
alkanethiolates on Pt and Cu(adc)2(dabco)/Ceo@Cuz(bdc)2(dabco) SURMOF assembly, respectively. Thus,
the value of RR is no longer the critical issue for molecular rectifiers, even though its further increase is, of
course, highly desirable. The major issues in the context of application and commercialization of molecular
rectifiers are reliable and large-scale-production-adaptive fabrication routes, a possibility of their integration
with other elements of an electronic circuit, highly reproducible performance, and temporal stability of the
molecular junctions, including the stability against bias cycling. Such parameters as the operation voltage,
which in most cases is comparable with that of the CMOS-based devices (see Table 2), and the frequency

range, which is still highly unexplored for most of the molecular rectifiers, are important as well.

Another important issue is the practically accessible size of molecular rectifiers. Along with the fundamental
science and novel technological approaches, the miniaturization of functional elements of electronic circuits
was a starting point and is a driving force of molecular electronics. The ultimate miniaturization is provided
by single-molecule devices, which, however, feature comparably low RR values on the order of 10° at the
most as well as a limited integration capability with the CMOS-based elements and presumably high
production costs. The more effective (in context of RR, see Table 2) SAM-, multilayer-, and CP/MOF-based
rectifiers represent molecular assembles, with few nm vertical size but a non-precisely determined lateral size,
experimentally defined by the lateral dimensions of the contact area by the top electrode. Apart from the
related fabrication and technological issues, it is a good question how far the lateral size of such rectifiers can

be reduced to still have their stable and reliable performance.

The fundamental basis for molecular rectification is a rational design of relative molecular systems relying on
a deep understanding of the relationship between the molecular structure and charge transport behavior, which
has not yet been completely achieved. Such an understanding will require significant joint efforts by both
experiment and theory, with a variety of custom-designed test and reference systems as well as related
theoretical models and computer simulations. A further related issue is the coupling of molecules to the
interfaces, with a variety of bonding motifs and specific interactions, affected both by molecular orientation
and morphology of the electrodes being involved. It can be in particular useful to utilize the more stable
carbene bonding to gold electrodes as compared to less stable and oxidation-prone thiolate anchor,*%? which

can contribute positively to the reliability, reproducibility, and stability of the molecular devices.
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Table 2. Comparison of selected molecular diodes with conventional semiconductor-based devices.

Diode Type Measurement Rectification  Refs
approach ratio (RR)
Molecular-based diodes
1,8-nonodiyne single molecule ~ STM break-junction > 4.0 x 10° 70
Ru-polypyridyl single molecule CP-AFM 10308 (x09V) 7
complexes
Fc-substututed SAM two-terminal junction 1.0 x 10? (x1V) %
alkanethiolates on Ag
decanethiolate terminated SAM CP-AFM 940 (£ 1V) %
with fullerene
S(CH2)11 MV2* X2 SAM two-terminal junction ~ 2.5x 10*(x1V) °3
alkanethiolates with the SAM two-terminal junction 6.3 x 10° (¥ 3V) 1%
FcOCOCOFc termini on
Pt
(OPT2)/MoS2 heterostructure CP-AFM 1.79 x 10% (£ 1Vv) 44
[Cd(4-bpd)(SCN)2]n MOF two-terminal junction 86.48 (x5V) %
Cu (I11)-BTEC CPs doped CP two-terminal junction >10° (£ 5V) 157
with TCNQ
Cuz(adc)2(dabco) and SURMOFs two-terminal junction ~10° (£ 1V) 162
Ceo@Cuz(bdc)2(dabco)

(Fe-tpy-DTE-tpy)n multilayer CP-AFM 20x102(x1V) 12
Ceo and pentacene bilayer multilayer STM 103 (x1V) 124
Dioctylbenzothienobenzo- multilayer two-terminal junction 10° (x2V) 135

thiophene
Semiconductor-based diodes
1N4007 two probe measurements > 10° (x1V) ¥
1N4733A two probe measurements > 10° (x1Vv) ¥
silicon-based diode two probe measurements ~ ~ 107 (£ 2Vv) 167168

Fc = ferrocene; MV = methyl viologen; X~ = counter ion; 4-bpd = 1,4-bis(4- pyridyl)-2,3-diaza-1,3-butadiene;
TCNQ =7,7,8,8-tetracyanoquinodimethane; BTEC = 1,2,4,5-benzenetetracarboxylic acid; OPT2 = biphenyl-
4-monothiol; adc = 9,10-anthracene dicarboxylate; bdc = 1,4-benzene dicarboxylate; dabco = 1,4-
diazabicyclo[2.2.2]octane; Fe-tpy-DTE-tpy = iron(Il) bis-terpyridine-appended dithienylethene.
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9. Outlook

It has been broadly forecasted that silicon-based electronics will soon reach its scalability limit, and molecular-
based electronic circuitry can become a valuable addition or even a potential alternative to the standard
devices, bearing numerous advantages that outweigh the molecular-specific drawbacks. Generally, a successor
for the existing CMOS technologies should not only provide the same specifications as International
Technology Roadmap for Semiconductors (IRTS) and non-IRTS anticipated CMOS nodes but also should
outperform the prevalent technology in at least one of the key aspects, such as power consumption, fabrication
costs, and/or performance. Consequently, molecular-based circuitries must be reliable, durable, fast
responding, and capable of performing complex electronic functions, apart from the production cost factor,
which is always of importance for commercialization of any product. So, it is still a long way for molecular
electronics to mature into a competitive technology, with multiple intermediate steps and milestones.
Important objectives and steps in this context, addressed in more detail in the previous section, are a deep
understanding of the relationship between the molecular structure and charge transport properties allowing a
rational design of molecular rectifiers, better control of the molecule/electrode interfaces, developing
technologies for large-scale manufacturing of reliable devices, and ensuring their robust performance and
stability. This will require significant experimental efforts and progress in theory by the scientific community
but also noticeable involvement of the industrial community, in context of specific technologies merging the
conventual CMOS and molecular building blocks as well as of the fabrication of (prototype) devices relying
on molecular electronics only. Because of the complexity of the problem and the involvement of many factors
and players, it is difficult to say at the moment what particular approach to molecular rectification will first
reach the capability for practical, commercial application. The progress achieved so far let us, however, hope
that, along with organic semiconductor rectifiers'®®*"*, molecular rectifiers will become a useful and important

part of future micro to nanoelectronics technology.
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Glossary:

AR model: AR model is D-c-A type model proposed by Aviram and Ratner, in which two conjugated
moieties, a donor and an acceptor, are connected via an insulating (non-conjugated) moiety (o bridge).

Atomic Force Microscopy (AFM): AFM is a powerful technique to study the morphology and structure of
surfaces with nanoscale precision. It relies on a force between the cantilever tip and sample surface; the
cantilever is scanned over the surface and its force-driven deflection is recorded by a position-sensitive
photodiode.

Barrier height: Barrier height is defined as the potential difference between the Fermi level of the electrical
contact and the band edge or frontier molecular orbital (either HOMO or LUMO) populated by specific charge
carriers (electrons or holes).

Break Junctions: Break junctions is a useful tool to investigate electrical properties of single molecules and
small molecular assemblies by creating a nanometre gap between two metal electrodes, bridged by
molecule/molecules.
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Conducting probe AFM (CP-AFM): CP-AFM is an AFM operational mode used to map the local variation
in electrical conductivity and topography of the sample at the nanoscale level. Along with the deflection of
the cantilever, the current between the cantilever and the sample surface is measured during the scanning.

Fermi level: Fermi level is the highest energy level occupied by electrons in a metal at an absolute zero
temperature; the density of states at the Fermi level determines the thermal and electrical conductivity of a
particular material.

Inelastic Electron Tunnelling Spectroscopy (IETS): IETS is an analytical technique to investigate the
vibrational modes of molecules. In IETS, an oxide layer with molecules adsorbed on it is put between two
metal electrodes and subjected to a variable bias. The inelastic contributions to the tunnelling current,
associated with the molecular vibrations, are recorded.

Mechanically controlled break junction: Mechanically controlled break junction is a tool to examine the
mechanical and electrical properties of single molecules.

Rectification ratio: Rectification ratio (a numerical value) is a figure of merit for the effectiveness of
rectification, usually defined as the ratio of the currents measured at the bias voltages of the same magnitude
but reverse polarities.

Scanning Tunnelling Microscopy (STM): STM is a powerful technique to study the morphology and
structure of surfaces with atomic and nanoscale precision. It utilizes quantum tunnelling between the
conducting tip and sample surface; the tip is scanned over the surface and the tunnelling current is recorded
(one of the acquisition modes).

Tunneling junctions: In electronics, a tunneling junction is defined as a thin insulating barrier between the
conducting electrodes in which electrons pass across the barrier through the quantum tunnelling rather than
“jumping” over it.

Work function: It is defined as the minimum energy (usually in eV) required to remove an electron from the
bulk of a given material to a point in the vacuum immediately outside the material surface. The value of work
function varies from material to material.
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