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Abstract | Molecular junctions are building blocks for constructing future nanoelectronic
devices that enable the investigation of a broad range of electronic transport properties within
nanoscale regions. Crossing both the nanoscopic and mesoscopic length scales, plasmonics lies
at the intersection of the macroscopic photonics and nanoelectronics, owing to their capability
of confining light to dimensions far below the diffraction limit. Research activities on plasmonic
phenomena in molecular electronics started around 2010, and feedback between plasmons and
molecular junctions has increased over the past years. These efforts can provide new insights
into the near-field interaction and the corresponding tunability in properties, as well as resultant
plasmon-based molecular devices. This Review presents the latest advancements of plasmonic
resonances in molecular junctions and details the progress in plasmon excitation and plasmon
coupling. We also highlight emerging experimental approaches to unravel the mechanisms behind
the various types of light—-matter interactions at molecular length scales, where quantum effects
come into play. Finally, we discuss the potential of these plasmonic—electronic hybrid systems

Molecular junctions
Molecular monolayers or single
molecules sandwiched between
two (metal) electrodes.

Mechanically controllable
break junctions

(MCBJs). Adjustable nanogap
widths with sub-angstrom
precision can be obtained in
MCBJs by mechanically
controlled bending of the
substrate, which effectively
stretches the suspended
nanowire on top of the
substrate until the nanowire
breaks.
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active control of molecular switches.

Molecular electronics is an attractive research field
for upcoming technologies, including soft robotics’,
brain-inspired computing’** and biocompatible elec-
tronics™. It has the potential to reduce power consump-
tion and device footprint area to molecular length scales
owing to its highly complementary nature with contem-
porary metal oxide-based technologies®. Since the pio-
neering proposal of a single-molecule rectifier by Ratner
and Aviram in 1974 (REF?), versatile functionalities of
molecular junctions have been demonstrated, including
molecular rectifiers, transistors, switches, memory and
sensors'’"'*. This increased focus on studying charge
transport processes at the molecular length scale has been
enabled by the development of reliable experimental tools,
including scanning tunnelling microscope break junctions
(STM-BJs)'>'%, mechanically controllable break junctions
(MCBJs)'"!, electromigration break junctions (EBJs)"-!,
junctions formed with atomic force microscope (AFM)
tips as the top electrodes (AFM]Js)*, nanoparticle on
mirror molecular junctions (NPoMJs)**, high-quality
self-assembled monolayer (SAM)-based tunnelling junc-
tions (STJs)*>** and electrochemical deposition-based
molecular junctions”’~*’. Combined with the novel,
fast-developing fabrication techniques for nanoscale
patterning and structuring of materials, there has been

across various future applications, including sensing, photocatalysis, molecular trapping and

a significant increase in the innovation of nano-optics —
especially plasmonics — over the past two decades™’'.
As summarized in this Review, plasmonic resonances,
especially those in molecular junctions, offer unique pli-
ability in both tuning the electromagnetic environment of
amolecular junction and modifying the charge transport
characteristics in the quantum mechanical tunnelling
regime. These capabilities can enable exceptional control
over the optoelectronic properties at the molecular length
scales® with potential applications in metasurfaces®,
nanoscale light sources™, solar energy conversion® and
quantum optomechanics™.

Surface plasmons can exist as either propagating modes
along a surface or confined nanoparticle resonances,
termed surface plasmon polaritons (SPPs) and localized
surface plasmons (LSPs), respectively (FIC. 12). Highly tun-
able surface plasmon modes generated in nanostructures
and nanogaps enable highly confined fields that can mod-
ify the local electromagnetic environment, where charge
carriers transport across molecular junctions” (FIC. 1a).

Generally, the tunability of the plasmonic interaction
with tunnelling electrons in molecular junctions dep-
ends on a few factors. First, the geometry of the nanos-
tructure (FIG. 1a). The nanoscale resonant electrodes can
behave as antennas upon external irradiation (FIC. 1b-f),
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Electromigration break
junctions

(EBJs). Stable nanogaps as
small as 1-3nm in EBJs are
made by increasing the current
density in a thin metal wire,
leading to precisely controlled
electromigration of metal
atoms and eventual breakage
of the wire.

Surface plasmons

Coherent, collective oscillations
of free electrons at dielectric—
metal interfaces.

Floquet states

Eigenstates of electrons in
time-periodic fields, equivalent
to Bloch states in spatially
periodic fields.

whereas non-resonant larger-area, plane—plane junctions
allow SPPs to propagate into an external waveguide®*’
(FIG. 1g). Second, the relative permittivity of the embed-
ding medium may have a significant influence on the
plasmonic response of the system*'~*'. Finally, the excita-
tion approaches of the plasmonic system which include
the electrical excitation of cavity plasmons and the optical
excitation of resonant plasmonic cavity modes, which can
excite both radiative and non-radiative electromagnetic
modes. This tunability has been exploited in different
architectures to elicit efficient interplay between the
resonant response of the plasmonic nanostructures and
charge transport across molecular junctions”~** where
quantum effects cannot be ignored*, thus bridging the
research fields of nano-optics and molecular electronics.
The integrating aspects of physics, chemistry, materials
science and engineering in plasmonic molecular junctions
enable novel optoelectronic properties and devices®.
Several reviews summarize different molecular junc-
tions under optical excitation (see REFS.?**4*747:30=53),
addressing fundamental and applied aspects. In this
Review, we summarize the phenomena and mechanisms
of plasmonic interactions with molecular junctions,
and try to clarify how different languages and models
have been established in the individual disciplines. The
various architectures within the three broad groups —
namely, point-point junctions, point-plane junctions
and plane—-plane junctions (FIC. 12) — are then introduced.
Subsequently, recent experimental advances and different
characterization techniques in molecular-plasmonic sys-
tems under voltage bias and optical excitation approaches
are highlighted. Plasmon-molecule coupling and how
this modifies the electromagnetic environment and the
charge transport characteristics across the molecular
layer is also explored. Finally, the emerging applications
in plasmon-molecule hybrid structures are described
followed by an overview of what to expect in the future.

Mechanisms of plasmonic interactions

The various mechanisms and phenomena related
to the interplay of plasmon excitations, junction geometry
and charge transport mechanisms in molecular junc-
tions are presented in this section (FIC. 2). Owing to the
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interdisciplinary character of the field, different names
are used for the same phenomenon across subdisci-
plines. On the other hand, different meanings can be
assigned to the same term. For example, the term ‘hot
electron’ is used with different meanings, often result-
ing in ambiguities®>**. Therefore, we present the most
important phenomena that are associated with plasmon-
ics and molecular transport in this section and unify ter-
minologies across multiple fields. We note that in this
Review the optical fields are assumed to be small enough
not to dress the states of the molecules, which would
result in Floquet states and multi-photon absorption, as
this would require V,, in the order of the molecular level
spacing. In general, plasmonic gaps can only withstand
a limited field strength before melting and reshaping,
which also limits the occurrence of dressed states™.

Optoelectronic effects in junctions

Photo-assisted tunnelling. The term photo-assisted tun-
nelling (PAT) (FIC. 2a) denotes a change of the charge
transport across a junction upon light absorption in
the metallic electrodes. Strictly speaking, PAT refers to
absorption in the metallic electrodes, but in the con-
text of molecular junctions it has been widened to also
include absorption in the molecule, which is usually
negligible. Therefore, PAT is not specific to molecular
junctions but exists also in junctions with, for instance,
metal oxide nanogaps. PAT works, in principle, for arbi-
trarily small photon energies (%iw), and hence does not
require changes in the charge state of the molecule by
exciting an electron from the HOMO to the LUMO, as
is occasionally anticipated. The latter would correspond
to hot-electron photochemistry, as described below. For
the case of coherent charge transport, the current I as a
function of the voltage V across the molecular junction
can be estimated by the Landauer formalism®”:

L)
G, = \%4 \%4
“Lrelife S ale- )

where I[V,T(E)] is the current, e is the elementary charge,
G, is the conductance quantum, equal to 2e*/h (where
h is Planck’s constant), V is the applied bias voltage,
f, and f, are the equilibrium Fermi distributions of the
left and right electrodes, respectively, and T(E) is the elec-
tronic transmission function. The energy E is measured
with respect to the Fermi energy of the electrodes. The
PAT process is described as a change of the transmission
function T(E) to a new transmission function T"(E)***:

(1)
dE

"
T'(E)=Y" . ff[ehfj‘ T(E+ nhw) )

where V, is the amplitude of the alternating voltage
generated across the junction by the light, J, denotes
the nth-order Bessel function of the firstkind, Ziw is the
photon energy and e is the electron charge. The square of
the Bessel function gives the probability of absorbing or
emitting » photons. Equation (2) shows that the energy
relevant for the transmission of the electrons is shifted
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by integer multiples of 7iw. The process can be seen as  molecular junctions, T(E) varies on a small energy scale,
an alternating voltage across the junction that makes such that PAT may enhance the transmission probability
the Fermi energy oscillate by this voltage. In the case of by several orders of magnitude.
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Fig. 1| Interplay between plasmonics and molecular junctions. a| Surface plasmon polariton (SPP) (top left) and
localized surface plasmon (LSP) (top right) with the field lines and orientation shown, along with different plasmonic
junction geometries (point—point junctions, point—plane junctions and plane—plane junctions) and the permittivity (e)
of the material media. Here, we define a ‘point’ as a nanostructure that supports LSPs whereas a plane supports SPPs.
A ‘point—point junction’ is coupled plasmonic antennas whereas a ‘plane—plane junction’ serves as a waveguide. The
‘point—plane junction’is a hybrid of an antenna and the waveguide. b-g | Different plasmonic molecular electronic
systems: nanoparticle dimer (NP dimer) (panel b), electromigration break junction (EBJ) (panel c), mechanically
controllable break junction (MCBJ) (panel d), nanoparticle on mirror molecular junction (NPoMJ) (panel e), scanning
tunnelling microscope break junction (STM-BJ) (panel f) and self-assembled monolayer (SAM)-based tunnelling junction
(STJ) (panel g). These nanostructures typically have electrodes act as a source (S) and a drain (D), and some have an
additional gate (G) electrode to control electronic transport. Panels b—f show idealized structures and surfaces,

but the surfaces are complex containing nanoscale corrugation and grains in reality as highlighted in the blow-ups.
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Photo-assisted tunnelling

Plasmon-induced chemical process

Thermoelectric effect

Photoelectric effect

Electrically driven photon
emission

Fig. 2 | Different types of plasmon-induced charge transport processes
across metal-molecule structures. a | Photo-assisted tunnelling (PAT)
changes the transmission of a molecular junction by acquiring energy from
the optical field. Incident light illuminates the whole junction. V,_is the
voltage drop across the junction caused by the incident electromagnetic
field. b—d | Plasmon-induced chemical processes with different paths:
indirect hot-electron transfer generated by localized surface plasmon (LSP)
decay heats up the Fermi sea of one electrode, followed by injection into
the LUMO to form a transient negative ion state of the molecule (panel b);
direct intramolecular excitation mechanism — a resonant LSP directly
induces excitation from the HOMO to the LUMO in the molecule (panel c);
and charge transfer from the surface states of the metal electrodes to the
LUMO (panel d). e | The effective tunnel barrier between the source and

drain electrodes is altered due to thermal expansion of the plasmon-induced
heating of the phonon bath of the electrodes, resulting in a reduced gap
size. f| Thermoelectric transport across the junction in an open-circuit
set-up under an applied temperature difference (T, ,—T_,,). Red and blue
regions represent hot and cold parts. g | Direct absorption of a photon by
the metal electrode emits a photoelectron with sufficient energy and
appropriate momentum to exceed the effective barrier for tunnelling. h|If a
sufficient bias is applied to the junction, the molecule can modulate
the photon emission through inelastic tunnelling between the HOMO
and the LUMO, thereby transferring electrons. Left and right dashed lines
represent the Fermi levels (E;) of the metal electrodes, and grey represents
the occupation of electronic states in the metal electrodes. Coloured stripes
in the middle illustrate the HOMO and LUMO of the molecule.

Optical rectification. When an optical field (with an
amplitude V,, and energy /iw) that illuminates a nano-
junction is small, such that eV, , </iw, multiple-photon
absorption and emission processes (|n|> 1, where n is
the number of photons) can be neglected. According to the
Tien and Gordon formula®®, the existence of an incident
plasmonic field can be equivalent to an effective alternat-
ing current bias V, cos(wt), which adds to the original
direct current tunnelling current, leading to optical rec-
tification®*". Here, w is the frequency of the plasmon,
V. is the amplitude of the alternating current bias and
trepresents time. Under the condition eV, , </iw, with the
tunnelling non-linearity small on the voltage scale fiw/e,
the increased current Al can be simplified to:
2
Al = Ly 41

4 ac'w (3)

V=Vy

by retaining the lowest order terms n=0,+1 in the
asymptotic forms of ], as shown in Eq. (2). Optical rec-
tification occurs in small junctions when the electrons
are able to follow the rapid oscillations of the illumi-
nating optical field, and thereby harness the second-
order non-linearities of the tunnelling probability®
(see Eq. (2)). Optical rectification in molecular junctions

has to be distinguished from molecular rectification of
currents (molecular equivalent of a diode). This latter
effect denotes asymmetric I- V values of molecular junc-
tions resulting from asymmetric electrode coupling or
in-built asymmetries in the molecule, and this process
occurs without illumination.

Plasmon-induced hot-electron generation

A widely used concept in the context of plasmonic junc-
tions are hot electrons (or, more generally speaking, hot
charge carriers). In most cases it is unclear how to distin-
guish experimentally between hot-electron phenomena
and PAT***, and the term ‘hot electrons’ is used in differ-
ent meanings. Below we describe different phenomena
ascribed to hot electrons.

Hot-electron generation. When light at frequencies
close to the plasma frequency illuminates a metallic
nanostructure, plasmons decay through either radia-
tive photon re-emission or non-radiative generation of
highly energetic charge carriers (denoted as hot carri-
ers) via Landau damping on a timescale ranging from
1 to 100£s*. The energies of these hot carriers are much
larger than those in the background thermal distribu-
tion, thereby enabling processes that are not possible
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with thermalized carriers. Hence, this system is out
of equilibrium where hot carriers can transfer energy and
shift to nearby molecules and induce catalytic®”*
and electrochemical reactions*”’.

Hot-electron transport. If the hot-electron generation
occurs very close to the junction (within the inelastic
scattering length for excitations with such high energy),
individual hot electrons may be transported across the
junctions immediately after their excitation (within a few
femtoseconds after their creation) and will contribute to
the charge current”. The hot electrons may scatter with
each other and give rise to heating of the whole electron
gas, thus forming a broader Fermi edge, but the lattice will
still be cold. Therefore, the electron temperature can be
much higher than the lattice temperature’>”. During this
process, hot carriers may cause additional contributions
to the current through molecular junctions if they tun-
nel across the junction”. An imbalance in hot-electron
production between the two electrodes may lead to a net
current to be measured at zero bias. The imbalance can
be caused by using electrodes with different materials,
different local nanoscale geometries or different cou-
pling I" with the molecule, resulting in different plasmon
absorption and hot-electron transfer rates at both sides of
the junction. Here, I'is the energy-independent broaden-
ing of the molecular resonance coupled to the electrodes
and is inversely proportional to the charge transfer time.
The hot electron-induced current magnitude is also
dependent on the polarization, wavelength and plasmon
intensity>. Discriminating between PAT and hot elec-
trons is only possible in transient situations, as in steady
state they are identical®**. Thus, one option includes
using junction systems with small coupling I"to increase
the charge transfer time with respect to the lifetime of hot
electrons with time-resolved measurements™”°. In sup-
port of further studies in the terahertz regime, employing
illumination frequencies far below the plasma frequency
is effective at reducing the energy absorption by the
electrodes and minimizes the creation of hot-electron
distributions™”.

Equilibration of electrons. The transported hot electrons
eventually equilibrate with the Fermi sea and the lattice
on the timescale of the (inelastic) electron—phonon scat-
tering time. The absolute timescale crucially depends
on the electronic diffusion constant of the electrodes and
the temperature of the system. For metal electrodes at
room temperature, this timescale is in the order of pico-
seconds but may increase to a few nanoseconds at very
low temperatures’”®. The equilibration process creates
heat (phonons), resulting in a higher lattice temperature.
This increase in the temperature leads to thermal expan-
sion (detailed below) and an increase in reaction rates’.
The latter complicates the discrimination between
increasing chemical reaction rates by hot electrons or
simply by heating>*¢"%5!,

Hot-electron photochemistry. Highly energetic hot-
carrier pairs are generated in the metal electrodes by
non-radiative decay of the LSP (FIG. 2b), and these hot
electrons indirectly transfer to the molecule to form a

REVIEWS

transient negative ion*. A direct intramolecular excita-
tion mechanism is proposed in FIG. 2¢ in which the
LSP resonantly excites electrons from the HOMO to
the LUMO of a molecule®. In addition, charge trans-
fer from the valence band of the metal electrode near
E, to the LUMO of the molecule also contributes to
plasmon-induced chemical transformation® (FIG. 24),
where the process is referred to as chemical interface
damping®-*. The equivalent mechanism exists for hot
holes that, accordingly, form a transient positive ion and
transfer to the HOMO®. Hot-electron photochemistry at
organic semiconductor interfaces is distinctive from the
role of both highly energetic carriers and hot-electron
transport added to the current across molecular junc-
tions. In addition to requiring carriers far from the
Fermi level to more efficiently drive reactions in mole-
cules, the collection of hot carriers at the surface of the
plasmonic nanostructure with minimal scattering is also
required to achieve high quantum efficiencies”. Finally,
photon energy, polarization, molecular arrangement,
interfacial electronic coupling, molecular energy-level
distribution and the metal nanostructure configura-
tion have to be considered to minimize the energy loss
during this transport and collection’-”.

Accompanying effects in junctions

In general, several unwanted side effects may occur
beyond the mainly envisaged direct electronic phenom-
ena caused by irradiating plasmonic junctions. These
have to be accounted for in real experiments as they
may obscure the direct effects. Moreover, the under-
lying functional principles of the side effects may lend
themselves to build functional devices.

Electrode thermal expansion. The increased lattice tem-
perature by LSP decay into phonons in the electrodes may
reduce the junction gap to some extent so that the effec-
tive tunnel barrier between the electrodes is shortened
(FIG. 2¢). Thermal expansion of bare metallic electrodes
under direct illumination has been verified in various
realizations of junctions resulting in reversible plasmon
heating-induced atomic switches”™°. In some of the
experiments, the junctions were indirectly illuminated —
the light irradiates the left/right side of the electrode
rather than the junction itself — to reduce the ther-
mal expansion effect. However, it is a great challenge
to realize strain-free electrodes, and contributions due to
thermal expansion to the observed plasmon-induced
conductance changes thus cannot be neglected””.

Thermoelectric effect. Induced temperature gradients
across the junction (FIC. 2f) are either due to a spatially
inhomogeneous distribution of the illuminating laser
beam cross-section or due to geometric differences
between the two electrodes that may give rise to a ther-
moelectric current'*'”!, The thermoelectric current
I, without external bias can be written as:

I,,=GSA® (4)

where the Seebeck coefficient S determines the mag-
nitude of the built-in potential across the junction
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Excitons

Excitons can form when a
molecule emitter absorbs
photons where the frequency
is in or close to resonance with
the HOMO-LUMO gap. This
process excites an electron
from the HOMO into the
LUMO, consequently resulting
in the Coulomb attraction
between the electron in the
LUMO and the positive hole
left behind. An exciton is such
a bound state. When an exciton
recombines radiatively,

a photon is emitted.

when a temperature difference A® is applied and G
is the electrical conductance. The Seebeck coefficient is
given by:

n*ki® dT(E)

SE F)_s T(E) dE

(5)

E=Ej

where T(E) is the transmission function, © is the aver-
age temperature of left and right leads, E; is the Fermi
energy of the leads and k; is the Boltzmann constant.
The temperature difference A® causes an unequal elec-
tronic distribution in the electrodes. As Eq. (5) shows,
this results in a net current at zero voltage if T(E) has a
final slope at the Fermi energy.

External photon emission. Photoelectrons can be gener-
ated (FIC. 2¢) without an external bias, which depends on
the energy of the incident photons and the effective work
function of the metal electrodes. The process requires
sufficient energy for an electron to exceed the effective
barrier for tunnelling'*>'.

Electrical-driven photon emission. When an external
bias voltage is applied across the junctions, plasmons
can be excited by inelastic tunnelling. An inelastic tun-
nelling electron donates a fraction of its energy to create
a plasmon, which is converted into photon emission by
radiative decay of the plasmon® (FIC. 2h). Light emission
from metal-insulator-metal (MIM) junctions depends
on the applied bias voltage V, ,, and the cut-off frequency
of the light emission follows the quantum relation:
Yy o= €Vipp (REF ).

Plasmon—exciton coupling in junctions

In the dark, the molecular junction conductance is
dominated by tunnelling of electrons (holes) into
the LUMO (HOMO) and the energy difference between

Loss rate
of cavity
- mode Y_

O « Coupling
O O O strength g

Decay o
rate of
excitons Y

the LUMO (HOMO) and the Fermi level of the metal.
Under illumination, when the LUMO (HOMO) becomes
partially filled, a charge entering the HOMO (LUMO) is
Coulomb attracted to form bound electron-hole pairs
(so-called excitons), resulting in an effective shift of the
HOMO and LUMO levels'”. The metal electrodes also
provide screening to the HOMO, LUMO and the exciton
states, such that a HOMO-LUMO gap renormalization
occurs due to the Coulomb interaction between exci-
tons and image charges in the metal electrodes'. When
there is an exchange of photon energy between the
cavity plasmons and the excitons, the two systems are
said to be ‘coupled;, which is analogous to two coupled
harmonic oscillators'”. The coupling of plasmonic
modes with molecular exciton states embedded in
nanocavity junctions results in changes of the absorp-
tion spectra'®, scattering'”” and surface-enhanced
fluorescence'’. The spectrum indicates how a plasmonic
nanocavity couples with emitters, such as dyes and
fluorescent molecules, and classifies the transition from
weak to strong coupling''»'*2,

Definition of coupling parameters. The coupling
strength g is the energy transfer rate between excitons
and the nanocavity, and its value determines the regime
of the coupling'”. The cavity loss rate (y.) is the rate at
which the radiative plasmonic modes emit to the environ-
ment. Outside the cavity, the excitons emit at a rate called
the spontaneous emission decay rate y (REF.'"*''%) (FIC. 3a).

Let us consider an emitter, characterized as a two-
level system with a transition dipole moment y from
a ground state to an excited state and a resonance
frequency w,. The plasmonic cavity has resonance fre-
quency w,, cavity loss rate y.. (also the inverse of the LSP
lifetime determining the width of the resonance) and
corresponding quality factor Q= w_/y . The value of
Q quantifies the losses in the plasmon cavity and how

Strong
coupling

Hybrid
states

>
E=
wv
c
QL .
b Intermediate Fano
o coupling resonance
C
k=
9]
i)
=
©
Q
Z A
Weak Yil | Individual
. i c
coupling gy states
1
Exciton 'L )1\ Cavity
resonance Yo %. resonance

Frequency

Fig. 3 | Different coupling regimes in plasmon-exciton junctions. a| Characteristic parameter diagram of plasmon
coupling with excitons inside a cavity. y is the decay rate of excitons, y. is the loss rate of the cavity mode radiated to
the environment and g is the coupling coefficient of excitons and cavity plasmons. b | Transition of the spectral line shape
from individual states to Fano resonance and, finally, to Rabi splitting as the plasmon-exciton coupling increases. w, is the
exciton resonance frequency, w, is the plasmon resonance frequency, and w, and w_denote the split resonance

frequencies of the plasmon—exciton hybrid states.
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Fano interference

Generally speaking, Fano
resonances occur when a
discrete state and a continuous
quantum mechanical state
interfere. As a result, the line
shape of their coupled
resonance is altered:
depending on the relative
amplitude and phase of the
two interfering states, the line
shape may split up or change
its shape to an anti-resonance.
In the special case here, the
two interfering states are

the emission of the molecule
in the junction and the
continuum-like state of the
plasmonic nanocavity.

Rabi splitting

When the coupling strength
exceeds the dissipation rates
of the coupled system of the
emitter and cavity plasmons,
new hybrid polariton modes
can form. The new hybrid
modes can appear as two
distinct peaks in either
scattering or emission spectra
and the separation between
the two peaks is proportional
to the coupling strength g. This
characteristic feature is called
Rabi splitting.

efficiently it stores the plasmon energy. Equation (6)
defines the coupling efficiency g:

haw,
(6)

e A
where ¢, is the permittivity of the vacuum, ¢, is the
relative permittivity and V, is the effective cavity mode
volume''*. The coupling efficiency g can be controlled by
changing the cavity size, the cavity morphology, the rela-
tive permittivity inside the cavity or the orientation and
location of the emitter inside the nanocavity''”''. The
shape of the optical spectrum of the plasmon-exciton
depends on the coupling strength, polarization, intensity
enhancement or reduction, modulation of radiative and
non-radiative decay rates, and more'"*-'*.

Classification of coupling regimes. A weak-coupling
regime, defined by a coupling strength g <<%|y— Yeb
occurs when the excitons and plasmons can be considered
separate systems, and their interaction is described per-
turbatively between their uncoupled states. The energy of
the modes does not change, and only the losses (decay)
are modified'”*'* (FIC. 3). An intermediate-coupling
regime with %|y— Yol <8< [%(yz+ ycz) is where the
exciton and plasmon modes start to have an energy-level
interaction, which leads to a trough in the absorption/
scattering spectrum owing to Fano interference'*. The
intermediate-coupling regime can be interpreted in
the time domain as coherent energy transfer between the
two modes being hindered by their large decay rates.
The strong-coupling regime, where g> H(y2+ y.2)>
in which new exciton-plasmon hybridizeﬁ states are
formed and energy is coherently exchanged, shows cou-
pling strength-dependent Rabi splitting in the frequency
domain'*"">,

Purecell effect (weak-coupling regime). The Purcell effect
describes the modification of the spontaneous emission
rate via a change in the photonic local density of states
that quantifies the number of allowed modes per unit
volume per frequency at the location of the emitter'*.
An increase in the local density of states thus implies
that the cavity provides new decay channels for the
emitter. The extent of the modification of the emission
rate is given by the Purcell factor P:

3
P:igA_ (7)
4 7 Vegr

where A = 27c/nw_(c is the speed of light in a vacuum)
is the photon wavelength and 7 is the index of refraction
occupying the cavity'”. Under the condition of P» 1, the
cavity greatly reduces the emission lifetime, which means
that the molecules emit faster'*’. The faster emission
implies a higher radiative decay rate, which results in a
higher quantum efficiency. The higher quantum efficiency
makes weak emitters with low intrinsic quantum yield
emit more brightly and the emission intensity of good
emitters remains relatively unaltered'*'. The Purcell factor
can be as high as 10°-10° in plasmonic nanocavities, one of
the most efficient systems for light-matter interactions®.
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The transition from weak to strong coupling. We give
a brief description regarding the transition from weak
to strong coupling here; for a more complete discussion
on this topic, see REFS."*>""* The optical extinction and
emission spectra line shapes depend on the coupling
between the plasmonic and the molecular subsystems.
The excitation rate of an emitter in the nanocavity is
largely dependent on the overlap between the absorp-
tion of the emitter and the plasmonic nanocavity modes.
On the other hand, the emission rate depends on the
overlap of the emission spectrum with the nanocavity
mode. As the system transitions from weak to strong
coupling, the line shape changes from two individual
distinct modes of the exciton and nanocavity resonances
to two polaritonic modes (FIC. 3b). In the weak-coupling
regime, the high local density of states in the nanocav-
ity results in efficient excitation of emitting molecules.
Thus, they rapidly relax from a higher energy level to
lower energy levels, enabling surface-enhanced spectros-
copy. The intermediate coupling requires the coupling
strength g to be comparable with the emitter line width y.
This results in Fano interference between continuous
plasmon resonances and discrete emitter energy lev-
els, which appears as asymmetric peaks in the scatter-
ing spectrum. To realize the strong-coupling regime,
ghas to be increased or y.. or y has to be decreased such
that 2¢>y, .. for sufficient energy exchange between
the nanocavity and the exciton. For instance, y can be
decreased by increasing Q, which is generally a chal-
lenge in a plasmonic nanocavity, and g can be increased
by increasing the molecular dipole moment y and the
electric field in the cavity or decreasing V...

Plasmonic junction systems

The use of nanostructures, such as nanoantennas,
nanoparticles, nanorods and nanotips, to form junc-
tions can accommodate individual molecules' or an
assembly of them®'2!*2¢1**_ These junctions can also
serve as basic components to excite surface plasmons,
enabling structural control to manipulate electromag-
netic field strength'*, spatial energy distribution'”” and
heat dissipation'*. In this Review, we classify molecular
junctions according to their architecture into point-
point junctions, point-plane junctions and plane-plane
junctions (FIG. 1a). Here, we define a ‘point’ and a ‘plane’
in a broad sense to include nanostructures that support
localized and propagating surface plasmons, respec-
tively, and hence the electrodes act as waveguides or
as antennas. A point acts as a plasmonic antenna that
radiates optical waves from near field to far field. The
point-point contact nanostructures that we discuss
below are thus two plasmonic antennas that are coupled
together. At very small nanogaps, the coupled plasmons
between the two points interact in the near field and
form a nanocavity. Plane-plane contact nanostructures
are effectively a waveguide (similar to an optical fibre),
which confines in-plane electromagnetic modes in a die-
lectric insulating layer. The plane-plane contact nanos-
tructures can be seen as MIM waveguides, also known as
patch antennas™, where the insulating dielectric medium
is a molecular layer. The point-plane contact is a hybrid
of a plasmonic antenna and a waveguide. As we discuss
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Electron energy-loss
spectroscopy

(EELS). An analysis tool to
measure and map the energy
of the inelastically scattered
electrons in the low-loss region
of 0.5-3.5eV.

in this Review, the plasmonic modes of the point-plane
contact have contributions from both antenna and MIM
waveguide modes.

Therefore, the dimension of a ‘point’ ranges from a
nanotip that can be a few atoms wide up to the facet of
ananoparticle (<50nm) and a nanorod (~100nm). The
point may provide multiple sites for molecular bonds
to connect. In single-molecule junction (SMJ) studies,
the presence of the surrounding molecules cannot be
neglected because they may affect the geometry of the
SMJ, modify the excitation probability of particular
molecular vibrations or influence the dielectric proper-
ties of the junction. In support of these effects, there is
a spread of the measured properties when comparing
different realizations of SMJs with higher or lower den-
sity of surrounding molecules. Finally, a difference can
be expected regarding potential cooperative molecular
reorganizations upon optical excitation between SMJs
formed from well-ordered or disordered SAM:s in break
junctions. It is well known that contact configurations
and structural rearrangement of the molecule-electrode
interface occur and are why such junctions are character-
ized at cryogenic temperatures. These junction changes
have been reviewed in detail elsewhere'*. Throughout
this Review, we assume that the junctions are static
because we aim to focus on novel plasmonic-electronic
properties of the junctions.

We use a classification into the three types point-
point, point-plane and plane-plane junctions to provide a
conceptual description of the different plasmonic modes
in these architectures and experimental characterizations
to confirm the origin of the modes.

Point-point junctions

Plasmon modes. Nanoscale cavities formed by two point
metallic electrodes (as either lithographically patterned
electrodes or nanoparticle dimers (NP dimers); see
FIC. 1a) can behave as resonant plasmonic structures
under external excitation (optical or electrical). These
structures are often termed ‘cavity’*’ and can support
resonant plasmonic modes called ‘localized” modes'"’
as the mode profile is highly confined and well defined
due to the impedance mismatch introduced by metallic
surfaces, causing the cavity mode to have similar proper-
ties to a LSP mode®'. As the contact area of point—point
cavities decreases in size, from hundreds of nanometres
down to tens of nanometres, the cavity mode becomes
increasingly sensitive to the material properties of the
electrodes, the surrounding medium, the topography
at the electrode/molecule interface and, especially, the
molecule embedded in the junction. Introducing mole-
cules under an applied bias into resonant junction sys-
tems modifies the local electromagnetic environment
and allows for controlled tuning of the total refractive
index as well as resonant response seen by the cavity
mode'*"*%, These modes of the nanocavities therefore
govern the interaction of plasmons with molecules in
the nanogaps.

We first discuss the primary properties of gap modes
between NP dimers because of the physical similar-
ities of nanogap modes between them and two metal
tips'~'*. NP dimers in the Mie regime (dimensions in

the order of a fraction of the SPP wavelength A_ ) typ-
ically support two sets of hybridized modes depending
on the direction of the overall polarization'*"-'*2. For lon-
gitudinal polarization (FIC. 4a), the bonding dipolar plas-
mon (BDP) mode and the anti-BDP mode form bright
and dark modes (non-radiating), respectively'>*-'.
For transverse polarization (FIG. 4b), the dipoles are
antiparallel in the low-energy mode and parallel in the
high-energy mode and form a dark mode and a bright
mode, respectively'*>'.

As the dimer gap distance decreases to an extent
where quantum tunnelling of electrons becomes the
dominant form of electron transport (below ~0.4nm),
a low-energy new resonant mode (charge transfer plas-
mon (CTP) mode) appears in the spectrum'®, charac-
teristically marking the situation in which tunnelling
electrons freely flow across the extremely small gap
(FIC. 4c). A shift of the plasmon resonance frequency
has been predicted in simulations and confirmed in
experiments'®’. The near-field BDP red shift progres-
sively disappears as the nanogap size decreases'*>'**
and blue-shifted CTPs gradually emerge after that’'*.
In addition to the BDP and CTP modes in point-point
contact nanostructures, higher-order modes excited due
to the coupling between the two ‘point’ nanostructures
exist'®.

With molecules embedded in the gap, the tunnel-
ling barrier will be raised or lowered depending on the
electronic structure of the molecules, allowing plas-
mon resonances to be tuned via through-molecule
tunnelling”*'””. The tunnelling CTP mode with two
silver nanocube plasmonic resonators bridged by SAMs
was recently reported*’. Four plasmon peaks at approxi-
mately 0.6eV,2.2eV, 3.2eV and 3.6 eV were observed by
electron energy-loss spectroscopy (EELS) (FIG. 4d), which
are assigned to the CTP mode (I), the BDP mode (II),
the transverse corner mode (III) and the transverse edge
mode (IV), respectively. By choosing aliphatic or aro-
matic SAMs with similar lengths in the gap, this investi-
gation makes it possible to tune the CTP modes and to
estimate the terahertz molecular conductance'*.

Another interesting effect of hybridizing the plas-
monic modes in point-point junctions is the local elec-
tromagnetic field enhancement. When light directly
illuminates the nanogap, the electric field in the gap
is enhanced due to the high confinement of the cavity
mode (FIG. 4¢). The electric field enhancement E,, strongly
depends on the separation of the dimers d, varying as
Epx d~3 (REF'*%). When d ~ 1 nm, >100 factor electric
field enhancements are possible, which gives rise to
high Purcell factors that stimulate efficient light-matter
interactions at the nanoscale'*”'*>'”°. The high enhance-
ments have also been exploited to reach several orders
of magnitude enhancements of the Raman signals, thus
making it possible to analyse molecular fingerprints with
up to single-molecule sensitivities'”"'”*. This is the driv-
ing principle behind the use of surface-enhanced Raman
spectroscopy (SERS) in break junctions®>'7*'74.

Characterization of plasmonic effects. NP dimer-based
molecular junctions can consist of DNA'”, proteins'’®'”
or molecular wires'*'””. The major limitation of NP
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Fig. 4 | Illustration of plasmonic modes within point-point-shaped
molecular junctions. a| Two dipolar modes with polarization parallel to the
dimer axis (longitudinal). Only the low-energy mode is bright as a bonding
dipolar plasmon (BDP) mode has a finite total dipole moment that an
anti-BDP mode lacks. b | Two dipolar modes with polarization perpendicular
to the dimer axis (transverse). Only the high-energy mode is bright.
Reproduced with permission from REF'!, Elsevier. ¢ | Particle polarization
and total field amplitude maps of the BDP mode and charge transfer
plasmon (CTP) mode, with arrows indicating field directions. d | Measured
electron energy-loss spectroscopy (EELS) spectra with the occurrence of
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the CTP peak and corresponding simulated maps of the electrical-field
distributions for the plasmon modes. Il, BDP mode; ll, transverse corner
mode; IV, transverse edge mode. Aliphatic EDT, 1,2-ethanedithiolate;
BDT, aromatic 1,4-benzenedithiolate; tCTP, tunnelling charge transfer
plasmon. e,f| Simulations of electromagnetic field enhancement (top and
bottom left) and charge distribution (bottom right) upon longitudinally
(e) and transversely (f) polarized light with electrical fields E, and E;,
respectively. Panel c adapted with permission from REF.**!, ACS. Panel d
adapted with permission from REF.**, AAAS. Panels e and f are reprinted with
permission from REF.”%°, ACS.

dimer-based molecular junctions is that they lack
electrodes, so their molecular conductance cannot be
directly probed by electrical bias. The estimation of
molecular conductance and the corresponding plasmon
response analysis'®"*? of NP dimer-based molecular
junctions are mostly achieved by far-field and near-field
spectroscopic approaches such as SERS'¥, absorption
spectroscopy'®, optical scattering spectroscopy’® and
EELS'$¢-'¥8, In contrast, the molecular conductance as
a function of V of point-point junctions can be directly
explored in break junctions', including EBJs and
MCBJs!71¥»1%° Furthermore, three-terminal devices
can be formed with EBJs and MCB]Js by using the sub-
strate as a backgate electrode, which opens the possibil-
ity to shift the energy levels of the molecule inside the
junctions'''%.

Analogous to plasmonic characterization within
NP dimers, the gap distance-dependent influence on
the plasmon modes in other point-point junctions can
also be directly characterized by EELS or UV-Vis spec-
troscopy and are indirectly reflected through enhanced
Raman signals'*~'*. The near-field BDP red shift also
progressively disappears as the nanogap size decreases
in electrode-based point-point junctions, triggering the
onset of a blue shift of the CTP mode. These phenomena
were first studied using a form of atomic force micros-
copy, the oriented AFM tip to AFM tip configuration'®,
and further verified by integrating two opposing bow-tie
nanoantennas into MCB] set-ups'**'*’.

SERS is the second method used to analyse localized
plasmonic effects, especially light polarization influence,
in point-point junctions. This method does not directly
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reveal possible changes of plasmon modes, because the
localized strong near-fields from the plasmonic reso-
nances in junctions are only one of the factors respon-
sible for the enhancement effects in SERS™. However,
SERS consistently shows its highest magnitude when the
incident light is polarized along the nanogap (longitu-
dinal) involving NP dimers'*, bow-tie nanoantennas'”,
point-point junctions (MCBJs'* or EBJs*"’) and point—
plane junctions (NPoMJs*’' and STM-BJs*”). A stronger
field enhancement in transverse polarization has been
recently observed in nanoparticle-based point-point
junctions”**** and EBJs**>* (FIG. 4f). The latter is due to
the strong dipolar plasmon mode that resonates trans-
versely and efficiently couples with dark multipolar
modes arising from subtle intrinsic asymmetries in the
EB]J nanogap. This highly localized hybridized mode
further gives rise to SERS enhancements and reveals the
polarization dependence of SERS signals.

In contrast to these LSP effects, only very weak
polarization-dependent variations of SPPs have been
reported in MCBJ experiments’”*. This conclusion has
been drawn from measuring the junction conductance
while illuminating light with longitudinal and trans-
verse polarizations on grating couplers at a relatively
large distance from the junction. Possible reasons for
the observed weak polarization dependence are that the
junction geometry is not controlled on the atomic scale
such that the polarization direction and size of the local
field are not precisely controlled'*.

Point-plane junctions

Plasmon modes. Point—plane nanostructures are usually
made of a metallic nanostructure or a metallic tip (as
the point) that is very close to a metallic film (as the
plane) and separated by a molecular layer. NPoM]s,
such as nanoparticles, nanocubes, nanorods and nano-
discs, are used and are also known as nanopatch optical
antennas””, and particle on film**. Real nanoparticles
are actually polyhedrons with a faceted surface rather
than ideal spheres. Compared with realistic NP dimers,
NPoM]Js thus have advantages in the relative ease of
fabrication and plasmon mode analysis due to the sym-
metry introduced by the atomically flat metal mirror.
Point-plane nanostructures also include scanning-probe
approaches to apply a voltage bias in STM-BJs***~*! and
AFM]Js*'*'2, For the mode description of point-plane
junctions, we first consider NPoM]Js, and this description
largely applies to other point-plane nanocavities.

The nanocavity modes are mostly confined between
the bottom of the nanoparticle and the front side of the
metal film (FIC. 5a). There are two different mode types:
longitudinal cavity modes, which are strongly radia-
tive and exist for all facet widths of the nanoparticle,
and transverse cavity modes produced at large facets
that exhibit extreme confinement””. As the facet width
increases, the optical environment at the nanogap
approaches that of a plasmonic MIM waveguide with
a plane-plane junction. The difference is that the con-
tinuous MIM waveguide modes are discretized by the
facet in NPoMJs. The frequency of the cavity modes
spans the visible and near-infrared ranges as the MIM
facet width w is varied (FIC. 5b). For different facet widths,

Fig. 5 | Illustration of plasmonic modes and scattering
spectra within molecular junctions in point-plane
junctions. a| A gold nanoparticle on mirror molecular
junction (NPoM)) with nanogap indexn,, , background
index n, and facet width w. b| Gap mode S, tuning with
facet width win a flat-junction NPoM|. ¢ | Dark-field
scattering spectra with different molecular spacers.
d|Near-field spatial distribution of different S, cavity
modes. e | Spatial distribution of the electric field with
radially polarized light (top) and linearly polarized light
(below). f | Temperature dependence of dark-field
scattering. g | The full width at half-maximum (FWHM)

of the scattering spectra in panel f versus temperature.
h|Simulated scattering spectra of NPoMJs with molecular
bridges of different conductance values in the gap and the
corresponding occurrence of higher-order charge transfer
plasmon (CTP). Peak | corresponds to the higher-order
BDP mode; peak Il to the higher-order CTP mode; and
peak Il to the BDP mode. BPT, biphenyl-4-thiol; BPDT,
biphenyl-4,4'-dithiol; G, conductance quantum; MIM,
metal-insulator-metal. Schematic of surface interaction
at the bottom of panel a and plot in panel b adapted with
permission from REF.*, Springer Nature Limited. Schematic
of gold nanoparticle on mirror in panel a, and paneld
adapted with permission from REF.***, ACS. Plots in panels c
and h were adapted with permission from REF.?**, ACS.
Panel e adapted from REF.**%, Springer Nature Limited.
Panels f and g were reprinted from REF.*?°, CC BY 4.0
(https://creativecommons.org/licenses/by/4.0/).

several cavity modes appear, denoted by (mn), based on
spherical harmonics, where [=0,1,2,... and -I<m <]
(REFS.>**'%), The properties of the (mn) mode and its
spectral position, coupling and field enhancement are
closely related to the gap space. The most dominant
modes observed in experiments are modes with even m
(for example, the (02) mode) that possess a strong
out-of-plane optical field in the nanogap. Dark-field
scattering spectroscopy typically reveals that these even
modes have resonances in the visible to near-infrared
region (FIG. 5¢) and are dependent on the gap size set
by the height of the SAM, the nanoparticle facet width,
and the refractive index of the surrounding medium.
There are also non-radiative odd m modes that support
in-plane optical fields in the near infrared and are dom-
inant for larger gaps. The strongly confined nanocavity
modes out-couple through plasmonic antenna modes I,
with a symmetry that matches the cavity modes, yield-
ing a mixed-mode j,. For a more detailed review of the
NPoM]J modes and antennas, see REF>*,

An important question is how the cavity mode inter-
acts spatially with the SAM in the near field of the plas-
monic nanocavity. The mixed modes display distinctive
properties in near-field and far-field detection. It is
important to note that the mixed mode couples to SAMs
in the near field within the gap, whereas far-field radiation
of these modes is driven by oscillating charges on the top
surface of the nano-object. By accounting for the open
and dissipative nature of the plasmonic nanocavity, it is
possible to obtain natural resonant quasi-normal modes
of the system, in contrast to normal modes that typically
describe other photonic systems***"”. Quasi-normal
decomposition is useful to obtain many more spa-

tial and spectral properties of the cavity modes*"*.
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In the near field, the (10) mode has a spatial distribution
that looks similar to a spot, and the (11) mode has two
lobes with a node in the centre (FIG. 5d). The out-of-plane
modes can be excited using a vertical (z-axis) compo-
nent of a plane wave and even more efficiently using
a radially polarized beam?"® (FIC. 5¢), in contrast to the
in-plane modes that are excited by a horizontally polar-
ized plane wave. The far-field radiation patterns of the
in-plane and out-of-plane modes radiate close to normal
and predominately at high angles (>50°), respectively,
indicating a significant difference in the dipole emission
properties of the modes. Therefore, a complete charac-
terization of the cavity modes is a combined observation
of dark-field scattering spectra and far-field imaging of

the radiation pattern*'’.

Wavelength (nm)

There have been many efforts to tune these plasmonic
modes by taking advantage of the sensitivity of the modes
to different parameters, as mentioned above, which are
reflected by the line width and line shape of scattering spec-
tra. The line width (which quantifies the plasmon damp-
ing) of the (10) mode shows low sensitivity to temperature
and decreases by a few per cent over a wide tempera-
ture range of more than 100 K** (FIC. 5f,¢). This insen-
sitivity to temperature is a consequence of the fact that
temperature-independent processes, such as electron—
electron scattering and electron-surface scattering, are
dominating. In the given examples they contribute by
up to 64% of the scattering, as revealed by full-wave
electromagnetic calculations. The resulting slight line
width decrease results from the temperature-dependent
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electron-phonon scattering. The observed changes in
the dark-field scattered spectrum are attributed to plas-
monic effects. However, it is well known that molecular
layers have phase transitions, or changes in temperature
may cause disorder, which affects tunnelling currents
across monolayers®"*?, It is therefore an interesting
challenge to probe changes to the molecular layers
inside a plasmonic nanocavity with respect to tem-
perature changes and whether such changes affect the
optical properties of junctions. In addition, the nano-
cavity resonance controlling the nanogap conductance
by using SAMs of almost equivalent length (biphenyl-
4-thiol (BPT) and biphenyl-4,4’-dithiol (BPDT)) but
differing molecular bonds gives 50-nm blue shifts of
the (10) mode'®. Furthermore, a clear higher-order
CTP mode (similar to point-point junctions) emerges
in the BPDT-bridged gold nanoplate-gold nanoparti-
cle (AuNP) heterodimers, which unravels the nature of
the emergent plasmon modes with electron transport
behaviour in molecular junctions'****. The simulated
scattering spectra with different bridging SAMs in the
junctions reveal that the intensity of the higher-order
BDP mode (peak I in FIG. 5h) and the depth of a second
peak featuring an asymmetric Fano line shape?*~* are
both greatly reduced when the molecular conductance
G is increased gradually from 0G, to 0.05G, (where G, is
the conductance quantum). As the junction conductance
is further increased from 0.05G, to 1G,;, this higher-order
BDP mode (specifically the bonding dipole-quadrupole
mode) slightly blue-shifts and decreases in intensity.
At the same time, a higher-order CTP mode emerges
(peak II) at the high-energy side of the BDP mode
(peak III), exhibiting a prominent increase in intensity
with increased molecular conductance.

Characterization of plasmonic effects. One of the most
common methods to simultaneously study plasmonic
phenomena and molecular conductance in point-plane
junctions is using STM-BJs. Exchanging one nanopar-
ticle electrode for a scanning tip reduces the radiative
emission because the aforementioned nanoparticle
antenna modes are shorted out by the high conductance
of the tip*”’. Although, due to their relatively large size,
the resonances of STM tips are typically in the micro-
wave range’”, this resonance range is equivalent to act-
ing as a mere resistor from an electrical circuit point of
view, and the STM tip can still act as a boundary of a
cavity?"****>*". However, the out-coupling efficiency of
a scanning tip is much lower than that of a large nano-
particle. The out-coupling can be enhanced by attaching
a nanoparticle to the tip to have the advantages of both
structures®** or by introducing gratings on the tip or
substrates”****. Here we discuss the more general cases
in STM-BJ nanocavities**~*’; the spatial tunability to
perform more flexible conductance measurements is
introduced while the nanocavity modes are also main-
tained. The high Purcell factor in the order of 10°-10°
and high quantum efficiency (~40%) allows SAMs in
STM-BJ nanocavities to emit light more efficiently,
relative to the emission in free space*>***. The photon
emitting frequency and intensity depend on molecular
states involving inelastic tunnelling channels*****, the

Fig. 6 | Typical plasmon excitation or detection by
tunnelling electrons in STM-BJs. a—c| There are three
different tip positions from the single zinc-phthalocyanine
(ZnPc) molecule and corresponding scanning tunnelling
microscope-induced luminescence (STML) spectra. The tip
position is far from the molecule (panel a), near the
molecule (panel b) and right on top of the molecule
(panelc).E, is the energy level of the excitated state; E  is
the energy level of the ground state. A typical Fano-shaped
spectrais observed in panel b due to the interaction
between the nanocavity plasmon mode and the two-level
emitter in close proximity. The thin sodium chloride (NaCl)
spacer layers between ZnPc and the silver (100) substrate
work as a decoupling layer for suppressing the fluorescence
quenching and yield molecule-specific electrolumines-
cence. d | Experimental set-up and strategy to map hot-
carrier energy distributions. Surface plasmon polaritons
(SPPs) are excited by illuminating the grating coupler
several micrometres away from the biased gold STM break
junctions. Inset shows an SEM image of the corresponding
grating coupler. V, . is the voltage applied between the
STM tip and the substrate. e | Current and conductance
histograms of the scanning tunnelling microscope break
junction (STM-BJ) shown in panel d obtained from more
than 2,000 traces for dark (grey) and SPP-excited (magenta)
measured at V,, =0.1V. Inset shows representative
conductance traces following the same colour coding.

G, is the conductance quantum. f| Normalized electric
field distribution of the STM tip cavity shaped with a groove
on the shaft, plotted on a logarithmic scale simulated for
L=3umat610nm.g | STML spectra measured over the
silver (111) surface utilizing gold tips with grooves located
atL=3,6and 10um(V,,,=2.5V,/,;=9nA). L is the distance
between the groove edge and the STM tip apex.

Panels a,b and c are reprinted from REF.**/, CC BY 4.0
(https://creativecommons.org/licenses/by/4.0/). Panels d
and e are adapted with permission from REF.#**, AAAS.
Panels f and g are reprinted from REF.***, CC BY 4.0
(https://creativecommons.org/licenses/by/4.0/).

chemical structure of the molecular emitting units**', the
thickness of the insulator separating SAM layer from
the lower gold substrate*?, the bias voltage magnitude
and the polarity*>*-%,

The corresponding spectral shape, peak position and
width of the emission are determined by the interaction
of the discrete energy states of a single molecule and the
continuum-like state of the plasmonic nanocavity*. For
example, FIC. 6a—c shows that when the STM tip is close to
a single zinc-phthalocyanine (ZnPc) molecule, the STM
luminescence (STML) spectrum exhibits a clear Fano dip
(FIC. 6b) superimposed over the original broad plasmonic
spectrum*” (FIC. 6a). The Fano dip deepens and widens
as the tip approaches the molecule before directly being
positioned above the molecule, indicating an increase in
the coupling strength between the nanocavity plasmon
mode and the ZnPc molecule (FIG. 6¢).

The modification of the geometry of the STM tip
or introducing structures, such as gratings, onto the
plane substrate is an effective tool to reflect the SPP/
LSP effect on electron transport in SMJs. FIGURE 6d
shows a junction based on a SAM supported by gold
in contact with a STM tip in proximity to a grating
coupler”. In this configuration, single-molecule con-
ductance could be measured and used to quantify the
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steady-state energy distributions of hot electrons (due to
the non-radiative decay of surface plasmons) with and
without plasmonic action as a function of V (FIG. 6e).
The measured hot electron-induced current originates
from symmetric modes supported by the symmetric
dielectric environment. The most probable additional
hot electron-induced current shown in statistical histo-
grams is in the order of several nanoamperes. The value
thus depends on the gold film thickness and the tip posi-
tion relative to the grating edge. FIGURE 6f shows that a
groove on the shaft of the STM tip results in interference
between the LSP in the junction and the propagating SPP
reflected to the apex. This groove modulates the STML
spectra, exhibiting a periodic oscillation in this near-field

\
650
Wavelength (nm)

spectral response®>** (FIC. 6¢). In this case, the modula-
tion of LSP interference with SPP also contributes to the
tautomerization of single porphycene junctions.
Another recently observed phenomenon in point-
plane nanojunctions is spectral and temporal fluctua-
tions of SERS peaks from molecules in the junctions.
The dynamics indicate bursts of new SERS peaks that
often appear on both the Stokes and anti-Stokes sides
(FIC. 72). This type of behaviour has been observed in sev-
eral systems and configurations, including NPoMJs****°
and even individual nanostructures®'. Tremendous
efforts have been made to resolve the fast dynamics that
require acquisition rates approaching a million frames
per second””****, Using a single-pixel detector to measure
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a certain SERS peak, the intense burst of intensity lasts for
only a few tens of microseconds. It is interesting that this
kind of dynamics is similar to the blinking effect that
has been observed in single-molecule spectroscopy****°.
The spectrally resolved time dynamics indicate a major
difference with spectral shifts of SERS peaks of 30 cm™
within 3 ms, which indicate molecular conformation
changes**. Furthermore, fluctuations in broadband
photoluminescence emission®” (instead of SERS peaks)
have been observed (FIG. 7b), and the frequency of occur-
rence of these events depends on the flexibility of the
molecular backbone****. To understand these observa-
tions, density functional theory calculations show that
an adatom close to a single molecular bond is sufficient
to break Raman selection rules due to high field gradi-
ents, which gives rise to new SERS peaks®. The adatom
can confine electric fields V< 1nm? hence the name
picocavity (FIC. 7¢). The ultra-small localization of light
with picocavities excites specific molecular bonds.

It selectively amplifies some vibrational modes of
trapped molecules, thus demonstrating the possibility
of resolving the dynamics of individual bonds within
molecules’?*!, The broadband transient emission (also
termed flares) is attributed to localized defects that per-
turb the gold crystal structure, and the defects migrate
more rapidly than typical adatom diffusion. These defect
states are mainly formed between crystalline domains,
allowing them to adopt different nanodomains and
nanoshapes®® (FIG. 7¢). A detailed understanding of the
mechanism and forces that activate the picocavities and
flares is still lacking. Moreover, being able to activate
and stabilize these events for several minutes or even
hours in a controlled manner would be useful, as this is
necessary for possible applications of picocavity and flare
modes in catalysis and sensing.

Regarding molecular emitters inside a point-plane
geometry, 1-10 precisely positioned methylene blue
molecules were used to obtain a Purcell factor as high
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Fig. 7 | Measurements of different molecular-plasmon coupling
schemes in plasmonic nanocavities. a | Surface-enhanced Raman
spectroscopy (SERS) spectra from biphenyl-4-thiol (BPT) molecules in
picocavities. Anti-Stokes/Stokes spectra at the same time whereas colour
indicates isogenesis picocavity-induced lines. Vibrational eigenmodes and
effective temperatures also shown. b | Time series of plasmon-enhanced
photoluminescence from BPT in a plasmonic nanojunction. Arrows indicate
individual emissions that deviate from the typical baseline emissions.
c| Possible interpretations of the spectral fluctuations. Upper panel: an
adatom s pulled out from the gold surface and localizes the electric field to
break the Raman selection rules. Lower panel: nanoclusters or nanodomains
are formed under laser irradiation to result in metallic transient emission.
d|Resonant energies of methylene blue (MB) exciton (w,), plasmon (w,) and

hybrid (w, and w_) modes as a function of extracted detuning § = W, — Wo-
e | Maximum (top) and minimum (bottom) correlation functions as functions
of the number of emitters (N) for several values of the single emitter
cooperativity C. Inset in upper panel shows the map of photon positive
(yellow) and negative (violet) correlations as functions of N and C. Panel a
is reprinted with permission from REF.”*°, AAAS. Panel b is reprinted from
REF.>*?, CC BY 4.0 (https://creativecommons.org/licenses/by/4.0/). The
top part of the schematic in panel c is adapted with permission from
REF.?*%, ACS. The bottom part of the schematic in panel c is adapted
from REF.#°, CC BY 4.0 (https://creativecommons.org/licenses/by/4.0/).
Panel d reprinted with permission from REF.**, Springer Nature Limited.
Panel e is reprinted from REF.?*°, CC BY 4.0 (https://creativecommons.org/
licenses/by/4.0/).
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Internal photoemission
Unlike external photoemission,
the photoenergy of the internal
photoemission process is lower
than the electrodes’ work
function but high enough to
lead to a measurable current
across the junction.

as 3.5x 10° at room temperature under ambient con-
ditions®. The two spectral peaks (w, and w_; shown in
FIG. 7d) indicate that a Rabi frequency g=380meV is
yielded when the dye molecule’s dipole moment is per-
fectly aligned with the gap plasmon, leading to strong
coupling between a single optical emitter and the cavity.
They also introduced a straightforward non-invasive
approach by using DNA origami as a scaffold to pin
different functional elements so that precise position-
ing of a single-dye molecule at the centre of the gap
can be achieved and Rabi splitting (~ 80 meV) in the
strong-coupling regime is observed®*****,

Achieving the strong-coupling regime requires
increased coupling strength g, suppressed emitter decay
rate y and suppressed cavity loss rate y.. For cryogenic
emitters, the suppressed emitter decay rate y enables
reaching strong coupling for large cavities formed by
whispering gallery spheres, microdiscs, photonic crys-
tals or micropillars. For room-temperature devices, typ-
ical decay rates for embedded dipoles are y ~ k, T, and
the coupling strength g is proportional to 1/.,/V,; based
on Eq. (6). Thus, the quality factor Q ~ 10 requires cav-
ities with V../V, < 107°, where V, = (A/n)* at wavelength
A and refractive index n. This coupling contributes to the
investigation of individual chemical events*****, making
it possible to uncover information on single-molecule
reaction kinetics and ultra-sensitive biosensing*”.

Remarkably, a single emitter in this plasmonic nano-
cavity does not quench despite the close proximity of the
dye to metal surfaces, and optical emission from every
single emitter can be enhanced by >10° (REFS.>**"). The
suppression of quenching is as a result of the enhanced
radiative decay rate due to the high Purcell factor in
the nanocavity whereas the non-radiative decay rate
is also enhanced owing to the close proximity of the
metal surfaces. This interplay of both decay rates in
the nanocavity combines to give a quantum efficiency
of up to ~40% compared with <0.1% for a single nan-
oparticle. Thus, the emission of a weak emitter with a
low quantum yield (<0.1%) is greatly enhanced, despite
the vicinity of the metal surfaces. However, quenching
sets in when the nanogap distance is less than 0.4 nm,
where non-radiative decay dominates*. Experimental
and theoretical investigations have demonstrated com-
plex changes in the photon statistics of emission from
plasmonic nanocavities as a function of cavity detun-
ing, excitation wavelength and several emitters>*%*"
(FIG. 7¢). These studies demonstrated both photon
bunching and photon anti-bunching, including the
photon blockade effect, which results from destruc-
tive interference processes, also called unconventional
anti-bunching. The findings demonstrate the feasibil-
ity of the realization of nanoscale non-classical light
sources operating at room temperature in plasmonic
nanocavities”".

Plane-plane junctions

Plasmon modes. Plane—plane junctions have different
plasmonic behaviour to point-point and point-plane
junctions according to their dimensions. Above a cer-
tain lateral junction size, the cavity mode transitions
from resonant to non-resonant?’>*”>. Here, the metal
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attenuates the mode before it reflects off the impedance
mismatch at the junction edges so that it no longer has
cavity-like behaviour but, instead, behaves similar to
a highly confined SPP**7*?"°. These systems then act
as MIM waveguides, supporting confined SPP modes
according to the thickness and dielectric constants of the
metal and the insulator. The transition happens when
the lateral junction size overcomes the confined SPP
propagation length in this MIM configuration. These
systems are relatively inert to nanoscale changes in the
device geometry, and this insensitivity can be exploited
for SPP waveguiding and out-coupling”””%. As the insu-
lator thickness is given by the SAM height, the SPP mode
exhibits odd symmetry of E in the direction of the hori-
zontal plane (longitudinal component), but the damping
of the propagating mode increases, resulting in a much
shorter propagation length®”. In practice, the supported
modes in these junctions are much more complicated
due to the surface roughness of the electrodes®** and the
conformational dynamics of SAMs*®, as in point—point
junctions. At variance to the point-point contacts, in the
plane—plane contacts there are many LSPs with different
frequencies, which increases the apparent spectral width.

Characterization of plasmonic effects. Due to the
requirement of good contact between the SAM and
the electrodes over the large contact area in plane-
plane junctions, soft conducting layers are introduced
to protect the molecular layer to improve the rate of
working junctions. Electrochemical deposition-based
molecular junctions®*'-*%, PEDOT:PSS (poly-(3,4-
ethylenedioxythiophene) stabilized with poly-(4-
styrenesulfonic acid))*****, graphene®** or the usage of
liquid metals (EGaln/Ga,O, (REF**)) as the top contact
have been instrumental for the progress of large-area
molecular junctions recently (FIC. 8a—c). Owing to the
transparent thin carbon layers in carbon-based ST7s, it is
possible to characterize their photocurrent spectrum by
internal photoemission. The internal photoemission spec-
trum contains information on the relative positions of
the frontier orbitals and the electrode Fermi level in the
molecular junction, with signs of the photocurrent indi-
cating whether LUMO or HOMO mediates in electron
transport™.

STJs were formed with EGaln/Ga,0, as the top elec-
trode together with an ultra-flat gold bottom substrate to
build plane-plane plasmon sources™ (FIC. 8c). Inelastic
tunnelling charge carriers excite LSPs inside the ST] area
and SPPs at the edge of the STJs along the gold-SAM-air
or gold-SAM-PDMS interface. LSP emission and SPP
leakage radiation were recorded by real-plane and back
focal-plane imaging (FIG. 8d,e), revealing two particu-
lar properties of molecular electronic plasmon sources
based on STJs****. On the one hand, the blinking of the
molecular electronic plasmon sources was characterized
by the ‘o’ and ‘off” periods, originating from conforma-
tional dynamics of the molecules. The blinking followed
a power-law relation between the probability density and
time of the ‘on’ and ‘oft” periods and presented distinct
characteristic frequencies in power spectral density anal-
ysis. The blinking rates were well controlled by the rigid-
ity of the molecular backbone so that molecular junctions
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AQ/FL/eC/Au self-assembled monolayer (SAM)-based tunnelling junction
(STJ) structure. eC denotes electron beam—deposited carbon. b | Structure
of large-area STJ. ¢ | The ST) with the Ga,0,/EGaln (eutectic gallium and
indium alloy) top electrode constrained in polydimethylsiloxane (PDMS)
and an ultra-flat gold bottom electrode obtained by template stripping
(TS) supporting the SAM. An optical adhesive (OA) was utilized to glue the
glass support on the gold to facilitate TS. d,e | Blinking of plasmon sources in
the real plane (panel d) and the back focal plane (panel e), which is excited
in an ST) with an SC,, SAM on a 50 nm gold film measured at V=-1.8 V.
Modes | and Il in panel e, respectively, indicate surface plasmon polariton
(SPP) modes with normalized wavevector k=1.01 and k=1.47, where the

and k, is the wavevector of light in free space. f | Representation of
the orientation of the biphenyl (BPh) unit on gold with an odd and even
number of (CH,), units for n=1-2. Red arrows indicate the direction of the
tunnelling electrons defined by the tilt angle of the BPh unit. g | White
arrows in the defocused images indicate no directionality with odd CH,
units and directional SPP launching with even CH, units.PEDOT:PSS,
poly-(3,4-ethylenedioxythiophene) stabilized with poly-(4-styrenesulfonic
acid). Panel a reprinted with permission from REF.**!, Wiley. Panel b adapted
with permission from REF.?**, Wiley. Panels ¢,d and e are reprinted from
REF.%%, Springer Nature Limited. Panels f and g are adapted with permission
from REF.*!, ACS.

with flexible aliphatic molecules blink and junctions with
rigid aromatic molecules do not*".

On the other hand, the dipolar emission of the
molecular electronic plasmon sources was characterized
by defocused real-plane images. The dipolar emission
direction was found to follow the tilt angle of the SAM
molecules, which defines the tunnelling direction of
the charge carriers. By changing the functional groups
of the molecules, the dipolar emission direction was
controlled by the tilt angle of (and the tunnelling direc-
tion through) the functional groups (FIG. 8f,g), result-
ing in well-defined directional excitation of SPPs*>*"',
Molecular electronic plasmon sources based on such
STJs may realize new applications by introducing more
types of molecular functions, and their mechanism of
SPP excitation and excitation efficiencies may also be
further improved.

The authors proposed that this blinking originates
from conformational dynamics of the molecules where
inelastic tunnelling events excite vibrational states of
the molecules: molecules in an extended conformation

can make good electrical contact with both electrodes
supporting large tunnelling currents (and, consequently,
more SPPs are excited), in contrast to molecules in a
folded conformation. The blinking rates depend on the
applied bias and rigidity of the molecular backbone,
which supports this interpretation. These observed elec-
trically driven dynamics might have some similarities
with the spectral dynamics in plasmonic nanocavities
that are attributed to the movement of gold adatoms
and structural changes (see section “Characterization of
plasmonic effects” for point-plane junctions). However,
whether the influence of adatoms and structural changes
is also important in electrically driven tunnel junctions
remains an open question. It is also unclear whether
these observations are related and whether they can be
controlled.

Applications

Applications of the interplay of plasmons with molec-
ular junctions cover the aspects of switching, sensing,
trapping and energy harvesting (FIC. 9), and are taking
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advantage of the various junction architectures and
phenomena described in the previous sections.

Plasmonic molecular switches

Molecular conductance switching in plasmonic junc-
tions mostly arises from the photocurrent enhancement
upon PAT or hot electrons. The current enhancement
induced by field enhancement has been reported in
suspended wire molecular junctions®®***, squeezable
break junctions with the combination of an under-
neath Kretschmann configuration and a bendable
top electrode®, tip-enhanced Raman spectroscopic
junctions®, AFMJs** and STM-BJs****, among others.
The optical voltage V,, in 1-octanethiol suspended wire
molecular junctions was estimated to be 1.26 Vnm™!
with the laser power of 6.5 mW pm™ and the wave-
length of 658 nm (1.89eV)™*. Correspondingly, V,  in
2,7-diaminofluorene (DAF) squeezable break junctions
was determined to be 0.169 V with the laser power of
1.56 yW um and the wavelength of 781 nm (1.59eV)™.
Current contributions (in the dimension of tens of
picoamperes) due to hot-electron transport have also
been reported in a network array of molecularly linked
AuNP-based junctions™". In FIG. 9 we illustrate selected
representative examples.

Molecular conductance switching upon illumination
in NPoM]Js was used to build optically accessible elec-
tronic devices in a crossbar geometry® (FIC. 9a). In that
realization, the creation of a voltage V,  around 30 mV
in NPoMJs from 100 uW incident light (A =633 nm)
generates a photocurrent beyond 10nA mW~" by optical
rectification. Moreover, a positive conductance switch-
ing from off to on under irradiation with a specific
wavelength in junctions was observed by embedding a
one-dimensional AuNP chain into a conductive polymer
polypyrrole (PPy) nanowire’”. Under the illumination
with 530 nm wavelength and 0.3 mW cm™, an additional
current contribution of 40 pA can be added on top of the
initial dark current of 55 pA. Complementary, negative
conductance switching from on to off was obtained when
small PEDOT nanowires bridge an ultra-microelectrode
and AuNPs attached to an indium tin oxide (ITO) sub-
strate immersed in an electrolyte® (FIG. 9b). An on/off
conductance ratio higher than 1,000 was achieved with
the current decreasing from 2 yA to 2 nA under white
light illumination. The former repeatable current switch-
ing was attributed to optical rectification, and the latter
was attributed to the transfer of hot electrons from the
AuNPs towards the contacted PEDOT nanowires which
result in the reduction of the small part of the bridge.

Plasmonic molecular sensing

The strong field enhancement in plasmonic nanostruc-
tures amplifies molecular signals in junctions for sensing
applications. Different spectroscopic and charge transport
approaches have been implemented to study dynamic
processes or chemical reactions®’*”. Examples include
combinations of molecular conductance characteriza-
tion, SERS with molecular junctions'®, dark-field along
with optical scattering spectra'® and EELS analysis*’.
However, the reproducible and controlled preparation
of highly uniform plasmonic molecular junctions for
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applications ranging from molecular detection to stable
single-molecule sensing still remains challenging.

The key elements to achieve highly sensitive sensing
and homogeneous plasmon line widths in plasmonic
molecular junctions are strongly reduced interaction
volumes and narrow size distribution of the nano-
electrodes””. The plasmonic architectures increase the
excitation rate, enhance the emission intensity and mod-
ify the quantum yield of target molecules, which can
amplify small changes of real-time single-molecule chem-
ical reaction events in SERS applications. For instance,
the discretized intensities of SERS peaks reflect individual
events of the formation of DMAB via different reaction
pathways® (FIG. 9¢). With a similar NPoM] configura-
tion, hot electron-induced redox processes in a series of
different aromatic molecules with corresponding SERS
spectroscopy have also been analysed®”. In diagnosis
applications, fluorescently labelled biomolecular sensing
in microchannels is based on the diffusion of plasmonic
nano-objects, and counting the photons in the resulting
fluorescence bursting (FIC. 9d). By analysing the bursts in
contrast to unenhanced molecules, information on the
analyte concentration can be deduced’~*. Another
approach to sensing is to detect the shift of the LSP res-
onance in the extinction and scattering spectra when
receptors functionalized on the sensor surface combine
with ligands for analyte detection. Single-particle scatter-
ing spectra have been recorded using a dark-field micro-
scope. Despite their broad line width and the minute
shift, concentration-dependent plasmon shifts of a few
nanometres were observed when monitoring streptavidin
binding to biotin-functionalized nanoparticles*”. The rel-
ative ease of the sample fabrication presents an advantage
compared with techniques that offer higher sensitivity
but are more involved, such as using line gratings***. For
interested readers, REFS**~*"" are specialized review arti-
cles that have systematically summarized the applications
of plasmonic molecular detection.

Plasmonic molecular trapping

Plasmonic gaps provide a powerful tool in near-field
trapping of molecules and nanoparticles, well beyond
the diffraction limit of far-field light**. As the optical
gradient force rapidly decreases with the third power
of the nano-object size (~r°), far-field light fails to trap
single small molecules at ~10 nm’*”. Recently, plasmonic
biomolecules trapped into the gap position at gold sur-
faces or silver nanoaggregates have been employed
together with SERS measurements®'**''. By switching
the laser illumination on and off, DNA was displaced
stepwise through a nanopore that was in the gap of a
point—point bow-tie junction’®"’.

As plasmonic near-field intensities are up to three
orders of magnitude higher than the respective far-field
intensities, these can significantly improve the captur-
ing efficiency and thus, in principle, highly increase the
probability of single-molecule trapping within the plas-
monic junctions. Stable and direct spatial control over a
single molecule in a fixed plasmonic nanogap remains
challenging because the radiation pressure is too small
to overcome the thermal fluctuation energy below nano-
gap sizes of 1-3nm. But by adjusting the nanogap width
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in MCBJs, direct trapping and release of single mole-
cules at room temperature has been achieved’” (FIG. 9¢).
Wavelength-controlled optical forces were found to
increase the formation probability of molecular junc-
tions, as monitored by the analysis of the conductance
histograms when using model molecules that do not react
to light, such as 1,4-bis((4-(methylthio)phenyl) ethynyl)
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benzene) (OPE3-SMe). A much prolonged lifetime
of molecular junctions has also been seen in STM-BJs
(FIC. 9g). In STM-B]Js with a single 1,4-benzendithiol
(BDT) molecule, a moderate incident light intensity of
11 mW pm~? results in a >10-fold increase in minimum
lifetime compared with laser-OFF conditions*. This
plasmonic near-field trapping offers a new strategy to
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< Fig. 9| Selected examples of applications of plasmonic devices. a | Representations
of plasmonic switches in a nanoparticle on mirror molecular junction (NPoMJ) forming
ananocavity, contacted to PMMA insulating layer and semi-transparent top gold
electrode. b | AuNPs on indium tin oxide (ITO) with a PEDOT bridge in the electrochemical
set-up. One or a few nanoparticles are in contact with a few nanowires and control
the transport properties of the whole device. c| Illustration of a AQNP-DMAB-AuTF
junction and simultaneous surface-enhanced Raman spectroscopy (SERS) trajectory
of 4,4’-dimercaptoazobenzene (DMAB). d | Experimental set-up and sensing time-
resolved single protein attachment events through plasmonic wavelength shifting.
e| Single-molecule plasmonic optical trapping achieved by mechanically controllable
break junctions (MCBJs) under laser irradiation. f | Light emission in electrically
driven tunnel junctions, where localized surface plasmon (LSP) is excited by the
inelastic tunnelling electrons. g | Illustration of controlling the light emission colour
of scanning tunnelling microscope break junctions (STM-BJs) with three different
emitting porphyrin derivatives. AgNP, silver nanoparticle; CE, counter electrode; NBT,
4-nitrobenzenethiol; RE, reference electrode; SAM, self-assembled monolayer; SMU, source
measure unit. Panel a is reprinted from REF.**, CC BY 4.0 (https://creativecommons.org/
licenses/by/4.0/). Panel b reprinted with permission from REF.”*°, ACS. Panel c reprinted
with permission from REF.**%, ACS. Panel d reprinted with permission from REF**?, ACS.
Panel e is reprinted with permission from REF.*"%, Elsevier. Panel f reprinted with permission
from REF”!, ACS. Panel g reprinted with permission from REF.**!, ACS.

obtain enduring molecular junctions without the need
for the chemical modification of molecules anchoring to
the electrodes.

Nanoscale light sources in junctions
Plasmonic junctions are able to process illuminating light
and electric currents via a shared circuitry unit. In plas-
monic nanostructures, LSPs generated by both optical and
electrical excitation undergo rapid relaxation via radia-
tive or non-radiative decay, which are interesting in appli-
cations involving nanoscale light sources®>*'°. A strong
upconversion effect, with generated photon energy (fiw)
significantly exceeding the energy threshold of the inci-
dent electrons (eV, where V is the applied bias), has been
reported in only electrically biased EBJs. The photon
yield (emitted photons per incident electrons) is up to
~10* depending on the different electrode materials over
two sides' (FIG. 9. With simultaneous optical and electri-
cal excitation in gold-gold EBJs, more than ~1,000-fold
upconverted photons are emitted compared with either
electrical or optical excitation alone”. Moreover, plas-
monic nanocavities are known to be highly efficient
for non-linear optical absorption and emission®**'7~32°,
The light emission can be attributed to the spontaneous
emission from a non-equilibrium hot-electron distribu-
tion, which arises from the rapidly thermalized tunnel-
ling electrons via inelastic electron—-electron scattering.
This process is much faster than the coupling to the
lattice via electron—-phonon scattering®"**>. For MCB]Js,
hot-electron gas in electrodes radiating in the infra-
red range (0.2-1.2eV) has been reported*”. The plas-
monic structure controls the emission spectrum and
polarization, and thus enhances the emission efficiency.
Light emission in point-plane architecture has
also been demonstrated for SMJs using different STM
approaches™. The emitting frequency can be controlled
(750-1,000 nm) by carefully selecting the chemical
structure of the emitting units in junctions where por-
phyrin derivatives are suspended from a STM tip and are
in contact with a gold surface’*'. Changing the STM tip
position to inject charge carriers into different molecular
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orbitals is another way to tune the wavelength as the
excitation of the radiative process with different fre-
quencies can be chosen’*. The lifetimes of the charged
and excited states of the emitting units were controlled
by adjusting the thickness of the insulator, which sep-
arates the molecule from the lower gold substrate**’.
The photon emission efficiency of the charged mole-
cule has been boosted to 19 times as compared with
the neutral states’. The enhancement of the emitted
photonic intensity is closely related to the electric field
across the molecule above a specific threshold (gener-
ally, the bias voltage exceeds the optical band gap of the
molecule)”*"**¢-2*%2%3 Possible light-emitting nanoscale
devices based on the concepts of plasmonics are prom-
ising because they operate at tunnelling intervals at the
scale of femtoseconds. Also, the related response times,
limited by the product of resistance (R) and capacitance
(©), are short because of their molecular dimension
making it possible to operate in a regime greater than
terahertz, and the energy to switch a single molecule
(and thus the entire devices) is, in principle, low.

Summary and future outlook

This Review has outlined several aspects of plasmonic
phenomena in molecular junctions within three typi-
cal device architectures, and described the fundamental
concepts of plasmon-mediated charge transport pheno-
mena, hot-electron and plasmon-molecule coupling,
and potential device applications. However, challenges
remain in understanding the underlying mechanisms
and achieving functional nanoscale devices. For exam-
ple, there is still room to improve the conversion effi-
ciency between photons and electrons in molecular
junctions. Small variations in metallic electrodes could
substantially change their plasmon resonance proper-
ties in MCBJs and STM-B]Js. At a molecular level, the
intrinsic HOMO-LUMO gap of the molecule needs to
be considered because it limits the detection bandwidth
of molecular junctions.

There are exciting opportunities for linking plas-
monics with novel device concepts. First, as molecules
with quantum interference effects accommodate two
or more electron transport channels, SPPs may modu-
late the phase of the wavefunction of the channels dif-
ferently, thereby affecting the quantum interference
effect’**°. New material interfaces can also be explored
with graphene and carbon nanotubes. For instance,
graphene-assisted plasmon polaritons can be used in
the near infrared, and carbon nanotube excitons, which
have excellent electronic properties, can be used to form
point contact devices based on carbon instead of metal.
The development of highly efficient generation, manip-
ulation and conversion of plasmons in molecular devices
would provide additional non-linearity and gain to active
molecular emitters, which should enable multiple con-
trol methods in all-optical switches’™ and nanolasers**.
Intense femtosecond and nanosecond-pulsed laser
sources can contribute to the investigation of Floquet
states and non-linear effects in molecular junctions.
Optical trapping and counteracting thermal fields will
provide remote and non-invasive approaches in the
manipulation of delivery and programmed triggering
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of specific biomolecules into target cells under resonant
illumination™. Finally, tailoring the spectral response
of plasmonic resonances with proper modification of
the topology of a metal nanostructure and continu-
ous harnessing of a plasmonic-derived hot-electron
population are critical to maintain high photostability
in high-quality sensing and ever-improving quantum
efficiency in sunlight-harvesting technologies.
Improving quantum yields by engineering the barrier
heights with either conventional metal-semiconductor
junctions or via molecular junctions with versatile trans-
mission characteristics could be the crucial next step
to improve the efficiencies of hot carrier-based light to
electrical energy harvesting devices to the point where
they are of commercial value. In plasmonic redox reac-
tions, the lifetime of transient ions is not well studied,
but it likely depends on a large number of factors such
as molecular properties, molecule-electrode coupling
strength and the shape of the junctions, among others.
It is therefore important to study such phenomena in
more detail. Fully integrated in vivo biosensors are not
ready to be applied in personalized health care. Further
improvements in sensitivity, specificity and recognition
accuracy in donor-acceptor combination statistics are
required. The future application of in vivo biosensors
also requires improved device stability and an improved
understanding of plasmonic phenomena within mole-
cular junctions. To generate realistic devices for the
future, values for operation voltage, switching energies,
switching speed and charging and discharging speeds
have to be estimated. Furthermore, the full potential of

molecular-scale plasmonic-electronic devices is limited
by several factors such as the stochastic nature of the
quantum mechanical tunnelling phenomena; plasmonic
losses in highly confined areas; and the required quan-
titative consideration of metallic electrodes quenching
molecular excited states. Finally, numerous devices exist
in which the charge transport through the molecular
junctions is incoherent™. The mutual impact of plas-
monic effects and incoherent charge transport are not
very well studied to date and need to be explored further.

Over the past decade, we have witnessed significant
progress in investigating and understanding plasmon
excitation and out-coupling in the quantum regime,
which was previously difficult to access owing to limita-
tions in fabrication methods. With the development of
nano fabrication techniques, the research in molecular
electronics has highly crossed over with the research of
plasmonic optics. On the one hand, plasmonics provides
a way to manipulate the electronic transport through
molecular junctions with unique nano-focusing char-
acteristics. On the other hand, molecular junctions can
influence the plasmonic properties to trigger new appli-
cations. By addressing a couple of remaining scientific
issues, novel plasmonic molecular devices with high sta-
bilities, satisfying efficiencies and proper multifunction-
alities await to emerge in the near future. The answers to
the left-open problems will complete the understanding
of plasmonic molecular phenomena and principles and
will foster novel applications.
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