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Abstract: Plasmonic modes confined to metallic nanostruc-

tures at the atomic andmolecular scale push the boundaries

of light–matter interactions. Within these extreme plas-

monic structures of ultrathin nanogaps, coupled nanopar-

ticles, and tunnelling junctions, new physical phenomena

arise when plasmon resonances couple to electronic, exi-

tonic, or vibrational excitations, as well as the efficient

generation of non-radiative hot carriers. This review sur-

veys the latest experimental and theoretical advances in

the regime of extreme nano-plasmonics, with an emphasis

on plasmon-induced hot carriers, strong coupling effects,

and electrically driven processes at the molecular scale.

We will also highlight related nanophotonic and optoelec-

tronic applications including plasmon-enhanced molecu-

lar light sources, photocatalysis, photodetection, and strong

coupling with low dimensional materials.
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1 Introduction

Localized surface plasmon resonances (LSPR) are the sur-

face confined collective and coherent oscillations of con-

duction electrons of metallic nanostructures, often excited

when illuminated by light (Figure 1(a)). This phenomenon

results in the strong spatial confinement of electromagnetic

fields to dimensionsmuch smaller than the free-spacewave-

length of light [1]–[4]. LSPRs are characterized by several

remarkable physical properties, such as enhanced electric

fields, optical phase control, strong resonant absorption and

scattering, and high sensitivity to changes in the local dielec-

tric environment – or fundamentally a modification of the

local electromagnetic density of states analogous to cavity

optics arising from Purcell enhancement to strong coupling.

By manipulating size, shape, and material composition of

the nanostructure, the LSPR can be tuned across a wide

spectral range from the ultraviolet to the infrared. Since

the pioneering work of Rufus Ritchie in the 1950s predict-

ing surface plasmons [5], LSPR research has proliferated.

Progress has largely been driven by synthesis and fabrica-

tion of metallic nanostructures, near-field scanning optical

microscopy techniques, and precise theory and predictive

computational modelling [6], [7]. A wide range of engi-

neered plasmonic nanostructuresmade of different types of

metals and a variety of shapes have paved the way for an

exceptionally diverse range of applications such as surface-

enhanced spectroscopy, deep-subwavelength spatial reso-

lution imaging in tip-enhanced Raman scattering (TERS)

and a wide range of other linear and nonlinear optical

processes [8]–[14], biological and chemical molecular sens-

ing [15], light harvesting [16], and medical diagnostics and

therapy [17].

Since LSPR can be excited by optical illumination,

inelastic electron tunneling, or both, the associated hot

carrier dynamics correspondingly can be driven optically,

electrically, or via their hybrid interaction. For electrically

driven hot carrier processes in particular, the generation

of LSPRs often occurs in ultranarrow atomic scale plas-

monic nanogaps or nanojunctions [18]. These structures
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Figure 1: Optically or electrically driven plasmonic nanostructures. (a) Photon excitation induced electrical field enhancement inside a nanoparticle

(Purcell effect). (b) Photon excitation induced hot carrier generation in plasmonic nano structures. (c) Plasmon-exciton coupling probed through

optical excitation. (d) Electrically driven plasmonic tunnel junction for light emission. (e) Combined electrical and optical excitation for enhanced hot

carrier induced light emission. (f) Combined excitation for probing plexciton strong coupling in molecular scale plasmonic systems.

can be treated as two coupled individual plasmonic nanos-

tructures bridged by a quantum tunneling junction. Such

configurations have recently been studied in molecular

scale nanophotonics, in which the optical fields can be

ultra-confined down to near-atomic scale dimensions (with

volumes below 1 nm3), featuring Purcell enhancement

(Figure 1(d)), giant photon upconversion (Figure 1(e)) [19],

and even strong coupling (Figure 1(f)) [20], [21]. In contrast,

simple individual plasmonic nanostructures like nanopar-

ticles and nanowires can only confine light to compar-

atively large volumes determined by the minimum fea-

ture sizes of typically few 10s of nm. The fact that such

atomic scale gap-coupled plasmonic processes are nat-

urally compatible with molecular dimensions lends the

great opportunities for previously inaccessible regimes such

as strong plexcitonic coupling and quantum plasmonics

[22]–[25].

Recently, other intriguing aspects of LSPR have gar-

nered great interest: their ability to produce nonequilib-

rium energetic “hot” carriers including hot electrons and

hot holes on the nanoscale [26]. In general, and as well-

established from ultrafast spectroscopy of metal surfaces,

the ultrafast generation of LSPRs is followed by both their

radiative and non-radiative relaxation decay, leading to the

radiative emission of photons and non-radiative generation

of hot carriers (Figure 1(b)), transiently and on femtosecond

timescales. Interestingly, the LSPR mediated generation of

hot carriers has distinct attributes and is more efficient

than the direct photon absorption in metals as a result

of the substantial absorption cross-section associated with

plasmonic nanostructures [27], which can surpass the geo-

metrical cross section by several orders of magnitude and

could potentially facilitate strong light matter interactions

(Figure 1(c)) [23], [28]. These hot carriers induced by LSPR
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are of interest for potentially new pathways in photochem-

istry [29]–[31], photodetection [32], [33], photoluminescence

[34], and photovoltaics [1], [35].

In this review, we will focus on recent advances in

plasmon-induced hot carriers and electrically driven plas-

monic processes at the atomic and molecular scale. We

will highlight our current theoretical understanding of hot

carrier generation and relaxation dynamics. Recent devel-

opments of advanced experimental tools enabling hot car-

rier detection and imaging will be described. We will also

discuss several important applications such as molecu-

lar scale photon emission, photocatalysis, opto-electronic

sensing, and strong coupling-enabled molecular nano-

photonics. While optically driven plasmonics and hot car-

rier processes have been studied extensively in recent years

on nanoscale dimensions, their ultimate nanoscale exten-

sion (“picocavities”) and in particular electrically driven

counterparts have received comparatively less attention.

Notably, an electrically driven approach offers several

benefits including broadband hot carrier excitation, the

ability to excite conventionally optical dipole excitation-

forbidden dark plasmons, and seamless integration with

on-chip optoelectronics. This complements attributes of,

e.g., femtosecond and near-field optical excitation. Unique

to electrically driven hot carriers is the ability to trans-

fer energy through nanogaps by tunneling, leading to elec-

trically induced enhanced light emission with broadband

photon generation, and when operated in reverse, photon

detection through a significant open-circuit photo-voltage.

These features originate from previously little appreciated

concepts of electrically driven hot carrier processes.

2 Optically and electrically driven

hot carrier processes: theory

Despite many experimental studies of plasmon-induced

hot carriers, the understanding of the fundamental mech-

anisms underlying hot carrier generation and relaxation

remains limited [36]–[41]. It has been shown that the distri-

bution of hot carriers generated through surface plasmon

decay is distinct from those produced by direct excitation in

several aspects. In both scenarios, the energy of the initial

electron–hole pair matches the photon energy. However,

in the case of surface plasmon decay, electrons tend to

possess higher energies compared to the situation of direct

excitation: electrons in Au under direct photoexcitation of

sufficient energy are typically excited from the d-band with

its edge ∼2.3 eV below the Fermi level to above the Fermi

energy, while plasmon-induced carrier generation favors

electron excitations from near the Fermi energy [33], [42].

It is also worth noting that hot carriers can be generated

around the Fermi level in the same way as a plasmon decay

would via intraband absorption in the absence of local

field enhancement for photons below the band gap energy,

albeit with lower efficiency. Moreover, plasmon-induced

hot carriers are generated from the plasmonic near-field,

which encompasses higher multipolar and darkmodes [43].

For optical illumination only the bright plasmon mode are

excited, whereas tunneling currents can excite optically

dark modes. In this Section, we will discuss the hot carrier

generation with different mechanisms [26], [44]–[47] and

the subsequent ultrafast relaxation dynamics.

2.1 Direct interband absorption

Direct transitions are highly sensitive to the band structure

due to the selection rule of momentum conservation for

both the initial and final electronic states [41]. For photons

sufficiently energetic for interband transitions, themajority

of the plasmon energy is utilized in exciting the electron

from the d-shell to the Fermi level. Consequently, the gener-

ated electron is positioned not far above the Fermi level and

generally lacks sufficient kinetic energy to tunnel through

the barrier. Simultaneously, the hole in the d-shell exhibits a

very low velocity, making it unable to reach the surface [45].

In copper and gold, the primary direct interband absorption

occurs from the d-bands deep below the Fermi level to the

conduction band, leading to high-energy holes and lower

energy electrons. Conversely, in silver, absorption in the

conduction band can generate high-energy electrons accom-

panied by lower energy holes. In aluminum, a continuous

energy distribution of hot electrons andholes are generated,

spanning from zero to plasmon energy.

Sundararaman et al. presented predictions concerning

the immediate distributions of excited hot electrons and

holes from plasmon decay prior to inelastic relaxation [41].

These predictions are derived from a quantized plasmon

model that incorporates electronic structure details. Addi-

tionally, their focus is on interbandabsorptions, particularly

those dominating at higher plasmon energies. These transi-

tions are anticipated to bemore responsive to the electronic

structure compared to intraband transitions, which tend to

dominate at lower plasmon energies and have been char-

acterized within simplified models [27]. In Sundararaman

et al.’s approach, they merge quantized plasmon modes

derived from experimentally measured dielectric functions

with electronic states obtained via first principles density

functional theory. This enables them to compute the ini-

tial distribution of hot carriers in realistic materials. This

method allows them to examine the role of the electronic
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structure of the metal on the resulting carrier distributions,

independently of other factors such as geometry. Electronic

band structure of the metal is introduced into the model by

an approximation of the quasiparticle orbital 𝜓𝜎
qn
(r) with

eigenenergy 𝜀qn inside the metal, which gives,

Ψ𝜎(r, t) =
∑
q,n

𝜓𝜎
qn(r)e

− i𝜀qnt

ℏ cqn +
∑
q,n

𝜓∗,𝜎
qn (r)e

i𝜀qnt∕ℏc†
qn

(2.1)

where cqn and c
†
qn denotes the Fermionic creation and anni-

hilation operators for electrons with wave vector q and

band index n. 𝜎 here represents the spinor orbital index.

By applying Fermi’s golden rule, material-dependent hot

carrier dynamics can be obtained. The calculation results

reveal the sensitivity of the generated carrier profile to the

details of the electronic band structure, particularly in rela-

tion to the position of d bands relative to the unoccupied

states above the Fermi level in Ag, Cu, and Au. Cu and Au

yield hot holes with considerably higher energies compared

to the hot electrons. In the case of Ag, both hot holes and hot

electrons with narrow energy distributions are produced.

These results are also confirmed by Bernardi et al. using GW

calculations [48].

2.2 Intraband absorption

In nanoscale systems, the electronic states become local-

ized in space, and as a result, exact eigenstates for crystal

momentum do not exist based on the uncertainty principle.

This gives rise to a finite probability of direct plasmon decay

into a hot electron-hole pair with a net crystal momentum.

Such events can take place even for plasmons below the

interband threshold energy, which is referred to as intra-

band absorption assisted by nano-scale geometrical effects.

Compared to direct and phonon-assisted transitions which

heavily rely on the electronic band structure of the metal,

intraband absorption can be addressed by employing the

free-electron-like model and including the geometry effects

within the framework of quantum mechanics.

A theoretical approach can account for this effect by

solving the Schrödinger equation of electronic states within

the real geometry. Utilizing Fermi’s Golden Rule, optical

matrix elements between these states are employed to cal-

culate the transition rate induced by the plasmon.

Manjavacas et al. formulates a theoretical model to

describe the plasmon-induced hot carrier excitation process

and subsequently applies this model to both spherical Ag

nanoparticles and nanoshells [27]. In this model, the con-

duction electrons of the metal are approximated as free

particleswithin a finite spherical potential well. The process

of plasmon-induced hot carrier generation is evaluated by

applying Fermi’s golden rule. Hot carriers emerge through

the interaction of both external and plasmon-induced elec-

tric potentials, which influence the conduction electrons of

the metal. These interactions induce transitions from an

initial electron state 𝜓 i below the Fermi level to a final

state 𝜓 f above the Fermi level, with a hot electron–hole

pair generated and a reduction of the plasmon occupation

number by 1. The Hamiltonian of the above physical process

is given by,

H = ∫
[
V(r, 𝜔)+ V∗(r, 𝜔)

]∑
i, f

𝜌 fi(r)a
†
f
aidr (2.2)

Here, V(r, 𝜔) denotes the total potential for the con-

duction electrons, 𝜌 fi(r) = e𝜓∗
f
(r)𝜓i(r) and a

†
f ,i

(
a f ,i

)
is the

creation and annihilation operator for the an electron(hole)

in the system. The probability per unit time of generating

an individual electron in the final state can be evaluated via

Fermi’s golden rule,

Γe

(
𝜀 f , 𝜔

)
= 4

𝜏

∑
i

F
(
𝜀i
)[
1− F

(
𝜀 f

)]

×
⎧⎪⎨⎪⎩

|||Mfi(𝜔)
|||
2

(
ℏ𝜔− 𝜀 f + 𝜀i

)2 + ℏ2𝜏−2

+
|||M∗

i f
(𝜔)

|||
2

(
ℏ𝜔+ 𝜀 f − 𝜀i

)2 + ℏ2𝜏−2

⎫⎪⎬⎪⎭
(2.3)

where F
(
𝜀i, f

)
is the Fermi–Dirac distribution approxi-

mated at zero temperature, Mfi = ∫ V(r, 𝜔)𝜌 fi(r)dr repre-

sents the transition matrix element for the hot carrier gen-

eration process. The probability per unit time to generate

a hole can be obtained in a similar way by interchang-

ing the subscripts. The hot carriers will undergo various

relaxation processes after being generated, including elec-

tron–electron and electron-surface scattering, and even-

tually release their energy to heat up the lattice through

electron-phonon scattering. Here 𝜏 is the average lifetime

that incorporates all these decay mechanisms of hot car-

riers. Essential to emphasize that this linewidth is fun-

damentally different from the plasmon damping 𝛾 in the

Drude model (𝜀 = 𝜀b −𝜔2
p
∕𝜔(𝜔+ i𝛾)), where 𝜀b is the

background dielectric function and 𝜔p is the bulk plasma

frequency.

The above model enables the calculation of the steady-

state hot carrier distribution that emerges under continu-

ous light illumination, offering a quantitative explanation

specifically for scenarios involving pulsed illumination if

the pulse duration is longer than hot carrier lifetime. In this
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model, hot electrons and holes are assumed to be localized

and do not diffuse away from the location where they were

excited. But it should be noted that the diffusive transport of

hot carriers needs to be considered for extended nanostruc-

tures. In addition, simulating the time-dependent relaxation

of excited carriers also becomes feasible. The hot carrier

generation rate, which quantifies the efficiency exhibited by

various plasmonic systems in generating advantageous hot

carriers, can be estimated through,

Ne(𝜀) = ℏ𝜔s p

∑
𝜀 f≥𝜀

Γe

(
𝜀 f , 𝜔s p

)
∕Pabsorb (2.4)

Nh(𝜀) = ℏ𝜔s p

∑
𝜀≤𝜀 f

Γh

(
𝜀 f , 𝜔s p

)
∕Pabsorb (2.5)

where𝜔sp denotes the plasmon resonance frequencywhere

the nanoparticle reaches the maximal absorption, Pabsorb is

the total absorbed power of the nanoparticle. This model

has been applied to many scenarios and provides quantita-

tive agreement with experimental results [49].

Different theoretical approaches have been employed

for calculating the electronic states, from the simple free-

electron solution [50], [51], time dependent density func-

tional theory that omits the atomic-scale structure in effect-

ing the band structure [27], to detailed time dependent den-

sity functional theory accounting for the full band structure

in small metal clusters on the size of 2–3 nm [52]. Through

the substitution of free electron wave functions and ener-

gies with those derived from a density functional theory

approach, Manjavacas et al. have also demonstrated that

many-body effects cause only a marginal impact on carrier

generation [27]. However, the hot carrier lifetime signifi-

cantly influences both the production rate and the energies

of the generated hot carriers (Larger sizes and shorter life-

times lead to increased rates of hot carrier production, yet

they correspond to lower energies of the generated hot car-

riers.). This theory has been applied to explain the energy

distribution of nonlinear plasmon-assisted hot carrier gen-

eration [53] and the amplified hot electron generation in

nanoparticle dimers with plasmonic hot spots [54].

While the free-electron models are highly effective in

addressing geometry-assisted intraband absorptions, their

applicability is confined to materials and plasmon energy

ranges characterized by the presence of a free-electron con-

duction band. Hence, the majority of these studies are con-

fined to examining silver, particularly below its interband

threshold of 3.6 eV. For gold, copper and aluminum which

exhibit numerous low energy direct absorptions, it is essen-

tial to take into account material dependent and phonon

assisted process.

Due to the negligible momentum of photons and sur-

face plasmons in comparison to the electrons’ crystal

momentum, the direct decay of plasmons can only generate

hot electron-hole pairs with a net zero crystal momentum.

Such pairs of electronic states are typically accessible in the

band structure of most metals above a certain interband

threshold energy. In the scenario where the absorption and

emission of phonons are involved in the plasmon decay,

electronic states with different crystal momentum can be

excited.

The phonon-assisted indirect optical absorption has

been studied in indirect bandgap semiconductors by incor-

porating first principle ab initio calculations of phonon-

assisted transitions and resistive losses in a semiconductor

[55], [56], where the phonon-assisted absorption coefficient

can be obtained using Fermi’s golden rule [68]:

𝛼
(
ℏ𝜔

)
= 8𝜋2e2

NkNqVcell𝜔cnr(𝜔)
⋅
∑
𝑣i jkq

|||𝝀 ⋅
(
S1 + S2

)|||
2

⋅ P𝛿
(
𝜀 j,k+q − 𝜀i,k − ℏ𝜔± ℏ𝜔𝑣,q

)
(2.6)

where 𝝀 corresponds to photon polarization and nr(𝜔) and

Vcell is the refractive index of the material and effective cell

volume, respectively. S1 and S2 are the generalized optical

matrix elements corresponding to two different possible

transition paths of indirect absorption process given by:

S1

(
k,q

)
=

∑
m

𝒗im

(
k
)
gmj,𝑣

(
k,q

)
𝜀m,k − 𝜀i,k − ℏ𝜔+ iΓm,k

(2.7)

S2

(
k,q

)
=

∑
m

𝒗mj

(
k + q

)
gim,𝑣

(
k,q

)
𝜀m,k+q − 𝜀i,k ± ℏ𝜔𝑣,q + iΓm,k+q

(2.8)

with g being the electron–phonon couplingmatrix elements

and 𝒗 being the velocity.

By taking into account the contributions from “on-

shell” intermediate states that correspond to sequential

processes, Brown et al. extend the calculations of phonon-

assisted transitions in the previous studies and general-

ized to metals [38]. Their findings reveal that above the

optical band gap, direct transitions predominantly govern

and result in the generation of hot carriers. Conversely,

below the band gap, the production of hot carriers through

phonon-assisted transitions is constrained by the presence

of resistive losses, leading to reduced efficiency. They fur-

ther proposed that Al holds significant promise as a versatile

plasmonic hot carrier generator. It efficiently produces hot

carriers across a wide frequency range and generates high-

energy electrons and holes with equal probability. In com-

parison to noble metals, Al also boasts superior transport

properties for high-energy holes.

The absorption assisted by electron–electron scattering

is often omitted, partially due to the higher-order nature of

the process, which involves two electrons and is therefore
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relatively weak and becomes evident only at high power

levels. Such a process exhibits higher probability at higher

photon frequencies as the scattering phase space scaleswith

𝜔2 for the involved two electrons and confirmed both from

the experimental observation [57], [58] and theoretical cal-

culations based on Fermi liquid theory [59] and permittiv-

ity response [60]. A comprehensive theoretical description

of the electron–electron scattering process is intricate and

should adhere to a thorough treatment within the frame-

work of a Fermi liquid.

2.3 Landau damping

An alternative way to maintain momentum conservation in

the transition between two states with different wavevec-

tors is through the surface collision effect, which occurs

when the electron is reflected from the surface, andmomen-

tum is transferred between the electron and the entire

metal body. The surface scattering rate was first proposed

through a phenomenological theory with Γs ∼ 𝑣F∕a where
𝑣F is the Fermi velocity, a corresponds to the characteristics

length of a particularmetal particle. Such surface scattering-

induced damping is shown to be related to the electrons’

Landau damping [61]–[63], where the field confinement in

the nanostructure results in a largewavevector for localized

surface plasmons resonances, facilitating the energy trans-

fer between the electron and electromagnetic waves after

the initial excitation of the hot carriers (Figure 2(a)). Khur-

gin et al. shown that confinement of electric fields in prop-

agating surface plasmon polaritons enhances loss due to

Landau damping, thereby limiting the extent of the confine-

ment [63]. A comprehensive quantum-mechanical expres-

sion for the damping rate and the associated change in the

imaginary part of the dielectric constant is proposed, con-

firming that surface collision damping not only increases

the loss but also restricts the concentration of the electric

field into localized regions. A similar formalism has also

been employed by Shahbazyan [64], [65]. The entire Lan-

dau damping rate can be interpreted as the inverse of the

time it takes for the average electron propagating along the

field direction to reach the surface. For a surface plasmon

polariton propagating along the interface plane between the

metal and dielectric, the derived scattering rate agrees well

with the intuitive interpretation provided by Kreibig and

Vollmer [66].

In addition to the non-radiative damping for the cre-

ation of hot electron-hole pairs, a plasmon resonance can

also be radiatively damped and generate far field photons,

with the branching ratio determined by whether the nanos-

tructure supports dark (subradiant) plasmon modes [67],

[68]. The timescale for electron-hole pair creation during

the plasmon damping ranges from 1 to 100 fs (Figure 2(b)),

with the distribution of the hot electron–hole pairs rely-

ing on several factors, including the particle size, plasmon

resonance energy and symmetry, and the carrier density of

states within the material [27]. When the plasmon energy

surpasses the interband transition, the majority of hot car-

riers will be hot holes at the upper edge of the metal d band,

while electronswill be locatednear the Fermi level. Optimiz-

ing the hot carrier generation can be achieved through geo-

metrically engineering the metallic nanoparticles to match

the energy between the subradiant plasmon resonance and

the large imaginary part of the permittivity.

The hot electrons produced from plasmon decay

undergo rapid energy redistribution, dispersing their

energy among numerous lower-energy electrons through

processes like electron–electron scattering, including

Auger transitions [69]. On the relaxation time scales around

100 fs to 1 ps, a Fermi–Dirac-like hot carrier distribution

characterized by an effective electronic temperature can

be formed, according to time-resolved studies [70], [71]

(Figure 2(c)). Subsequent relaxation with the lattice occurs

on a longer time scale via successive electron–phonon

scattering events, spanning several picoseconds, and can

be effectively described using the two-temperature model,

accounting for the electronic and lattice temperatures

[72]. Eventually, the heat is gradually dissipated to the

surroundings over a time scale ranging from 100 ps to 10 ns,

a duration determinedby the specificmaterial, nanoparticle

geometry, and thermal conductivity (Figure 2(d)).

Figure 2: Hot carrier generation and relaxation dynamics. Hot carrier relaxation regimes at different times after initial photon excitation [26].

Reproduced with permission from the Springer Nature group.
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2.4 Various theoretical approaches

In addition to the various hot carrier excitation mech-

anisms mentioned above, hot electrons in metals have

historically been investigated using multiple theoretical

approaches [41], [73], which are briefly summarized in this

section.

Ab initio electronic structure calculations have recently

becomeviable for studying phonon-assisted transitions, and

they have been employed to investigate the optical prop-

erties of indirect bandgap semiconductors [55], [56]. The

ab initio tight binding approximation has been employed

for calculating the electronic structure in thin films using

Wannier functions [41]. Electron-temperature-dependent

heat capacities and electron–phonon coupling coefficients

of plasmonic metals can also be estimated through ab initio

predictions [74]. Utilizing the ab initiometal dielectric func-

tion facilitates the calculation of the initial hot carrier dis-

tribution and the subsequent dynamics [37].

In metals, theoretical and computational studies of

laser interactions have extensively utilized the two-tempe-

rature model proposed by Anisimov et al. [75], which uses

two coupled nonlinear differential equations to describe the

electronic and lattice temperature evolution both tempo-

rally and spatially when irradiated. After the initial relax-

ation of the generated hot carriers (∼100 fs), the hot car-
riers can be characterized by an elevated effective elec-

tronic temperature, where the dynamics can be well cap-

tured through the two-temperature model. Phenomenolog-

ical estimates of electron and phonon coupling strengths,

as well as relaxation times can be derived from the two-

temperature model based on experiments [76]. By taking

into account the non-thermal electrons during the thermal-

ization process for the electrons and phonons, the extension

of the two-temperature model is capable of exploring the

contribution of non-thermal electrons in photocatalysis [77],

[78].

In those structures governed by the ballistic and dif-

fusive regimes that are either small or large when com-

pared to the carrier mean free path, Boltzmann transport

equation [79] or Monte Carlo methods [80] can be employed

to investigate the transportation of plasmonic hot carriers.

A thorough analysis of the transport of plasmonic hot car-

riers, considering all the effects such as the strong energy

dependence of the electron lifetime and secondary elec-

trons after multiple scattering events, requires treatment

using the Boltzmann equation with spatial dependence.

While such an analysis would be highly desirable for under-

standing the efficiency of plasmonic energy conversion,

it poses significant computational challenges and thus is

lacking.

2.5 Hot carrier relaxation dynamics

Previous studies have made substantial advancements in

elucidating the significance of electron–electron and elec-

tron–phonon scattering during the relaxation of hot carri-

ers [81], [82]. For example, sub-ps optical transient-reflection

method and the first principles density functional theory

have been employed to investigate the transient hot car-

rier lifetime for different metals. More complicated models

have also been used to predict the lifetime of individual

hot carriers within the independent electron picture, where

exact matrix element calculations were applied [83], [84].

Calculations of these models are very challenging, limit-

ing these approaches to either very large or very small

nanoparticles with simple formalisms for the plasmon res-

onances [85]. In this regard, Liu et al. studied the relax-

ation dynamics of the hot carriers by extending the above

model for hot carrier generation, and considering a pulsed

excitation of the plasmon and investigating the hot carrier

relaxation behavior towards thermal equilibrium [36]. To

broaden the model’s scope and encompass nanoparticles of

more realistic larger sizes, they introduce a parametriza-

tion for the electron–electron scattering process, where the

rates are considered as a function of the energy differ-

ence between scattering states. Given the electronic energy

bands of different metals, other structures can also be stud-

ied by employing this approach.

In Liu et al.’s approach, following plasmonic excitation,

hot carriers relax via electron–electron, electron–photon,

and electron–phonon scattering, with the time-dependent

occupancies of electronic states determined through a

coupled master equation. The electron–photon scatter-

ing refers to radiative decay of the plasmonic excitations

through emission of a photon, in contrast to the non-

radiative decay of plasmon-induced hot carriers through

electron–electron and electron–phonon scattering. In the

context of electrically driven plasmonic systems, the elec-

tron–photon relaxation mechanism is closely related to the

below-threshold light emission process (described in detail

in Sections 4.1 and 4.2), while the electron–electron and

electron–phonon relaxation mechanisms dominate in the

understanding of above-threshold emission (Sections 4.3

and 4.4). It is generally believed that energetic hot carri-

ers can quickly thermalize via electron–electron scattering

[86]–[88], before electron–phonon scattering becomes the

dominant relaxation channel on the time scale of picosec-

onds [89], [90], as acoustic phonons have very low ener-

gies (∼meV) and it takes many subsequent electron-phonon
collisions to change the energy of electrons. It is a rea-

sonable approximation to assume a fixed electron–phonon

relaxation timescale on the order of 1 ps for characterizing
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the electron thermalization process to the lattice and focus

mainly on the electron–electron interaction within the few

100s of fs timescale of the hot carrier relaxation dynamics

[91]. The electron–electron relaxation rate is then given

according to Fermi’s Golden rule [36],

Γee
i j→kl

= 4

𝜏

|||Mi j→kl
|||
2 1(
𝜀i + 𝜀 j − 𝜀k − 𝜀l

)2 + ℏ2𝜏−2
(2.9)

where ij→ kl denotes the initial and final state during an

electron–electron scattering event. Mij→kl is the transition

matrix element corresponding to this process, which can be

obtained by Mi j→kl = 1∕2|⟨i, j|V|k, l⟩− ⟨i, j|V|l, k⟩|. Here V
is the Yukawa potential induced by Thomas–Fermi screen-

ing of the Columb potential, V = e−kTF|r−r′|∕||r − r′|| with
kTF ≈ 1 Bohr(Ag). 𝜏 refers to the natural linewidth of the hot

carrier excitation and is chosen to be 1ps so that the plasmon

decay induced initial hot carrier generation will not further

increase after 𝜏 , which is different from hot carrier relax-

ation lifetime. This model thus can be implemented into

more realistic systems by incorporatingmatrix elements for

specific electronic band structures.

In addition to the pulsed excitation, for continuumopti-

cal excitation, it is also possible to build a model to describe

the hot carrier distribution function under steady state and

investigate the associated photoluminescence and electrolu-

minescence processes. At high plasmon excitation rate (high

photon intensity under optical excitation or electrical cur-

rent excitation), hot carriers generated by plasmon decay

can lack adequate time to return to their initial conditions

before the subsequent plasmon excitation which further

generates additional hot carriers. This process leads to a

steady state nonequilibrium hot carrier distribution within

the material. Such a distribution can be described using the

average hot carrier distribution energy,

kBThc = Ehc =
⟨∫ 𝜀d𝜀pE(t, 𝜀)∫ d𝜀pE(t, 𝜀)

⟩
(2.10)

where pE(t, 𝜀) is the population distribution of carriers at

time t after hot carrier generation and energy 𝜀 taken as the

energy difference relative to the Fermi level, 𝜀 = E − EF . Thc
can be understood as the effective hot carrier temperature

that characterizes the average hot carrier energy. Note here

that the defined effective temperature is distinct from the

Fermi temperature corresponding to the energy of the Fermi

level divided by the Boltzmann constant, where the average

energy at 0 K for the entire Fermi Sea is 3E f∕5. For sim-
plicity, consider a three-level system consisting of |g⟩, ||e1⟩
and ||e2⟩ representing the ground state, the first, and second
excited state with ||e2⟩ having higher energy, respectively.

Electrons will be first excited to ||e2⟩ then decays to ||e1⟩with
a characteristic decay time 𝜏2, which subsequently decays to

the ground state from ||e1⟩ with a characteristic decay time
𝜏1. In steady state, the populations of ||e1⟩ and ||e2⟩ can be

calculated as [36],

p2 =
e
− 𝛽

I𝜏2

1− e
− 𝛽

I𝜏2

(2.11)

p1 = r21
e
− 𝛽

I𝜏1

1− e
− 𝛽

I𝜏1

(2.12)

where 𝛽 = ℏ𝜔∕𝜎 represents the absorption ability under

electrical or optical excitation with 𝜎 being the absorption

cross section. r21 is the relative decay rate from
||e2⟩ to ||e1⟩. I

here is the intensity of the external excitation, either elec-

trically or optically, manifested through optically injected

photons or electrically injected charges. This phenomeno-

logical model can be used to explain the plasmon heating

induced hot carrier generation [92] and the giant photon

up-conversion when combining electrical and optical exci-

tation [19].

To summarize, the attempts to develop semi-classical

and quantum theoretical approaches to describe hot car-

rier processes in plasmonic nanostructures have yield great

insights which are crucial to the understanding of experi-

mental results in this field. However, quantitative models

incorporating the full details of hot carrier generation and

relaxation dynamics of realistic plasmonic materials under

different excitations still need to be established. These mod-

els could serve as important roles to address discrepancies

in plasmonic experiments and provide a predictive plat-

form for the design and optimization of plasmonic devices

in various applications.

3 Plasmonic hot carrier detection

and imaging: experimental

techniques

Experimental studies of hot carriers are challenging on both

temporal and spatial scales: the typical lifetime of hot elec-

trons and hot holes spans from the few-fs to lower ps range,

and the mean free path of hot carriers only extends to a few

10s of nm. To visualize and track the transport and dynamics

of hot carriers, experimental tools are needed with simulta-

neously high spatial and time resolutions. In this Section, we

discuss several important experimental advances that have

been made in recent years to collect, detect, and image hot

carriers.
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3.1 Nanometer-scale energy barrier for hot
carrier collection

Upon generation, hot carriers undergo rapid thermaliza-

tion, rendering their collection challenging and imped-

ing their practical utilization. Therefore, a Schottky diode,

comprised of a metal–semiconductor junction with a

Schottky barrier height, proves advantageous for captur-

ing the excited hot carriers before they dissipate their

energy. The Schottky barrier height and internal band

bending within the semiconductor facilitate the separa-

tion of hot carriers, thereby getting rid of low-energy car-

riers and obstructing the reverse diffusion of the trans-

ferred hot carriers. Park et al. fabricated a perovskite plas-

monic nanodiode consisting of MAPbI3 layers covering a

plasmonic-Au/TiO2 Schottky junction (Figure 3(a)), with ran-

domly connected Au nano islands deposited on a TiO2

layer serving as the source for hot carrier flux generation

[93]. The measured incident photon-to-electron conversion

efficiency and the short-circuit photocurrent exhibit a

remarkable enhancement in the light-to-electrical conver-

sion. Femtosecond transient absorption spectroscopy also

reveals extended lifetimes of hot electrons in plasmonic

Au structures combined with MAPbI3. A similar structure

based on p-type GaN combined with gold nanoparticles

had been investigated by DuChene et al., showing photo-

electrochemical properties that align with the injection of

hot holes from Au nanoparticles into p-GaN following plas-

mon excitation [94]. The straightforward fabrication and

integration process of Schottky diodes permits the adoption

of various materials and geometries, encompassing non-

metallic plasmonic materials [95] and three-dimensional

Schottky structures [96] (Figure 3(b)). Furthermore, the

electrical access for the Schottky diodes enables engi-

neering to harvest hot-electrons derived from plasmonic

excitations in electrically active plasmonic devices, show-

ing potential for photovoltaic applications based on hot

carriers [97].

Figure 3: Experimental techniques for hot carrier detection and imaging. (a) Illustration of the MAPbI3/Au/TiO2 nanodiode configuration. The inner

structure can be seen in the enlarged view of the active area [93]. Reproduced with permission from the American Chemical Society.

(b) A plasmon-induced hot electron can undergo ballistic transport to the Schottky barrier interface, leading to the tunneling into the semiconductor

[96]. Reproduced with permission from the American Chemical Society. (c) A pair of femtosecond pulses of variable time delay are grating coupled and

focused at an STM apex, which can be used as a ultrafast nanoimaging tool [112]. Reproduced with permission from Springer Nature Group.

(d) The hot carrier distribution induced by the propagating SPPs from the grating is mapped by the single molecule junction based on the STM probe

[119]. Reproduced with permission from American Association for the Advancement of Science. (e) A schematic illustration depicts the application of

time-resolved two-photon photoemission spectroscopy to Cu2O [122]. Reproduced with permission from Springer Nature Group.
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3.2 Electron microscopies for hot electron
imaging

To image the hot carriers generated by surface plasmon

decay, experimental techniques with abilities to character-

ize the extreme near field of surface plasmons with high

spatial resolution are needed. Leveraging the high reso-

lution of the electron microscopy system, Nelayah et al.

performed electron energy-loss spectroscopy (EELS) exper-

iments in the context of a scanning transmission electron

microscope [98]. A distinctive feature of this instrument

is its ability to simultaneously detect multiple signals for

both energy-loss spectra and the corresponding projected

mass signal at every probe position during the scanning

process. By utilizing electron beams instead of photons to

record plasmon maps within the near infrared, visible,

and ultraviolet spectrum, high spatial resolution imaging

of plasmonic modes is possible. Nicoletti et al. used a sim-

ilar electron energy-loss spectrum imaging to obtain the

three-dimensional images of the localized surface plasmons

for individual Ag nanocubes, providing experimental evi-

dence of higher-energymode hybridization [99]. Frank et al.

visualized the propagation of short-range surface plasmon

polaritons and sub femtosecond dynamics using normal-

incidence two-photon photoemission electron microscopy

for atomically flat single-crystalline gold platelets on silicon

substrates [100]. Further imaging spectroscopy that involves

electron excitation also includes scanning electron micro-

scope [101], [102], transmission electron microscope [103],

and cathodoluminescence spectroscopy [104]–[106] which

measures the far field emitted photons, showing a spatial

resolution down to sub-10 nm.

3.3 Scanning probe microscopies from
electronically coherent to hot carrier
dynamics imaging

Other powerful approaches for nanoscale or even atomic-

scale plasmon and hot carrier dynamics imaging are based

on scanning near-field microscopies. Here, a nanoscale

metal tip provides both topograpic information and nano-

scale optical field localization when operated in atomic-

force or scanning tunnelling microscope mode.

Examples include near-field enhancement and work

function differences that arise from charge distribution

of surface plasmon polaritons (SPPs) which are accessible

through the scanning near-field optical microscope [107]

and Kelvin probe force microscopy [108]–[111], with spatial

resolution as high as 2 nm.

Of particular interest is the ability to image the elec-

tronic coherent dynamics of localized surface plasmons

following femtosecond pulsed excitation. Following the ini-

tial elementary steps of the light–matter interaction, these

coherent electronic processes precede the hot electron gen-

eration. This has been enabled in the implementation of

time-resolved nonlinear second-harmonic generation (SHG)

and four-wave mixing (FWM) with scanning probe imple-

mentation for simultaneous few-fs temporal andnanometer

spatial resolution. In order to provide both nanoscale reso-

lution and contrast, Kravtsov et al. used adiabatic nanofo-

cusing in combination with pulse shaping and control to

achieve a femtosecond light source at the apex of the scan-

ning probe tip [112]. This allowed for spatially resolved

imaging of the few-fs coherent dynamics of plasmonic

nanostructures, resolving heterogeneity and coupling, with

the dynamics controlled by intrinsic Drude damping and

extrinsic radiative decay (Figure 3(c)).

Imaging and probing the subsequent hot carrier gener-

ation during the decay of surface plasmons can be achieved

both in the spectral and temporal domain. Examples include

the quantification of the electron temperature and relax-

ation rate from the analysis and power dependence of inco-

herent hot electron photoluminescence and FWMefficiency,

respectively [113]. As discussed above, the carrier relaxation

is a combination of different, in part competing, elemen-

tary processes of electron–electron and electron-phonon

scattering with both affected by the type of metal as well

as finite-size effects as dimensions shrink to the atomic

scale. Through active modification of the different relax-

ation pathways, additional information can be gained aid-

ing in understanding their relative contributions. Examples

include the study of the decay of localized surface plas-

mons combining AFM-based near-field imaging with scan-

ning tunnelingmicroscopy (STM) based techniques coupling

a tunneling pathway to the SPP excitation. In the example

of a LSPR excited in a Au nanotip in close proximity to a

mirror substrate, the transition of classical electromagnetic

to quantumcoupling could be demonstratedwith associated

changes in spectral position, LSPR lifetime, and amplitude

[114]. This work demonstrated the exceptionally short few-

fs radiative lifetime of LSPRs, highlighting their distinct

light emission behavior compared to atomic or molecular

emission.

STM itself can be extended into the time domain

when combined with THz spectroscopy. Lock et al. pre-

sented findings from variable temperature and voltage

measurements that explore the nonlocal manipulation of

adsorbed molecules on the Si surface using a STM, show-

ing that a two-dimensional diffusive model can be used to

explain the hot electron dynamics on the 10 nm scale [115].

Sabanés et al. shown that ultrafast electronic heating and
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transient thermionic tunneling can be investigated in a

metallic photoexcited tunnel junction. Phase-resolved sam-

pling of broadband THz pulses allows the real time mon-

itoring of the competition between ultrafast thermal and

nonthermal photocurrents, therefore revealing the domi-

nant role of nonthermal electron distribution and delayed

tunneling of thermalized hot electron in the in the hot elec-

tron tunneling from a laser excited STM tip [116]. Another

technique which is referred to as a scanning noise micro-

scope can also be used to investigate the ultrafast dynamics

of the nonlocal hot carriers. Weng et al. realized electronic

nano thermometry by measuring the current shot noise

linked to the ultrafast hot electron dynamics. By using a

non-contact W tip, they mapped the hot carrier distribution

in real space before carriers thermalized to the lattice by

probing the electrical shot noise in the extreme near field

[117]. Similarly, a Schottky diode-terminated tapered tip of

nanoscale dimensions is employed for adiabatic focusing of

surface plasmons with a plasmon-to-hot-carrier conversion

efficiency exceeding 30 %, showing the potential for a novel

nanoscopy technique [118]. More recently, Reddy et al. per-

formed hot carrier transport measurements through single-

molecule junctions (Figure 3(d)), realized through a single

molecule sandwiched between an ultrathin plasmonic Au

film and a scanning probe tip [119]. The gold thin film serves

as a source supporting propagation surface plasmons, and

the single molecule junction works as an energy filter

to determine the quantification of plasmonic hot carrier

energy distribution at steady state. This work shows that

the Landau damping is the dominant hot carrier generation

mechanism in plasmonic nanostructures with strong field

confinement effects.

3.4 Photoemission spectroscopy

The fundamental timescale associated with the excitation

of electronic states in metals is very short, typically on

the order of a few femtoseconds (fs). Therefore, the time-

resolved two-photon photoemission [120], [121] provides

a possible way in probing the short lifetime (Figure 3(e))

[122]. In a time-resolved two-photon photoemission exper-

iment, an optically induced electronic excitation’s lifetime

is assessed in the time domain by detecting the signal

decrease based on the time delay between a pump and a

probe laser pulse. The ultrafast dynamics of excited car-

riers is probed at low excitation density and pump-pulse

intensities lies in the few μJ∕cm2 range, where the scat-

tering between excited electron and the lattice heat up

effect is negligible, so that the photoemission is limited to

the sequential absorption of two photons. Following the

initial time-resolved studies on image potential states on

Ag(100) [123], further advancements have been achieved

in understanding electron localization and solvation at

interfaces [124]–[126] and adsorbate-surface hybrid systems

[127], [128]. There are also parallel works for investigating

the carrier dynamics in semiconductors using time-resolved

two-photon photoemission such as GaAs [129] and TiO2(110)

[130]. The Heisenberg equations of motion are utilized to

model the experimental data, offering qualitative insights

into the thermalization and cooling processes of hot elec-

trons [131]. In contrast to studies of excited electronic states

in metals, the majority of time-resolved two-photon pho-

toemission experiments conducted on semiconductors con-

centrate on ensemble dynamics following intense optical

excitation [132], [133].

Conversely, in time-resolved photoelectron

spectroscopy [134], [135], a higher intensity pump-pulse

is employed (mJ∕cm2), resulting in an increased density

of the hot carriers that lead to demagnetization [136],

desorption of absorbed molecules [137] and a notable rise

in lattice temperature. After the mid-2000s, time-resolved

photoelectron spectroscopy has been routinely used for

probing non equilibrium dynamics of solids [138]–[141].

These studies show a significant level of maturity in

this field. However, the interpretation of experimental

results has been a long-standing debate in the past,

where a specific challenge involves the intricate task of

distinguishing between the various mechanisms implicated

in the generation and decay of hot electrons.

4 Electrically driven light emission

in molecular scale plasmonic

nanostructures

Light emission from electrically biased tunnel junctions has

been a well-known phenomenon since the notable work

in the 1970s by Lambe and McCarthy [18] (Figure 4(a)).

The underlying mechanism is that LSPRs adjacent to the

atomic sized tunneling nanostructure can be excited inelas-

tically by the tunneling electrons and subsequently expe-

riences rapid radiative decay into far field photon emis-

sion. One key feature of inelastic tunneling induced light

emission is its broadband spectrum and at photon ener-

gies ℏ𝜔 less than the nominal single electron energy cor-

responding to the applied voltage (i.e., ℏ𝜔 ≤ eV, also

called below-threshold light emission). Interestingly, sev-

eral pioneering works [142]–[147] performed by scanning
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Figure 4: Below-threshold light emission in plasmonic nanostructures due to inelastic electron tunneling and thermally broadening induced overbias

emission (a) light emission spectra from electrically biased Au and Ag tunnel junction at 77 K, an energy cutoff equal to the applied bias can be clearly

seen [18]. (b) Light emission spectra map from a biased STM junction when varying the tip surface distance [147]. (c) An electron can gain excess

energy from the thermal broadening of the Fermi–Dirac distribution, creating a higher energy LSP which leads to the overbias emission [148].

(a)–(c) are reproduced with permission from the American Physical Society. (d) Electronic temperatures obtained from fitting the tail at the energy

cutoff position of the spectral data, plotted together with the junction temperature in the right panel [160]. Reproduced with permission from

the Springer Nature Group.

tunneling microscopy and nanofabricated tunnel junc-

tions have reported the observation of above-threshold

light emission, i.e., emission of photons having energies

extending to double or triple of the single electron level

in contradiction with the simple single electron picture

in previous studies (Figure 4(b)). These observations have

invoked significant interest in understanding the funda-

mental energy conversion physical mechanisms under dif-

ferent experimental conditions. From the perspective of

practical applications, such emission can potentially pro-

vide novel miniaturized photoemitters controlled by purely

electrical means and could be engineered down to the

atomic scale. In this section, we will review previous works

which will be sorted by their respective physical mecha-

nisms, with the focus mainly on a recently proposed electri-

cally driven hot carrier-based process [148]. Potential appli-

cations regarding the molecular scale electroluminescence

and quantum light sources based on electrically driven plas-

monic tunnel junctions will also be discussed later in this

section.

4.1 Basics of inelastic electron tunneling
and below-threshold light emission:
low current limit and finite temperature
effects

A tunnel junction is an intrinsically atomic and molecu-

lar scale nanostructure, and when it is biased electrically,

charges flow via quantum tunneling through the potential

barrier. In this process, most electrons elastically transport

through the junction without losing their energy. A small

fraction (<10 %) of the tunneling electrons, undergo inelas-

tically tunneling and lose energy to excite other excitations

in the junction such as localized surface plasmons, molecu-

lar vibrations, or phonons. In particular, LSPR’s can subse-

quently decay radiatively to generate photons. In the pres-

ence of molecules in the tunnel junction, inelastic electrons

can interact with the vibrational modes in the molecules,

pumping the local vibrations to higher energy states, lead-

ing to potential molecular electroluminescence. In theory,

such inelastic process and subsequent photon conversion
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can be described as a Purcell effect controlled by the near-

field local electromagnetic density of states in the tunneling

junction. In experiment, transduction of mid-infrared (MIR)

light from the molecular vibrations is possible to produce

upconverted signal as enhanced visible luminescence, thus

allowing the single-molecule MIR detection [149].

The emission spectrum from these electrically driven

tunnel junctions and ultra-thin plasmonic gaps is deter-

mined in combination with the detailed atomic scale mor-

phology and the detailed condition of inelastic electron

tunneling. The former acts as a plasmonic nanoantenna

that imprints the surface plasmon mode into the spectrum,

which yields,

U
(
ℏ𝜔,Vb

)
= 𝜌

(
ℏ𝜔

)
⋅ Siet

(
ℏ𝜔,Vb

)
(4.1)

where U
(
ℏ𝜔,Vb

)
is the light emission spectrum that is

dependent on the photon energy ℏ𝜔 and the electrical bias

Vb. Siet is the function related to the inelastic electron tun-

neling process which we will discuss later.

We first examine the zero temperature (T = 0 K) and

low current limit of the light emission from inelastic tun-

neling electrons. The tunneling behavior of electrons leads

to a quantum shot noise, with the frequency cut off set by

the applied bias and temperature [150]. The current fluctu-

ation can transfer energy out from a biased quantum point

contact [151] and it has been shown by Gustavsson et al. that

the process can be mediated by photons at high-frequency

current fluctuations [152]. Therefore, by driving the current

noise into the optical frequency regime, far field emission in

the visible can be observed [153]. At zero temperature, Siet in

Eq. (4.1) can be expressed by current noise spectral intensity

[151], [154]–[156],
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∑
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)[
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+W
(
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∑
i
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i
W

(
ℏ𝜔

)
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where G0 is the conductance quantum G0 = 2e2∕h and kB is
the Boltzmann constant. Ti is the transmission probability

of the ith conducting channelwith the total junction conduc-

tance given byG = G0
∑

i Ti.W(𝜀) is a function expressed by

W(𝜀) = 𝜀
(
e𝜀∕kBT − 1

)−1
. If the conductance and the tunnel-

ing current are both very small, the higher order Ti term is

negligible and the Siet
(
ℏ𝜔,Vb

)
can be simplified as,

Siet
(
ℏ𝜔,Vb

)
= G0

∑
i

Ti
(
1− Ti

)
W

(
ℏ𝜔− eVb

)
(4.3)

with the noise spectra cutoff frequency 𝜔cutoff set by

𝜔cutoff = eVb∕ℏ. Therefore, in inelastic tunneling induced

light emission, the upper limit of the emission is bounded

by the driven voltage eVb.

This below-threshold light emission is often observed

in STM based tunnel junctions. Sparks and Rutledge studied

a series of vertical Au-oxide-Al biased light emitting tunnel

junctions with ranging oxide thickness, showing the cutoff

emission scattering off the junction slow mode as the dom-

inant mode [157]. Schull et al. showed that in an ultrahigh

vacuum at 6.8 K, an STM tunnel junction formed by Au(111)

surface and chemically etched W tips can emit below-

threshold light (Figure 1(c)) when the tip sample distance is

well above single atom contact [147]. In van derWaals quan-

tum tunneling devices realized through 2D material het-

erostructures such as gold, hexagonal boron nitride (hBN)

and graphene, inelastic electron tunneling can also result in

photon emissionwith photon energy below the applied bias.

A resonant enhanced photon emission rate can be further

achieved by coupling these heterostructures with designed

optical nanocube antennas [158].

At elevated temperatures, more pronounced current

fluctuation can break the strict energy limit in the above-

mentioned below-threshold light emission (Figure 4(c)).

Kalathingal et al. performed a scaling analysis to the mea-

sured emission spectrum from a STM junction by incor-

porating a theoretical model that takes into account the

finite temperature contribution during the quantum trans-

port process [159] (Figure 4(d)). Photon emission at energies

higher than the quantum cutoff (eVb) can be well explained

by the junction conductance variation with Vb. Similar phe-

nomena had also been observed for photon emissions from

Au/Au and PtIr/Au STM junctions under ambient conditions,

where the high energy cutoff breaking the quantum rela-

tionship ℏ𝜔cutoff = eVb was attributed to local increase of

the temperature of the sample surface (surface-enhanced

phenomena) [144]. Such a tunnelling electroluminescence

emission edge can be utilized as a thermometer to accu-

ratelymeasure the electronic temperature through the spec-

tral decay shape beyond eVb, yielding a 30 K temperature

difference between electron and lattice in a STM Ag/Au

junction with tunneling current larger than 15 nA [160].

Furthermore, a finite lifetime of the excited states derived

from time-energy uncertainty was used to correct the spec-

tra when the thermal broadening of the Fermi distribution

cannot be used alone to account for the spectra exceeding

the electrical energy [161].

4.2 Multielectron coherent tunneling
process and above-threshold light
emission

When increasing the current, higher order tunneling terms

inEq. (4.2)must be considered, and the emission spectrum is

no longer strictly limited by the voltage bias defined energy
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threshold. The probability that two ormore electrons coher-

ently tunnel through the junction is no longer negligible

compared to the single inelastic tunneling events, leading to

the emission of the so called “2e”, “3e” photons etc. To date

there are several theoretical models developed to account

for the multielectron coherent tunneling, with variations in

the detailed picture of tunneling process.

Hoffmann and Berndt proposed an Auger-like process

where two electrons exchange their energy via Coulomb

interaction during their simultaneous tunneling, which is

called hot-electron–hole cascademechanism [143]. The hole

cascading deep below the Fermi sea provides the excess

energy to the hot electrons, which then subsequently excites

the LSPR, leading to 2e emission (Figure 5(a)) [147]. The

same group performed a more detailed study showing the

transition from 1e to 2e light emission by altering the STM

junction conductance close to the single atom contact. They

found that the power law dependence of 1e, 2e light, and

the tunneling current on logarithmic scale was drastically

different (Figure 5(b)) [162]. Later, they determined the hot

electrondistribution at the tip area based on the shape of the

emission spectra, yielding a deviation from the Fermi–Dirac

function with a high-energy tail above 2000 K. An alterna-

tive process was proposed in which an injection of a hot

electron results in a cascade which produces a hot hole

to recombine with an inelastically tunneled electron and

generate 2e light (Figure 5(c)) [162].

Xu et al. proposed a model for the above-threshold

light emission in analogy to the treatment of the electro-

magnetic environment in a mesoscopic circuit (Figure 5(d)).

The 2e process and the subsequent scattering with the

localized plasmon mode is modelled by an effective LC

circuit, with the above-threshold light emission origi-

nated from non-Gaussian part of the current noise [163].

Later, they generalized this model to finite tempera-

ture, where thermal smearing cannot be ignored in

emission spectra [164]. At almost the same time, Kaas-

bjerg and Nitzan developed a theory for the above-

threshold light emission by calculating higher order of

the quantum noise and link it with plasmon induced

electron–electron interaction [165], as can be seen in

Figure 5(e).

More recently, Peters et al. performed a measurement

of the light emission from an STM based junction structure

which reveal a kink-like feature atℏ𝜔 = eVb and 2eVb, indi-

cating the emission of 1e, 2e, and 3e light from the quantized

multielectron tunneling process [146] (Figure 6(a)). By com-

bining the above mentioned two models, they proposed a

model for multielectron coherent scattering with the local

plasmon resonance at low temperature, which can under-

standmultielectron tunneling to arbitrarily high order. In 2e

case, the emission rate can be calculated by the convolution

between 𝜌
(
ℏ𝜔

)
and Siet

(
ℏ𝜔,Vb

)
to the second order, which

yields,

Figure 5: Multielectron coherent tunneling induced above-threshold light emission (a) illustration of the hot-hole mechanism producing the 2e light

emission [147]. (b) A hot hole created by elastic tunneling below the Fermi level can go through a cascade and produce a high energy electron above

Fermi level, which leads to the overbias photon through inelastic tunneling [162]. (c) A hot electron can tunnel into the sample, where a subsequent

cascade process generates hot holes. The electron–hole recombination gives rise to the 2e light emission [162]. (d) The effective electromagnetic

circuit model describing the light emission process: SPP damping and photon emission is mimicked through a LRC circuit [163]. (e) One and two

electron coherent tunneling for the 1e and 2e light emission [165]. All figures are reproduced with permission from the American Physical Society.
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Figure 6: Experimental results for multielectron tunneling and blackbody-like light emission. (a) Calculated light emission spectra of multielectron

cotunneling processes at T = 0 and 500 K. Contributions from 1e, 2e, and 3e processes are indicated by dashed, dash-dotted, and dotted lines,

respectively. The sharp turns occurring at 1e, 2e, and 3e position are smeared out at elevated temperatures [146]. Reproduced with permission from

the American Physical Society. (b) Traces of measured photovoltage (proportional to the emission intensity) versus the STM junction conductance for

both below- and above-threshold emission [166]. Reproduced with permission from the American Chemical Society. (c) Emission spectra at different

biases from a planar electromigrated junction, with giant overbias emission [145]. Reproduced with permission from the American Chemical Society.

(d) Emission spectra from a planar graphene tunnel contact, which resemble the blackbody radiation spectra (dashed line) but with an added spectral

weight [170]. Reproduced with permission from the American Physical Society.

U2e

(
ℏ𝜔,Vb

)
= G2

0
𝜌
(
ℏ𝜔

)
∫

ℏ𝜔

0

𝜌(E)Siet

×
(
E,Vb

)
Siet

(
ℏ𝜔− E,Vb

)
dE (4.4)

The 3e and higher order multielectron process can be

similarly calculated by expanding the 2e case. Finally, the

total emission spectrum is the summation over all contribut-

ing terms,

Utotal

(
ℏ𝜔,Vb

)
=

∑
i

Uie

(
ℏ𝜔,Vb

)
(4.5)

The above model allows a normalization analysis

method by dividing the measured spectra by a reference

spectrum Uref obtained at a significantly elevated bias V ref ,

which will result in abrupt slope change at neVb position

with n = 1, 2, 3…. Since the normalization removes the

energy dependent plasmonic resonance and the reference

spectrum can be treated solely as 1e photon emission given

the high V ref compared to other spectrum, each reduced

spectrawill only contain their respective ne (n> 1) emission

variance, leading to the kink occurs at ℏ𝜔 = neVb.

Fung and Venkataraman generalized this model to

finite temperature by adjusting the limit in the calculation

of the integral expression and adding a Heaviside function

[166] (Figure 6(b)). Utilizing STM to repeatedly forming and

breaking the atom contact between the tip and surface [167],

they studied light emission and its dependence on the con-

ductance based on a few thousands of junctions, yielding a

super linear dependence of the overbias emission which is

consistentwith themultielectron process. The power law on

the overbias emission further implies an electronic temper-

ature on the order of 200 K, which rules out the blackbody-

induced above-threshold emission which will be discussed

in the next section.

4.3 Blackbody-like hot carrier above-
threshold emission

To explain the observed above-threshold light emission,

finite temperature effect andmultielectron coherent tunnel-

ing have been proposed and described in Sections 4.1 and

4.2. Anothermechanism that is drastically different from the

abovemechanisms involves the ultrahighworking tempera-

ture of the hot electron “gas” in the tunneling nanostructure,

which could reach a few thousands of K. It was proposed
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that, when the tunneling current is sufficiently high, the

electrically pumped charges cannot completely release their

energy to the lattice before the next electron arrives. Under

this scenario, rather than directly exciting a LSPR within

the junction, those hot electrons can form a quasi-steady

state distribution in the receiving electrode which can be

described by an effective electronic temperature Te. Those

hot electron distribution can radiatively emit a blackbody

emission to the far field that energetically exceeds the elec-

trical driven bias.

Downes et al. observed a blackbody-like light emis-

sion spectrum from a biased tunnel junction in 2002 [142],

where they attributed the emission to the spontaneous

photon emission from high temperatures electrons. Strong

electronic heating is speculated through the weak elec-

tron–phonon interaction due to the strong suppression of

bulk phonons in the nanoconstriction. When the character-

istic size of the nanostructures is shorter than the length

scales of electron-phonon coupling, the cooling mechanism

through which the electrons lose their energy will mainly

be limited to the electron collision with the interfaces and

boundaries in the nanostructures. Fedorovich et al. devel-

oped a model for electron cooling inside a nanoparticle and

related the electronic temperature in the nanoparticle to the

injected electrical power by a formula [168],

(
kBTe

)2 − (
kBTl

)2 = 𝛼IVb (4.6)

where Te is the effective electronic temperature and Tl is

the lattice temperature. 𝛼 is a physical constant and is deter-

mined by the size of the nanoparticle, Fermi energy and the

mass of the atom.When the effective electronic temperature

is much higher than the lattice temperature, this formula is

reduced to kBTe ∼
√
𝛼IVb. Such temperature dependence is

confirmed by Downes et al., giving an estimated electronic

effective temperature around 1000–2000 K.

Later, Buret et al. revisited this idea and performed

light emission measurements from nanofabricated planar

electromigrated tunnel junctions [145] (Figure 6(c)). The

giant above-threshold photon emission spectra at high con-

ductance regime canbe approximated by the blackbody-like

hot carrier light emission model,

U
(
ℏ𝜔,Vb

)
= 𝜌

(
ℏ𝜔

) ℏ𝜔

eℏ𝜔∕kBTe − 1
(4.7)

The effective electronic temperature dependence on

the electrical condition (Eq. (4.2)) is also confirmed by inves-

tigating the power dependence between the photon inten-

sity at a fixed wavelength and the electrical injected power

on the logarithmic scale. They further measured the emis-

sion diagram through the conjugate Fourier plane, showing

that the radiation pattern is governed by the symmetry

of the nanogap. Similarly, Malinowski et al. examined the

infrared light emission from nano hot electron gas from a

biased gold atomic point contacts fabricated via mechan-

ically controlled break junction [169]. The emission spec-

tra in the infrared range (0.2 eV–1.2 eV) showed a good

agreement with the emission of a hot electron gas with an

effective temperature exceeding the melting point of the

gold. Similar results have also been reported in planar tun-

nel junction made of epitaxial graphene on silicon carbide

[170] (Figure 6(d)).

4.4 Above-threshold emission from
plasmonic hot carrier recombination

The studies on above-threshold light emission since its first

observation in 2002 [142] and the subsequent experimental

and theoretical work have led to great insights, while con-

sensus on the physical origin of this peculiar phenomenon

has not been reached. Further systematic material studies

based on different plasmonic structures are required to

clarify the role of LSPR and the effect of different electrical

conditions (current, conductance, etc.). In a series of studies

by Cui and Zhu et al. [19], [92], [148], [171], [172], they have

proposed a new physical mechanism that could potentially

incorporate the contribution of both multielectron tunnel-

ing process and plasmonic hot carriers, depending on the

current condition and the strength of plasmonic resonances

in the tunnel junction structure, reconciling the conflict

between previous experimental results and theories.

Above-threshold light emission involving plasmon-

induced hot electron can be understand as follows: The

LSPR excited by inelastic tunneling electrons first undergo a

nonradiative damping process, which excites hot electrons

and hot holes above and below the Fermi surface. Under the

circumstances that the rate of tunneling electrons outpaces

the hot carrier relaxation rate, a steady state hot carrier

distribution can sustain, with its specific form determined

by the time interval between successive electron tunneling

and the hot carrier lifetime. Those hot carrier pairs will

then radiatively decay through plasmon-mediated recombi-

nation, like recombination of electron–hole pairs in semi-

conductors, leading to a broadband photon emission which

can readily exceed the voltage bias defined energy threshold

(Figure 7(a)). Although the steady state hot carrier distribu-

tion is identical in functional form with the blackbody-like

hot carrier mentioned above, this is reached by completely

different mechanisms in terms of the associated dissipation

process. In the previous case, electronic heating is realized

through Joule heating by the injected charges, while in the

latter scenario, heating is due to the nonradiative damp-

ing of the plasmons. Such plasmon mediated heating will
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Figure 7: Experimental results for above-threshold light emission due to plasmonic hot carrier recombination. (a) Schematics of above-threshold light

emission from plasmon induced hot carrier recombination [92]. (b) Measured light emission spectra under different biases from a planar Au

electromigrated junction [92]. (c) Normalization analysis for the data in (b) to extract electron effective temperature through Boltzmann fitting [92].

(d)–(f) Extracted effective temperature from the light emission spectra versus the electrical condition (bias or current). (d) From a blackbody-like hot

carrier induced overbias emission [145]. (e) From plasmon induced hot carrier light emission [92]. (f) Similar to (e) but from a vertical

metal-semiconductor tunnel junction [174]. All figures are reproduced with permission from the American Chemical Society.

exhibit a different dependence of the electronic effective

temperature (Figure 7(b) and (c)), as discussed below.

Whenaplasmonwith aquantized energyℏ𝜔LSP excited

by electrical bias Vb is damped via Landau dephasing into

the hot electron–hole pair, they are centered on Fermi level

EF and extends to EF ± eVb, with a relaxation rate inversely

proportional to the relative energy from the Fermi energy

[36]. The effective temperature Teff , which corresponds to

the average energy per carrier of the hot carriers in the

steady state distribution, can be approximated as [92],

kBTeff ∝ 𝛽eVb (4.8)

where 𝛽 is a material dependent parameter that relates to

the plasmonic properties of the junction material. Another

model which treats hot carriers formed within the elec-

tronic system as a viscous fluid and described the dynamics

in the language of viscosity can yields a same linear voltage

dependence of the effective temperature [173].

Such voltage dependence is experimentally confirmed

by Cui et al. who statistically investigated the light emis-

sion from planar electromigrated tunnel junctions made

from different plasmonic materials [92]. Teff inferred from

their normalization analysis showa linear relationshipwith

the applied voltage, with less plasmonic loss material giv-

ing higher 𝛽 (Figure 7(d–f)). The photon yield per elec-

tron differs by 4 orders of magnitude from pure Au to

Pd/Cr junctions, suggesting that a plasmon-mediated heat-

ing mechanism is crucial in understanding the striking

material dependence. Based on the same plasmonic hot

carrier recombinationmodel, Cui et al. [19] have also exper-

imentally revealed that, under combined electro-optical

excitation, the hot carrier effective temperature can rise

drastically through the optically driven additional incoher-

ent temperature T0 in the electrode, resulting in a giant

increase (>1000×) in upconverted photon emission. Such

hot electron based light emission junction demonstrates a

broadband plasmonic switchable light source that is sensi-

tive to the concurrent electrical and optical excitations.

Similar plasmon-mediated heating can be found in

a vertical tunnel junction which has a metal–insulator–

semiconductor structure [174]. A clear plasmon resonance

is defined in such a structure through depositing a periodic
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array of gold bars with specifically designed length and

width. Light emission can be seen from the structure when

the electron inelastically tunnels through the barrier under

bias. Effective electronic temperature Teff inferred from the

emission spectra scales linearly with voltage, suggesting the

electron heating is realized through the nonradiative damp-

ing of plasmons.

More recently, Zhu et al. performed light emission

measurements on planar electromigrated tunnel junctions

made from pure Al, showing the crossover between the

multielectron inelastic tunneling to plasmon-mediated hot

carrier induced overbias photon emission when progres-

sively altering the tunneling conductance (tunnel gap dis-

tance) [171] (Figure 8(a)). The good malleable property com-

bined with a larger damping of the plasmon make Al

stand out as a good candidate for probing different above-

threshold mechanisms, as it is easier to controllably elec-

tromigrate an Al junction to larger resistances and the hot

carrier generation channel can be potentially suppressed.

Their experimental results (Figure 8(b–d)) suggest that

hot-carrier-induced emission is most effective in the sys-

tems where there are strong plasmonic resonances and the

electron interband scattering favoring nonradiative decay

of local surface plasmons. This work could potentially solve

the long-standing debate for the physical origin of above-

threshold light emission.

4.5 Optoelectronic applications based
on electrically driven plasmonic
tunnel junctions

The below-threshold light emission associatedwith inelastic

electron tunneling has intrinsically poor efficiency as only a

minority of the tunneling electrons participate in the inelas-

tic tunneling process.

While below-threshold light emission induced by

inelastic tunneling electrons can be understood by optical

frequency current fluctuation mediated by the local plas-

monic resonances, the efficiency of light emission is exceed-

ing low, approximately one photon output per 104–106

electrons injected into the tunnel junction. Interest has

been focused on improving the photon emission yield

by engineering the plasmonic excitations of the metallic

Figure 8: Observed emission mechanism crossover in Al tunneling junctions from multielectron tunneling to hot carrier recombination [171].

(a) Schematics for various light emission mechanisms and the how they evolve as the electromigration process continues. (b) Logarithmic plot of the

total noise spectrum in the multielectron coherent tunneling model at different electronic temperatures. (c) Calculated spectra based on multielectron

theory (dotted lines) plotted together with the experimental data. (d) Calculated spectra based on hot carrier theory, which shows a better match to

the experimental data. All figures are reproduced with permission from the American Chemical Society.
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nanostructures. Qian et al. showed that enhanced light

emission from inelastic tunneling can be achieved through

geometry engineering and using single-crystalline material.

After optimizing the local photonic density of states and

the radiation efficiency, the light emission efficiency can

reached up to 2 % at near-infrared regime [175], close to

the theoretically predicted upper limit of 10 % [176]. In this

setup, photons are emitted from an electronically biased

junction created by two Ag nanocrystals (Figure 9(a) and

(b)). Kern et al. fabricated in-plane antenna gap with a

similar structure, showing that connecting to a precisely

defined radiative antenna mode enhances light emission

efficiency by two orders of magnitude and offers com-

plete control over the characteristics of the emitted photons

[177] (Figure 9(e)). Given the easy integration of the opti-

cal antenna and tunneling device, it becomes straightfor-

ward to introduce supplementary functionalities like gate

electrodes, gap adjustments, and other passive or active

optoelectronic elements. The same group has also further

generalized their designs and demonstrated electrically-

driven Yagi–Uda antennas featuring wavelength-scale foot-

prints and very high directionality [178] (Figure 9(f)). This

ensures the achievement of highly directional light emission

via inelastic tunneling. Du et al. used Au/AlOx/Al junctions

Figure 9: On-chip optoelectronic applications utilizing plasmon-enhanced light emission in molecular scale plasmonic nanostructures. (a) Diagram

of a tunnel junction formed by two edge-to-edge Ag single-crystal cubes, with extended electrodes for electrical access [175]. (b) TEM image of the

junction structure shown in (a). (c) A vertical tunnel junction structure formed by a few layers of hBN sandwiched between patterned Au electrodes

[180]. (d) Images of four light emitting device shown in (c) at a constant applied bias 2.5 V. (e) SEM image of a lateral tunnel junction structure

consisting of an electrically connected single-crystalline Au nanoantenna sandwiching an Au nanoparticle [177]. (f) SEM image of a Yagi–Uda antenna

based on the junction shown in (e), which contains reflector, feed element and three directors [178]. (a)–(f) Are reproduced with permission from

the Springer Nature Group. (g) Schematic of a twisted Gr/hBN/Gr tunnel junction for electroluminescence. Different spectra from various twisted

angle are shown in the bottom left. A false color CCD image of the uniform light emitting area is shown in the bottom right [181]. Reproduced with

permission from the American Chemical Society.
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interconnected with plasmonic waveguides to create an

electronic–plasmonic transducer [179], which allows effi-

cient on-chip generation,manipulation, and readout of plas-

mons. Their junctions initiate plasmonic excitations within

tunneling timescales, exhibiting spectral frequencies rang-

ing from 300 to 350 THz.

Another advantage of optoelectronic devices based

on inelastic electron tunneling is their inherent high

speed. Unlike methods using intermediate excitations like

electron–hole pairs, the response time of these devices

is constrained solely by the electron tunneling time

which is at femtosecond scale. Parzefall et al. fabricated

a metal–insulator–metal tunnel junction with a vertical

structure consisting of the top and bottom nanostructured

Au electrodes, with exfoliated hBN in between as the insu-

lator layer [180] (Figure 9(c) and (d)). Their device displays

geometrically adjustable, polarization-sensitive resonances

that can be modulated at frequencies up to 1 GHz. The

same group had also used controlled stacking of graphene

layers as a substitute for the top and bottom Au electrode

[181] (Figure 9(g)). Photon emission occurs independent of

the crystallographic alignment between the graphene elec-

trodes. Devices with nearly aligned configurations display

notable resonant attributes in both their optical and elec-

trical characteristics, which diminish as twist angles devi-

ate. These graphene/hBN/graphene tunnel junctions have

the potential to serve as promising candidates for on-chip

optoelectronics.

On-chip tunnel junctions have also opened the possi-

bility of large-scale integration in array designs. By placing

a single nanoparticle on the surface of a graphene tunnel

junction, Namgung et al. shown that it is possible to electri-

cally stimulate the plasmon of the nanoparticle without the

need to provide individual electrical links to each nanopar-

ticle [182]. This method enables the creation of plasmonic

light sources using a scalable manufacturing process. The

emission wavelength can be adjusted across a broad spec-

trum by tuning the nanoparticle and gap dimensions. A

tunnel junction device with a similar structure based on

a metal–dielectric–semiconductor heterostructure can be

directly excited without additional optical components as a

light source and shows the capability to detect the binding

of small biomolecules such as antibodies [183]. Through the

combination of internal field enhancement and an external

matching grating, Göktaş et al. showed a 10-fold enhance-

ment in internal efficiency and a 40-fold enhancement

in overall quantum efficiency, leading to a novel class of

solid-state light sources [184]. Kim et al. has also employed

array designs of graphene nanogaps bridged by oxygen or

nitrogen atoms,with the graphenenanogap formed through

high-bias breakdown in a vacuum [185].

Qian et al. demonstrated that the introduction of a

TiN/Al2O3 metallic quantum well (MQW) heterostructure

enables the generation of resonant inelastic electrons tun-

neling,which could greatly enhance the efficiency of surface

plasmon sources triggered through inelastic tunneling to

close to unity [186]. This approach ushers in a newera of sur-

face plasmon sources, not only enhancing the capabilities of

high-performance plasmonic circuitry but also extending its

utility to advanced optical sensing applications. In a simi-

lar vertically stacked tunnel junction structure, Zhang et al.

shown that emission spectrum can be tuned by varying the

width of the antenna. They showed an electron-to-photon

conversion efficiency improvement exceeding three orders

of magnitude when compared to a planar junction [187].

Wide-rangewavelength tunability and broadband unidirec-

tional emission are also achievable through a thiolmolecule

covered Ag nanowire (NW) cross-placed on a Au nanostrip

[188] and a tunneling two-wire nanoantenna in the configu-

ration of V shape on a transparent substrate [189].

Photon emission processes originating from electri-

cally driven tunnel junctions stem from the interaction of

stochastic fluctuations with the plasmonic modes of the

surrounding environment. This interaction results in poten-

tial deviations from Poissonian statistics in the temporal

correlations of the emitted photon sequence. Leon et al.

performed time correlated photon counting measurements

from a generic tip-surface metal junction [190]. When the

junction is operated under a DC bias, individual tunneling

events result in a sequence of visible plasmonic-origin pho-

tons, with a superbunching index 17 of this photon stream

measured within the constraints of a 53-ps instrumental

resolution. This discovery holds significant implications for

quantum optics and cryptography, potentially leading to

a robust design of on-chip entangled photon sources with

atomic scale footprint. Malchow et al. had performed the a

similar time correlation measurements on gold and silver

nanostructures excited by laser pulses, showing signatures

of photon bunching regardless of the geometry of the nano-

object or the electronic band structure [191]. The correla-

tion of photons released within a picosecond timeframe by

nanoscale nonlinear sources of broadband radiation holds

the potential for creating novel functionalities for temporal

and spatial data processing.
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5 Plexcitonic coupling mediated

through hot carriers and

electronically driven plasmonics

5.1 Strong coupling phenomena: classical,
semi-classical, and full quantummodel

A fundamental aspect of cavity quantum electrodynamics

involves the interaction between cavity photons and quan-

tumemitters [192]. The interaction strength that leads to this

hybrid system is determined by the Rabi frequency, which

describes the rate of energy exchange between quantum

emitters and cavity photons. “Weak coupling” refers to the

situation when the Rabi frequency is smaller than the decay

rate of either the cavity or the quantum emitter, which has

led to various applications primarily centered on enhancing

the emission of quantum emitters [193], [194]. In contrast,

strong coupling emerges when the Rabi frequency exceeds

the decay rate of the combined average of the cavity and

the quantum emitter. In this case, the energy levels of the

combined system that govern emission will be modified

accordingly and are eigenstates of a new hybrid system.

They exhibit spectral Rabi splitting or correspondingly oscil-

lations in time domain [195], [196]. Numerous applications

have been achieved through strong-coupling, including pre-

cisionmeasurement, quantum information transmission, as

well as chemical and applications [197].

The classical description of a coupled system can be

approximated using a harmonic oscillator model, which

serves as an intuitive framework to understand various

phenomena, such as electromagnetically induced trans-

parency, level repulsion, non-adiabatic processes, and rapid

adiabatic passage. In the simple scenario where two har-

monic oscillators are coupled, such as two coupled pendula

(oscillating at low frequencies) or amicrowavefield coupled

with a resonating circuit, equations of motion can be solved

via standard differential equations [198],

xi(t) = x0
i
exp

(
−i𝜔±t

)
(5.1)

with the new eigenfrequencies 𝜔± given by

𝜔2
± = 1

2

[
𝜔2
A
+𝜔2

B
±
√(

𝜔2
A
−𝜔2

B

)2 + 4Γ2𝜔A𝜔B

]
(5.2)

where 𝜔A and 𝜔B are the eigenfrequencies for the two

coupled harmonic oscillators, and Γ is the anti-crossing fre-

quency splitting, [
𝜔+ −𝜔−

]
= Γ (5.3)

Anti-crossing is the main characteristic of strong cou-

pling and increases with coupling strength. The normal

modes𝜔+ and𝜔− do not pertain to the individualmotion or

position of either oscillator on its own. Instead, determining

the normal modes requires analysing the temporal evolu-

tion of the motion of both oscillators in tandem. In other

words, the normal modes represent hybrid modes resulting

from the interaction of the two original oscillators. Con-

sequently, relying solely on the description of the original

oscillators is no longer sufficient; it’s imperative to employ

hybrid modes when characterizing the system.

In the semi-classical models, the emitter is described

as a quantum two-level system, akin to a spin-1/2 system,

including an excited state and a ground state, each asso-

ciated with their energies Ee and Eg . The field inside the

cavity remains classically electromagnetic. Here, we opt

to present the results without diving into the derivation.

Our intention is to convey fundamental physics, aspiring to

make it comprehensible even to thosewithout a background

in quantum optics.

We first consider a single quantum emitter such as a

dipole interacting with the field. The Hamiltonian describ-

ing the energy of the system is [199], [200]

H = 1

2
Ee
(
I + 𝜎z

)
+ 1

2
Eg

(
I − 𝜎z

)
+ ℏΩ0

(
𝜎+ + 𝜎−

)
cos(𝜔t)

(5.4)

where Ω0 represents the semiclassical Rabi frequency

which is proportional to the dipole moment times the field

amplitude. By performing the rotatingwave approximation,

the twomatrixHamiltonian can be diagonalized andhas the

eigenvalues

E1 = − 1

2
ℏ

√
𝛿2 +Ω2

0
, E2 =

1

2
ℏ

√
𝛿2 +Ω2

0
(5.5)

where 𝛿 = 𝜔−
(
Ee − Eg

)
∕ℏ and the generalized Rabi fre-

quency is given by

Ω =
√
𝛿2 +Ω2

0
(5.6)

The eigenstates of the system are effectively an even

mixture of the ground and excited states, leading to Rabi

oscillations that alternate between these two states. When

at resonance 𝛿 = 0, the frequency of these oscillations coin-

cides with the Rabi frequency.

In the quantummodel, not only the quantum emitter is

conceptualized as a two-level system, but the external field

is also described as a lossy cavity that exhibits quantized

fields. In the case of a single emitter, the Hamiltonian can

be simplified using the rotating wave approximation [200],

H = 1

2
ℏ𝜔0𝜎z + ℏ𝜔â†â+ ℏ

(
gâ𝜎+ + h ⋅ c.

)
(5.7)
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g is proportional to the dipole moment, and â rep-

resents the annihilation operator for the quantized field,

representing the removal of a photon. â† corresponds to the

creation of a photon. This is a general form of the Hamil-

tonian that describes the interaction between a quantized

field and a two-level system. It is commonly referred to

as the Jaynes–Cummings Hamiltonian. Diagonalizing the

Hamiltonian will yield the following eigenvalues:

E1n = ℏ
(
n+ 1

2

)
𝜔− 1

2

√
𝛿2 + 4g2(n+ 1) (5.8)

E2n = ℏ
(
n+ 1

2

)
𝜔+ 1

2

√
𝛿2 + 4g2(n+ 1) (5.9)

And the generalized Rabi frequency can be expressed

as

Ωn =
√
𝛿2 + 4g2(n+ 1) (5.10)

Here, a distinct disparity emerges when compared to

the semiclassical case: a spectral splitting is evident, even

when n = 0. This phenomenon is referred to as the vacuum

Rabi splitting, and its presence is attributed to the electro-

magnetic vacuum fluctuations.

5.2 Optically driven plasmonic cavity
coupled with quantum emitters

The introduction of plasmonic resonances into the context

of strong coupling can be understood readily using the fol-

lowing picture: As light interacts with a metallic nanopar-

ticle, it initiates oscillations among the free electrons at the

same frequency as the field, resulting in the induction of a

dipole moment within the particle. At resonance, denoted

as 𝜔c, the nanoparticle concentrates the electric field on its

surface, amplifying its amplitude significantly beyond that

of the incident field. This effect essentially transforms the

particle into an optically driven “cavity”, with the quality

factorQ defined as the ratio of the resonant frequency to the

damping factor Q = 𝜔c∕𝛾 . This factor dictates the extent of
losses within the plasmonic cavity and its efficacy in storing

plasmonic energy, which are critical for interactions with

quantum emitters. Conventional plasmonic cavities tend to

be very lossy and thus have low quality factors (signifi-

cantly lower than those of dielectric cavities) due fast non-

radiative damping in the metal and large linewidth of the

plasmon resonance. However, recent years have witnessed

great advances in the study of plasmonic systems at extreme

atomic and molecular scale with pronounced strong cou-

pling effects, which will be of great interest to summarize

in this Section. We will provide a comprehensive survey of

optically and electrically driven plasmonic cavities coupled

with diverse quantum emitters. Also, we will examine the

significance of photon or electrically excited hot carriers

within the context of strong coupling.

5.2.1 Plasmonic strong coupling with molecules

J-aggregates represent a captivating category of fluo-

rophore aggregates, emerging from the organized assem-

bly of organic dyes. These aggregates boast intriguing opti-

cal characteristics, such as narrowly confined and red-

shifted absorption and emission bands, as well as aug-

mented absorption coefficients compared to the individ-

ual monomers. J-aggregates of organic dyes were originally

identified by Scheibe and Jelley, both working indepen-

dently in the 1930s. This discovery was based on the exam-

ination of the dye 1,1′-diethyl-2,2′-cyanine chloride [201],

[202]. The initial observation of strong coupling between the

excitonic absorption resonances of dye molecules and sur-

face plasmon polaritons was made by Pockrand et al. [203].

He examined cyanine-based J-aggregated dye molecules

deposited on a silver film. The dispersion of plasmon sur-

face polaritons was studied by recording angular andwave-

length scans in an attenuated total reflection configuration.

Bellessa et al. performed the reflectometry experiments on

the same platform, showing strong coupling between a

surface plasmon and an exciton [204]. The Rabi splitting

was observed at room temperature and reached a magni-

tude equivalent to the most substantial splitting in planar

organic microcavities (∼180 meV). The emission from the

low-energy plasmon–exciton mixed state was measured

and displayed a significant shift compared to the emission

from the uncoupled state. More recently, Symonds et al.

performed a more comprehensive analysis of the strong

coupling between surface plasmon and J-aggregates on pla-

nar metal surfaces [205]. Two distinct active materials were

deposited onto a silver film: a cyanine dye J-aggregate

and a two-dimensional layered perovskite-type semicon-

ductor. They found that owing to the substantial interac-

tion energies, calculations conducted at a constant angle

can lead to an overestimation of the Rabi splitting by a

factor of 2. Balci et al. had further shown that modulation

of surface plasmon–exciton coupling can be achieved by

regulating the damping of the plasmonic mode, a param-

eter determined by the thickness of the plasmonic thin

film [206] (Figure 10(a)). The findings unveil the emergence

of a plasmon–exciton hybrid state distinguished by an

adjustable Rabi splitting, with energy levels spanning from

0 to 150 meV.

Up to this point, our emphasis has been on J-aggregate

dye molecules coupled to a surface plasmon in a planar

metal film, wherein prism coupling facilitates the cou-

pling of incident light to the plasmon modes. In addition,
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Figure 10: Experimental platforms for plexciton coupling. (a) Schematic representation of Kretschmann configuration, where the momentum of

the incident light has been increased by the prism to obtain polaritonic dispersion curves [206]. (b) SEM image of hole array in a silver film fabricated

through focus ion beammilling [207]. (c) The coupling between metallic nanoparticle plasmons and molecule excitons probed by extinction, scattering

spectroscopy and electron microscopy. Spectra with various coupling strength are shown in the left [213]. (a)–(c) Are reproduced with permission from

the American Physical Society. (d) A hybrid nanostructure consisting of a 50 nm thick film of J-aggregate molecules in a polymer matrix on a gold nano

slit array for coherent ultrafast spectroscopy [208]. Reproduced with permission from the Springer Nature Group. (e) False colour SEM image

of an ensemble of aligned Au nanorods supported by a transport substrate [210]. Reproduced with permission from the American Chemical Society.

surfaces with periodic modulation can also be employed,

particularly when the period is comparable to the wave-

length of light, enabling grating coupling. Dintinger et al.

investigated the interaction between a J-aggregate and sur-

face plasmon modes within a subwavelength hole array

[207] (Figure 10(b)). The plasmonic structure is realized

through focused ion beam milling on quartz coated with

Ag film, with diverse hole periods ranging from 290 nm to

450 nm. Through the assessment of the impacts of the hole

array period, angular dispersion, and J-aggregate concen-

tration on the array’s transmission, strong coupling regime

is reached, showing a substantial splitting of 250 meV. This

splitting is induced by the high amplitude of the local field

generated by the surface plasmonswithin themetallic struc-

ture. Utilizing the same technique, Vasa et al. fabricated

periodic nanoslit arrays in a gold film, with period spac-

ing ranging from 400 to 460 nm and spin coated a poly-

mer film embedded with J-aggregated cyanine dye [208]

(Figure 10(d)). In the J-aggregate/metal hybrid nanostruc-

ture, they observed ultrafast Rabi oscillations, signifying

a coherent energy exchange between excitonic emitters

and surface plasmon polariton fields. Their demonstration
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illustrates the coherent manipulation of coupling energy

by exerting control over the exciton density at the 10 fs

timescale.

In addition to the nanohole array or grating structures,

alternative plasmonic nanostructures such as nanovoids

and nanorods have also been studied. Sugawara et al. inves-

tigated hybrid emitting exciton–plasmonic composites cre-

ated by coating arrays of spherical nanovoids embedded

within a gold filmwith organic semiconductingmolecular J-

aggregate films [209]. The nanostructured gold is generated

through a casting process involving electrochemical depo-

sition through a template comprising self-assembled latex

spheres with diameters of 600 nm. The resultant metal-

lic mesh serves as the self-assembled template, offering a

convenient means to manage the diameters of the pores

and the uniformity of the array. Wurtz et al. presented

their observation of strong coupling between J-aggregate

and plasmon supported by an assembly of oriented gold

nanorods [210] (Figure 10(e)). The gold nanorods are elec-

trochemically grown within a substrate-supported porous

template made of anodized aluminum oxide. Their results

showed that the coupling can be readily engineered and

is deterministic, as both the spatial and spectral overlap

between the plasmonic structure and molecular aggregates

are under control. Further, plasmonic nanostructures such

as gold nanoshells [211] and arrays of metallic nanoparti-

cles [212] can be used to achieve plasmon-exciton coupling

with J-aggregates by adjusting their geometries. The larger

splitting energy was attributed to the presence of a high

concentration of molecules.

Zengin et al. realized strong light–matter coupling

on the single-nanoparticle level [213] (Figure 10(c)). They

demonstrated strong coupling between plasmons confined

within a single silver nanoprism and excitons in molecu-

lar J-aggregates under ambient conditions. This highlighted

that the combination of deep subwavelengthmode volumes

(V) and high-quality factors (Q) leading to Q∕
√
V ∼ 6 ×

103𝜇m−3∕2, which is comparable to the performance of pho-

tonic crystal and micro-ring resonator cavities.

Plasmonic dimers are also recognized for creating

regions of high field intensity known as “hot spots”. These

hot spots can function as cavities capable of sustaining

surface plasmon excitations and surpassing the diffraction

limit by concentrating intense electromagnetic fields. Con-

sequently, it becomes feasible to achieve strong coupling

in plasmonic dimers with a reduced number of excitons

positioned between the dimer elements. Schlather et al.

studied the interactions between J-aggregate excitons and

single plasmonic dimers, unveiling a novel strong coupling

regime within individual plexcitonic nanostructures [214].

The plasmonic dimers were fabricated using planar tech-

niques on an ITO-coated SiO2 wafer. Arrays of nanodisk

dimers were defined through e-beam lithography. The plex-

citon dispersion curves exhibit anticrossings near the exci-

ton transition energy, leading to substantial Rabi splitting

from 230 to 400 meV.

While hot spots within plasmonic dimers can facilitate

robust field enhancement, implementing top-down fabri-

cation methods at the nanometer scale is challenging. In

contrast, the bottom-up approach allows for finer control

over the spacing between nanoparticles and metal films by

applying insulating layers to them.

Like plasmonic dimers, another structure referred to as

nanoparticle-on-mirror introduces a gap plasmon mode by

positioning a gold nanoparticle on a gold film [215]. Quan-

tumemitters are positionedwithin the gap situated between

nanoparticles and the underlying metallic film. The gap

distance, at a subnanometer scale, is controlled usingmolec-

ular spacers. This approach is scalable, replicable, and can

be readily characterized. Leveraging through this bottom-

up nanoassembly, Chikkaraddy et al. shown that strong-

coupling regime can be reached at room temperature and

ambient conditions [28]. By reducing the cavity volume

to below 40 nm3 and employing host-guest chemistry to

arrange one to ten isolated methylene-blue molecules in

a protective manner, they demonstrated that Rabi split-

ting of 300 meV for 10 methylene-blue molecules, gradually

decreasing to 90 meV for individual molecules. Similar plat-

form had been employed on J-aggregate molecules, exhibit-

ing splitting of 377 meV [216].

In strong coupling, the combined average linewidths

of the absorption/emission resonance and the optical/

plasmonic mode should be narrower than the strength of

the coupling. This condition is essential to characterize

strong coupling phenomena. One might therefore expect

that strong coupling is achievable primarily for molecules

exhibiting a narrow absorption spectrum, like the above

J-aggregates. Nonetheless, it’s noteworthy to mention that

strong coupling has been observed even between sur-

face plasmon polaritons and molecules characterized by

a broader absorption spectrum. Pockrand et al. conducted

experiments on squarylium and cyanine positioned on top

of silver films, with an absorption linewidth around 80 meV

[203], [217]. Reflectivity and dispersion curves for plasmon

surface polaritons at the metal interface are measured,

including both angular and wavelength scans. Hakala et al.

reported strong coupling between surface-plasmon polari-

tons and Rhodamine 6G (R6G) molecules in sandwich struc-

tured samples with a 45 nm silver film and on the top a

photo resist layer on four different concentrations of R6G
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[218], [219]. R6G has a linewidth of around 170 meV which is

significantly larger than typical J-aggregates. Reflectometry

measurements were conducted in the Kretschmann con-

figuration, providing the dispersion relation of the energy

associated with coupled modes in the system. The observed

Rabi splitting was up to 230 meV and 110 meV.

5.2.2 Coupling with 2D materials

2D semiconductors such as group-VI transition metal

dichalcogenides (TMD) with the chemical formula MX2

(where M represents a transition metal and X is a chalco-

gen atom), exemplify robust interaction between light

and matter. Compounds like MoS2, WSe2, among others,

fall into this category, showing direct band gaps in the

infrared and visible. These materials are promising candi-

dates for applications in optics and optoelectronics [220].

Specifically, their substantial exciton binding energy and

in-plane dipole moment can significantly amplify plexci-

tonic coupling [221], [222]. In contrast to other excitonic

materials such as molecules or colloidal quantum dots,

which have challenges in controlling their positions and ori-

entations, TMDs offer several advantages due to their rela-

tively uniform spatial distribution and precisely defined in-

plane oriented transition dipoles, enabling robust exciton-

light coupling under ambient conditions and at room

temperature.

Zheng et al. realized strong coupling between surface

plasmons on an individual nanorod and excitons in a

monolayer of tungsten diselenide (WSe2) [223] (Figure 11(a)).

The plexciton system is created through a straightfor-

ward process of depositing and spinning a metal nanorod

onto a monolayer of WSe2. This configuration resembles

a nanoscale Fabry–Pérot cavity for the axisymmetric sur-

face plasmon on 1D nanowire. The dispersion of plexci-

tons is evaluated by progressively redshifting the plasmon

energy through the successive deposition of a dielectric

layer (Al2O3) using ALD. Notably, the formation of plex-

citons at room temperature reveals significant Rabi split-

ting, reaching up to 49.5 meV. Wen et al. utilized a similar

Figure 11: Plexciton coupling with TMD materials (a) A silver nanorod covered with Al2O3 on top of mono layer WSe2. Reproduced with permission

from the American Physical Society. (b) A gold bi-pyramid placed on top of various thickness of WSe2 flake ranging from 1–8 layer [174]. Reproduced

with permission from the American Chemical Society. (c) By combining specifically designed metal-dielectric nanostructures with engineered

geometric dispersion and TMD resonators, a strong coupling photonic and electronic states can be achieved [175]. (d) A diagram describing

the nanoparticle on mirror structure, where multilayer WSe2 is embedded inside the plasmonic nanocavities [223]. The dark field scattering spectra

of individual structures on the right shows a single plasmon peak for monolayer WSe2 and mode splitting for multilayer WSe2 in the strong coupling

regime [23]. (c)–(d) Are reproduced with permission from the Springer Nature Group.
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setup involving a monolayer of WS2 and a single plasmonic

gold nanorod, achieving Rabi splitting from 91 to 133 meV

at ambient conditions [224]. Li et al. studied the nonlinear

characteristics of these hybrid systems. This was accom-

plished by detecting second harmonic generation originat-

ing from a monolayer of WSe2 that was strongly coupled to

a solitary gold nanorod [225].

Other plasmonic nanostructures like individual gold

Bi-pyramids [226] (Figure 11(b)) or van der Waals semicon-

ductor gratings [227] (Figure 11(c)) are also used to excite

the hybrid light–matter states and their interference. In

the later scenario, a multi-layer TMD is structured into

nanoresonators on a template-stripped gold (Au) substrate.

The grating period is deliberately tailored to achieve specific

optical dispersion characteristics. They observed multipar-

tite interaction and hybridization, resulting in robust cou-

pling between three resonant excitations. This interaction

exhibited an avoided crossing of 410 meV at room temper-

ature. The nanoparticle-on-mirror nanocavities have also

been used to explore the strong coupling with multilayer

WSe2 [228]. Kleemann et al. argued that achieving strong

coupling is unfeasible withmonolayers due to the extensive

exciton coherence size. However, they successfully resolved

distinct anti-crossing patterns in devices with more than 7

layers, revealing Rabi splitting over 135 meV. Additionally,

they illustrated how these structures enhance the potential

for nonlinear exciton phenomena and presented evidence

of superlinear light emission [23] (Figure 11(d)).

Beyond neutral excitons, transition metal dichalco-

genides (TMDs) also accommodate charged excitons, facil-

itating dynamic adjustments of hybrid light–matter inter-

actions via electrical means. Munkhbat et al. shown the

capability to electrically modify charged exciton–plasmon

polaritons within a hybrid system consisting of amonolayer

of tungsten disulfide (WS2) and plasmonic nanoantennas

[229]. By implementing electrical gating on monolayer WS2,

it is possible to adjust the oscillator strengths of both neu-

tral and charged excitons. This tunability extends beyond

cryogenic temperatures to room temperature, under both

vacuum and atmospheric conditions. This electrical manip-

ulation facilitates a wide range of tuning from neutral to

charged plexcitonic strong coupling.

Furthermore, by placing a gold nanoantenna on top

of the MgF2 substrate, mode-selective coupling of vibra-

tional resonances can be realized through a metal scan-

ning probe tip, enabling intramolecular vibrational energy

transfer [230]. Time-resolved infrared vibrational nanospec-

troscopy can thus determine Purcell-enhanced vibrational

lifetimes of molecular vibrations, accomplished by tun-

ing the IR nanoantenna across coupled vibrations. Similar

spectroscopy, either in a vertical [231], [232] or a planar

geometry [172], [233], can potentially pave the way for cre-

ating, investigating, and manipulating single-emitter plas-

mon hybrid quantum states, offering opportunities for a

wide range of applications spanning fromoptoelectronics to

quantum information science, even at room temperature.

5.2.3 Coupling with semiconductor nanocrystals

Another promising avenue to leverage high intensity exci-

tations in strong coupling is the utilization of quantum dots,

commonly referred to as semiconductor nanocrystals. Also

referred to as “artificial atoms,” quantum dots are small

particles of a fewnanometerswhich are synthesized in solu-

tion using colloidal chemistry and have remarkable optical

and electronic properties [234]. Srinivasan et al. employed

a fiber taper waveguide to directly conduct optical spec-

troscopy on a system comprising a quantum dot integrated

within a microdisk [196]. Optical fiber is coupled to the

system through a piezo-actuated stage, directing the cavity’s

reflected and transmitted signals to photodetectors and a

spectrometer. This approach also enables them to investi-

gate the steady-state nonlinear characteristics of the system,

revealing a saturation of the cavity-quantum dot response

with fewer than one intracavity photon. Englund et al. per-

formed measurements on a InAs quantum dot coupled to

a GaAs photonic crystal cavity, showing the quantum dot

significantly alters the transmission and reflection spectra

of the cavity [235]. They further observe the phenomenon

that tuning the quantum dot energy across the cavity leads

to variations in the coupling strength between the two enti-

ties. Similar experiments that enabled the observation of

both weak [236] and strong coupling [195], [237] regimes

of interaction between a photonic crystal cavity and a

single quantum dot in photoluminescence have also been

reported.

5.3 Electrically driven plasmonic cavity
coupled with quantum emitters

Accessing individual strongly coupled emitters has predom-

inantly relied on far-field optical probes with spatially lim-

ited resolutions [23], [238]–[240]. This approach hinders

efforts towardsminiaturization of strongly coupled systems

and large-scale integration. In this light, electrically driven

plasmonic nanostructures hold the potential to serve as a

viable method to achieve strong coupling phenomena at

the fundamental atomic and single molecule limit. By posi-

tioning TMDs or molecules supporting excitons near those

electrically drivenplasmonic nanostructures, it is feasible to
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access the extremenear field of the LSPR for strong coupling

observations. Near-field probes offer a promising approach

to characterize polaritonic physics. This is particularly use-

ful since far-field optical methods may inevitably capture

extra bright emissions arising from uncoupled excitons,

obscuring insights into the strong coupling phenomenon of

coupled excitons.

5.3.1 Single molecule electroluminescence

Single-photon sources are pivotal in quantum informa-

tion and computing technologies. Electrically driven single-

molecule light emitters stand out as one of the promising

candidates to create efficient single-photon sources. The

STM offers the capability to selectively stimulate molec-

ular electroluminescence through inelastically tunneling

electrons. It also enables the enhancement of emission

through the localized fields generated by nano cavity

plasmons. By carefully optimizing the molecule, spacer,

STM tip, and substrate, the emission intensity can be suf-

ficiently strong and stable, which allows the measure-

ments of second-order photon correlation. The observa-

tion of photon antibunching effect serves as compelling

evidence for the single-photon emission characteristics in

single-molecule electroluminescence [241]. In addition, indi-

vidual molecules can exhibit coherent coupling with a

plasmonic nanocavity, leading to the emergence of Fano

resonances induced by interference. These discoveries

pave the way for novel approaches in fabricating elec-

trically driven quantum emitters, as well as for explor-

ing intermolecular energy transfer, field-matter interaction,

and molecular optoelectronics, all at the level of single

molecules [231].

Zhang et al. observed electrically driven single-photon

emission from a precisely positioned individual molecule

situated within a meticulously controlled nanocavity

between a STM tip and the substrate [241]. Their

configuration involves an isolated ZnPc molecular emitter

electronically separated from the Ag (100) substrate by

a thin layer of sodium chloride (NaCl). The detection

of antibunching dips indicates single-photon emission

behavior with measured g(2)(0) value down to 0.09.

They also demonstrated the potential to create arrays of

single-photon emitters, showing the promise of scalable

quantum nano-optoelectronics. Antibunching has also been

observed for organic dye molecule dibenzanthanthrene

[242], vacancy center in diamond [243] and C60 molecules

[244] (Figure 12(a)). The fluctuation behavior has also been

studied to understand the dynamics of the single molecule

electroluminescence [245].

When a quantum emitter resonant with nanocavity

plasmons, quantum interference occurs due to the coher-

ent interaction between the emitter’s discrete state and

the nanocavity plasmons’ continuum-like state, leading

to Fano resonance. Single-molecule Fano resonance have

been realized via the excitation of tunneling electrons

when an STM tip is brought into close proximity to an

isolated ZnPc molecule [246] (Figure 12(b)). The coupling

strength between the individual molecule and the plas-

monic nanocavity can be adjusted by manipulating the sep-

aration distance between them. This coupling evolves from

displaying a Fano lineshape to a broad plasmon profile as

the tip is displaced away from the molecule. Various energy

detunings are also demonstrated by altering the shape of

the STM tip. This modification led to tunable plasmonic

resonance from 620 to 690 nm. Other studies on phthalocya-

nine molecule [247] and gold nano particle [248] coupling

to the plasmonic nano cavity yields similar Fano resonance

spectral shape.

In principle, molecular fluorescence can be manipu-

lated across a broad energy spectrum, and specific frequen-

cies can be chosen by adjusting the emission through reso-

nance enhancement near plasmonic structures. This allows

for precise control of the emission from different vibronic

transitions. Due to substantial fluorescence quenching

when molecules are directly adsorbed onto metal surfaces

[249], these investigations centered around molecules that

were isolated from themetal substrate through the presence

of insulator layers ormolecularmultilayers [250], [251]. Elec-

trical excitation via STM offers an added advantage in that

it can dynamically adjust the spectral profile of nanocavity

plasmons on the spot by manipulating the tip’s state. Sub-

sequently, the resonance mode can be directly measured.

Furthermore, the utilization of tunneling electrons for exci-

tation, which is non-optical in nature, eliminates potential

complexities arising from incident light disturbance (such

as Rayleigh scattering). STM not only offers the essential

spatial resolution to discern the adsorption arrangement

of an individual molecule on a surface, but it also affords

the capability to finely manipulate the local environment

around themolecule with atomic-scale precision. Molecular

electronic excitations and radiative decay offer opportuni-

ties for tunneling transport devices where tunneling car-

riers can activate molecular function, such as in the case

ofsensors and organic light-emitting diodes (OLED).

Dong et al. presented the occurrence of resonant

hot electroluminescence, originating directly from higher

vibronic levels of the singlet excited state within porphyrin

molecules confined within a nanocavity of a scanning tun-

nelingmicroscope [252] (Figure 12(c)). This effect is achieved
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Figure 12: Experiments of single molecule electroluminescence. (a) Second order correlation measurements showing the antibunching feature

of single molecule electroluminescence at ZnPc-lobe [244]. (b) When a tip scan through different positions of a molecule, different types of electro-

luminescence can be observed. A typical Fano line shape can be explained by the interaction between the nanocavity plasmon and the two-level

emitter in proximity [246]. (c) A junction geometry with multilayer molecule stacking and localized electrical nanotip excitation [252]. All figures are

reproduced with permission from the Springer Nature Group.

by fine-tuning the frequency of plasmons to match the spec-

tral requirements. These observations unveil novel opto-

electronic phenomena that hold utility in investigating the

near-field properties of nanocavity plasmons and their cor-

responding field enhancement. This characteristic allows

for the active manipulation of radiative pathways of molec-

ular emitters through the substantial enhancement of reso-

nance in both excitation and emission processes.

By employing scanning tunneling microscopy and pre-

senting a comprehensive investigation into the electrolumi-

nescence exhibited by thin C60 films on Ag(111) and Au(111)

surfaces, Große et al. shown the mapping capability of

the electroluminescence and demonstrated it is possible

to definitively distinguish between the inherent radiative

recombination of electron–hole pairs within the organic

film and the emission resulting from plasmons induced

by the tip [253]. Reecht et al. reported electroluminescence

exhibited by a polythiophene wire positioned between a

metallic surface and the tip of a scanning tunnelling micro-

scope, showing that the spectral and voltage variations of

the emitted light align with the fluorescence pattern of the

wire junction under positive bias and notably suppressed

when the polarity is reversed [254]. The emission mecha-

nism and polarity dependence closely resemble the behav-

ior observed in organic light-emitting diodes. Similar unipo-

lar behavior of the electroluminescence observed in the

engineered tripodal molecule indicates that the molecule

is probably stimulated by hot electron in injection, leading

to the subsequent radiative decay of the excited state [255].

These findings hold the potential to open new avenues for

the creation of nanoscale OLEDs.

Svatek et al. demonstrated the integration of orga-

nized monolayers of organic molecules, stabilized through

hydrogen bonding, onto the surface of exfoliated few-layer

hBN flakes [256]. These systems can be integrated into

van der Waals heterostructures, resulting in the forma-

tion of a hybrid tunneling diode that merges molecular

and two-dimensional elements. Molecular electrolumines-

cence shows that tunneling electrons stimulate embedded

molecules into singlet states using a two-step mechanism
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involving an intermediate triplet state through inelastic

scattering, provide a new route for the on-chip spin-based

applications of triplet generation. Yonemoto et al. described

the creation of a nanogap light-emitting electrochemical

cell (LEC), which involves the deposition of a light-emitting

polymer and an ionic liquid onto a gold nanogap electrode

[257]. The device exhibited a substantial electrolumines-

cence intensity at a wavelength of 540 nm, aligning with the

emission peak of the polymer. This establishes that the nano-

LEC concept holds promise for realizing current-induced

light sources at the molecular scale. Du et al. reported on-

chip molecular electronic plasmon sources which utilize

tunnel junctions composed of self-assembled monolayers

positioned between twometallic electrodes [258], [259]. This

setup demonstrates the capacity to control plasmon inten-

sity through alterations in the chemical structure of the

molecules. Additionally, they achieve bias-selective excita-

tion of plasmons using molecular diodes.

5.3.2 Electrically driven strong coupling with TMD

More recently, TMDs have also been used as a potential

platform to realize plexciton strong coupling based on elec-

trically driven approach. Papadopoulos et al. explored a

new way to electrically generate excitons in WSe2 by plac-

ing the 2D material on top of a vertically stacked gold-

hBN-graphene tunnel junction [260]. The TMD and tun-

nel junction are intentionally kept electrically isolated,

effectively preventing the generation of excitons through

direct electron–hole injection. Themeasured emission spec-

trum exhibits a notable peak at the exciton energy. This

phenomenon is attributed to the generation of excitons

through energy transfer from tunneling electrons mediated

by dipole–dipole coupling. They concluded that a significant

enhancement of non-radiative modes is presented within

the local density of states at the exciton energy, which plays

a pivotal role in facilitating efficient energy transfer from

the tunnel junction to the TMD.

In contrast, Zhu et al. performed electroluminescence

measurements on the TMD-junction with a different struc-

ture, where WSe2 is directly transferred on top of the plas-

monic metallic tunnel junction [24]. The ultra-narrow gap

spanning sub-nanometer dimensions between the metallic

electrodes functions as an exceptionally confined plasmonic

nanocavity. Within this nanocavity, incoherent photons are

generated through the recombination of hot carriers. The

introduction of the TMD near the nanogap’s localized sur-

face plasmons leads to the emergence of plexciton polari-

tons. These polaritons exert a pronounced in fluence on the

radiative local density of states, which in turn governs the

emission of light originating from the electrically driven hot

carriers. Rabi splitting exceeding 50 meV indicating the elec-

trically driven TMD-junction system enters the strong cou-

pling regime, both for unpolarized and polarization depen-

dent emission. In this context, electroluminescence serves

as a novel near-field probing technique, providing access to

exceptionally localized information. The formation of plex-

citons in turn fine-tunes the recombination process of hot

electrons and holes within the metal, which can be inten-

tionally designed to manipulate the energetic relaxation of

hot carriers within metals.

6 Other applications and future

research directions

Recent years have seen a rapid increase in research on other

applications of plasmon-induced hot carriers and electri-

cally driven processes in plasmonic structures. Plasmon-

enhanced photodetection andphotocatalysis are twopromi-

nent examples. Here we will discuss important recent

advances on these topics and highlight some ongoing

debates, particularly around the physical origin of the

plasmon-enhanced photocatalytic effects. In the end, we

will provide our views on potential future directions and

challenges.

6.1 Hot carrier photovoltaics and
photodetection

Plasmon-induced hot carriers hold significant importance

in light harvesting, as they possess the capability to miti-

gate the constraints associated with semiconductor-based

devices. Under illustration, plasmonic hot carriers can har-

ness near-infrared light, characterized by photon energy

lower than the bandgap of semiconductors. Furthermore,

they enable the utilization of selective wavelength or polar-

ization modes with narrow bandwidth. A critical issue that

hinders the practical applications of photovoltaics is the low

absorption of plasmonic metals and rapid hot carrier ther-

malization. Hence, it becomes imperative to devise strate-

gies that enhance the rate of hot carrier generation while

simultaneously minimizing hot carrier losses.

Kang et al. shown that the ordered structure of metal-

semiconductor plasmonic nanodiodes can engineer the

hot carrier flow and thus boost the hot carrier gener-

ation through properly geometrical modification of the

plasmonic nanostructures [261]. A comparable plasmonic

nanohole electrode design combined with an organic Schot-

tky barrier photodetector is shown to have the capability to
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drastically improve the photon emission rate through engi-

neering the localized surface plasmon resonance, which

could help the hot carrier harvesting [262]. Other Inor-

ganic/organic semiconductor nanocrystals materials con-

sisting of colloidal halide perovskite [263], quantum dots

[264], [265] and graphene [266] have also been proposed

to facilitate hot carrier generation and subsequent collec-

tion. Furthermore, it is possible to tune the wavelength

dependent response of the photodetector based on those

semiconductor structures by controlling the degree of hot

carrier injection, reaching a response up to longwavelength

infrared of 55 um [267].

Other than the complicated semiconductor plasmonic

nano devices for potential hot carrier photovoltaic applica-

tions, simple plasmonic metallic tunnel junctions have also

shown the ability to boost hot carrier generation and subse-

quent transport. Zolotavin et al. shown that single-metal Au

nanowires andnanowireswithnanogaps formedby electro-

migration can exhibit large open-circuit photovoltages up

to tens of mV and a sharp polarization dependence under

optical illumination [268]. The hot carrier generation rate

can be further enhanced by removing the adhesion layer

and changing the width of the nanowire [19]. Such simple

structure for hot carrier generation also demonstrates the

potential application of detecting lattice distortions [269],

identifying impurities [270], functioning as photodetectors

[271], and serving as a directional hot carrier generator

[272].

6.2 Plasmon-enhanced photocatalysis and
debates on the physical mechanism

Plasmon-enhance photocatalysis concerns the significantly

improved chemical reaction rates and product yield due

to the use of plasmonic nanostructures. However, there

are still open questions and debates on the exact role and

quantitative contribution of hot carriers and other plas-

monic processes such as localized heating. On one side, one

potential physicalmechanism of hot carrier involved photo-

catalysis is the significantly higher energies carried by opti-

cally and electrically excited hot carriers, surpassing those

arising from thermal excitations. Hot carriers can migrate

into unoccupied energy levels of acceptor molecules nearby

a plasmonic nanostructure, triggering various chemical

processes. It should be noted that these capabilities can

be potentially limited by the rapid relaxation dynamics

through which all the excess energy dissipates into heat.

On the other hand, the strong confinement of thermal pro-

cesses naturally associated with plasmonic nanostructures,

and their large absorption cross section can produce highly

localized lattice heating which can enhance the chemical

reactions and has been leveraged in controllable photother-

mal applications.

The high absorption cross-section by plasmon-resonant

noble metal nanoparticles held particular interest for alter-

ing the optical characteristics of metal oxides [273] and

enhancing the photochemistry of aborbate molecules at the

surface of nanopoarticles [274], [275]. A simple and straight-

forward reaction catalyzed by hot electrons involves the

room-temperature dissociation of H2 at the surfaces of Au

nanoparticles [276], [277], where the hot electrons possess

the capability to transfer into a Feshbach resonance of a

hydrogen molecule adsorbed onto the surface of the Au

nanoparticle in the transient state. They explored this pro-

cess by discerning the creation of HD molecules stemming

from the dissociation of H2 and D2, while also examin-

ing how the rate of HD formation is influenced by factors

such as the size of Au nanoparticles and the wavelength

of incident light. Similar plasmonic Au, Al nanostructures

had been used as photocatalyst for highly efficient direct

decomposition of HS2 [278], selective photo detoxification of

sulfur mustard simulant [279], solvated electron generation

in solution [280] and hydrogen evolution [281], [282]. The

hot-electron-driven partial oxidation of ethylene using O2

to produce ethylene oxide is also investigated to study the

plasmon-driven photodissociation of O2 [29], [283], [284],

where the photocatalyst was composed of Ag nanocubes,

exposing Ag(100) facets to ensure heightened reactivity and

a precisely defined plasmon resonance.

Antenna-reactor complexes have recently been devel-

oped, such as a plasmonic nanoparticle (the antenna)

adorned with reactor particles, including islands, clusters,

or individual platinum group metal atoms [285], [286]. An

antenna-reactor based on Cu–Ru complex [31] had been

utilized as a plasmonic photocatalyst to efficiently reduce

the thermal activation barrier for ammonia decomposition

due to the Ru serving as the ideal binding site for nitro-

gen intermediate species during the reaction [287]. While

the inclusion of platinum groupmetal reactors significantly

enhances photocatalytic performance, their limited avail-

ability and high cost have led the researchers to substi-

tute them with more readily available transition metals,

which is especially crucial for industrial-scale reactions like

ammonia decomposition [288], [289]. The earth-abundant

metal Fe, however, is far less reactive compared to Ru as a

plasmonic photo catalyst since the strength of Fe–N bond

is too strong to facilitate the desorb of the product [290].

In this regards, Yuan et al. prepared Cu–Fe and Cu–Ru

antenna reactors through coprecipitation, showing Fe

active sites in a Cu–Fe complex structure can have compa-

rable efficiencieswith Ru for ammonia decompositionwhen
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illuminated with ultra-fast laser pulse [291]. Lin et al. inves-

tigated planar Al nanodisk antenna combinedwith spatially

separated Pd and Fe nanodisks for H2 dissociation and NH3

activation, demonstrating that precisely engineered anten-

nas combined withmultiple reactors can progressively con-

trol the chemical reaction ranging from simple to complex

[292].

Different views were proposed to explain these recent

plasmonic photocatalysis results from purely (lattice) ther-

mal Arrhenius activation [293]–[296] rather than the hot

carrier-mediated chemical conversion. The exponential

sensitivity of the reaction rate suggests that an underesti-

mate of the true temperature in the reaction environment is

possible, therefore yielding anunderestimate of the thermo-

catalysis reaction rate by three orders of magnitude. Zhang

et al. introduced a method through illuminated rhodium

nanoparticles on oxide supports to catalyze CO2 methana-

tion reaction to distinguish the thermal and nonthermal

contributions from plasmon-enhanced catalysts. Effective

thermal and nonthermal reaction rates under illumination

can be extracted via the simultaneous measurements of

overall reaction rate and the top- and bottom-surface cat-

alyst bed temperature, revealing a synergistic behavior for

both thermal and nonthermal(plasmon-enhanced) catalysis

[297]. To further disentangle these thermal and nonther-

mal effects, Li et al. applied a novel indirect illumination

technique as well as the precise monitoring of the ther-

mal profile to the same CO2 methanation, showing a clear

signature of nonthermal effects in the Rh/TiO2 plasmonic

photocatalyst [298]. However, those control experiments

inevitably omit the spatial temperature varianceswhich can

significantly impact local catalytic rates, as thermal cam-

era technique typically provide only average temperature

information [293]. Clearly, it is desired to have the capability

to measure the nanoscale temperature distribution through

thermometry methods [299], to distinguish between lat-

tice temperatures and possible effective electronic temper-

atures, and to design critical control experiments to repro-

duce the nonuniform temperature distribution [295], [296].

Further discussions regarding the debates can be find in

other review [300].

Beyond optically excited plasmonic catalysis, electri-

cally driven plasmonic nanostructures can also facilitate

chemical reactions. Wang et al. demonstrated that the gen-

eration of hot electrons renders nanoscale tunnel junc-

tions exceptionally reactive, enabling the occurrence of

tightly confined chemical reactions that, in turn, have the

capacity to influence andmodulate the tunnelling processes

[301]. An array of electrically driven plasmonic nanorods,

incorporating as many as 1011 tunnel junctions per square

centimeter are fabricated, showing the activation of oxi-

dation and reduction reactions within the junctions via

hot electrons, triggered by the presence of O2 and H2.

The same group has developed an artificial synapse that

exhibits both electrical and optical memory effects through

chemical transformations occurring within plasmonic tun-

nel junctions [302]. When subjected to bias, electrons that

tunnel into plasmonic nanorods under a low voltage are

harnessed to encode information into the tunnel junc-

tions through chemical reactions mediated by hot elec-

trons interacting with the environment. Alternatively, in

an optical configuration, external illumination can be uti-

lized to write information by exciting hot electrons within

the plasmonic nanorods. The described structure holds the

potential for application as multilevel non-volatile mem-

ory, logic units, or artificial synapses in forthcoming elec-

tronic, optoelectronic, and artificial neural network sys-

tems. Here we note that the physical mechanism of hot

carrier enhanced photocatalysis has inspires some debates

[296], [303]–[305], particularly around the relative contribu-

tion of thermal and non-thermal hot carriers in promoting

catalytic performance.

While the plasmon-enhanced catalytic effects have

been observed in many studies, it can be clearly seen that

further theoretical and experimental studies are demanded

to reveal the exact physical origin. It is our view that such

investigations are preferred to be performed from the fun-

damental single-particle or single-plasmon level via direct

characterizations of temperature rise and chemical reaction

of the plasmonic structures using a variety of tools such

as scanning thermal microscopy [306]–[308], single particle

spectroscopy [309], and single-molecule chemical reaction

imaging [310].

6.3 Potential future directions

The study of plasmon-induced hot carriers and electrically

driven plasmonic processes has emerged over the past

decade as one of the major frontiers in nanophotonics and

plasmonics. Plasmonic nanostructures made of tunneling

nanojunctions and ultrathin nanogaps with only atomic

and molecular sizes are not only of fundamental inter-

est to reveal the limits of light–matter interaction at the

extreme scale, but also of importance for applications in

photonic devices, optoelectronics, and quantum technology,

as summarized in the cartoons in Figure 13. The capabil-

ity of these structures to allow simultaneous control using

both optical and electrical methods, which is not possible

for conventional nanoparticle based plasmonic structures,

has great potential to bridge the ultraminiaturized device

footprint of plasmonic circuitry with external photonic
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Figure 13: Prospective research topics based on electrically driven plasmonic processes. (a) Electrically driven plasmonic nanorod used as reactive

tunnel junction [302]. Reproduced with permission from the Springer Nature Group. (b) Plasmonic-active asymmetric gold nanostructures for

photodetectors [271]. Reproduced with permission from the American Chemical Society. (c) Antenna-coupled vibrational spectroscopy based on STM

[230]. Reproduced with permission from the National Academy of Science. (d) Hybrid plasmon-exciton coupling system as a quantum emitter [260].

(e) A coupled single molecular junction based on STM shows transparency in the light emission spectra [246]. Reproduced with permission from the

Springer Nature Group.

networks using well-established on-chip electronic means.

Biased plasmonic tunnel junctions serve as an important

platform in this regard as it can electrically excite plasmonic

excitations and directly read out plasmon-induced hot car-

rier transport information. However, based on our above

discussions, neither theoretical nor experimental studies

on these fundamental studies and the applications have

reached a mature level. Here, we discuss some potential

research directions and challenges.

While our current theoretical framework of plasmon-

induced hot carriers has provided insightful tools and basic

physical pictures to understand many experimental results

in different plasmonic structures, models with quantitative

predictive power remain to be developed. As intrinsically

complicated open quantum systems, plasmonic and hot

carrier processes are typically contributed from multiple

factors that are interrelated. Further, the energy transport,

conversion, and dissipation in a plasmonic nanostructure

often span many spatial and temporal scales, which are

difficult to model and obtain robust predictions. There is

great interest in addressing the ongoing debate arising due

to our limited capability to quantify hot carriers in many

plasmonic applications and distinguish the role of hot carri-

ers from other contributing factors.

Experimentally, much progress has been made in our

understanding of optically driven hot carriers. However,

the study of electrically driven hot carrier generation and

relaxation has been initiated comparatively recently. Some

pronounced open questions included: what are the rel-

ative contributions of multielectron coherent processes

and hot carrier recombination in pumping above-threshold

photons? Can we distinguish hot carrier and electronic

Ramanphysics [311], [312] in electrically and optically driven

plasmonic processes? Can we control quantum plasmonic
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modes [313] using electronic means? Advanced experimen-

tal techniques such as single molecule scanning probe

microscopy [119], [314], [315] could serve a very important

role to answer these questions by imaging the distribution

of hot carriers and tracking the hot carrier dynamics when

coupled with ultrafast spectroscopy techniques.

On accessing the strong and ultra-strong regime in plas-

monic systems, molecular scale plasmonic nanostructures

possesses some advantages over conventional larger scale

structures; however, experimental studies in this regime

based on optically driven plasmonics have been quite

challenging, which impedes potential applications. In this

regard, exploring hot carriermediated plexciton strong cou-

pling in the electrically driven regime could be of great

interest. One challenge that needs to be overcome is the typ-

ically weak electroluminescence from these hybrid strong

coupling systems. Discovering an electrically driven hybrid

plexcitonic emissionwith ultra-high brightness holds signif-

icant promise for future endeavors [316].

The application of plasmon-induced hot carriers and

electrically driven plasmonics in quantum optics could

become a fruitful area. From a theoretical perspective,

it is proposed that the intricate plasmonic spectrum of

the nanocavity presents avenues for generating nonclassi-

cal light through mechanisms that can be more efficient

than the resonant interaction between the emitter’s nat-

ural transition and the optical mode [317]–[319]. It has

been predicted that, not only is the photon blockade effect

discernible, but also photon antibunching stemming from

processes of destructive interference, known as uncon-

ventional antibunching, is evident. Furthermore, photon

bunching can also occur at particular frequencies for plex-

citon anti-crossing when the scattered intensity is at min-

imum, demonstrating the tuning capability for the photon

statistics of the hybrid plexcitonic system.
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