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ABSTRACT

Physical processes involving hot electrons, including their generation, transport, injection, and relaxation, have been an extensive area of
research. The most widely utilized method for actuating the creation of hot electrons involves the excitation of plasmonic modes followed by
their non-radiative decay, channeling the energy into these energetic carriers. Since plasmonics has already evolved into a mature field of
scientific exploration, active plasmonic devices serve as an ideal platform to study hot-electron physics. In this Perspective article, we will .
provide the reader with a comprehensive outline of the physics underlying hot-electron dynamics. Emphasis will be placed on the character-
istic timescales involved with the lifecycle of hot electrons, the generation and decay mechanisms of surface plasmon-induced hot electrons,
and the material platforms suitable for such a study. Then, we will move on to discuss different temperature models used to explain the evo-
lution of hot electrons and the changes in the optical properties of the materials they are generated in or injected into. Finally, we will focus
on some of the interesting optical phenomena occurring at ultrafast timescales mediated by hot-carrier dynamics. Such a discussion is
expected to incorporate valuable insights into our understanding of the synergistic relationship between hot-electron dynamics and active :
plasmonics, thereby paving the way for novel applications involving optoelectronics and energy conversion.
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I. INTRODUCTION (nonlinear optical effects). On the other hand, materials with over-
lapping electronic energy bands (metals) or energy bands featuring
bandgaps comparable to the energy of photons in visible or near-
infrared wavelengths (semiconductors) exhibit intriguing material

Light-matter interaction is a rich field of scientific inquiry
with dual significance, both in fundamental scientific explorations
and practical applications. Such an interplay between light and - o °
matter is mediated by the exchange of energy and, as a conse- responses. Such responses include, but are not limited to, the exci-
quence, dictated by the energy dispersion of electrons within a tation of coherent electron oscillations known as plasmonic modes
material. While the energy distribution of electrons within bulk in metals and the creation of energetic electron-hole pairs in semi-

materials is determined by the material type rather than their size conductors. This simultaneous change in the physical properties of
or shape, a number of intriguing physical phenomena emerge as light and the energy distribution of electrons upon interaction
the material size approaches sub-wavelength dimensions, ushering ~ highlights the utility of light as a sensitive probing mechanism to
in novel observations in the interaction between light and matter. study the physical processes governing electron dynamics inside a
Both the physical characteristics of the incident light and the material.
energy distribution of electrons within the material are altered The generation of highly energetic electrons upon the absorp-
through their interaction. Such changes are governed by the  tion of light by a material has been a well-known physical phenom-
exchange of energy between them. The response of light includes enon since the end of the nineteenth century." Metals have an
changes in direction (transmission, reflection, and scattering), abundance of free electrons that can absorb energy from an incom-

polarization (dichroism), energy (absorption), and frequency ing photon. When the energy of an incoming photon exceeds a
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threshold value known as the work function of the metal, electrons
get kicked out of the metal and can be collected with the help of an
externally applied potential—a physical phenomenon known as the
photoelectric effect, as elucidated by Einstein.” Another intriguing
observation in light-metal interaction is the generation of hot elec-
trons, which are highly energetic charge carriers that are out of
thermal equilibrium with the lattice and, as a result, do not follow
the Fermi distribution at the same temperature as the lattice.
Though the excitation of such highly energetic carriers by harvest-
ing the energy of the incident light has been observed for a while
now, understanding the detailed physics behind the generation,
transport, injection, and subsequent relaxation is essential for prac-
tical applications. Key challenges in this pursuit include the neces-
sity for probing techniques with high temporal resolution to
monitor the ultrafast energy evolution of hot electrons with
minimal disturbance, as well as the requirement to generate a sig-
nificant population of hot electrons amid the abundance of free
electrons in metals. Analyzing the transient changes in the charac-
teristics of incident light—such as variations in intensity, polariza-
tion, and frequency components—upon light-matter interaction
can provide significant insights into the physical processes that
energetic hot carriers undergo.

Hot electrons are generated when the energy of external
quantum stimuli drives electrons out of thermal equilibrium with
the lattice. Right after the creation of these energetic electrons, they
interact among themselves and with the lattice. These interactions
facilitate their exchange of energy, eventually reaching thermal
equilibrium with the lattice, typically within picoseconds. Hot elec-
trons can be broadly classified into two different categories based
on their lifetime, energy, and equilibrium status. Hot electrons that
are not in thermal equilibrium among themselves cannot be
described in terms of an effective electron temperature T,. These
are known as nonthermal hot electrons. These nonthermal hot
electrons soon reach thermal equilibrium among themselves
through electron-electron (e—e) interactions, and this occurs within
a timescale of ~200 — 300 fs.” They are now called thermalized hot
electrons, which follow the Fermi distribution at an elevated elec-
tron temperature T, which is still far higher than the lattice tem-
perature T). These thermalized hot electrons live longer than
nonthermal hot electrons. Finally, they reach thermal equilibrium
with the lattice primarily through electron-phonon (e-ph) interac-
tions occurring within a timescale of 1-10ps.”* Subsequently,
phonon-phonon (ph-ph) interactions occur inside the lattice
within a timescale of 10-100 ps.”™”

Applications of hot electrons span various fields, ranging from
chemistry to optics. A growing area of such application is photoca-
talysis, where the energy pathway of chemical reactions can be
modified by hot carriers.”'" In order to get a broad review of the
application of hot electrons in photocatalysis, the readers are
encouraged to consult Refs. 11-14. In addition, hot electrons can
be used in photovoltaic applications since they can be injected in
an efficient manner across the metal-semiconductor Schottky
barrier, thanks to the lower energy requirement compared to the
bandgap of semiconductors.”””'” Moreover, they show great
promise for applications involving sensing and detection.'*" A
good overview of all these applications is summarized in this
Perspective article.”’ Analysis of the energy and angular
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dependence of photoexcited electrons can yield significant insights
into the surface properties and the electronic band structure of
solids.”” Furthermore, hot electrons can be utilized for the purpose
of doping semiconductors.”> They are also used to change the
phase in phase-change materials in an ultrafast manner,”* which
finds application in photodetection.”

There are many excellent review articles on the generation of
hot electrons and the relevant physics,”**** temperature models
for hot electrons,” and the relaxation dynamics of hot electrons.””
In this Perspective article, the focus will be on a set of novel optical
phenomena induced by hot electrons observed in plasmonic struc-
tures on ultrafast timescales and how these phenomena can eluci-
date the generation, transport, injection, and relaxation of hot
electrons. The first section delves into the physics of hot-electron
dynamics and the ultrafast timescales involved with the physical
processes taking place during the lifecycle. Then, the mechanisms
behind the generation of hot electrons are discussed, including the
different processes for surface plasmon decay, the choice of mate-
rial combinations, the dependence of hot-electron generation effi-
ciency on the size and shape of plasmonic nanostructures,
computational models, and the relationship between computational
parameters and physical observables. Subsequently, existing experi-
mental techniques used for characterization are briefly discussed. A
set of transient optical phenomena utilizing hot-electron dynamics
are explored in Sec. III. These observations can be employed in
studying the lifecycle of hot electrons, often providing new insights.
Finally, a brief outlook on the future scope of research is presented.

Il. UNRAVELING THE PHYSICS OF HOT-ELECTRON
GENERATION AND TRANSPORT

In this section, we will explore the physics of hot electrons,

focusing on their lifecycle: generation of hot electrons through dif- ;
ferent mechanisms followed by their decay through electron-elec- :

tron (e-e) and electron-phonon (e-ph) collisions. Subsequently,
we will explore the transport and injection of hot electrons into
electron-accepting materials, which are typically semiconductors.
Building upon these discussions, we will compare various popular
material platforms of choice: different metals for the generation
and different semiconductors for injection. Finally, we will pivot
toward examining the physical alterations induced by these ener-
getic electrons within their host materials upon generation or injec-
tion, with a special emphasis on their impact on transient changes
in optical properties.

Both the generation and decay of hot carriers are inherently
quantum processes. The lifecycle of hot electrons can be discussed
in terms of four sequential phenomena that are well separated in a
timescale. The first step involves the absorption of a photon (fim)
by a metallic nanostructure, followed by the coherent excitation of
a charge density oscillation, with the electric field confined at the
interface between the metal and dielectric, known as surface
plasmon resonance (SPR). If the nanostructure is small compared
to the wavelength of light, the surface plasmon resonance mode
gets confined to the nanostructure, giving rise to what is known as
localized surface plasmon resonance (LSPR). The decay of the plas-
monic mode, which occurs within ~10 fs,” marks the second step.
Plasmonic modes decay through two channels: a radiative decay
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channel, in which energy is transferred to photons,” and a non-
radiative decay channel, resulting in the generation of energetic
electron-hole pairs.’"””> These first generation of energetic elec-
trons, known as non-thermal hot electrons, are neither in thermal
equilibrium with the lattice nor among themselves. As a result,
they cannot be described in terms of an effective electron temper-
ature. The third step involves the thermalization of the
non-thermal hot electrons via electron-electron (e-e) interaction,
leading to the subsequent generation of thermalized hot electrons.
This process occurs typically within a timescale of
~200 — 300 fs.” These thermalized hot electrons are in thermal
equilibrium among themselves and, hence, follow a Fermi distri-
bution at an elevated electron temperature (T,), which is higher
than the lattice temperature (T;). At this point, thermal equilib-
rium between the electron distribution and the lattice is yet to be
established. Therefore, finally, the thermalized hot electrons
undergo electron-phonon interaction, typically within a few pico-
seconds, to achieve equilibrium with the lattice, thereby increas-
ing the lattice temperature (T7) (Fig. 1).

Now, let us go through different physical mechanisms that
lead to hot-electron generation. While discussing the generation
mechanism of hot electrons, emphasis is placed on the processes
that take place, the location, and the directionality of the genera-
tion. This will help us design structures optimized for the genera-
tion of hot electrons, followed by their ultrafast injection before
they thermalize.

PERSPECTIVE pubs.aip.org/aip/jap

A. Difference between direct photoexcitation and
surface plasmon decay

Two primary mechanisms for the generation of hot electrons
are of particular interest: direct photoexcitation and surface
plasmon decay. Hot-carrier generation by direct photoexcitation is
possible in metals with a larger density of electronic states, such as
d-band electrons in Au. In direct photoexcitation, a photon with
energy exceeding the energy gap between the d-band and the
Fermi level elevates an electron to a high-energy state. Phonons
and defects take care of any momentum mismatch. For example, in
the case of Au, the upper edge of the d-band is 2.3 eV below the
Fermi level.”> Hence, a photon having an energy of 3 eV can excite
electrons from the d-band to a maximum of 0.7 eV above Fermi
energy. On the other hand, the decay of a surface plasmon mode
can provide the energy required to excite electrons into higher
energy states. The key distinctions between the hot carriers pro-
duced by these two mechanisms are bipartite: (i) the energy levels
of hot carriers generated via surface plasmon decay significantly
exceed those from direct absorption and (ii) the excitation mecha-
nism of a surface plasmon mode offers tremendous control
through the geometry of the nanostructure and the polarization of
incident light. Thus, the primary focus of this article will be on hot-
carrier generation from surface plasmon decay. Before discussing
the physics of SPP decay, let us briefly discuss the advantages of
plasmonics in studying hot-electron physics.
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FIG. 1. Relaxation pathways and timescales following the photoexcitation of a plasmonic nanoparticle. The schematic illustrates the energy-exchange mechanisms and the
corresponding characteristic timescales followed by the optical excitation of plasmonic modes in a nanoparticle. The primary energy-exchange mechanisms responsible for
the transitions and the characteristic timescales involved are indicated. For each temporal region, the energy distribution of electrons f(E) is presented. Contributions of
non-thermal and thermal hot electrons (red) and holes (blue) around Fermi energy Er are also pointed out for comparison.” Reproduced with permission from Schirato
et al., Nanophotonics 12, 1 (2023). Copyright 2023 Author(s), licensed under a Creative Commons Attribution 4.0 International License.
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Surface plasmons are coherent, collective oscillations of
conduction-band electrons in metals or any material with a nega-
tive real part of dielectric permittivity, coupled with an incident
electromagnetic field, and confined to the interface between a
metal and a dielectric.”*** Depending on the geometric dimension
of the metallic structure, surface plasmon excitation can be a prop-
agating mode known as a surface plasmon polariton (SPP) or a
localized mode known as a localized surface plasmon (LSP).
Exciting the localized surface plasmon (LSP) resonance mode in
metallic nanostructures, followed by their non-radiative decay,
stands as the preferred method for generating hot electrons, serving
both the study of underlying physics and practical applications
alike. Excitation of the plasmonic modes has a number of advan-
tages: (a) Increase in the absorption cross section: surface plasmon
resonance enables metallic nanostructures to capture more light
than is incident upon them.”” Metallic nanostructures cause elec-
tromagnetic fields to bend toward them when in resonance,
thereby augmenting the effective absorption cross section, extend-
ing even beyond geometric dimensions, and, thus, enabling effi-
cient coupling of electromagnetic waves from free space to metallic
nanostructures.”®*” (b) Electric field enhancement: resonant excita-
tion of plasmonic modes can provide a large electric field enhance-
ment.”>">*" This field enhancement directly contributes to an
increase in the generation of hot carriers.”"* The efficacy of a hot
carrier-based device hinges more on electric field enhancement than
absorption efficiency. (c) Smaller mode volume: plasmonic nanopar-
ticles can concentrate the energy of incident light on a region
smaller than the diffraction limit.">** Surpassing the diffraction
limit facilitates achieving a smaller mode volume.*™*° (d) Large
number of electrons and energy levels: metals harbor a substantial
number of free conduction-band electrons alongside a large number
of available energy levels, easing the excitation of electrons to higher
energy bands. (e) Tunability: plasmonic resonance can be tuned
in an efficient manner by the physical parameters of nanoparticles
(for example, size, shape, and periodicity) and incident light
(for example, angle of incidence and polarization).*’~>°

B. Hot-carrier generation from surface plasmon decay

While discussing surface plasmon decay, the physical parame-
ters we need to look out for are the energy of hot carriers, their
spatial profile, and their directionality. According to Fowler’s
theory,” the law of conservation of momentum requires that only
the hot carriers generated within a cone of acceptance marked by
the angle 0, in Fig. 2(a) will be able to get injected into the
electron-accepting semiconductor material. For injection into an
electron-accepting material, hot electrons should (a) have high
energy so that they can overcome the energy barrier at the inter-
face, (b) have a highly directional profile to have momentum
toward the interface, and (c) get generated close to the interface so
that they do not thermalize before injection.

For the generation of hot carriers, the following four mecha-
nisms need to be considered.**”**

(i)  Interband transition mediated by direct absorption of photon
is the process where the energy of an energetic photon is uti-
lized to elevate a d-band electron to, or slightly above, the
Fermi level. Since a significant portion of the energy is
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utilized to bridge the energy gap between the d-band and the
Fermi level, the resulting kinetic energy of the electron above
the Fermi level is typically low, often insufficient to overcome
external energy barriers for injection into other materials.
For example, the d-band is approximately 2 eV below the
Fermi level in Au. As a result, if the energy of an incident
photon /i gets absorbed by a d-band electron in Au, it can
only elevate to an energy level above the Fermi level by
Einterband = io — 2 eV. Consequently, the residual energy for
the energetic interband carrier is not sufficient to perform
practical work, such as surmounting a Schottky barrier for
the standard illumination wavelength of interest.
(ii)  Electron-electron scattering-assisted absorption of SPP is
neglected in some theoretical models, mainly by considering
this to be a weak second order process. However, the rate of
this process is on the same order as an electron-phonon
(e-ph) scattering rate” " and, thus, not negligible. The scat-
tering among energetic non-thermal electrons gives rise to
the successive generation of hot carriers with lower energies.
The utility of these quasi-ballistic carriers depends on the
number of e-e scattering events they have undergone and the
energy barrier they are required to overcome during an appli-
cation. Two hot electrons and two hot holes are generated in
one such scattering event with an equal distribution of
energy. Thus, the energy of each charge carrier is fiw/4 and
the spatial profile of the generation is omnidirectional, given
by R(6,) = ﬁ.‘;z Thus, the lack of directionality also hinders
their application.
Phonon and defect-assisted absorption of SPP is the process of
SPP decay that involves a phonon or a defect to compensate
for the momentum mismatch. The energy of the SPP mode
is split evenly between an electron-hole pair, with each

(iii)

having an average energy of fiw/2. The directionality is weak, ;
given by i

and  the directional
R(8,) = (3cos®6, + 1)/8.%
Landau or surface collision assisted damping of SPP is the
damping process of the SPP mode near the end of the
surface, where the conservation of momentum is relaxed.”®’
This is by far the most useful process for hot-carrier genera-
tion since the generated hot carriers are both energetic with
an average energy of fiw/2 and highly directional with the
directional profile R(6,) = %39;‘.53 Additionally, these are
generated close to the surface from where they can be easily
injected.

profile is

(iv)

A comparison of all the decay mechanisms is shown in
Table I based on the theoretical model presented in Ref. 52.

The injection of hot carriers was initially described by Fowler
theory”' where only those hot carriers having a momentum within
the cone of acceptance can be injected into the semiconductor
[Fig. 2(a)]. Various hot-carrier generation mechanisms differ in
their directionality and injection efficiency [Fig. 2(b)]. Among the
generation mechanisms, a surface collision assisted or Landau
damping assisted mechanism is the most efficient one in terms of
injection since most of the hot carriers are generated within the
mean free path L, of the surface [Fig. 2(c)]. The flux and, hence,
the internal quantum efficiency (IQE) of hot-carrier injection
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FIG. 2. Hot-carrier generation and injection. (a) Spatial picture of a metal-semiconductor Schottky barrier with angle of acceptance 6, for allowed injection (left)*” and a
schematic showing an isotropic hot-electron momentum distribution in a sphere and a limited escape cone (right).”® (b) Angular distributions of hot carriers photoexcited by
different processes (left) and injection efficiency of the hot carriers excited by each process (right).”” (c) Spatial dependence of the energy dissipation rate in a 40 nm thick
Au plate [blue curve marked as (a)] and the same as the blue curve but with the oscillations smoothed out over each period [red curve marked as (b)].* (d) Computed
spatial profile of the norm of the electric field |Egqiq| at the resonance wavelength (A = 650 nm) for an experimental structure with W = 61 nm and P = 230 nm. The hot
electrons travel across the metal structure and reach the interface between Au and GaN either ballistically (without scattering, solid arrow) or after scattering (dashed
arrows).” (e) Energy-resolved flux of hot electrons reaching the Au-GaN interface ballistically for a photon energy of 1.7 eV (corresponding to a weak interband contribu-
tion, orange curves) and 2.4 eV (corresponding to a strong interband contribution, turquoise curves). The position of the Schottk%/ barrier is shown by the shaded area
(left), the same as the left panel but considering the flux of carriers that have experienced at most three scattering events (right).” () Internal quantum efficiency (IQE)
spectra computed using the energy-resolved fluxes, both for the cases of ballistic carriers (blue solid curve) and for carriers that have gone through three scattering events
(blue dashed curve).>® Tangential momentum conservation was assumed for injection probability.'® Figure panels (a) (left), (b), and (c) are reproduced with permission
from Khurgin et al., Faraday Discuss. 214, 35 (2019). Copyright 2019 The Royal Society of Chemistry. Figure panel (a) (right) is reproduced with permission from
Leenheer et al., J. Appl. Phys. 115, 134301 (2014). Copyright 2014 AIP Publishing LLC. Figure panels (d)—(f) are reproduced with permission from Tagliabue ef al., Nat.
Commun. 9, 3394 (2018). Copyright 2018 Author(s), licensed under a Creative Commons Attribution 4.0 International License.
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TABLE I. Comparison among the SPP decay mechanisms.
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SPP decay mechanism Average energy of hot carriers Directionality Location of hot-carrier generation
Electron-electron scattering %‘” No, R(6,) = i Entire SPP mode
Phonon or defect-assisted ’%‘” Low, R(6,) = (3c0529a3+ 1)/8 Entire SPP mode

Landau damping ’%‘” High, R(6,) = %e“ Surface of the metallic structure

depend on the nature of the hot carriers. Ballistic carriers that have
not undergone any e-e scattering are compared with the hot carri-
ers that have undergone three such e-e scattering events. This is
shown for an experimental Schottky junction made of Au-GaN
[Fig. 2(d)]. As illustrated in Fig. 2(d), upon excitation of the funda-
mental plasmon mode, the electric field becomes localized near the
metal-semiconductor interface. Figure 2(e) illustrates the impact of
strong interband transitions, as shown by the turquoise curve, for
both cases: the ballistic flux Fy(E) on the left panel and the flux of
carriers that have experienced three scattering events F3(E) on the
right panel, in contrast to the weak interband transitions indicated
by the orange curve. The gray dashed curve in Fig. 2(f) depicts the
predicted IQE based on the fit of the Fowler yield, exhibiting little
resemblance to the experimentally observed IQE represented by the
solid gray curve. The blue solid curve depicts the IQE spectrum
projected from the flux of hot electrons without undergoing any
scattering, denoted as Fy(E). Meanwhile, the blue dashed curve rep-
resents the predicted IQE obtained for hot electrons that have expe-
rienced three scattering events, labeled as Fs(E). The inclusion of
additional scattering events has been shown to marginally alter the
IQE by 0.01%, suggesting that most hot electrons undergo no more
than three scattering events before being collected.

Now, based on our understanding of the physics behind dif-
ferent hot-electron generation schemes, a number of design princi-
ples can be established to fine-tune the process.

(i)  Efficient absorption of light by the excitation of the localized
surface plasmon mode: the first step toward the generation of
hot electrons is the absorption of light and hence comes to
the use of metallic nanostructures. Though bulk metal struc-
tures are mostly reflective, metallic nanostructures can
provide a high absorption cross section beyond their geomet-
ric dimension thanks to the excitation of an LSP mode.”
Again, a recent progress in nanofabrication techniques has
enabled the fabrication of complex metallic nanostructures
that are intentionally designed for efficient absorption of
photons.®*"!

(ii) Non-radiative decay of surface plasmon: only the non-
radiative decay of surface plasmons contributes to the genera-
tion of hot electrons. Radiative decay, on the other hand,
leads to the emission of photons. Therefore, the non-radiative
decay channel needs to be prioritized over the radiative one,
and this can be accomplished through approaches involving
the excitation of a dark plasmon mode,”” activation of a
propagating surface plasmon mode,”’ and taking advantage
of surface and geometric effects,”* among others.

(i) Landau damping: Landau damping is a surface
scattering-assisted decay mechanism for surface plasmons.

Hot electrons generated through Landau damping are valu-
able for practical applications thanks to their higher energy,
high directionality, and the fact that their generation site is
close to the surface. Enhancing the surface-to-volume ratio
increases the generation of hot electrons through Landau
damping.”

C. Generation and injection of hot holes for
modulating hot-electron dynamics

Though the injection of hot electrons from plasmonic nano-
structures into an electron-accepting material has been under thor-
ough investigation, the injection of hot holes has not been studied
extensively. The generation of hot holes created below the Fermi
level of metallic nanostructures, followed by their collection into
the valence band of a hole accepting material, leads to substantial
modulation of the relaxation dynamics of hot electrons. This alter-
ation is observed in terms of an increase in the maximum electron
temperature (7T,), which further leads to an elevated electronic heat
capacity (C,). Moreover, electron-phonon coupling time (z,_pp) is
observed to decrease as well.”” The difference in the spectral signa-
ture of hot hole dynamics compared to hot-electron dynamics
plays a critical role in selecting the suitable spectral content for
both the pump and the probe beam. Hot holes excited from the
d-band of the metallic nanostructures are suitable for modulating
the hot-electron dynamics and, as a result, require the use of pump
photons energetic enough to realize an interband transition. On
the other hand, the relaxation dynamics of hot holes can be studied
using near-IR or mid-IR probe light.”° This difference in the spec-
tral region of interest for studying hot-electron dynamics and hot
hole dynamics makes it easier to study them independently of each
other.

€¥°€5:1Z ¥20T 4990100 0}

D. Importance of a pulsed laser

Excitation of a SPP mode can concentrate the energy of the
incident light in a small mode volume, which is well beyond the
diffraction limit governed by the wavelength of the incident light.
This, along with the fact that they have a short lifetime, typically in
the range of ~10 fs, leads to the requirement of a very large inci-
dent power density, sometimes even beyond 1 MW/cm? in the case
of a resonant nanostructure of sub-wavelength dimensions.”” The
short lifetimes of hot carriers, in comparison with the successive
excitation of SPP modes, make it highly improbable for a temporal
overlap between an SPP mode and hot energetic carriers in a nano-
structure. In most practical cases of irradiation, there exists either
an SPP mode, a pair of energetic carriers, or, more likely, none of
these inside the nanostructure. Consequently, many experimental
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studies examining hot-carrier generation from surface plasmon
decay necessitate the use of pulsed lasers with low repetition rates,
thus generating a high peak power.””

For a pulsed laser with an average power of Py, the energy in
each pulse can be calculated using the repetition rate R (i.e., the
number of laser pulses in each second) as shown in Eq. (1),

Pavg. (1)

Epulse =

Therefore, the lower the repetition rate of the pulsed laser, the
higher the energy contained in each pulse of the laser. For example,
if two pulsed lasers have the same average power, if one of them
has a repetition rate of 1 KHz while the other has a repetition rate
of 1 MHz, then each optical pulse in the first laser will have 1000
times more energy than each pulse in the second laser. The higher
the energy contained in each pulse, the higher the probability of
exciting a non-equilibrium electron. Hence, the utilization of fem-
tosecond pulsed lasers serves several crucial purposes: they provide
peak power that is sufficient for exciting energetic hot carriers,
maintain a reasonable average power thanks to their low repetition
rate, which prevents excessive heat accumulation and consequent
melting of metallic nanostructures, and offer the requisite temporal
resolution for investigating the ultrafast dynamics of hot carriers.

E. Material choices

Most applications involving hot electrons entail the injection
of these energetic carriers into an electron-accepting material, typi-
cally a semiconductor that forms a Schottky barrier with the metal-
lic structure generating hot electrons. The short mean free path and
the ultrafast relaxation of hot carriers make it challenging to collect
them into the electron-accepting material before they thermalize.
The collection of hot carriers is a two-step process. At first, they
need to travel to the metal-semiconductor interface without decay-
ing, and then they need to overcome the Schottky barrier to get
injected into the semiconductor. The injection efficiency depends
on a few factors: (a) location of the hot-carrier generation, (b) con-
servation of linear momentum at the interface, (c) height of the
metal-semiconductor Schottky barrier, (d) density of states (DOS)
available in the electron-accepting material, and (e) the effect of
interface roughness, among others. The closer the hot carrier is gen-
erated to the interface, the higher the chance it gets injected before
being thermalized. The conservation of linear momentum is relaxed
at a rough interface. This relaxed momentum conservation results
in a higher efficiency of hot-carrier extraction into the semiconduc-
tor. The height of the Schottky barrier also has an impact on carrier
injection since the carrier should have sufficient energy to overcome
this barrier in the first place. The higher the Schottky barrier, the
lower the probability of a carrier crossing it. Finally, a higher density
of states in electron-accepting materials favors the injection of elec-
trons. For example, owing to the low density of states in Si, the effi-
ciency of hot-electron injection from Au to Si is typically on the
lower side.”” On the contrary, the injection efficiency from Au to
TiO, can be very large and can even surpass 10%."*

The energy distribution of hot electrons is intricately linked to
the electronic band structure of the metal. For example, when
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metallic structures composed of materials, such as Au and Cu, are
excited, they yield hot electrons with temperatures typically 1-2 eV
higher than that of hot holes. In contrast, materials, such as Ag and
Al, evenly distribute energy between hot electrons and hot holes.
This results from the fact that the momentum-direction distribu-
tions for hot carriers are anisotropic and dominated by crystal ori-
entation for noble metals.

The energy distribution of hot carriers is connected to the
electronic band structure of the metal in an intricate manner. For
example, when metallic nanostructures composed of Au and Cu
are excited, they yield hot electrons with temperatures typically cor-
responding to 1 — 2 eV higher energies than those of hot holes. In
contrast, an even distribution of energy between hot electrons and
hot holes is observed in materials, such as Ag and Al This origi-
nates from the anisotropy in the momentum-direction distributions
for hot carriers, which is dominated by the crystal orientation in
noble metals.

The initial hot-carrier distribution generated by plasmon
decay has been estimated using jellium models, which are based on
the free-electron band structure, specifically for Ag nanoparticles
and nanoshells.”” Despite providing valuable insights into the
physics of plasmonic hot-carrier generation, these models are appli-
cable to cases for materials and ranges of plasmon energies that
only involve free-electron-like potential distribution. For instance,
this approach is valid for Ag nanoparticles below its interband
transition threshold of 3.6 eV, but not applicable to other metals,
such as Au, Cu, or Al since they exhibit interband transitions at
lower energies.

In addition, the selection of the metal-semiconductor combi-
nation depends on the intended application since the overall effi-
ciency of hot-carrier injection is influenced by the Schottky barrier
formed at the interface. Figure 3(a) summarizes popular material
selections, including metals, conducting oxides, and wide-bandgap
semiconductors, utilized for the generation and collection of plas-
monic hot electrons, accompanied by their respective energy band
characteristics. The efficiency of hot-carrier generation also
depends strongly on the size and shape of the unit cells of the plas-
monic structure. These effects are studies in Ref. 69 for four differ-
ent geometric shapes (sphere, nanorod, nanostar#l, and
nanostar#2) and different sizes [Fig. 3(b)]. Among these shapes,
the nanostar exhibited the highest efficiency in generating hot elec-
trons [Figs. 3(c)-3(e)]. This is primarily attributed to several
factors, including the strong plasmonic enhancement of the inter-
nal field, the presence of localized hot spots, an increased
surface-to-volume ratio, the nearly isotropic optoelectronic proper-
ties, as well as the lack of interband transitions at the plasmonic
resonance frequency.’’

F. Computational methods

Several computational methods are used to design and
analyze the spatial profile of the electric field in the plasmonic
nanostructure upon the incidence of light. Full wave electrody-
namic simulation methods serve as excellent tools for such calcu-
lations. The temporal evolution of non-equilibrium carriers is
modeled using density functional theory (DFT) and temperature
models (TMs).
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FIG. 3. Choice of material combinations, size, and shape for efficient hot-carrier generation. (a) Schematic of the energy band diagram of a metal-semiconductor
Schottky junction. The absorption of a photon hv causes the creation of an electron-hole pair that can overcome the Schottky barrier ¢gg (left). Fermi level (Er), conduc-
tion (Ec), band, and valence (Ey) band energy for a few metals, conducting oxides, and wide-bandgap semiconductors, which are of interest for the fabrication of plas-
monic nanostructures. A potential scale (V) is used to plot the energies with respect to the vacuum (right). (b) Different shapes and sizes of nanoparticles under study.
The nanorods (NRs) have the same aspect ratio of Bloi (c) The number of photoexcited electrons in the nanostar as a function of the wavelength around the plasmonic
resonance of A, = 745 nm. Inset: the ratio between the number of hot electrons and the number of electrons with low excitation energies.®® (d) Rates of intraband genera-
tions as a function of nanocrystal volume for all different shapes of nanostructures.® (e) Rates of intraband generations as a function of nanocrystal volume for the over-
barrier carriers.”” The Er values for Au, Cu, Ag, Al, FTO, GZO, ITO, and AZO were obtained from Refs. 70-77, respectively. The values of E¢ and Ey for TiO,, ZnO,
CeO,, and AgBr were obtained from Refs. 78-81, respectively. Figure panel (a) is reproduced with permission from C. Clavero, Nat. Photonics 8, 95 (2014). Copyright
2014 Springer Nature Limited. Figure panels (b)-(e) are reproduced with permission from Santiago et al., ACS Photonics 7, 2807 (2020). Copyright 2020 American
Chemical Society.
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1. Full wave electrodynamic simulation

Since the dawn of plasmonics, full wave electrodynamic simu-
lation has been used for numerical analysis and design of plas-
monic structures. Such electrodynamic simulations are mostly
performed using (i) a Finite Element Method (FEM) and (ii) Finite
Difference Time Domain (FDTD) analysis. A rationally designed
electrodynamic simulation is performed to calculate (i) transmit-
tance and reflectance spectra and (ii) the spatial profile of the elec-
tric field. Electric field enhancement is correlated with plasmonic
resonance, which, in turn, can be predicted using the transmittance
and reflectance spectra. The spatial profile of hot-electron genera-
tion 8n(E, r) is directly related to the electric field profile by the fol-
lowing quadratic relation:*

Sn(E, r) o< |E(r)[* . )

This correspondence between the spatial distribution of
hot-electron generation and electric field enhancement is utilized
while designing plasmonic platforms for the study of hot electrons.

2. Density functional theory (DFT)

A comprehensive examination of hot-carrier dynamics within
a metallic nanostructure requires the application of time-dependent
density functional theory (TD-DFT).””™® Leveraging TD-DFT,
carrier density of states, and optical transition matrix elements can
be determined without using free parameters. TD-DFT also serves
as a distinctive tool for many purposes: probing photoinduced
charge transfer mechanisms occurring at the plasmonic nanoparti-
cle (NP) surface,”® validating experimental findings of ballistic
thermal injection at metal/semiconductor interfaces,”” elucidating
ultrafast electron transfer dynamics within heterostructures™ and
2D materials,” and providing insights into the impact of plasmons
on photocatalysis. However, the problem TD-DFT suffers from is
the numerical complexity, which grows exponentially with the
dimension of the system under study. As a result, TD-DFT is suit-
able only for systems comprising a few hundred atoms with physi-
cal dimensions of 1-2 nm. Modifications within TD-DFT based on
reasonable assumptions result in reduced computational complex-
ity, thereby facilitating its application in systems with more realistic
dimensions. Utilization of analytical free-electron solutions and
jellium TD-DFT, as alternatives to full band calculations,”””!
extends their applicability to nanostructures spanning tens of nano-
meters. Such computations offer valuable insights into phenomena,
such as geometry-assisted transitions and the influence of nano-
structure shapes.”” Hybrid computational solutions, derived from
the Boltzmann equation (BE), have also been shown to capture the
interesting features of diffusive transport.”” Apart from the com-
plexities inside the models themselves, there is also technical diffi-
culty in incorporating these models with the commercial full wave
solvers typically used to design the metallic structures for plas-
monic resonance.

3. Temperature models

In addition to the advanced techniques previously discussed,
there are thermodynamic-based models that provide effective
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descriptions of hot-electron dynamics. These models encompass
the two-temperature model (2TM),”* the extended two-temperature
model (e-2TM),” the quantum two-temperature model
(Q-2TM),”® the three-temperature model (3TM),”” and the four-
temperature model (4TM).”® The 2TM approach treats the dynam-
ics of photoexcited carriers as the thermalization process of two
interlinked thermal reservoirs: hot electrons at an elevated tempera-
ture T, and the lattice at a temperature T;. These variables are
interconnected through rate equations and the principle of energy
conservation. 2TM successfully captures the thermal non-
equilibrium between the hot-electron distribution and the lattice.
However, a notable limitation of the 2TM is its failure to account
for the thermal non-equilibrium among the hot electrons them-
selves immediately following their creation. This early phase of the
hot-electron lifecycle, characterized by electron—electron scattering,
eludes the scope of the 2TM model.

A slightly modified version of 2TM is the e-2TM. In this
model, the non-thermal hot electrons excited right after the decay
of an LSP mode are taken into account. The thermalized hot elec-
trons are modeled by an elevated electron temperature T, and the
lattice temperature is denoted by lattice temperature T;. The non-
thermal hot electrons cannot be modeled by temperature. Hence,
they are modeled by the energy content of the nonthermal electron
distribution E,;;. The model describes the relationship among these
three quantities T,, T}, and E,y, in terms of three coupled differen-
tial equations.

The overall process starts from the absorption of energy from
LSP decay P,(t), which creates a non-thermal hot-electron distri-
bution with energy E,;,. These non-thermal hot electrons thermal-
ize by e-e scattering, with the scattering coefficient denoted by
ae—e. This process takes place at ~200 fs timescale. The rate of scat-
tering is proportional to the initial population of non-thermal hot

electrons. This gives rise to the following differential equation for ;

the decay of non-thermal electrons:”

% = abs(t) — Ge—eEpeh - (3)

Once an equilibrium is reached within the hot electrons, they
follow the Fermi distribution at an elevated temperature T,, known
as the electron temperature, which is greater than the lattice tem-
perature T;. Now, there is a transfer of energy from the non-
thermal hot electrons when they thermalize, given by a._.E,4, and
there is a thermalization process dominated by the e—ph scattering
between the thermalized electrons and the lattice. This electron—
phonon coupling coefficient is given by G. Therefore, we get the
following differential equation for the thermalized hot-electron dis-
tribution:”

dT,
dt

Ce = ae—eEumn — G(Te - Tl) . (4)

Here, C, denotes the heat capacity of the electron distribution,
which is proportional to the electron temperature T,. Finally, the
lattice at temperature T; absorbs energy from the thermalized hot
electrons by e-ph interactions, and they eventually radiate heat to
the external environment. This gives rise to the following
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differential equation for the lattice:”

T — T,
G(T,—T)) — G——". (5)

Theat transfer

dT;
CIE -

Here, C; denotes the lattice heat capacity and C; > C,.
Theattransfer Tepresents the time required for heat transfer from the
plasmonic nanostructure to the surrounding medium.

Another temperature model close to the e-2TM is 3TM. 3TM
accounts for the photogeneration and ultrafast relaxation of hot
carriers in terms of the same three internal energetic degrees of
freedom. While the designation “3TM” may be somewhat mislead-
ing, as it implies the introduction of an additional temperature, the
model accurately represents the non-thermal hot electrons in terms
of the energy density stored in the non-thermalized portion of the
distribution E,4, as these hot electrons cannot be modeled using
an effective electron temperature.

3TM reads as the following set of coupled ordinary differential
equations:”’

dE,
4 U = Paps(t) — @e—eEnn — be—phEnth > (6)
t
dT,
Ce_e = ae—eEnth - G(Te - Tl) > (7)
dt
dT
Cld_tl = be_phEpn + G(T, — T)) - ®)

As observed from the above set of differential equations, the
difference between the e-2TM and 3TM model is the consideration
of the e-ph scattering process among the non-thermal hot elec-
trons, which was ignored in e-2TM.

The coefficients a,_, and b,_p represent how the non-thermal
hot electrons lose energy by e-e scattering and e-ph scattering,
respectively, and their values can be calculated from the e-e scatter-
ing rate t,!,'" and the e-ph scattering rate re‘jph,“” respectively.
For ultrafast timescales, the lattice heat capacity C; is a constant,
but the electron heat capacity C, is a function of temperature. For
standard excitation conditions, C, can be modeled as a linear func-
tion of electron temperature: C, =vy,T,, where vy, is the linear
carrier heat capacity constant.'”” All these coefficients can be
obtained either from ab initio calculations or from phenomenologi-
cally fitting experimental data. Finally, the driving term in the
above equation is the absorbed power Pg,(t), which can be deter-
mined from the temporal profile of the optical pulse incident on
the structure and the physical properties of the metallic nanostruc-
ture. One assumption of 3TM is the instantaneous decay of SPP
modes, leading to the instantaneous generation of non-thermal hot
electrons. This process typically occurs within ~10fs,”> which is
not a temporal region of interest in most cases. 3TM has been
applied with a reasonable amount of success in the cases of a
heavily doped semiconductor,'”” epsilon-near-zero (ENZ) materi-
and even for all-dielectric nanostructures.'’”'% Figure 4(a)
presents comparative analysis between the experimentally measured
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change in the optical density AOD and the values calculated using
the e-2TM and 3TM models.

Another model to mention in this context is quantum two-
temperature model Q-2TM where the absorbed energy Pg(t) is
divided into two parts: one used to generate thermalized hot elec-
trons Py, ¢(t) and the rest Py () used to generate non-thermal
hot electrons. The above set of equations describing e-2TM is mod-
ified in the following manner:”

dE,
dtth = Pubs,nth(t) - ae—eEnth > (9)
dT,
Ce? - aefeEnth + Pubs, th(t) - G(Te - Tl) > (10)
dT, T — T,
G=l=G(T, - T) - g ——2. (11)
dt Theat transfer

The absorption of power responsible for the creation of low-
energy thermalized electrons is given by a classical expression
based on the imaginary part of the dielectric permittivity according
to the Drude model,*

Pabs, th = Im{eDrude} jV dVEw : E; . (12)

On the other hand, the generation of non-thermal hot elec-
trons is a result of relaxed conservation of momentum at the
surface of a nanostructure, and the corresponding absorbed power
is derived from quantum formalism.'%” The quantum term Pyps un
becomes significant for nanostructures with smaller dimensions,*

12
472

I (hw)?

2
Pabs,nth ~ J |Ew,norma1| dS>
N

where Ej, normal 1S the projection of the electric field onto the
normal to the surface, as defined above, and it is taken at points
inside the nanoparticle and immediately adjacent to the surface.
Figure 4(b) summarizes the key parameters considered in these
temperature models and highlights the differences.

G. Dependence of optical properties on different
parameters

The primary objective of the theoretical models is to anticipate
alterations in observable optical characteristics so that a one-on-one
comparison with the experimental data can be made. Once a
system is represented in terms of the mentioned parameters of tem-
perature models—the population of non-thermal electrons N,(t),
the temperature of thermalized electrons T,(t), and the lattice tem-
perature Tj(t), a relation needs to be established to make a physical
connection between this set of parameters and the dielectric per-
mittivity of the material. Modulation of the permittivity exhibits
the temporal signature of hot-electron dynamics. The dynamic
behavior of N, (t) and T,(t) induces a transient variation in the
energy distribution of electrons, denoted by Af(E, t). Such a varia-
tion results in an increase in the occupation probability of

(13)
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electronic states below the Fermi level and an increase in those formally given by
above the Fermi level. Consequently, there is increased energy
absorption through interband transitions between energy bands 1
positioned below and above the Fermi levels. This change in Snin(E) = A {f (E = hv, Tem)[1 — f(E; Tewy)]
absorption is represented by the change in the complex part of the —f(E, Tow)[1 — f(E + hv, Tun)]} . (15)
metal permittivity, Ae”.'”” The modulation of the occupancy distri-
. . 97
bution for non-thermal carriers can be expressed as follows: Here, A is a constant derived from the law of conservation of
energy’” and T, is the temperature of the surrounding environ-
Afun(E, t) = 8nn(E) Ny (1) , (14) ment. The spectral shape of Af,, is determined by the functional
form of &8,y but its temporal profile is precisely the same as
where 8, (E) is a double-step like function,”” which extends from E,(t). This assumes that all the non-thermalized hot carriers
—hv to +hv (here, hv is the energy of the excitation photon) undergo relaxation at the same time-constant, and this time cons-
around Ep, broadened by temperature and pump pulses''’ and tant is independent of their energy.
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For thermalized electrons, the disparity in the energy occu-
pancy distribution is calculated from the difference between the
excited and equilibrium Fermi-Dirac distribution,”’

Asz(E> t) :f(E> Te(t)) _f(E> Tenv) . (16)

An increased electronic temperature results in an increase in
absorption due to interband transitions in a metal. This results
from increased transitions toward final states below the Fermi level.
This phenomenon is commonly referred to as Fermi smearing, as
the electronic occupation probability becomes smeared around Ep
for an increase in T,.

The change f(E) due to the non-thermal (Afyu(E,t)) and
thermalized (Af(E, T.(t))) hot electrons should be related to the
corresponding change in the complex permittivity. This can be
modeled using a semiclassical model of thermos-modulation non-
linearities''" using joint density of states (JDOS) calculations. Once
the joint density of states Jy(r,(4, t) is calculated for the probe
wavelength 4, the modulation of the imaginary part of the inter-
band permittivity can be calculated as follows:' "

2192

el
ez | P M@ 1)

17
12weom 17

Aeyipy(As 1) =

Here, m is the free electron mass, e is the free electron charge,
c is the speed of light in vacuum, and p; is the electric-dipole
matrix element of the considered transition. A detailed discussion
on this calculation can be found in Ref. 111. From the imaginary
part of the dielectric permittivity, the real part of the dielectric per-
mittivity can be calculated using Kramers—Kronig relations.

Again, the change in the plasma frequency due to a change in
the lattice temperature can be found using the following relation:'"”

Awy(t) = —%ava)pATl(t). (18)

This leads to a corresponding variation in intraband permit-
tivity, which can be calculated as follows:

3 Awy () [Awry(t) + 2w,]
w(w + i) '

A€, (o, 1) = (19)

To eventually determine the total photoinduced modulation
of the metal permittivity, both the intraband and interband contri-
butions to the change in permittivity are summed up, giving a
complex-valued change in the dielectric permittivity. The differen-
tial optical density spectra AOD(4, t) can be determined by iterat-
ing the calculation of the absorption of the nanostructure
incrementally, considering the time-dependent modification of the
optical properties of the plasmonic nanomaterial, as described by
the permittivity function €(4, t) = €9(1) + Ae(4, t), where €,(}) is
the permittivity in the absence of hot-electron excitation. The
values, thus, obtained can be readily compared with the transient
value of AOD(A, t) obtained from standard transient absorption
spectroscopy.
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I1l. INVESTIGATING ULTRAFAST DYNAMICS OF HOT
ELECTRONS IN PLASMONIC SYSTEMS

Though the temperature models help us represent the
dynamic processes hot electrons go through in terms of a few
parameters, full validation of these models necessitates experimen-
tal measurements to support the predicted behaviors as well as to
quantify the free parameters. Currently, two techniques are fre-
quently used to investigate hot-electron dynamics: photocurrent
measurement and time-resolved transient absorption spectroscopy.
Despite their popularity, both techniques suffer from a few limita-
tions, thus highlighting the quest for the development of alternative
characterization methods to either validate or add to the informa-
tion obtained through existing approaches. In this section, we will
provide a concise overview of the already well-established charac-
terization techniques for studying ultrafast hot-electron dynamics,
followed by a discussion on novel optical phenomena that can
augment our current comprehension.

A. Photocurrent measurement

One of the most popular configurations in the study of
hot-electron physics involves the generation of hot electrons in
metallic nanostructures, followed by their collection into an adja-
cent semiconductor material. A Schottky barrier forms at the inter-
face between the metal and the semiconductor, exhibiting
diode-like current-voltage characteristics. Energetic hot carriers
capable of overcoming this Schottky barrier can modulate the
current through the Schottky diode, thus indicating the generation
of hot carriers. Photocurrent measurements serve to track the effi-
ciency of hot-carrier generation,'">  distinguish between
plasmon-induced and photoexcited carriers,'" design efficient plas-
monic photodetectors,'® and compare hot-carrier generation effi-
ciency among different material systems.'"

interesting insights into the injection of hot carriers into 2D mate-
rials.''>'"® However, detailed temporal profiling of the hot-carrier
population cannot be resolved using photocurrent measurements
alone, as it requires a detection system with temporal resolution on
the order of hundreds of femtoseconds, currently beyond the capa-
bility of photocurrent measurements.

B. Transient absorption spectroscopy

The ultrafast dynamics of hot carriers can be effectively
probed through time-resolved transient absorption spectroscopy,
employing a pump-probe technique featuring a femtosecond
pulsed laser. In this method, two synchronized laser pulses with a
pulse duration shorter than the characteristic lifetime of hot elec-
trons are required, with a controlled delay between the instants
they hit the sample. A strong pump beam is used to induce a non-
equilibrium state in the sample, while a relatively weaker probe
beam is utilized for monitoring the pump-induced alterations in
the optical properties (e.g., reflectance or transmittance) of the
sample. Usually, they come from the same laser and are split using
a beam splitter. The probe beam usually comprises a broadband
light wave generated by a supercontinuum crystal excited by a frac-
tion of the pump beam. The wavelength of the pump beam is

Furthermore, the ¢
wavelength and polarization dependence of photocurrent can offer
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typically the same as that of the main laser. However, an optical
parametric amplifier may be employed to generate a wavelength-
selectable pump beam. In a standard pump-probe spectroscopy
measurement, the interaction between the probe beam and the
sample is recorded both in the presence and in the absence of the
pump beam. Careful analysis of these measurement data reveals the
modulation induced by the pump. In a time-resolved transient
absorption spectroscopy system, a delay mechanism between the
arrival of the pump and probe pulses allows for tracking the time-
dependent transient behavior. Due to the pump beam being strong
in most practical cases of interest, precautions are taken to ensure
that the detection system exclusively collects the probe beam upon
its interaction with the sample. This can be accomplished by spa-
tially or spectrally filtering the pump beam. The calculation of the
change in the optical density differs based on the mode of the
optical characterization. In the case of a transmission-mode mea-
surement, where the transmittance of the sample is measured
before and after the incidence of the pump, the change in the
optical density can be calculated using the following expression:''”

AOD = ODaqfter pump — ODyefore pump>
AOD = 10g10 ( Toefore pump) - 10g10 ( Tafter pump)a

Thefore pump
AOD =1 - .
%810 ( Tafter pump

(20)

Now, in the case of a reflection-mode measurement, where the
change in the reflectance of the sample is recorded before and after
the incidence of the pump, the optical change in the optical density
is calculated using the reflectance as follows:''®

AOD = ODafterpump - ODbeforepumpa

AOD = 10810 (Roefore pump) - 10g10 (Rafter pump): 21
AOD — logw (Rbefore pump) )
Rafer pump

In transient absorption spectroscopy, the time delay between
the arrival of the pump and the probe light at the location of the
sample is varied with the help of a delay line. The so-called time
zero is set based on the temporal overlap between the pump and
the probe light. However, for broadband probe light, a “chirp cor-
rection” needs to be performed on the raw data. The purpose is to
remove the artifacts resulting from the wavelength dependence of
the index of refraction of the optical elements present in the optical
setup. The different frequency components of the probe light expe-
rience different amounts of time delay, and thus, the time zero for
each of the wavelengths is different. It can be accomplished with
the help of a prism compressor that attributes different time delays
to different wavelength components of the white light probe.
However, this can be done with reasonable accuracy using compu-
tational techniques.

A standard computational procedure to perform chirp correc-
tion involves finding the time zero for a few of the wavelengths,
which are well separated and cover the wavelength range of interest,
followed by using a fitting function for the rest of the wavelengths.
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One such fitting function is

b2 —1
th=a\/———+d-

(22)
cAA?—1

Here, there are four parameters: a, b, ¢, and d to be deter-
mined for the fit, A is the wavelength of interest, and ¢, is the time
zero for the wavelength A. To determine the fitting parameters for
the above function, the time zeros corresponding to four different
wavelengths need to be known. While transient absorption spectro-
scopy remains the predominant technique for investigating
hot-electron dynamics, it encounters limitations primarily stem-
ming from measurement artifacts.''”'* Recently, numerous novel
optical phenomena have emerged because of hot-electron genera-
tion, injection, or their interplay. These innovative optical effects
serve as effective tools for corroborating and augmenting the
insights gleaned from transient absorption spectroscopy.

C. Novel optical phenomena to study hot-electron
dynamics

A plethora of novel optical phenomena facilitates the study of
hot-electron dynamics, including ultrafast all-optical modulation of
light intensity, phase, and polarization.lm’m’122 Additionally,
intriguing optical effects can be observed through transient
symmetry-breaking approaches, where deliberate design of the
spatial profile of generated hot electrons and their subsequent
injection disrupts symmetry in the nanostructure and the
electron-accepting material, respectively. This leads to the rapid
generation of ultrafast linear or circular dichroism and second
order-nonlinearity.''”'*>'** Recent publications also explore the
utilization of terahertz radiation,'”” a consequence of the ultra-

short current burst resulting from hot-electron injection, as another ;

effective tool for studying hot-electron dynamics.

Investigating changes in optical properties arising from
hot-electron generation within metallic structures and their subse-
quent injection into electron-accepting materials yields valuable
insights into the spatial dynamics of these energetic electrons. This
leads to sub-picosecond all-optical modulation, where control light
excites the LSP mode leading to the generation of hot electrons,
and the transient response of the material is observed using a probe
beam. Such modulation, driven by hot-electron dynamics, offers
the high temporal resolution required to study the relaxation
dynamics of hot electrons.

The injection of plasmonic hot electrons into a phase-change
material, such as VO, [Fig. 5(a)], presents an effective strategy for
all-optical modulation.'”® This approach is particularly advanta-
geous due to the significant change in permittivity observed across
its first-order metal-semiconductor phase transition. Achieving
modulation speeds in the range of ~500 fs is feasible [Fig. 5(b)] in
this configuration, and this was verified under different pump flu-
ences [Fig. 5(c)]. Additionally, careful analysis of the transient
absorption response for different polarizations unveils the non-
uniformity in hot-electron injection. Moreover, different relaxation
timescales serve as indicators of various carrier-dynamic processes.
Therefore, accessing different temporal regimes will be crucial to
unraveling carrier dynamics, which can also be leveraged for
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FIG. 5. All-optical modulation for studying hot-electron dynamics. (a) Schematic illustration of a self-supported VO, film and a gold nanoshell grating composite structure in a
pump-probe setup with hot-electron injection marked by the black arrows.'”® (b) Transient absorption dynamic pumped with TM and TE polarized beams having threshold flu-
ences. The lower panel shows the dynamics within the first 2 ps.'*° (c) Transient absorption dynamics within the first 6 ps pumped with TM-polarized and TE-polarized beams
under different pump fluences. The lower panel shows the dynamics within the first 2 ps with the gray areas highlighting the effect of non-uniform hot-electron injection under
d) Schematic of the plasmonic structure made of Au cubes on ITO along with a polarization analysis setup. Inset: SEM image of the plasmonic structure.
() The improvement in the modulation speed in the presence of an electron-accepting material (IT0).""® (f) The LP mode can be modulated by changing the incident angle,

TM polarization. ' (

but the FP mode is not sensitive to changes in the incident angle.' (g) Static ¥-A

Apic originates from the narrow linewidth of the planar plasmonic crystal (PIC) mode. Static (i.e., zero delay time) polarization ellipses (second from the left) measured at the

wavelengths marked by the color bars shown in the left panel. Measured polarization
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spectra measured at 6 = 60° (leftmost). The large spectral sensitivity of A at the vicinity of
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ellipses at delay times 270 fs and 1.1 ps following the on-resonance excitation of the plas-

monic crystal (middle two panels). Measured polarization ellipses monitored at delay times 270 fs and 13.5 ps upon the off-resonance interband pumping (r| ht two panels).

The ultrafast modulation speed in the middle panel is induced by the injection of hot electrons from the gold nanoparticles into the ITO electron acceptor.'

Figure panels

(a)—(c) are reproduced with permission from Fu et al., ACS Photonics 9, 3950 (2022). Copyright 2022 American Chemical Society. Figure panels (d) and (g) are reproduced
with permission from Taghinejad et al., Nano Lett. 18, 5544 (2018). Copyright 2018 American Chemical Society. Figure panels (e) and (f) are reproduced with permission from

Taghinejad et al., Adv. Mater. 30, 1704915 (2018). Copyright 2018 Wiley-VCH Verlag

engineering purposes, such as accelerating modulation speeds.
The relaxation of hot electrons in metallic structures is dominated
by electron-phonon interactions taking place on a picosecond
timescale. However, the injection of hot electrons into electron-
accepting materials creates another relaxation pathway for hot
electrons by electron-electron interaction. The relaxation of hot
electrons by electron-electron interaction is much faster and
occurs on a timescale of ~200 fs.''® The onset of a new relaxation
pathway allows us to study hot-electron dynamics by analyzing
the ultrafast Kerr-type optical nonlinearity,'”’~'** which is a
product of the modification of the temperature and the density of
free carriers in metallic structures. For example, an
electron-dominated relaxation channel can be introduced by
extracting the hot electrons during the ultrafast time window of
electron-electron scattering. The proposed structure consists of
an array of Au nanocubes, which functions as a plasmonic

GmbH.

structure atop an ITO layer that serves as an electron-accepting
material [Fig. 5(d)].""® The structure shows two resonance modes:
(i) an angle-dependent lattice plasmon (LP) mode and (ii) an
angle-independent Fabry-Perot (FP) mode. The introduction of a
new relaxation pathway has resulted in a significant reduction in
relaxation time across both resonance modes, as evidenced by the
comparative analysis with a control sample [Fig. 5(e)]. The spec-
tral position of the LP mode, and, consequently, the relaxation
time of hot electrons, is sensitive to the angle of incidence. This
sensitivity stems from the out-of-plane dipolar nature of the
mode. This offers the flexibility to tune the excitation wavelength
to the proper wavelength of interest by adjusting the illumination
configuration. In contrast, the spectral position, and, thus, the
relaxation time, of the FP mode remains unaffected by the angle
of incidence [Fig. 5(f)]. Apart from the intensity, the polarization
can also be modulated in an ultrafast all-optical manner as was
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shown for the same configuration of Au nanocubes on the ITO
layer [Fig. 5(g)].

In addition to facilitating an ultrafast relaxation channel,
electron-accepting materials can serve as hosts for the injected hot
electrons, triggering rapid modulations in their optical characteris-
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Generation of a second harmonic signal in such a medium requires
the breaking of inversion symmetry. The inversion symmetry can
be broken by the application of an external electric field utilizing
the existing third order susceptibility x<3)(20), ®, », 0), leading to
the so-called electric-field-induced second harmonic generation

(EFISH)."*7"*> Another demonstration of the breaking of inversion
symmetry leading to the generation of a second harmonic signal
was achieved in transition metal dichalcogenides (TMDCs) by
injecting charges, named as charge-induced second harmonic gen-
eration (CHISHG).'”® The generation of hot electrons, followed by
their injection into an electron-accepting material, can provide a
combination of the aforementioned effects, ultimately leading to

tics, typically occurring within a timescale of hundred femtosec-
onds. This effect can be utilized, for instance, to induce transient
asymmetry in an otherwise centrosymmetric medium, leading to
the transient generation and modulation of second harmonic
optical signals within such media. Centrosymmetric media, media
that possess a center of inversion symmetry, show a vanishing x®
response according to electric-dipole approximation.'’’™"**
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FIG. 6. Optical phenomena resulting from transient symmetry breaking induced by hot electrons. (a) Transient SHG induced by symmetry breaking using hot-carrier injec-
tion. A plasmonic structure made of Au nanorods (NR) on the top of bilayer WSe,."*’ (b) The injection of hot carriers from the Au NRs into the bilayer WSe, momentarily
breaks the inversion symmetry giving rise to an enhanced SHG."™’ (c) The decay kinetics of an A exciton with biexponential fitting confirming the ultrafast nature of hot-
carrier injection.”’ (d) Schematic representing a plasmonic structure made of triangular Au unit cells with a simplified setup for measurement and a cross section in the
inset.'** (e) Static reflection spectra of for the two eigen polarizations and the spatial profile of the field enhancement.®* (f) Temporal response of the normalized Al
and the transient reflection change AR upon the illumination of the structure with a V-polarized 700 nm control beam.'** (g) Schematic of a plasmonic metagrating design
with the unit cell in the inset (left). Temporal dynamics of hot carriers’ temperature variation at two exemplary points marked in the inset (right).*® (h) Spatial distribution of
an increase in the electronic temperature T, in the disconnected (left) and connected (right) nanostrip."® (i) Ultrafast symmetry recovery driven by electronic diffusion for
disconnected (left) and connected (right) structures shown in terms of imbalance in the reflection diffraction order (D) and the transmission diffraction order (Dr)."*®
Figure panels (a)—(c) are reproduced with permission from Wen et al., Nano Lett. 18, 1686 (2018). Copyright 2018 American Chemical Society. Figure panels (d)—(f) are
reproduced with permission from Taghinejad et al., Phys. Rev. Lett. 124, 013901 (2020). Copyright 2020 American Physical Society. Figure panels (g)(i) are reproduced
with permission from Schirato et al., Nano Lett. 21, 1345 (2021). Copyright 2021 American Chemical Society.
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second harmonic generation (SHG) and modulation of the SHG
signal. The interfacial Coulomb force resulting from the electric
field acts on the injected electrons to bring them back to the inter-
face, where they recombine, effectively suppressing the %@
response within an ultrafast timescale.

Transient symmetry breaking of an otherwise centrosymmet-
ric medium can be achieved in centrosymmetric media consisting
of bilayer transition metal dichalcogenides (TMDCs), such as
WSe,."”” A plasmonic structure, such as a periodic arrangement of
Au nanorods [Fig. 6(a)], fabricated on top of a bilayer WSe,, can
be used as a source of hot electrons that are going to be injected
into the WSe, layer. Though odd numbered TMDC layers show
strong intrinsic SHG, bilayer TMDCs do not show such a response
due to their centrosymmetric structure. The injection of plasmonic
hot electrons into such layers momentarily breaks the symmetry
resulting in strong SHG [Fig. 6(b)]. The pump laser beam cannot
excite carriers in WSe, directly, but it can excite hot carriers in the
metal disk through surface plasmon resonance. A fraction of these
hot carriers are then injected into bilayer WSe, and occupy the
conduction band of WSe,. The injected hot carriers demonstrate a
reduced probability of an electron transition from the valence band
to the conduction band, resulting in the A-exciton bleaching effect,
which exhibits an ultrafast temporal signature [Fig. 6(c)]. Transient
symmetry breaking of a centrosymmetric medium, such as TiO,,
can also enable an increase in SHG.'”* One such demonstration
involves an array of triangular Au nanostructures deposited on top
of TiO, [Fig. 6(d)]. The structure is judiciously engineered such
that two resonance modes at two different wavelengths can be
accessed through two perpendicular polarizations: one giving a cen-
trosymmetric while the other giving a non-centrosymmetric spatial
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profile of the electric field [Fig. 6(e)]. The generation of hot elec-
trons closely follows the spatial profile of the electric field enhance-
ment.>*> Thus, the creation of an asymmetric electric field profile
leads to asymmetry in the locations of hot-electron generation fol-
lowed by their asymmetric injection. This results in the transient
breaking of centrosymmetry in the electron-accepting material,
with the timescale being dominated by the retraction process of
ejected hot electrons back to the plasmonic material. Analyzing the
modulation in the second harmonic signal AL, [Fig. 6(f)] can
provide us with important insights into the transport, injection,
and lifetime of hot electrons. Another interesting demonstration of
transient symmetry breaking is the ultrafast modulation in a dif-
fraction order from metagrating achieved in Ref. 138 [Fig. 6(g)].
The most interesting finding in this study is the inhomogeneous
ultrafast hot-electron dynamics [Fig. 6(h)] in both the connected
and disconnected nanostrip structures that leads to sub-picosecond
modulation of the reflection and transmission diffraction orders
[Fig. 6(i)].

Another important optical effect emerging from transient
symmetry breaking is the ultrafast control over the polarization of
light. Hot electron-induced changes in the electronic temperature
can be utilized to create spatiotemporal asymmetry in a rationally
designed structure, as demonstrated using a triangle-on-grating
structure and a nanocross structure.''”'*> For the triangle-on-
grating structure, numerical simulations reveal spatial maps of the
electron temperature T, at different time snapshots [Fig. 7(a)],
which demonstrate the pump polarization-induced symmetry
breaking, as evidenced by the distinct differences observed at the
two termini [Fig. 7(b)]. Once the structure is probed with circularly
polarized light, it exhibits a handedness-selective response in a
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FIG. 7. Ultrafast transient dichroism mediated by hot-electron dynamics. ga; Numerically calculated spatial maps of the electron temperature T, at different timestamps.'"”

(b) Temporal evolution of T, at the two terminuses and their differences.

(c) Transient curves and the decay time constants of AT;cp, ATrep, and the ACD response

observed at . = 684 nm under +50° pump excitation.'” (d) The ACD curve is then decomposed to temporal profi Ies of AICD and ApCD, where the decay timescales

provide insights into the primary contributing factor among different hot-electron-related mechanisms for each feature."”

" (e) SEM image of nanocrosses (left) and mea-

sured (blue) and simulated (orange) transmittance of the polarization-insensitive unperturbed structure (right).'>” (f) Sketch of the polarization-resolved pump—probe setup
utilized to experimentally reveal the ultrafast optical dichroism (left). Cartoon of the transient permittivity pattern (evaluated at around 630 nm) evolving over time at the
nanoscale (right).'** (g) Exper|mentally obtained differential transmission signal at 630 nm after photoexcitation when the probe polarization is parallel (black) or perpendic-
ular (green) to the pump field.'** Figure panels (a)(d) are reproduced with permission from Kim et al., Proc. Natl. Acad. Sci. U.S.A. 121, 13 (2024). Copyright 2024
Author(s), licensed under a Creative Commons Attribution-Non-Commercial-No Derivatives License 4.0 (CC BY-NC-ND). Figure panels (e)—(g) are reproduced with permis-
sion from Schirato et al., Nat. Photonics 14, 723 (2020). Copyright 2020 Springer Nature Limited.
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transient manner. This is demonstrated by the differential transmit-
tance of the left and right circularly polarized light components
upon excitation by the pump [Fig. 7(c)]. Though the geometric
structure of the system inherently exhibits a degree of intrinsic
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chirality, the pump-induced chirality is the dominant contributor,
as the pump-induced circular dichroism ApCD significantly out-
weighs the inherent circular dichroism AiCD response at early
timescales [Fig. 7(d)]. The restoration of the mirror symmetry of
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FIG. 8. THz emission for determining hot-carrier transport dynamics and tunable dispersion in recovery speeds. (a) Schematic of an angle-resolved transient pump-probe
spectroscopy setup. Both the pump and the probe pulses are generated from a pulsed laser with a center wavelength of 800 nm. An optical parametric amplifier is used to
generate a narrowband pump pulse with a center wavelength of 840 nm. Broadband probe pulses are generated through supercontinuum generation using a nonlinear
crystal. ! gb) Angular dispersion for optical transmission for a hybrid photonic-plasmonic crystal under TE and TM polarization in experiment (top) and simulation
(bottom)."" (c) Angular dispersion of recovery time constants for TE and TM polarization."" (d) The on-chip pump-probe measurement setup. The field is coupled with
an Auston switch (detector) using a transmission (left). A strongly enhanced THz field observed from the hybrid device (red) over the graphene-free device (navy)
(right)."” (e) Schematic of two arrays (one symmetric and the other asymmetric) of electrically enabled plasmonic antennas for studying the spatiotemporal transport
dynamics of hot-electron transport through THz radiation (left). The interfacial transport of hot carriers generates two counterpropagating current pulses and their corre-
sponding THz bursts. The THz field is canceled in the case of the symmetric device, but the asymmetric device gives rise to non-zero far-field THz emission (right).'®
(f) Temporal waveforms of the recorded THz electric fields under different conditions with the SEM images in the inset (left). A comparison between the temporal profile of
the measured THz field (data points) and modeled waveforms (solid line) for three temporal regimes of ballistic transport. Inset: measured THz field (data points) and
modeled waveforms (solid line) considering only thermal contribution (right)."*® Figure panels (a)~(c) are reproduced with permission from Kim et al., Adv. Sci. 10,
2205434 (2023). Copyright 2023 Author(s), licensed under a Creative Commons Attribution (CC BY) license. Figure panel (d) is reproduced with permission from Zhang
et al., Nat. Commun. 13, 6404 (2022). Copyright 2022 Author(s), licensed under a Creative Commons Attribution 4.0 International License. Figure panels () and (f) are
reproduced with permission from Taghinejad et al., Science 382, 299 (2023). Copyright 2023 The American Association for the Advancement of Science.
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the refractive index is dictated by the spatial diffusion of the elec-
tron temperature over time.'’”'*’ This is a relatively recent tech-
nique for obtaining transient optical behavior at an ultrafast
timescale, not limited by the comparatively slower electron-phonon
interaction."'®'*'*> The control over polarization is also visible for
periodic nanocross structures [Fig. 7(e), left], which shows ultrafast
transient dichroism for probe light polarized either parallel or per-
pendicular to the polarization of the pump light [Fig. 7(e), right].
Polarization-resolved experimental characterization [Fig. 7(f)] was
conducted, with the resulting data subsequently verified using the
inhomogeneous three-temperature model [Fig. 7(g)].

While transient absorption spectroscopy offers decent tempo-
ral resolution, it lacks the ability to elucidate the dynamics of hot-
carrier transport across the junction between the plasmonic metal
and the electron-accepting material. Conversely, monitoring the
rapid changes in optical properties induced by hot-carrier injection
only captures a subset of hot carriers, failing to distinguish between
ballistic and thermally equilibrated carriers. Moreover, the nonlin-
ear relationship between resonance and the change in the refractive
index leads to tunable dispersion of recovery speeds, as demon-
strated in Ref. 141 employing a hybrid photonic-plasmonic crystal
[Fig. 8(a)]. The angular dispersions for optical transmission under
both TE and TM polarization [Fig. 8(b)] are closely mimicked by
the recovery speed [Fig. 8(c)], which can be tailored through the
interplay among resonance modes. Consequently, there exists sub-
stantive uncertainty over recovery speed-based transient optical
measurements to reliably track the lifetime of hot-carrier dynamics.
A promising alternative to circumvent the interplay among reso-
nance modes influencing the recovery speed is to measure the
changes occurring exclusively due to the electrons being injected
into the electron-accepting material. This can be accomplished by
utilizing a probe wavelength in the mid-infrared (mid-IR) region of
the spectrum.'*’

Though the non-radiative decay of surface plasmons lies at the
core of hot-electron physics, recent observations entail detecting
and quantifying far-field terahertz (THz) emission originating from
current bursts induced by hot-electron injection.'”” The injection
of hot carriers from a noble metal plasmonic structure into an
electron-accepting material gives rise to a momentary current
pulse, with its duration constrained by the hot-carrier transport
and injection time. This momentary pulse of current gives rise to
electromagnetic radiation in the terahertz (THz) spectral range
er1,(t), which is a well-known classical electrodynamic phenome-
non.'** The idea of recording such interfacial current on a femto-
second timescale by THz emission was used in Ref. 145. Passive
THz imaging was used to track hot-electron kinetics in Ref. 146.
On the other hand, conventional photoconductive switches suffer
from a fundamental tradeoff between an ultrafast response and
output power when generating terahertz (THz) emission. This limi-
tation can be overcome by employing a graphene-silicon hybrid
photoconductive switch design that utilizes the ultrafast
hot-electron injection process [Fig. 8(d)].'*’ Finally, there has been
a long-standing debate over the nature of hot-carrier injection:
whether it occurs via ballistic or thermalized hot carriers."** The
entire concept of carrier injection has been called into question,
with attempts made to explain numerous experimental observa-
tions solely through the heating of nanoparticles.'*’ However,
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recent studies on hot-carrier transport based on terahertz (THz)
emission in Ref. 125 provide significant insights that help resolve
this debate. For this purpose, designer nano-antennas with broken
symmetry were utilized, which led to the observed far-field THz
emission [Fig. 8(e)]. Analysis of the amplitude, polarization, and
temporal evolution of the THz emission can offer considerable
insights into the nature (ballistic or thermalized) of the hot carriers
[Fig. 8(f)]. These analyses demonstrate that the contribution of
thermalized hot carriers can be safely ignored in functionalities
relying on the interfacial transport of hot carriers.

IV. CONCLUSION AND OUTLOOK

The inevitable loss in plasmonics initially hindered its wide-
spread adoption in optics, notwithstanding a few notable excep-
tions, despite its substantial potential for miniaturizing optical
devices beyond the diffraction limit.*>** However, a significant
turning point emerged with the thorough investigation of one such
loss mechanism: the non-radiative decay of a surface plasmon
polariton and localized surface plasmon modes, leading to the gen-
eration of hot carriers, thereby paving the way for the utilization of
the loss."”” Though the applications of hot carriers in fields, such
as photocatalysis and photovoltaics, have been extensively studied,
recent focus has shifted toward the ultrafast dynamics of hot carri-
ers and exploring relevant opportunities for practical use.

Such interest is the primary motivation for this Perspective,
where we approach the vast research field of active plasmonics
from the viewpoint of establishing the efficacy of active plasmonic
devices as a reliable platform for understanding the origination and
dynamics of hot electrons. The generation of hot carriers depends
strongly on the electric field strength. Enormous enhancement of
the electric field can be achieved with the help of plasmonic nano-

structures, and as a result, they serve the purpose of such scientific ;

inquiry.

Recent progress in analytical and computational modeling
tools has enabled the design of plasmonic nanostructures tailored
for efficient hot-electron generation. Modeling the dynamics of hot
electrons based on the exchange of energy through electron-elec-
tron and electron-phonon scattering has reduced the over-reliance
on numerical modeling tools that lack insights into the sequence of
physical processes a system undergoes and the ultrafast timescales
involved in each step.

Advancements in nanofabrication techniques have facilitated
the creation of innovative plasmonic structures to study ultrafast
transient optical effects mediated by the generation, transport, and
injection of hot carriers. Moreover, the introduction of
electron-accepting materials adjacent to plasmonic nanostructures
provides another control parameter to initiate and study interesting
physical phenomena associated with the injection and decay of
such out-of-equilibrium carriers. This approach also opens a
number of choices for metal-semiconductor material combina-
tions. Another dimension to the choice of material combination
was reached with the use of two-dimensional materials, as was
briefly discussed. The experimental investigation of hot-carrier life-
times has been significantly enhanced by time-resolved pump-
probe spectroscopy using femtosecond pulsed lasers, owing to the
high temporal resolution and high peak power they offer. The
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ability to resolve physical phenomena on a timescale of hundreds
of femtoseconds allows researchers to track the rapid dynamics of
hot carriers.

The transient optical response driven by electrons in plas-
monic nanostructures that are temporarily out of thermal equilib-
rium, originally explored for an active nonlinear response and
ultrafast reconfigurability, has emerged as a topic of significant
importance for both fundamental research and potential future
applications. Current scientific endeavors involving transient
optical phenomena have provided valuable insights into the physics
of hot-carrier dynamics and, thus, laid the foundation for a diverse
range of applications, such as all-optical modulation, ultrafast data
processing, high-speed optical switching, terahertz generation, and
solar energy harvesting, to name a few. Though in its early stages,
the correlation between a near-field plasmonic response and a
hot-electron transport trajectory offers potential for coherent opto-
electronic functionalities in small-scale devices. With more than a
century of study, hot-carrier research continues to offer opportuni-
ties for exploration, fueled by both advancements in computational
modeling and experimental findings.
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