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Optical modulation and switch are crucial in photonics technologies, and microscope electron sources
are essential in imaging. However, it is an obstacle to integrating those devices with conventional tech-
niques. Moreover, they cannot function in ultrafast communication and signal processing systems. The
surface plasmon resonance phenomenon is of wide interest due to its abundant physics, such as the local
field enhancement enabling strong light-matter interactions, breaking the diffraction limit to realize sub-
wavelength structures, and going beyond the speed limit intrinsic to conventional semiconductor materials
and devices. Here, by reviewing the various advantages of surface plasmons in different nanostructures or
materials, we intend to propose the development trend and designed configuration of such ultrafast devices
(usually induced by ultrafast laser) such as modulators, switches, and microscope electron sources. Based
on the surface plasmons, ultrafast devices will tend to be more energy-efficient, low-energy consump-
tion, and miniature. We also envision the development of surface plasmons with alternative materials or
structures. This review will facilitate the development of ultrafast devices.
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L. INTRODUCTION

Over the past few decades, the development of ultra-
fast science has been a major research hotspot, and diverse
ultrafast devices have received attention in physics, mate-
rials science, and nanotechnology. There are some reasons.
On the one hand, as ultrashort pulsed lasers leap from
femtoseconds to attoseconds (1 attosecond = 1078 s),
and attoseconds endow ultrashort with more meanings
[1]. On the other hand, the advance to understanding
the fundamental processes in matter is determined by the
ability to investigate ultrafast phenomena at shorter and
shorter temporal scales [2]. The topics of ultrafast sci-
ence involve but are not limited to attosecond light sources
[3], attosecond physics [4], ultrafast modulators [5], ultra-
fast imaging [6], ultrafast electron sources [7], and other
ultrafast phenomena [8,9]. With the rapid development
of optical techniques, material micromachining technol-
ogy, and integrated optical component technology, data-
transmission systems and imaging systems require highly
increasing integration and miniaturization of ultrafast pho-
tonic devices. Moreover, compared with general electronic
devices, photonic devices have the advantages of high
bandwidth, high density, high speed, and low-energy con-
sumption [10], which can lead us into an era of all-optical
integration, meeting the requirements of ultrafast device
development.
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However, photonic devices meet a bottleneck in pursu-
ing ultracompact optical devices due to Abbe’s diffraction
limit in conventional photonics [11]. How to obtain the
high-efficiency optical devices (such as optical couplers,
optical switches, electron sources, and optical modula-
tors) that break through the diffraction limit is the cor-
nerstone for realizing nanometer all-optical integration.
Higher requirements are put forward for the development
of alternative devices in the future: for one thing, the size of
optical devices is required to be highly miniaturized, which
is convenient for nanoapplication and high-density integra-
tion. For another thing, it is required to be able to character-
ize and control the light field at the nanoscale, and realize
focusing, transformation, coupling, refraction, conduction,
and multiplexing at the nanoscale. Therefore, other light
sources that achieve high collimation and superdiffraction
and various nanophotonics devices emerge [12—19].

In recent years, researchers have suggested surface
plasmon-based structures and devices to offer an opportu-
nity to develop ultracompact nanometallic devices [20,21].
Plasmonic topological insulators can be compatible with
integrated photoelectric systems to manipulate light at
nanosecond-level switching time [22]. That is because sur-
face plasmons are the electronic resonance generated at
the metal-dielectric interface by the interaction of light
and metal-free electrons [23], which can overcome the
diffraction limit. Due to the unique properties of
subwavelength  localization and local near-field
enhancement, ultrafast surface plasmons excited by
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femtosecond laser enable us to manipulate and control
photons on the femtosecond time and nanospace scales
[24], which are better than previous works with subsecond
corresponding times with submicrosecond or nanosecond
response times [25,26]. Surface plasmons have received
increasing interest in optical computing [27], nanointe-
grated photonics [28], optical imaging [29], biosensing
[30], optical modulator [31], solar cells [32], and surface-
enhanced Raman spectroscopy [33], etc. Surface plasmon-
based applications provide an opportunity for integrating
conventional photonic devices on the same chip, or it
enables photoelectron emission induced by plasmon at a
much lower light intensity than usual [34].

This paper reviews the classification, structures, and
applications of surface plasmon. And is organized as
follows: Sec. II discusses two kinds of surface plas-
mon, involving their propagation behavior and a remark-
ably enhanced optical near field based on surface plas-
mons (SPs), which is beneficial for electron emission.
Surface plasmons in three-dimensional (3D) metals and
two-dimensional (2D) graphene are reviewed in Sec. I,
including the introduction of graphene plasmon charac-
teristics, which have advantages in the application of
ultrafast devices. Based on the multiple nanostructures,
surface plasmons are used in various devices, and the field-
enhancement factors of typical structures are summarized
in Sec. IV. Based on the exploration of SP, some ultrafast
devices of SP are introduced in Sec. V, such as modulator,
switch, and microscope electron source. Brief conclusions
and an outlook of those ultrafast devices are given in the
final section.

II. DIFFERENT SURFACE PLASMONS

Collective oscillations of free electrons under the exci-
tation of the incident wave, gathered on the interface
between a conducting material and the dielectric envi-
ronment, are known as surface plasmons [23], which are
an evanescent wave where the fields are highest at the
interface and their amplitudes decay exponentially away
from the interface. Benefiting from its strongly confined
and enhanced electromagnetic fields, with fast dynamics
lasting tens of femtoseconds, surface plasmons become
the perfect tool in fast optical devices or processes, such
as ultrafast optical switching, modulator, and electron-
source-based—electron emission [35].

Based on different forms of free-electron oscillation
under optical excitation, surface plasmon can be divided
into localized surface plasmon resonance (LSPR) and
surface plasmon polaritons (SPPs).

A. Localized surface plasmons

LSPR is the nonpropagating excitation of electrons cou-
pled to electromagnetic fields, an oscillation of free elec-
trons in a tiny particle. The plasma frequency is adjusted
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FIG. 1. (a) Sample structure. (b) Total electron yield versus
laser power density [37].

by the size and shape of the particle, which decides the
resonance frequency change. The device’s simplest design
consists of randomly distributed gold nanoparticles [36].
Metallic nanostructures also can support LSPR. Localized
plasmons of different structures may lead to consider-
able field enhancement [37]. Plasmons are excited at Au
nanoparticles with a diameter of 90 nm, which are in
subnanometer distance to a 50-nm-thick Au film with an
enhancement factor of 103 by femtosecond laser in the
wavelength range of 750850 nm [37] [see Fig. 1(a)].

1. Ultrafast electron emission methodology

Field electron emission is in the form of quantum tun-
neling of electrons through a potential barrier rather than
across the potential barrier to a vacuum [see Fig. 2(b)].
A common methodology for optimizing the emitter is
decreasing the work function ® or increasing the field
enhancement 8, which is obtained according to the form
described below. In field-emission methodology, the rela-
tionship between current density J and electric field inten-
sity £ is commonly called the Fowler-Nordheim (FN)
formula [7]:

& (BE)? [ Snm<b3/2:|
J= p| -

1
8Thd 3heBE M

h stands for the Planck constant, and the charge and mass
of an electron are denoted by e and m, respectively.

Electric field emission assisted by an ultrafast laser can
improve the performance of the original electron emission
and then achieve ultrafast electron emission [38,39].

FIG. 2. (a) Multiphoton and above-threshold ionization (MPI
and ATI); (b) field electron emission; (c) optical field emission
(OFE).
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The electron photoemission induced by high-intensity
laser irradiation may transition into strong-field tunneling
[40] from multiphoton ionization [40,41] (MPI) (involv-
ing the above-threshold ionization) [as shown in Figs. 2(a)
and 2(c)]. The criterion is described by the Keldysh
framework [42]. The Keldysh parameter is given by y =
w+/2m.¢/eBF, where w is the angular frequency, ® is the
work function, m, is the electron rest mass, e is the elemen-
tary charge, B is the field-enhancement factor, and F is the
peak electric field strength. There are two limiting regimes
separated by the parameter: a multiphoton photoemission
regime (y > 1) and a tunneling emission regime (y < 1).
The latter is similar to field electron emission, a type of
electron tunneling emission, termed optical field emission
(OFE).

OFE is a photoemission regime, even requiring the
intensity on the order of TW ¢cm~2 (in the IR range). Elec-
trons from states near the Fermi level can tunnel through
the narrow barrier during a fraction of the negative half-
optical cycle in the course of strong-field photoemission
where the surface vacuum level varies periodically with a
sufficient strong optical field.

Some studies on methods of ultrafast electron emission
combine field electron emission and optical field emission
[38,43,44]. And increase the § by surface plasmon.

2. Electron emission at low power density based on
localized plasmons

Typically, photoemission is incited by laser intensities
on the order of 1 TW cm™2 in the IR range without any
field enhancement [44]. However, for reducing the power
density of the laser, ultrafast electron emission can be
achieved by increasing the field enhancement of emitters.

For 0.125-mm diameter tungsten single-crystal wire, the
plasmon enhancements are too weak to be considered. Its
radius of curvature is » < A /5, and the field enhancement
due to geometry is approximately 5 [45]. Electron emission
is incited by high voltage and power density of laser at rel-
atively weak enhancement. The bias voltage applied in the
experiment exceeds 1000 V with 3 x 10! W cm~2 of the
peak intensity of the optical field in a tip (when the power
of laser P = 260 mW). Photocurrent reaches the order of
femtoampere when illuminated at 800-nm wavelength [as
plotted in Figs. 3(a) and 3(b)] [38].

The enhancement factor is & &~ 10 increased by using
gold or tungsten to make metal tips with a radius of cur-
vature of around 20 nm [43]. The electrons are generated
from single-photon-assisted tunneling at high bias [38].
However, under 800-nm wavelength illumination with
power on the order of milliwatts, the generation mecha-
nism changed to four-photon induced emission at 0—1000
V bias voltage, enabling the emission of electrons at lower
bias than before with the laser of sub-10-fs duration [see

Fig. 3(c)].
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FIG. 3. (a) Experimental configuration. All equipment is
installed in an ultrahigh vacuum chamber. Field emission
electrons are emitted from the tip and accelerated onto the
microchannel plate detector (MCP), which is located 4 cm away
from the tip. (b) The photocurrent varies linearly with power
[38]. (c) It exhibits a fourth-order power dependence (four pho-
tons absorbed) at zero bias [43]; at 880 V, the electron flux
I o P'*and P = 3 mW.

Considering the strong field enhancement of LSP, the
field enhancement factor is 10° based on strongly coupled
plasmons on gold nanoparticles at subnanometer distances
from the gold film [37]. And a corresponding electric field
strength is Ejyser & 50 MV/m by illuminating nanoparticles
with a power density of 6 x 108 W cm™2. Therefore, the
electric field strength between the nanoparticle and plane
1S Epaser & 50 GV/m [see Fig. 1(b)]. Field emission of elec-
trons is generated without the help of a noticeable dc field
in the 750-850 nm wavelength range.

If plasmon is introduced, electron emission can be
achieved by applying the laser on the order of 1 GW cm™2
in the mid-IR by taking advantage of the local field
enhancement properties of plasmons [37,46], and further
studies showed that lower light intensity is enough for
photoemission [44].

In their design, the structure consists of parallel gold rib-
bon arrays and a set of mushroomlike gold nanostructure
arrays with a minimum gap size of 100 nm [see Fig. 4(a)].
Unprecedently, the electron emission is controlled by low
bias voltages below 10 V and low power lasers (in IR),
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FIG. 4. (a) The designed photoemission-based device. Vy and
Vs represent the voltage of the flat port and suspended port,
respectively. Emission electrons can be manipulated by adjust-
ing the voltage at the ports. (b) /-V curves of the suspended port
when the flat port is open circuited. Similarly, the current of a flat
port is a function of the voltage when the suspended port is open
circuited (without or with laser: I = 5 W cm™2). (c) The current
of the flat port /; is changed by the laser on the order of W cm™
with the bias voltage of V; = 1V, while the suspended port is an
open state [44].
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FIG. 5. (a) Plasmon-induced photoemission vacuum-channel
device and the gap between cathode and anode is 100 nm. (b)
Current versus optical power density [47].

which power is a few milliwatts with intensities of around
1 W cm™2 at the resonant wavelength (785 nm) [44] [as
depicted in Fig. 4(b)].

There are some similar works following. Shiva Piltan
et al. optimized a resonant metal array of multiple rows
of gold elements [47]. The current in the order of WA was
measured when irradiated by the laser with the intensity of
W c¢cm~2 for no more than 10 s [see Fig. 5]. Afterwards,
Philipp Zimmermann et al. [48] designed and fabricated
an interdigitated electrode consisting of a rhombus emitter
and a planar collector [as shown in Fig. 6(a)]. Their exper-
iments measure from —3 to 3 pA currents when the laser
pulse energy is 405 pJ, and the bias voltage is from —0.5
to 0.5 V [see Fig. 6(c)]. This simultaneously demonstrates
a unipolar electron current by designing the structure that
can excite the plasmon to be asymmetric. As the laser
intensity increases, the electron emission mechanism can
be tuned from five-photon absorption toward tunneling
(strong-field) photoemission for a barrier height of gold
Dpamier ~ 5.1 €V and a laser energy hwpser ~ 1 €V [as
plotted in Fig. 6(b)].

Electron unipolar emission in the vacuum channel with
hundreds of nanometers is realized by combining plasmon
and the tip effect of nanostructure geometry, which can
enhance the electric field at the emission point. Ultrafast
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FIG. 6. (a) Sketch of an asymmetrical metal nanostructure
with emission electron excited by a femtosecond laser pulse. (b)
The curve of the electron emission versus Flug is displayed in a
blue line according to the Keldysh theory. Moreover, the Keldysh
parameter y is shown on the top axis. The red dashed line means
multiphoton absorption for a low Fjus;, Whereas tunneling for a
high Fi: is indicated by a green dashed line. (¢) Three curves
are Iy versus Vpias. The blue is measured before laser illumina-
tion and after laser illumination can be drawn with a red curve
fitted with a Fowler-Nordheim fit in black [48].

emission of electrons will be accomplished at a lower
intensity of optical field emission with low dc bias voltage.
The coplanar structure of the emitter and collector is con-
ducive to integration. The regulation of current is realized
due to the control of electron emission induced by light.

B. Surface plasmon polaritons and propagating
surface plasmon

SPPs are polarized waves that propagate along a
dielectric-metal interface, forming an evanescent field per-
pendicular to the interface, and the field amplitude decays
exponentially away from the metal surface [49]. Due to the
Ohmic effect along the metal surface, it can only travel a
limited distance, and metals such as silver and gold with
high conductivity and reflectivity have losses in the near-
and midinfrared regions [23,50]. Therefore, the electro-
magnetic energy of SPPs is strongly confined near the
surface, which has a large near-field enhancement effect.

1. Electron tunneling based on surface plasmon
polaritons under low-power density

Surface plasmon polarization modes can be excited by
coupling a light beam to a periodic metallic thin film
(or metal grating) or a prism (including two configura-
tions—Otto and Kretschmann) [34,46,51]. The metal layer
is placed under the prism, which is the former configu-
ration when there is a gap in the middle; otherwise, it is
the latter model. The characteristics of the SP are sensitive
to the refractive index in the metal-film surface, such as
the resonant wavelength, intensity, or phase. Furthermore,
the change in the refractive index depends on the concen-
tration and properties of the biomolecules. Therefore, the
Kretschmann configuration is often used in the applica-
tions of SPP-based optical biosensors. [52—55]. Similar to
localized plasmons, high-field emission at low intensities
can be realized with SPPs [46].

The pulse is focused on a right-angled edge of the CAF,
prism and generates propagating surface plasmon along
a 15-nm-thick gold film covering the hypotenuse of the
prism [37,46] [see Fig. 7(a)]. According to the curves of
focused laser intensity dependent of the total plasmonic
photocurrent, there is a substantial change that the local
slopes of the curves are drastically reduced when the
focused intensity is around 0.6 W cm~2 [see Fig. 7(b)],
which is the signature of the photoemission mechanism
changing into tunneling [see Figs. 4(c) and 7(b)] [34,41,
56]. This change is due to the strong interaction of light
and matter enhanced by propagating surface plasmon.

2. Nanofocusing of optical energy utilizing surface
plasmon polaritons

Such evanescent waves at the interface also have the
advantage of being propagative, which is beneficial for
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FIG. 7. (a) Structure of coupled plasmons with right-angle

prism. (b) Functions of the total plasmonic photocurrent about
focused laser intensity [spot sizes (FWHM) of 870 wm (black
triangles) and 1400 wm (red squares) are two independent exem-
plary scans]. The local slope of the second curve is also plotted
(green circles) [46].

propagating the energy of light-matter interactions for-
ward. SPPs are tightly bound to the interface, which pen-
etrates at approximately 100 nm in dielectric and approxi-
mately 10 nm in metal. The SPP field is strongly confined
in the cross section, which is perpendicular to the SPP
propagation direction, ensuring the feature that implies
high densities of energy in the cross section [13] [see
Fig. 8].

The propagation of SPP is suggested that can concen-
trate the energy in the tip early in 1999 [57]. The plas-
mon wave packet decreases as the cone or wedge radius
decreases, and the wavelength decreases, wave fields grow,
As described in Ref. [50]: k = n/r (k is the wave number
of the surface polariton [58], n is the separation constant
to be determined from the boundary conditions, » is the
distance to the apex of the tip). During the propagation
of surface polarons through the cone- or wedge-shaped
structure, the localization of the wave is in a very small
spatial region and anomalous amplification of the electric
field is realized by focusing light to subwavelength dimen-
sions (approximately 20 nm in size) [59] [as shown in
Fig. 9(a)]. In order to achieve 10-nm spatial resolution and
few-femtosecond space resolution, Samuel Berweger et al.
took advantage of the gratings to combine it with a conical

(a) Propagation direction  (b)
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FIG. 8. (a) Geometry of the nanoplasmonic waveguide. Rel-
ative to the excitation fields, (r) = |E(r)|* demonstrates the
intensity of the local fields. (b) The vertical cross-section electric
field of the waveguide. The radius of the waveguide gradually
decreases from 50 to 2 nm along the propagation direction of the
SPP [13].

FIG. 9. (a) Evanescent plasmon propagation along the taper
and energy focus at the tip with 4-10-nm radius [59]. (b) SPPs
generated by grating-coupled femtosecond pulses condense adi-
abatic fields into nanoscale apex volumes [60]. SEM and optical
image of a tip with a broadband grating (bottom left).

noble metal tip [60] [see Fig. 9(b)]. Another idea for ultra-
fast electron sources is provided by keeping relatively low
propagation losses and focusing the energy of light into the
nanoscale range [61,62].

IIL. SP IN DIFFERENT MATERIALS

When it comes to plasmons, metals are the common
material. However, especially in the range of visible light
and ultraviolet spectrum, large losses of those metals due
to plenty of free electrons seriously limit the practical-
ity of some current plasmonic devices [63—65]. Moreover,
the losses are the inherent nature of the materials [66].
So it is necessary to find alternative plasmonic materials
with lower losses, which can develop alternative plas-
monic devices, while fully exploiting materials’ natural
advantages [67].

Plasmons exhibit different properties based on wvari-
ous materials and structures. Other materials have been
extended by researchers in their works besides noble met-
als. Metals, semiconductors, and two-dimensional mate-
rials can cover a wide spectrum from ultraviolet, visible,
near infrared to far infrared by using diverse morphologies
and structures [68].

A. SP in metal

The Drude or free-electron model is the simplest model
for the dielectric constant of a metal to describe dc conduc-
tivity in metals [69]. The Drude model as the expression
for the dielectric constant can be described as

2

=1 ©r 2
e(w) = —m, 2

where 1/7 is the damping constant, and w, describes the
plasma frequency for most metals, 1/7 is much less than
wp, and the plasma frequency for metals is usually in
the visible regions at room temperature [70]. Therefore,
the conduction electrons of metals under light excitation
are confined to dimensions comparable to or smaller than
the wavelength of light, which can result in LSPR. If the
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FIG. 10. (a) Imaginary permittivity or optical losses in gold
[63,66]. (b) Transmittance spectrum of single-layer graphene
as a function of wavelength (open circles). [Inset: the num-
ber of graphene layers dependent on transmittance of white
light (squares)] [73]. (c) Infrared absorption spectra of epitaxial
graphene. (Inset: locally enlarged view of the mid-IR absorption
curves) [74].

interaction of field control extends to metallic nanostruc-
tures supporting LSPR, strong field light-matter interac-
tions can be studied in chip scale [71] with lower power
of the exciting light [44]. LSPR with interesting optical
properties are attractive for various applications. Ultrafast
electron sources are pushed to higher temporal and spatial
resolution by combining plasmons. [72].

Metals with high conductivity are popularly assumed to
be excellent candidates when applied to plasmonic appli-
cations [66]. Among them, gold is the most stable, so it is
widely used for stimulating plasmonics. Because gold and
silver have a relatively low loss in the visible range, they
have become the two most commonly used materials for
plasmonic applications. However, silver is easier to oxi-
dize than gold in practice. The two interband and intraband
losses are determined by the imaginary part of the permit-
tivity. The Drude losses (intraband losses) in gold are high
(in NIR), though they are lower for shorter wavelengths [as
displayed in Fig. 10(a)]. Moreover, interband transitions in
metals such as gold are high in the visible range, which
makes the search for more plasmonic materials necessary.
In other words, the metals can be kept by using patterned
apertures on their surfaces, which are named spoof surface
plasmon [75].

Both intrinsic properties of material and extrinsic prop-
erties (such as free carrier concentration, size, and shape)
can affect the resonant frequency and the field enhance-
ment [76]. The geometric morphologies of metallic
nanoparticles and nanostructures are harnessed to explore
the shaping and manipulating of plasmonic properties [77]
[as plotted in Fig. 11]. The surface polarization (charge
separation) will be changed by particle size or shape varia-
tion, and thus the resonance peak changes. It also benefits
from metallic nanostructures that are easy to grow and do
not require fine processing [37,71,78,79]. Silver and gold
films or nanoparticles and metal-coated nanoparticles can
be fabricated through existing technology. The former are
various physical vapor deposition (PVD) techniques. The
latter is the synthesis of liquid chemical methods [80].
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FIG. 11. (a) Calculated curves of extinction (black), absorp-

tion (red), and scattering (blue) spectra of silver nanostruc-
ture (note: extinction = absorption + scattering). The shape of
the nanostructure is respectively an isotropic sphere in (a), an
anisotropic cube in (b), a tetrahedron in (¢), an octahedra in (d),
a hollow sphere in (e) and a thinner shell in (f) [77].

Electron-beam and thermal evaporation and sputtering are
the two main types of PVD methods [66].

B. SP in graphene

2D materials with atomic scale thickness have the prop-
erty that high field enhancement at their edges due to an
extremely high aspect ratio.

Graphene, representative of two-dimensional materials,
has recently become a popular plasmonic material and
shows lots of extraordinary electrical and optical properties
[81]. The density’s dependence of the plasma frequency
of two-dimensional graphene (w, o n'/4) is different from
that of general 2D electron gas (wy o n'/?). The dielec-
tric function of graphene can be calculated from the
Lindhard formula: e(q,0) =1 — 2mwe?/q)x(q,w). The
function x(q,w) is usually referred to as the “Lindhard
function” and €(q, w) is the random-phase approximation
(RPA) dynamical dielectric function where wave vector is
q and frequency is w [82—84].

Notably, the optical properties in graphene can be effec-
tively controlled by tuning the Fermi energy [85,86],
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such as favoring strong broadband light-matter inter-
actions, which makes it beneficial for various optical
modulations [87,88]. With electrically tunable, graphene
can show plasmonic feature varying from midinfrared to
terahertz for achieving functionalities in the broadband
range [89,90]. In addition to the linear optical response,
graphene also exhibits strong nonlinearity [91], includ-
ing saturable absorption [92], and Kerr effect [93] in the
near-infrared and visible spectral range. Graphene with
those optical properties becomes a popular 2D material
for optical devices. For example, based graphene fast sat-
urable absorbers occupy a place in generating ultrafast
optical pulses [94,95]. Three kinds of optical properties
of graphene are described for the advantages of ultrafast
devices based on graphene as follows.

1. Broadband light absorption

Intrinsic graphene, with only one atom thick can absorb
a fraction (ra = 2.3%) of normal incident light in the
range of 400—700 nm, and the rest of them are transmit-
ted [73,96], [as depicted in Fig. 10(b)]. This result agrees
with the Fresnel equations in the thin-film limit, which can
describe the light absorption properties of graphene [97].

1

I'=——~1—7ma=0977. 3)
(14 0.57a)?

The fine-structure constant is shown as o = e?/hc (c is the
speed of light). The reflectivity (R = }—lnzazT) is small and
can be ignored. However, Hugen Yan et al. studied epi-
taxial graphene, and the reduction of transmission in that
atomically thin film approaches 40% in the far-infrared
light region; correspondingly, the infrared absorption rate
will be increased to 12% [74] [see Fig. 10(b)].

In general, the resonant effect is an effective method
to improve the interaction of light and matter, which can
enhance the absorption or emission of materials [98,99].
The surface plasmon oscillation of some periodic metal
structures can bind light on the surface, while graphene is
now one layer of atomic thickness, which can fully con-
tact the plasmon oscillation structure mentioned above.
Therefore, metal nanostructures combined with graphene
can utilize the light energy that is bound on the surface
to improve the absorption of light. The absorption rate
reaches even as high as 90% in the communication band
region by coupling monolayer graphene with subwave-
length grating on the top of the gold mirror [100] [as
displayed in Fig. 12].

2. Carrier interband and intraband transition and
ultrafast relaxation process

The absorption of the optical field is affected by the
carrier concentration tuned by the applied bias voltage.
Two steps about light absorption exist: the interband tran-
sitions dominated at high photon energies, while intraband

——d = 1230 nm
(= 1254 nm
g = 1270 nm

(a) (Graphene) (d)**
08

Measured

senennes Simulated

Wavelength (nm)

(c)

graphene

15\

J—

patterns

FIG. 12. (a) Schematic image of the absorption structure with
monolayer graphene and subwavelength grating. (b) Optical
image of the designed sample. (¢) SEM image of the top pattern
of a fabricated sample. (d) Measured (solid line) and simu-
lated (dot line) absorption spectra of the fabricated sample with
different grating periods d for TE polarization [100].

transitions at lower photon energies. A dynamic con-
ductivity model can explain the involved processes. The
simple model includes intraband and interband absorption
[96,101].

U(a)a Me, F: T) = Ointra + Ointer,

ie? /OOS (8fd(é§,uw 7
mh*(w —j2I) Jo 9

Ointra =
- W_ﬂ”) i,
9§
Ointra = M
intra — nhz
* fa(=&, e, T) —fd(é,uc,T)d‘S
0 (w—j2T)2 — 4(&/h)2 ,
Fi(Ey s T) = (&1 kT 4 1)=1 “

The complex conductivity o (w, ., I, T) is affected by the
angular frequency w, the chemical potential r., the charge
particle scattering rate 2I" = t~! (where 7 is the relaxation
time), and Kelvin temperature 7, F, kg, e, &, fa(&€, e, T)
are the reduced Planck constant, Boltzmann constant, elec-
tron charge, electron energy, and Fermi-Dirac distribution
function, respectively.

Based on the semiclassical model under low-temperature
and high-doping conditions, the conductivity of graphene
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is usually calculated by the Kubo formula [102]:

O = Ointra + Ointer
e L. i e’
—fle ' 4 € oo —2u
ah? (w+it 1) + 7 h? [ (e =2lucl)

} ; ®)

where 0 (hw — 2|u.|) is the step function.

The Fermi level is £, and the electrons that can undergo
transitions require single-photon energy. If hw < 2Er,
since the electron states in the conduction band have
no vacancy, there will be no interband transition due to
the Pauli exclusion principle. Therefore, graphene appears
transparent. When hw > 2E, an interband transition will
occur by absorbing photons. Therefore, the interband tran-
sition state can be turned on or off by voltage modulation
of the Fermi level under the fixed incident light [103—105].

The carrier relaxation time of graphene is on the order
of picoseconds [101,106], which means that graphene’s
electro-optical modulation response rate may approach the
theoretical value of 500 GHz under certain conditions.

j ho — 2|1,
T ho + 2]

3. Electrically tunable Fermi level

According to the relation n = Cy(Vy — Vpirac) /e, the
change of gate voltage can modulate the induced charges
in the single layer of graphene, where the gate capaci-
tance is C,, electron charges is e, and the gate voltage
corresponding to the charge-neutral Dirac point is Vpirac
[107]. And the Fermi energy varies with carrier concen-
tration in Ep = hVry/mn [108]. Here V=1 x 10% is the
Fermi velocity of Dirac fermions in graphene [109].

The carrier concentration of graphene is changed by gate
inducing, rendering it an electronically controlled phase
modulator [110].

Compared with the traditional plasmon in three dimen-
sions with metal, the graphene plasmon has relatively low
loss in the visible and near-infrared region, but the loss
of the plasmon increases with the imaginary part of the
dielectric constant of the metal increases in the terahertz
band. However, highly doped graphene has relatively low
loss and strong field locality in the terahertz band [111].
The properties of graphene plasmons can be modulated
by the Fermi level of graphene, the carrier concentration,
and the dielectric constant of the medium. So it has a rela-
tively large flexibility [106]. Compared with noble metals,
graphene possesses some advantages: high confinement,
relatively low loss, and good tunability, which make it a
promising plasmonic material.

IV. SP WITH DIFFERENT NANOSTRUCTURES

In addition to choosing different materials, ultrafast
devices will also be designed on various nanostructures.

In a broad sense, nanostructure refers to structures whose
structural dimensions are in 100 nm in at least one dimen-
sion in three-dimensional space or are formed by them
as basic building units [103]. It exhibits unique effects
different from bulk materials at the subwavelength scale,
such as surface effects, quantum size effects, and macro-
scopic quantum tunneling [112—115], endowing them with
excellent physical and chemical properties. Therefore,
nanostructures have wide application prospects in many
fields like energy utilization, biomedicine, efficient cataly-
sis, protection of environment, and photoelectric detection
[116-118].

Among various nanostructures, metal nanostructures
have attracted extensive attention because they have spe-
cial phenomena such as field enhancement, selective
absorption, and scattering of light caused by the unique
surface plasmon resonance (SPR). Based on their unique
size, morphology, and other microstructures with excel-
lent optical, electrical, thermal, magnetic, and mechanical
properties, they pay extensive attention to many research
fields, such as diagnosis and treatment, environmental
protection, and magnetic media [119—122]. Specially,
gold, silver, and copper gradually gained a foothold in
nanoscience research due to their surface-plasmon proper-
ties. Table I summarizes typical nanostructure and different
field-enhancement factors based on various nanostructures
combining with plasmons. In addition to the independent
nanostructures, the perfect wave absorber realized by the
thin-film composite layer can also increase the absorption
of light, and these composite structures are designed for
full absorption from microwaves to the visible [132,133].

In order to apply to different ultrafast devices or to study
different physical phenomena such as ultrafast dynamics,
kinds of simple metallic nanostructures such as nanotips
[123,129], nanowires [78], nanospheres [134], nanorods
[71,79,124,125], nanotriangles [71], nanostars [80,126,
127], nanodisks [135,136], composite bowtie and nanorod
antennae [9,128,137] have been researched for high den-
sity of electron in the apex, which induces a considerable
near field.

The highly confined coherent electron wave packets can
be generated by ultrafast electron emission based on sharp
metallic nanotapers when irradiation of few-cycle laser
pulses. The electron wave packets have attosecond dura-
tion and strong directivity [38,43,123,130,131,138]. Elec-
tron emission is induced by combining the sharp metal-
lic nanotapers and gratings. The structure may serve as
an ultrafast electron source for time-resolved low-energy
electron microscopy [61,62].

Thanks to nanostructures, the speed of emission elec-
trons is increased. There is a strong field at the taper
apex, and the acceleration of electrons happens within
the field gradient [131]. The trajectories of photoelectrons
generated under strong light-field excitation are largely
determined by the magnitude of the quiver amplitude
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TABLE I. Different nanostructures applied to ultrafast field-emission and their key parameters.
The local optical
field strength
Field Dominant field (when accessing
Size of the enhancement enhancement strong field
Material Morphology emitting tip Substrate (wavelength) mechanism emission)
Gold [123] Nanotip 12 and 22 nm 7.2 and 5.8 (800  Plasmon 28 Vnm™!
nm) resonance and
geometry effect
Gold [78] Nanowire  Diameters between Tungsten tips ~ Simulation: Plasmon
90 and 190 nm 6.6—-10.4 (750 resonance and
nm); geometry effect
Experiment:
5.98 £0.24
(750 nm)
Gold [37] Nanosphere Diameter of 90 nm Si-Au film 1000 Plasmon 50 Vam™!
resonance
Gold [79] Nanorod 150 nm x 50 nm ZnS 36 (800 nm) Plasmon 3.5V nm™!
resonance
Gold [124] Nanorod 70 nm x 20 nm ITO 60 (795 nm) Plasmon 343V nm™!
resonance
Gold [71] Nanotriangle Altitude and base: ITO 36 (1058 nm) Plasmon 540 Vnm™!
220, 165 nm resonance
Gold [125] Nanorod 95nm x 180 nm x  Nb-doped TiO, Considering the localized plasmon 10 GW cm™!
40 nm intensity resonances
enhancement
factor in the
range of
10-1000
(740-800 nm)
Gold [126] Nanostars  Tip radii (3.4 nm) 10-nm ITO film 50 (795 nm) Plasmon
resonance and
geometry effect
Gold [127] Nanostars 5 nm ITO/SiO, 60 (800 nm) localized plasmon
resonances
Gold [128] Bowtie Each triangle of a fused silica 39 (830 nm) localized plasmon
bowtie was 75 + 5 resonances
nm in length, had a
tip radius of
curvature of 18 + 2
nm, thickness of
approximately 18
nm
Gold [9] Bowtie with 90-nm width, Simulation: localized plasmon 0.5Vnm™!
40-nm height, and 50(800 nm) resonances
260-nm length
(20-nm gap)
Gold [128] Bowtie 8-nm gap fused silica 35 localized plasmon 100 V nm™!
resonances
Gold [129] Nanotip 10 nm 90 (800 nm) localized plasmon
resonances
Tungsten [130] Tip 1020 nm 5 geometry effect /10.4 GV m™!
Gold [131] Nanotaper 5 nm 9 (1.65 pm) localized plasmon 154V nm™!

resonances
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(a) (©) lgeon

Electron spectral density
(arb. units)

FIG. 13. (a) The trajectories of photoelectrons under the exci-
tation of (a) short wavelength, (b) long wavelength. (c) Kinetic
energy spreads of photoelectrons with varying intensities at
wavelength 3.8 pm. Experimental (circles) and simulated (solid
lines); tip radii of 12 nm (solid circles) and 22 nm (open circles)
[123].

[see Figs. 13(a) and 13(b)], and plasmon-assisted pho-
toinduced emission electrons are accelerated to kinetic
energies of hundreds of electronvolts [123] [as displayed
in Fig. 13(c)].

The combination of nanostructures and plasmons brings
good news for ultrafast devices due to more excellent fea-
tures and enables better light-matter interactions at not-so-
high light intensities. Light-matter interactions controlled
by field are fundamental to attosecond science [4,139],
expanding from the origin of atomic and molecular sci-
ence [4,134] to solid [131,140], even the realm of surfaces
[56,141], and plasmon nanostructures [9,37,123].

With nanoscale confinement of optical fields and local
intensity enhancement, it is easier to access the strong-field
regime under the illumination of a few-cycle laser with-
out the intensity of TW cm™2. Benefiting from the huge
enhancement, such as 10 with nanosphere [37], huge laser
intensity exceeding the damage threshold of the sample
[142,143] can be voided. Accompanied by significant field
enhancements in subwavelength confinement in plasmonic
structures, plasmonic gold nanostars reach three-photon
photoemission under the excitation of continuous-wave on
the order of sub-MW cm™2 with exceeding 1000 times
of intensity enhancement [80] [as plotted in Fig. 14].
Highly nonlinear phenomena process is observed by con-
tinuous wave instead of ubiquitous ultrashort laser pulses
in ultrafast nano-optics [144,145].

V. DIFFERENT ULTRAFAST DEVICES BASED ON
SP

A. Modulator

Ultrafast devices based on different materials and nanos-
tructures are introduced above, such as the modulator,
switch, and microscope electron source. In 1969, Miller
proposed the concept of integrated optics [146]. A trans-
mitter, a waveguide, and a receiver form integrated optical
interconnects. The integrated optical waveguide is the
basic unit of the integrated optical device, which is mainly
made of the following materials: lithium niobate, doped

Intensity enhancement |E /E, _I* 200 stars (CW) /‘
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FIG. 14. (a) Simulation of magnitude square of electric field
component for a nanostar [an arrow indicates the surface-normal
field (20-nm scale bar)]. (b) Light peak intensity for the photo-
electron emission rate for single and multiple nanostars [71].

silicon dioxide, silicon-silicon-on-insulator, silicon nitride,
III-V semiconductor materials, polymers, etc. Although
silicon has more than four decades of history as dominated
material in solid-state electronics, some other materials
with expansion wavelength range and better performance
(such as graphene) are used in photonic device alternatives
to silicon [147].

The modulator on the optical waveguide mode can
impose a data stream. The 3-dB bandwidth of the thin-
film lithium niobate modulators was measured as 35 GHz
[148]. And the silicon /Q modulator reaches 20.1 GHz
[149]. Nevertheless, the typical sizes are too large to
integrate the dimension on the order of millimeters.

1. Modulator based on metal plasmon

Surface plasmons are utilized to confine light to sub-
wavelength levels meanwhile offer a possibility to enhance
light-matter interaction [150], thus enabling the size of
devices to be greatly reduced without sacrificing their
performance.

Dong-Jin Lee et al. proposed a structure of metal-
insulator-metal (M-/-M) plasmonic waveguide as an
electro-optic modulator that modifies the electro-optic in
insulator by applying voltage refractive index of poly-
mers in the 2009 International Conference on Photonics
in Switching. The power modulation ratios are 3.65 dB,
and the modulator length is 2.15 wm [as shown in Fig. 15]
[151]. Besides that, high-extinction-ratio (>25 dB), with a
total length of 10 wm, ultrafast plasmonic Mach-Zehnder
modulator has an electro-optic frequency response larger
than 70 GHz [see Fig. 16] [152].

All-metallic Mach-Zehnder modulators were designed
for on-chip integration and a simple fabrication pro-
cess, including the elements—the vertical grating couplers,
splitters, polarization rotators, and active section with
phase shifters, which can be fabricated on a single metal
layer, and an extinction ratio is more than 15 dB [153] [as
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(a) .
Silver
300 nm)
Silver

FIG. 15. (a) Schematic diagram of a M-I-M plasmon waveg-
uides for the electro-optic modulator. (b) The voltage-OFF
state Meo-polymer = 1.6) (black curve) and the voltage-ON state
Neo-polymer = 1.5) (red curve) [151].

depicted in Figs. 17(a) and 17(b)]. There is no speed lim-
itation to the measured frequency response at frequencies
up to 70 GHz under the highest signal excitation available
for the experiment [as plotted in Fig. 18(b)]. The calcu-
lated capacitance of the device itself is 14 fF, and the
source impedance is 50 2. According to the relationship
between the modulator bandwidth and the RC constant, the
modulation speed of the device exceeds 200 GHz.

The all-metallic modulator works according to the fol-
lowing mechanism.

A multicore fiber couples the signal in or out directly
to the metallic grating couplers. P-polarized light couples
from an optical fiber to surface plasmons and propagates
along the upper surface of the metal, as the top surface is
the location where surface charges are mainly distributed,
last, splits into two beams.

It is necessary to squeeze the surface-plasmon mode
into the M-I-M waveguide gap plasmon mode for effi-
cient modulating. The conversion from p-polarized into
s-polarized mode can be realized in polarization rotators
where the widths of the signal plate w; and the gap of the
waveguide w, are changed to meet control [153]. There-
fore, as wy, and w, decreases, the charges move from
the upper surface to the side. Finally, the model is con-
verted to s polarization by increasing w, [as depicted in
Figs. 17(c)-17(e)].

The modulation process is realized in an M-/-M waveg-
uide gap that relies on spin coating of a nonlinear optical
material that can be fabricated on an insulator surface

(b)

\\\\ / T

0 2
dc Voltage (V)

Transmittance (dB)

FIG. 16. (a) The Mach-Zehnder modulator, close-up of plas-
monic phase modulators (PPMs) in both arms on the left and
close-up of the photonic-plasmonic converter on the right. (b)
Normalized power transmission concerning for the applied dc
voltage [152].

FIG. 17. (a) All-metal devices involving vertical grating cou-
pler (GC), polarization rotator (PR), and Mach-Zehnder inter-
ferometer (MZI). (b) Magnified image of a GC with staircase
gratings. (¢) A p-polarized SPP mode on the top surface. (d) Con-
version of the two modes in the PR section. (e¢) S-polarized SPP
mode [153].

[155]. Surface plasmons are mainly distributed in the upper
and lower M-I-M waveguides, which are signals await-
ing modulation. The modulation module is equivalent to
a Mach-Zehnder modulator (MZM). The nonlinear optical
material is covered on the upper, and its refractive index
will be changed by applying a driving voltage, which will
cause the change of the phase of the plasmon in the M-
I1-M waveguide and the intensity of the output signal [as
depicted in Fig. 18(a)].

2. Modulator based on graphene plasmon

a. All-optical modulator based on graphene. However,
as the performance requirements of photonics technology
are improved, researchers have begun to pursue broad-
band and ultrafast optical modulation. Thence, all-optical
modulation in simple configurations with excellent charac-
teristics (low-loss, ultrafast, and broadband optical signal
processing) show great potential in applications [154].
Moreover, it is an approach to improve the modulation rate
(which is called “electrical bottleneck™) and achieve pure

w0 50 e
Frequency (GHz)

1 1s se 1s
Wavelength (um)

FIG. 18. (a) The optical power transmission spectrum when
switching from —6 to 46 V. (b) The frequency response of the
device [153]. (c¢) Schematic of all-optical modulation [154].
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optical communication in the circuit, while the modulation
bandwidth is limited to about 1 GHz due to the response of
the driving electrical circuit [156].

All-optical modulation is that a switching light beam
is used to control a signal light beam [see Fig. 18(c)]
[154]. The light-light interaction is achieved by changing
the refractive index of the nonlinear medium. The ultrafast
optical response can be achieved by combining plasmon
with many 2D materials, such as graphene, which have
recently attracted much attention [5,157—160]. 2D mate-
rials can be directly attached to optical fibers or other
waveguides. A fiber with dielectric nanostructures at its
facet by electron beam based on lithography makes an
efficient collection of light come true [161]. Fiber optics
combined with different materials and structures suit all-
optical networks with miniature sizes, diverse integrated
functions, and low insertion losses [162]. Furthermore, a
phase-gradient plasmonic metasurface on the tip of an opti-
cal fiber can detect very low concentrations of streptavidin
with very high sensitivity [163].

Graphene-based all-optical modulators have been stud-
ied for several years [5,157]. The reason why the intensity
and phase of the light going through the graphene-clad
microfiber (GCM) can be modulated is that nonlinear
absorption and the Kerr effect of graphene [164] [see
Fig. 19(a)]. The switching light modulates the output sig-
nal, and the relaxation of the excited carriers limits the
response time of the modulator. According to the report,
the relaxation time of photogenerated carriers in graphene
is extremely short (10 fs to several picoseconds) [165].

(a)

© 1510 nm ﬁeﬂ a = [ ]
= O 1530 nm o 20k <
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g g o 3
s @ I ot ]
s 3 =204 | T 7 3
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B J
g 10 d
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FIG. 19. (a) Schematic illustration of a graphene-clad
microfiber modulator. (b) The diagrammatic sketch shows pump
and probe carriers in the band structure of graphene [164]. (c)
The transmittance of the GCM varies by peak power of 220-fs
pulses. (d) Differential transmittance of the probe light changes
by the pump-probe time delay where the pump power is 200
nW. The inset describes the modulation depth as a function of
the pump intensity [5].

The modulation process of the GCM modulator can be
described as follows. Two kinds of wave are coupled into
the GCM: a weak infrared signal light and a switching
light. The former will experience significant attenuation
because of absorption in graphene [164]. When the lat-
ter is turned on, interband transitions of charge carriers in
graphene are excited, which results in lower attenuation
of the signal wave as the frequency of light absorption
of graphene shifting to higher frequency. Therefore, the
signal light is modulated [as shown in Fig. 19(b)].

Though the operating speed of the GCM optical mod-
ulator is 2.2 ps (equivalent to a modulation rate of 200
GHz) and a maximal modulation depth is 38%, the device
needs a power density on the order of GW cm™2 and the
diameter of microfiber is 1.2 wm [as plotted in Figs. 19(c)
and 19(d)] [5]. We must find an approach to achieve low
energy, smaller modulators.

b. All-optical modulator based on graphene plasmon.
Silicon is employed in most modulators in silicon photon-
ics (SiPh) [166]. Furthermore, all-optical modulation can
be achieved based on the nonlinear effects [167]. How-
ever, it is not conducive to low-energy consumption and
miniaturization for silicon’s low inherent nonlinear Kerr
effects: 1078 m> W1, However, for the silicon platform is
economical, we can integrate it with high Kerr-coefficient
materials to keep the advantage. For example, graphene,
where the Kerr coefficient is from 10~7 to 10~13 m? W1,
can be integrated into a silicon waveguide [168] to design
a graphene-on-silicon (GOS) all-optical modulator. There-
fore, the Kerr refractive index can be modulated to control
the nonlinear response when an optical pump shines on the
graphene. The relationship between the refractive index
and the optical conductivity of graphene can be derived
from the formula:

io

n= 1+ (6)

Goa)deff’

where d ¢ represents the graphene’s layer thickness, which
is approximated to 0.3 nm in Ref. [5].

Gold (Au) stripes are placed on graphene based on the
principle of GOS modulation to obtain a modulator with a
faster response time and lower-energy consumption. This
structure can motivate plasmon, which will boost optical
absorption effectively originating from the enhancement of
its interaction with light [158—160].

The design of an all-optical modulator based on a GOS
waveguide has been studied, which performs at incident
intensities of MW cm™2 , and it is in sub-mm device
lengths [158] [as plotted in Fig. 20]. The slot waveg-
uide obtains the best size through simulation optimization,
which makes SPPs highly confined in the slits with the sig-
nificant interaction of light graphene. Based on a graphene-
plasmonic slot waveguide (GPSW), an all-optical modula-
tor obtains a modulation efficiency of 0.21 dB pm~! with

037001-12



ULTRAFAST DEVICES BASED. ..

PHYS. REV. APPLIED 20, 037001 (2023)

@y (b) w

] =

Optical Pump

500 nm

Silicon 107

10"

107 o
Optical intensity (GW em™)

FIG. 20. (a) Schematic cross section of an all-optical modula-
tor based on graphene on silicon. (b) Maximum phase shift of the
modulator versus optical pump intensity [158].

average optical intensity on the order of W cm ™2 [as shown
in Fig. 21] [159].

Recently, research in this area has further developed.
These researches make us closer to future on-chip intercon-
nection. Theoretically, the proposed graphene all-optical
modulator based on plasmon-enhanced reaches a band-
width beyond 100 GHz and reaches ultrafast (<120 fs) and
energy-efficient (<0.6 pJ) switching [160]. By simulating,
12-pm-long modulator reveals a high extinction ratio (ER)
of 3.5 dB, and the modulation efficiency is around 0.28
dB pm~! [see Fig. 22]. Moreover, it is characterized by a
6.2-dB insertion loss (IL), given by IL = 101log;, (1/7on)
(Ton represents the transmission capacity of the probe sig-
nal when introducing the pump signal), which is the lowest
IL in recent reports of such modulators.

B. Switch
1. Switch-based plasmon

Photonic integrated circuit (PIC) is an alternative inte-
grated chip structure that uses photons as information car-
riers [146]. Photonic chips are expected to break through
current integrated circuits’ inherent electronic bottleneck
limitations and achieve greater bandwidth and higher pro-
cessing speed.

Ultrafast optical switches are fundamental elements
in optical communication systems and integrated optical
logic circuits [169,170]. Compared with optical-electric-
optical conversion, opto-optical switch can steer optical
signals directly in an integrated photonic chip and actively

1015 20 25 30 35 40 45 SO
Modulation power (mW)

FIG. 21. (a) Schematic of the all-optical modulator based on
GPSW. (b) Cross section of the designed structure. (¢) Changes
in the modulation efficiency in dependence of modulation power
for the signal light at 1550 nm [159].
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FIG. 22. (a) lllustration of the designed all-optical modulator.

(b) Electric field diagram of the propagating mode in the device.
(c) Maximum transmitted power (Tjnax) and the maximum ER
(ERpmax) versus the length of the modulator (Z). (d) IL and ER:IL
ratio versus the modulator length (L). A = 1550 nm [160].

control the transmission of light, avoiding time delays and
overcoming the speed limitation of electric switches [171].
The all-optical switch is the photonic communication
device that use only the interaction between photons and
media to alter the refractive index or absorption coefficient
of medium, therefore the “ON” and “OFF” effects can be
achieved by changing the transmittance of light [146].
Research has demonstrated ultrafast switching with less
than 1 ps [172,173]. However, a large driving energy
of microjoules to nanojoules per pulse is required. The
switching energy of a few hundred femtojoules was esti-
mated, but the switching time is 150 ps in an all-optical
switch based on an InP/(In, As)P nanowires are focused
for all-optical switching in Ref. [174]. This is attributed to
the fast and very strong optical nonlinearity, such as the
Kerr effect, depending on the refractive index changed by
the intensity of the light [171]. However, they require large
driving energy to achieve that speed due to the intrinsi-
cally small optical nonlinearity. The general problem is to
trade off speed and energy. As the low nonlinear interac-
tion efficiency can be overcome by an intensive light field,
the trade-off can be broken by taking advantage of the
strong light confinement [171]. It is necessary to confine
light locally, maintaining the switching energy small while
ensuring high light fields and local energy densities.
There is an approach that creating a graphene-loaded
plasmonic nanowaveguide with nonlinear absorption can
break that barrier [171,175], which harnesses the strong
light confinement and very large, flat broadband absorp-
tion and fast carrier relaxation dynamics of graphene
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FIG. 23. (a) Schematic of the M-I-M—WG based on graphene.
(b) Cross section of the structure at the broken red line. (c) Sim-
ulation of the structure’s magnitude square of field profile (|E|?).
Here . = 1550 nm and scale bar of 20 nm. (d) All-optical switch-
ing with the pump-probe method in the device. (¢) The energy of
control pulse versus the extinction ratio for the device [175].

[176]. Now, Ono, together with colleagues, reported a
M-I-M waveguide based on graphene in nature photon-
ics, which demonstrates the smallest switching energy for
opto-optical switches with subpicosecond: driving energy
of only 35 fJ as well as switching time of only 260 fs while
the extinction ratio is 3.5 dB in this case [175] [see Fig. 23].

2. Switch based on plasmon-assisted electron emission

In recent years, another possibility for implement-
ing switches has emerged. Foratid et al. proposed a
semiconductor-free microelectronic device independent of
carriers within semiconductors excited by laser intensities
of about 1 W cm~2 with a low bias voltage (<10 V) [44].
The combination of ac field (photoemission assisted by
LSPRs) and static field injects electrons into gas or vac-
uum, and the magnitude of emission current is 100 nA
without laser while over 40 WA with laser [as depicted
in Fig. 4]. The magnitude of the current is controlled by
the laser as shown in the paper. The designed device can
perform as an optical switch by turning ON and OFF states
with a switch ratio of 4000. The electron emission time
can be roughly estimated. The resonance wavelength is
785 nm. The photoemission time is around subpicosecond
within half an optical period according to the semiclassical
three-step model [139].

There are also some researches on how to connect and
disconnect the circuit by controlling the emission cur-
rent state with light [47,48]. They propose a structure that
can access electron emission from a metal surface into a
nanogap vacuum. Mostly metallic resonant surfaces can
incite surface plasmon with enhanced and confined elec-
tric fields, which can significantly reduce excitation power.
And those structures combine electrical and optical excita-
tions of electrons. Moreover, this method achieves ultrafast
electron emission utilizing ultrafast laser on the nanometer
scale. This might be used as ultrafast photoswitches and
beneficial for on-chip devices.

C. Microscope electron source
1. Microscope from 2D and 3D to 4D

Electrons are not only the basic particles that make up
matter but are also a useful tool for humans to observe the
microscopic world. With the help of the short wavelength
of electrons, it is theoretically possible to achieve ultrafast
microscopic imaging with temporal and spatial resolu-
tion as low as angstroms and attosecond scales. British
physicist Thomson discovered electrons in 1897 [177] and
French physicist De Broglie proposed the material wave
hypothesis in 1923, and then in 1927, physicist Thom-
son discovered the diffraction phenomenon of electrons in
experiments [178], which proved the wave-particle duality
of electrons, and opened up the use of electron probes for
materials, chemistry, and biological sciences. The electron
microscope can be regarded as the most beneficial tool for
spatial imaging of structures [179].

Since the invention of the transmission electron micro-
scope in the 1930s [177], it has provided picometer-level
wavelengths beyond the “minutes” of Hooke’s Micro-
graphia in the 17th century. The possibility of imaging
atoms in real space with a resolution bellow 0.1 nm has
come true. Although, 2D and 3D microscopies enable
the imaging with subnanometer and even angstrom-scale
spatial resolution, they are static structures. Therefore,
the fourth-dimension time must be introduced considering
some transformations, including complex transient struc-
tures or studying dynamic process. As the extension of
the fourth dimension, time, the motion can be visualized.
A temporal reference point can be established by launch-
ing a femtosecond pulse on the sample. The pulse can be
called the clocking or pump pulse. Changes that occur in
the motion can be described after the establishment of time
zero [180]. On the other hand, attosecond transient absorp-
tion spectroscopy (ATAS) in graphene provides a way to
imaging techniques [181].

The application of time-dependent transmission electron
microscopy spans areas of research like physical chem-
istry [182,183], biophysics [184], nanophotonics [185],
condensed-matter physics [186], and materials science
[187,188], with the ns to fs resolution domain [189,190].
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Different from a conventional TEM without femtosecond
time resolution, high-time resolution electron microscopes
possess at most one electron in each electron pulse, which
makes ultrashort pulses of electrons detect the specimen
[179].

2. Ultrafast electron microscopy

Femtosecond ultrafast electron microscopy (UEM)
based on traditional TEM is one of the key ways for
time-resolved electron microscopy [179,191]. The con-
ception of “single-electron” imaging is the foundation of
ultrafast electron microscopy (UEM) [191]. Unlike the
conventional microscopes with a random spread of elec-
tron [180], in UEM, each electron is independent and does
not interfere with each other, and the electron packets
have femtosecond precision [as shown in Fig. 24, left].
Despite the fact that timed single-electron packets are used
in UEM, images can be obtained as well as conventional
microscopes using many electrons.

The ultrafast electron microscope (UEM) is shown in
Ref. [156] or Ref. [155], where the interface to the fem-
tosecond optical system can be extended to feed a laser
system [as plotted in Fig. 24, right]. Part of the beam can
generate the electron pulse train, which is one electron
per pulse. After a well-defined delay time, the other opti-
cal beam illuminates the specimen and heats or excites it
simultaneously, thus defining the zero of time.

3. Ultrafast point-projection electron microscopy
(UPEM)

Projection imaging is a method of UEM where the ratio
of detector-tip-distance (D) to sample-tip-distance (d)

Single-electron imaging

UEM: Timed single electrons

1 |

Concept of UEM

TEM: Random electrons

LI gt

Electron he
pulse ’%

Envelope

Electron source
Probe-generating
pulse

‘
Specimen

Clocking
pulse

Packet

<+—— Duration——

Detector

FIG. 24. (a) Conceptual diagram of single-electron imaging
and UEM. Schematics of single-electron packets and random
electrons used in imaging (upper left). The electron-pulse enve-
lope and individual electron packets (lower left). Schematic of
concept of UEM (right) [180].

s
Tip to specimen distance d (m)

FIG. 25. (a) Diagrammatic sketch of the femtosecond photo-
electron point projection microscope. (b) Enlarged view of the tip
and specimen area. The blue and red pulse’s concentrating diam-
eter is 10 pm. (c) Temporal distribution in time-of-flight ver-
sus tip-to-specimen distance with various acceleration voltages
[193].

defines the magnification in the image, and high-resolution
microscopic information is not affected by aberrations
without electron lenses [192] [as shown in Fig. 25(a)].

Some imaging for plasmas and photoelectrons with
ultrafast electron imaging technology has been demon-
strated with picosecond and femtosecond temporal res-
olution but with hundred pm level of spatial resolution
[194-196].

Quinonez et al. reported a femtosecond photoelectron
point projection microscope (fsPPM) by introducing laser-
triggered metal nanotaper emitters based on electron point
projection microscope techniques [193]. During imaging,
the electron emission process occurs within approximately
100 fs [as displayed in Fig. 25(c)], showing higher tempo-
ral resolution compared with traditional UEM. The micro-
scope demonstrates that the nanowires become visible with
a diameter of approximately 100 nm. With the help of
the near-field enhancement at nanostructures, the spatial
resolution of time-resolved microscopy can be improved
[46,145]. Therefore, metallic nanotips with local field
enhancement have been another nanoscale electron source
in UEM [38,43,123,197,198].

The technology of combining point projection micro-
scopes with ultrafast field emission tip sources has been
reported [193,199]. With optimized field emitters, a spa-
tial resolution of point projection microscopy (PPM) has
achieved a few nm in recent years [192,200,201]. How
to find an approach to increase the temporal and spatial
resolution simultaneously is the problem to be solved.

a. Plasmon-driven UPEM. The focal spot size formed
by the laser irradiation will limit the minimum distance of
the emitter sample, which influences the temporal and spa-
tial resolution in PPM [197]. If the spot covers the emitter
and the specimen, a femtosecond laser pulse as excita-
tion may irradiate on the specimen, followed by another
femtosecond laser pulse which generates the femtosecond
electron pulse to image simultaneously. [The probe excita-
tion pulse (red) and the pump pulse (blue) may concentrate
on the tip at the same time] [see Fig. 25(b)]. This results
in undesired sample heating or photoemission for coin-
stantaneous sample illumination. To prevent those from
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FIG. 26. (a) Projection image of the same InP nanowires

recorded at a negative time delay. (b) Normalized difference plot
after optical excitation [199].

happening, which restrict both the spatial (approximately
100 nm) [62,193,199] together with temporal resolution
(approximately 100 fs) [199,202] of PPM (Fig. 26), it is
necessary to limit the emitter-sample distance to at least a
few (tens of) microns.

To maintain the resolution and avoid the direct illumina-
tion of the apex like some time-resolved point-projection
microscopes [193,199,202], a method that the electron
emission from the nanotip with no direct laser-driven apex
should be considered. How to focus optical radiance on
the nanoscale and avoid just a little part of the concentrated
excitation energy can be solved by coupling tapered optical
fibers or single-walled carbon nanotubes [203,204]. There-
fore, plasmon (regarded as an evanescent wave, which
can replace direct vertex lighting) may offer the elegant
solution [197,205] where plasma waves generated by light
shining far away from the apex of the taper emitter.

The grating coupling can confine the photon energy
locally by combining the grating with the sharp cone. And
as the geometric radius of the cone shrinks, the energy
is finally concentrated at the vertex. A nanometer-scale
broadband light source has been realized [43] [as plot-
ted in Fig. 27], showing better energy concentrating in
the second position. Some wedge [206-208] and cone
[13,58,209,210] structures have been used to achieve plas-
mon focusing at the apex of these structures to gener-
ate femtosecond electronic wave packets. The ultrashort
electron pulses have been generated by nanofocusing fem-
tosecond SPPs [13,61,62,72,197] [see Fig. 28(d)]. And the
SPP is induced by femtosecond laser irradiating on a sharp
gold nanotaper. There are some researches about surface
plasmon-driven UEM as follows.

Vogelsang et al. realized a compact alternative electron
source by using focused gallium ion-beam lithography to
engrave seven parallel slit gratings with a width of 800 nm
and a depth of 400 nm at a distance of 40—50 pm from the
apex of the gold cone, and they have implemented its appli-
cation in point-projection microscopy [197]. The focal spot
30 wm? of incident laser is compressed into 500 nm? of
nanofocus. Hence, the energy at the nanofocusing is 250
fJ while the pulse energy is 160 pJ, demonstrating that
electron emission is incited at exceedingly low energies.
The electrons excited by light irradiating on the grating are

far-field
excitation
surface
(b) plasmon (d)
ANV & 0
\ARAAAAN - E 1 @) ."A‘-.'(zj
1 28 4 2\ \ o~ }, "u
) B Y \
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FIG. 27. (a) SEM image of the nanofabricated metallic tips
with gratings. (b) SPPs on the grating propagating toward the tip
apex. (c) The scattered light images for four irradiation positions
are indicated in (b). The curves in (d) displays sections through
images 2 and 4 corresponding to the dashed line in image 4 [205].

50 times higher than the electrons excited by light directly
shining the apex [as plotted in Figs. 28(a)-28(c)].

Miiller et al. imaged a single InP nanowire (NW) by
employing the nanofocusing plasmon-triggered nanotips.
They assessed the temporal resolution in fsSPPM by using
SPP-triggered electron source by mapping three different
electron energy distributions. According to the energy dis-
tribution of the electrons, the electron pulse duration keeps
sub-10 fs within a distance of 1-3 wm from the nanotip to
sample [62] [as displayed in Fig. 29].

Vogelsang et al. generated SPPs by laser pulses with a
duration of 15 fs at a distance of 80 ywm from the nanocone

Phosphor Screen

Electron Wave -, ” 2
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PP } o f—

n
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0

—extractor SUPPressor—,, } "
p

—_

Q

N
——

FIG. 28. (a) Schematic diagram of electron emission device
incited by laser pulses. A microchannel detects emission elec-
trons from a sharp taper. (b) SEM image of a sample. (c) Electron
distribution on the MCP phosphor screen for emission by dc exci-
tation (left) and by laser illumination (right) [197]. (d) For certain
voltages, the electron emission is only from the taper apex not the
grating coupler. Integration of tip and an electron gun assembly
enable applications in ultrafast electron imaging [61,62].
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FIG. 29. (a) Schematic illustration of fsSPPM for imaging an
individual InP nanowire. (b) Simulation of electron pulse dura-
tion 7, at the sample in regard to the distance of tip and sample
with different initial energy distributions o [62].

apex. The SPPs concentrate to a size of 15 nm at taper
apex to generate ultrashort electron probe pulses [72] [as
displayed in Fig. 30(a)]. The deflection of probe pulses is
achieved by a cloud of electrons incited from the gap of
a nanoresonator generated by a pump laser shining. The
nanoresonator is a piece of polycrystalline gold film 30
nm thin, which is dug out two 400-nm-diameter holes,
and a 30-nm-wide channel connects the two holes [see
Fig. 30(b)].

The interaction between probing electrons and nanoan-
tenna excited by light changes the transient UPEM image.
Transmission of the probe electrons is blocked by electrons
generated by pump light exciting nanoantennas [211-213].
Those interaction shows a dynamic scene of how the elec-
tron cloud evolves in time and space as the change of the
time delay between the pump light and probe pulse [see
Fig. 30(c)]. The UPEM provides a spatial resolution and

(b) Sample SEM

T —66fs —13fs 0fs 141s 40 fs 671s 941s 120fs 147 fs 174 1s 200fs 334 fs

() (e) )
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o 150 50 o 50 100 150 200
Position (nm) Time delay (1s)

FIG. 30. (a) UPEM imaging of photoemission enhanced by
plasmon. (b) SEM image of the device. (¢) Shadow image of
the central gap region with different time delays. (d) The UPEM
image of the sample without optical excitation. (e) Electron trans-
mission concerning different delay times along the dashed white
line shown in (b). (f) Electron transmission drops from 90% to
10% in 25 fs. The four curves are points taken equidistantly along
the white arrows in b [72].

temporal resolution of 20 nm and 25 fs, respectively [72]
[as depicted Fig. 30(e) and 30(f)].

VI. CONCLUSION AND OUTLOOK

Ultrafast devices based on nanomaterials or nanostruc-
tures are emerging as a topic of interest because they meet
the demand for fast, even ultrafast. Where ultrafast electron
emission expands our comprehension of ultrafast electron
dynamics. With the aid of plasmons, highly localized elec-
tromagnetic fields can be realized at lower energies to
control the trajectories of electrons on nanometer spatial
scales and the variation on subcycle temporal.

The researches present awareness and knowledge of the
interaction between light and nanoscale matters through
plasmons with a wide variety of structures. And the light
required for electron emission from high power density
lasers to low power, from ultrashort laser pulses to continu-
ous wave where the materials that excite plasmons ranging
from 3D metals to 2D graphene have resulted in broadband
plasmons suitable for diverse devices to achieve faster,
lower-energy consumption, and smaller size.

Applying graphene to a silicon-based integrated mod-
ulator can not only make use of the advantages of
silicon-based integrated devices but also achieve perfor-
mance breakthroughs, including wideband, low-cost, and
integration. However, the all-optical modulator based on
graphene plasmon proposed by Ono et al. may have been
difficult to break through in a graphene-saturated absorp-
tion modulator (achieving an extinction ratio of 3.5 dB
with a pumping energy of 35 fJ and whose switching speed
reaches 260 fs). Some methods can achieve breakthroughs
in speed and energy consumption in the future, considering
using other two-dimensional materials besides graphene,
such as black phosphorus, or optimizing the modulator
structure and patterning two-dimensional materials.

The advantages of silicon-based integrated circuits can
be applied to integrated optics. In addition to graphene
mentioned in this paper, the polymers with an excellent
nonlinear response (huge nonlinear coefficient and fem-
tosecond response time) can be studied and combined with
silicon-based metasurface to realize all-optical switches
with better performance. Conversely, a switch based on
plasmon-assisted electron emission is not limited by car-
rier recombination time. However, this kind of switch is
rare in an application.

With people’s exploration of nature, the demand for
microscopes is increasing. Time-resolved emission elec-
tron microscope requires high laser power and photon
energy because imaging is based on photoelectric emis-
sion. In order to pursue femtosecond time resolution and
nanoscale or even higher spatial resolution, an ultrafast
electron microscope (four-dimensional electron micro-
scope) appears. Future research should consider the trends
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from 4D UEM to 5D UEM (adding such as energy resolu-
tion) and even attosecond electron microscopy.
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