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ABSTRACT ARTICLE HISTORY
This study investigates recent advances in photoelectron emis- Received 15 November 2019
sion generated by irradiating ultrashort lasers on metallic nanos- Accepted 28 January 2020

tructures and low-dimensional carbon materials. Recently, KEYWORDS
primary focus has been on improving the efficiency of emitters, Photoionization; ultrafast
i.e. increasing the number of field-emitted electrons and their processes; carbon
respective kinetic energies. An example of this is the modifica- nanostructures
tion of the conventional metal nanotip through adiabatic nano-

focusing and various plasmonic metal structures, such as

nanorods and bowtie antenna. The coherent emission control

with two color irradiation enabled modulation in the emission

yield. In addition, THz waves near the metallic nanostructure

induced a highly accelerated, monochromatic energy.

Alternative to metallic nanotips, carbon nanotubes are emer-

ging as efficient photoelectron emitters, due to the large

enhancement factor associated with their high aspect ratio

and damage threshold. They particularly allowed the use of

femtosecond light sources with a relatively short wavelength,

resulting in the generation of photoelectrons with a narrow

bandwidth. Additionally, electronic control over the single-

walled nanotubes band structure added a degree of freedom

for controlling the electron emission yield. Finally, we review the

strong-field tunneling emission in graphene edge, with the

emission yield showing an anomalous increase of nonlinear

order, corresponding to the deep strong tunneling regime.
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I. Introduction

High-energy electron generation with sub-picosecond pulse duration, using
ultrafast lasers in the extra high-intensity regime, has been an active field of
research, due to its potential application in high harmonic generation (HHG)
[1-3], extreme-ultraviolet (EUV) generation [4-7], time-resolved electron
microscope [8, 9], and attosecond electron pulse generation [10-15].
Coherent soft-X-rays of an extremely short pulse duration have been pro-
duced using a high-powered femtosecond laser in gas, cluster, and solid
systems [16]. In addition, attosecond pulse generation and its streaking have
been extensively investigated to achieve the temporal resolution of ~50 atto-
seconds [17-22]. This enables us to observe electron dynamics in atomic or
subatomic systems, revealing atomic electron dynamics, nanoplasmonic field
evolution, and attosecond scale tunneling delay [19,22-24]. Recently, the
invention of ultrafast electron microscope and ultrafast low-energy electron
diffraction microscopy made it possible to address real-time carrier motion
and ultrafast structural dynamics [8, 9, 25].

The electron photoemission in various atomic and solid-state systems,
induced by high-intensity laser irradiation, has conventionally been classi-
fied into two regimes: multiphoton ionization (MPI) (including the above-
threshold ionization) [26-28] and strong-field tunneling [29, 30]. The
Keldysh parameter, y = w,/2m,I,/eE is widely accepted as an important
criterion [31], where I, is the ionization potential, m, is the electron rest
mass, e is the elementary charge, E is the peak electric field strength, and w
the angular frequency. Thus, y ~ 1 is regarded as a critical value dividing
the multiphoton ionization regime (y > 1) and strong-field tunneling (i.e.
optical field emission) regime (y < 1) [32]. The electron-photon interac-
tion in these two regimes is qualitatively different. In the MPI regime, the
electron yield follows the N-th power of the laser intensity, where N is the
nonlinear order in the absorption processes (see Figure 1(a)). However, in
the strong-field tunneling regime, efficient electron barrier penetration is
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Figure 1. Schematic diagram of various electron emission mechanism of (a) multi-photon and
above-threshold ionization (b) optical field emission (c) photo-field emission (d) Photoelectron
emission from a sharp metal tip as a function of pulse energy. Copyright Physical Review
Letters, American Physical Society [58].

predominantly caused by a narrowing of the vacuum barrier due to the
oscillating electric field of the irradiating laser as shown in Figure 1(b).
Under the influence of a strong laser field, the vacuum barrier allows
penetration only in a short period of time for each cycle of the laser
oscillation; hence, the time duration of generated electron wavepackets is
within the half cycle of the incident laser field. In particular, the use of an
ultrafast few-cycled laser generated a single bunch of electron wavepackets
with a sub-femtosecond time duration. This is essential for the attosecond
streaking system required for investigating atomic scale time dynamics [33].
Conversely, in a photo-field emission process, the amount of tunneling
electron is mediated by the photo-induced excitation of Fermi electrons as
shown in Figure 1(c). In the presence of a static electric field, the photo-
excited electrons face a much narrower tunnelling barrier, resulting in
a highly enhanced emission current, in which the subcycle emission (as
found in the optical field emission) is hardly expected.

The degree of motion is characterized by the ponderomotive potential
U, = ¢’E*/4m.w?, which is the average energy gained by the electron
from the laser field, during one field oscillation cycle [34-36]. Higher
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ponderomotive potential is preferred for efficient HHG and attosecond
streaking, which can be obtained using light sources of lower frequency
and higher peak electric field amplitude. For example, considering that
the cutoff energy of HHG is 3.17 U, [26], conventional EUV generation
of wavelength ~13 nm requires the peak electric field of the pulsed laser
to be ~60 GV-m™' (corresponding to the peak intensity of
~3 x10" W.cm™®) at a wavelength of 800 nm. Achieving the large
ponderomotive potential is also important in time-resolved studies in
atomic scale using attosecond streaking [37, 38]. This regime has con-
ventionally been achieved by irradiating the ultra-high intensity laser on
an atomic jet or metal vapor, requiring a multi-stage amplifier.

Novel phenomena of electromagnetic field enhancement in the near-field
region can inspire many interesting research areas, such as plasmonics [39-
44], surface-enhanced Raman scattering [45-47], single molecule detection
(48, 49], and metamaterials [50-54]. In those research topics, field enhance-
ment and associated field confinement are considered essential to achieve high
sensitivity detection within the subwavelength spatial resolution. Huge field
enhancement near metallic nanostructures has enabled electron ionization
using light sources of relatively low intensity. Both multiphoton ionization
[55-57] and strong-field photoemission [58] have been manifested using laser
field irradiation with intensity <I GW-cm™>. The transition from MPI to
strong-field tunneling at y ~ 2 was confirmed by the distinct decrease of
nonlinear order in the electron generation yield, as a function of the incident
laser pulse energy (see Figure 1(d)). These results suggest that strong-field
physics can be achieved with low-intensity light due to near-field enhance-
ment in nanostructures. Another distinguishing feature for the strong-field
tunneling in nanostructures is symmetry breaking, which is beneficial to
ultrashort pulse generation. For example, in a metallic nanotip, the electric

force exerted on the tip apex, F = —eE, contributes to electron tunneling only
when it is directed towards the vacuum, due to the incident laser field
oscillation [59]. This implies that the electron wavepacket generated by
strong-field tunneling has a temporal width corresponding to the half cycle
of the incident laser field, e.g. a pulsewidth of the order of hundreds of
attoseconds can be achieved when a near-infrared light source is used [60-62].

Even though strong-field tunneling emissions have been successfully
explored using metal nanoprobes or metal nanostructures [55, 57, 58, 60,
63-70], they have been limited in terms of achieving a large ponderomo-
tive potential, due to the thermal damage that frequently leads to the
meltdown of nanostructures [67]. This will also restrict the possible
quantity of ultrashort electron emissions from the metal nanotip [69,
71]. Their functionality is minimally variable, and therefore, the control
of electron motion has been primarily manifested by varying the
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geometry of the metal structure (such as the tip apex and conical angles)
and the physical properties of the laser [60-62, 72, 73]. The development
of novel, functional devices are required to achieve the unprecedented
control for the subcycle electron yield, the maximum kinetic energy of
electrons, and an efficient emission direction. Low-dimensional carbon
materials, such as graphene and carbon nanotubes (CNTs), have nanos-
cale morphology capable of producing high emission current density due
to their high damage threshold [74-77]. Therefore, they potentially serve
as an ideal platform for ultrafast field emission devices in the strong
tunneling regime due to their high aspect ratio, high carrier density,
larger carrier mobility, and mechanical stability.

In this article, we present an overview on contemporary advancement in
ultrashort laser-induced tunneling in various nanostructures including low-
dimensional carbon materials. In section II, we introduce recent develop-
ments in strong-field photoemission using advanced metallic nanostruc-
tures for the improved emission rate. This will include grating-coupled tips,
nanorods, and bow-tie antenna. We also discuss theoretical approaches,
such as the role of near-field distribution around the metal tip and the novel
dynamic aspects of photoemission in the presence of a strong DC field.
A brief introduction to DC field emission in various CNT systems will be
presented in Section III, followed by a discussion on strong-field tunneling
emission in CNTs. This includes strong-field tunneling emission with
a narrow spectral energy and short wavelength excitation, the observation
of extreme nonlinearity, and the electronic switching of the photoemission.
Finally, in Section IV, we review the photoemission occurring in graphene
edges, specifically in graphene nanogap devices, in which the unprecedented
Keldysh parameter has been obtained in the near-infrared range.

Il. Photoemission in metallic nanostructures
A. Dynamic motion of electrons near metallic nanostructures

The interesting dynamic motion of the photo-induced electrons has been
revealed by introducing metallic nanostructures [61]. The electrons gener-
ated by the strong-field tunneling process exhibit a unique motion under
a strong, oscillating laser field, referred to as a quiver motion. This is the
back-and-forth movement of the photoemitted electrons in the nanometer-
scale. The quiver amplitude, which is the characteristic length of the electron
quiver oscillation, is directly related to the ponderomotive potential as
l; = eE/ Mmew? = 2,/m,U,. Enhancement of the electric field near the nanos-
tructure is strongly localized, the length scale of which is directly correlated
with the dimension of the nanostructures [78, 79]. Here, the degree of field
localization is characterized by a field decay length Ir [61]. As the
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nanostructures scale down, I significantly decreases, whereas the quiver
amplitude [, further increases. In this case, it is easy to reach the regime of
Ir<1,. Because the electrons escape the field enhancement region within
a half cycle of its oscillation period for I <, they no longer follow the
quiver motion and exhibit a more straightforward movement. Such specific
motion was possible by introducing the nanostructures and has been
referred to as sub-cycle motion (see Figure 2(a)) [61]. When the electron is
in the sub-cycle regime, it is suggested that the terminal kinetic energy
exceeds the ponderomotive potential because they do not experience the
deceleration occurring in the opposite half-cycle [61, 62].

An additional advantage of the strong-field emission from nanostructures
is the steering of electron motion [62]. The electric field curvature associated
with the nanostructure morphology enables the tailoring of electrons. There
have been exceptional efforts made to unravel the electron dynamics in the
vicinity of the highly confined, enhanced electric field, influenced by control
parameters such as wavelength [61], field strength [58, 61, 62], and the carrier-
envelop-phase difference [60, 63]. The change of the electron dynamics with
carrier-envelop-phase (CEP) variation has been of particular interests (see
Figure 2(b)). The net acceleration of the electrons emitted within the half-
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Figure 2. (a) Simulated photoelectron trajectories generated by intense light fields for four
emission phases in localized (bottom left) and homogeneous (bottom right) pulsed fields.
Copyright Nature, Nature Publishing Group [61] (b) Carrier-envelope phase modulation in
photoelectron spectra and emission probability as a function of emission time. Copyright
Nature, Nature Publishing Group [60].
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cycle of the laser field differs when the few cycle pulses having different CEP
are irradiated. Hence, variation of the maximum kinetic energy of the photo-
emitted electron is a strong evidence of the ultrashort, sub-cycle electron
generation via strong field tunneling processes [60].

The sub-cycle emission and its motion near the metal nanostructures have
been successfully analyzed using standard approaches such as the semi-classical
calculation, the quantum mechanical calculation of electron wavepacket, and the
first-principle calculation. In strong-field regime, the semi-classical approach
(referred to as Simpleman model) has been widely adopted; the emission yield
and its dynamics are calculated separately [56, 60, 80]. To calculate the emission
yield, Fowler-Nordheim formalism is applied with respect to the time-varying
laser field. Conversely, the electron dynamics is simulated using the Newton’s
equation of motion because the electron wavepacket can be regarded as
a classical particle in sufficiently high ponderomotive potential. To simulate
the dynamic motion more precisely, a time-dependent three dimensional
Schrodinger equation has been incorporated; the solution has been given by
a perturbative approach or by using numerical methods [81-83]. Importantly,
this method can be applied both in the multiphoton regime and the strong field
regime. Besides, a time-dependent density functional theory was applied to
include the Coulomb interaction between the emitted electrons [84]. In many
instances, the semi-classical Simpleman model has proven to be a very efficient
tool for addressing the dynamic motions in strong-field tunneling regime and
their results converge with those of the quantum mechanical approaches [60].

B. Improved photoelectron emission in metallic nanoprobes

By incorporating metallic nanoprobes for ultrashort photoelectron emis-
sion, the use of low-intensity light sources became available for table-top
experiments. Additionally, unique dynamic behavior near the metal nano-
tips has been observed, providing novel functionality and controllability.
The recent progress in the modification of nanotip morphology has sig-
nificantly improved photoemission, because efficient near-field accumula-
tion is manifested by adiabatic nanofocusing [78, 79, 85-87]. By using
a grating-coupling technique for adiabatic nanofocusing of the pulsed
laser, centered at 1600 nm with a peak electric field of 0.5 V.-nm™', as
shown in Figure 3(a), the electron emission increased up to 50 times
compared to the conventional method that is based on the direct illumina-
tion on the tip apex [66]. The resultant electric field, due to nanofocusing at
the apex, was estimated to be ~6 V-nm™', an order of magnitude higher than
the conventional case. Using this nanoprobe electron source, the real-time
imaging of charge separation in a nanoantenna system has been successfully
demonstrated with a time resolution of ~25 fs, resulting in a new application
for ultrafast nanostructure microscopy [88]. In addition, a suppressor and
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an extractor which surround the tips (with a grating) have been introduced
to remove the unexpected photoelectrons emitted outside the tip apex area,
as shown in Figure 3(b) [89]. This is useful in producing the pointwise,
ultrashort electron sources for the development of next-generation ultrafast
electron microscopes [38].

Detailed studies investigating the field distribution at the tip apex were
carried out to achieve the optimal design for efficient photoelectron gen-
eration. Electron generation mechanism and its respective dynamic motion
is significantly affected by the near-field distribution. It is well established
that tip apex radius and opening angle is directly related to the field
enhancement [72]. A recent theoretical study has thoroughly demonstrated
these dependencies [90] by considering the complex dielectric function of
gold, silver, aluminum, and tungsten. In this study, the tip radius was found
to be a critical factor in the field enhancement. The field enhancement was
studied as a function of the opening angle of the metal tip. The result
showed that the enhancement effect is maximized at a certain optimal
angle [90]. For example, at the radius of 5 nm, the field enhancement factor
was measured to be ~12 for tungsten and ~35 for gold at the opening angle
of ~40° and ~14°, respectively. Local surface plasmon excitation, the reso-
nance of which depends on the geometry of the conical structure, has been
attributed to the observed optimal field-enhancement conditions.

Alternative to the use of novel functionalized tips, the simultaneous
irradiation of two color lasers has been proposed to achieve coherent
emission control in individual nanotips, as shown in Figure 4(a) [91].
Here, the electron photoemission was modulated homogeneously over the
entire emission channel with a 94% contrast, using strong femtosecond
lasers with wavelengths centered at 1560 nm (w) and 780 nm (2w). The
high contrast was attributed to the quantum-pathway interference between
the 4-photon absorption and the 2-photon absorption accompanied by
1-photon absorption of 780 nm. Furthermore, two-color laser field irradia-
tion was found to introduce a quenching of the electron backscattering and
the variation of maximum kinetic energy, as shown in Figure 4(b) [92].

Considering the wavelength scaling law, THz waves were recently applied
to achieve the lower Keldysh parameter and higher ponderomotive accel-
eration with a relatively low peak electric field. The strong-field electron
emission was manifested in a sharply etched tungsten tip by high intensity
THz field irradiation [93]. Here, high electron acceleration was achieved
with terminal kinetic energy reaching ~120 eV at the relatively low THz field
strength of 5.3 V.-nm™". This was obtained experimentally by applying the
THz streaking method [94]. It is important to note that quasi-static accel-
eration of electrons was observed due to the slowly varying electric field of
the THz wave; this is confirmed by the electron energy spectra with a sharp
cutoft, as shown in Figure 4(c). The results suggest that the highly
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Figure 4. (a) Coherent control of strong-field tunneling emission by using two-color laser
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of Physics, IOP Publishing [93].

accelerated, monochromatic electron emission is produced by using the
THz waves, which will be beneficial for use in ultrafast electron microscopes
[95, 96].

C. Electron emission in various metallic structures

Nanoplasmonic structures alternative to sharply etched metallic nanotips
are also a promising candidate for strong-field photoemission. Multiphoton
emission and strong-field photoemission were proven for a planar gold
surface using mid-IR laser irradiation and a relatively low pulse intensity
of less than 1 GW-cm™>. This was confirmed by the abrupt decrease of the
local slope in the power-dependent photocurrent measurement below the
multiphoton order (see Figure 5(a)) [97]. Moreover, the maximum kinetic
energy was measured as high as 47 eV at 3.5 GW-cm™2, which scales well
with the classical ponderomotive cutoff law (see Figure 5(b)). Conversely,
probing the field enhancement due to the plasmon-plasmon coupling in
a super-polished metal surface have shown the possibility for ultra-sensitive
near-field probing and surface metrology [98]. Gold nanorods also served as
strong-field electron emitters, when irradiated with mid-IR femtosecond
pulses, having a pulse duration of 50 fs and a center wavelength varying
from 3.5 ym to 8 um [99]. Clear resonance behavior of the photoelectron
yield confirms the field enhancement factor of 36 in resonant excitation
conditions (see Figure 5(c)). Photoemission of electrons by MPI processes in
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Figure 5. (a) Strong-field photoemission and electron acceleration in nanolocalized surface
plasmon fields generated on thin gold films by focusing nine-cycle laser pulses in the
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Group [97] (b) Photoemission spectra (right) and maximum kinetic energy (left) of plasmonically
accelerated photoelectrons for a planer gold structure. Copyright Scientific Reports, Nature
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electron emission form a nanorod array (rod length of 1 um). Copyright AIP Advances, American
Institute of Physics [99] (d) An intensity dependence of the photoelectron emission rate for
single and multiple nanostars. Copyright Communication Physics, Nature Publishing Group
[100] (e) Transition of photoemission from multiphoton regime to strong field regime in
individual nanoantennas with near-IR pulse irradiation. Copyright Nature Physics, Nature
Publishing Group [101].

the plasmonic nanostar was also reported recently (see Figure 5(d)) [100].
Due to a high field enhancement factor up to 32, at the sharp edge of the
nanostar, photoelectron generation was achieved using a continuous-wave
source with an intensity of sub MW-cm . In the near-IR range, strong-field
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emission is also reported using localized plasmon resonant enhancement in
nanoantennas as shown in Figure 5(e) [101]. Nanorod and nanotriangle
arrays were exposed to the tightly focused femtosecond laser having a 10-fs
time duration and a center wavelength of ~1 um inside the vacuum. The
emitter current as a function of the incident pulse implies the transition
from the multiphoton regime (y>1) to the strong field regime (y<1), as
depicted in the middle of Figure 5(e). Vanishing of the CEP sensitivity of the
photoemission in the higher pulse energy condition has been observed (see
right of Figure 5(e)), which has been attributed to the increasing contribu-
tion from the neighboring half cycle [102].

Among nanoplasmonic structures, bowtie structures were expected to
provide a superior field enhancement factor, reaching ~50 [103]. Motivated
by these advantages, EUV generation was demonstrated by exploiting the
field enhancement effect present at the gap of the metallic bow-tie antenna
[68]. Here, successful EUV generation with a wavelength as low as 47 nm
was observed by injecting an Argon gas jet to the bow-tie metallic nanos-
tructure with a ~20 nm gap. However, there is still a debate on whether the
EUV generation is due to the high harmonic generation or the plasma
radiation [67, 104, 105]. The results of the ultrafast field emission from
a bow-tie antenna without the gas jet injection are shown in Figure 6(a)
[106, 107]. The pronounced plateau in the photoelectron spectra confirms
the existence of strong-field tunneling emission, which is a clear indication
of sub-cycle acceleration of photoelectrons [61 62,]. Combining the max-
imum kinetic energy with the analysis on the electron dynamics, the field
enhancement at the gap was measured up to 50. More recently, phase
control of the electron tunneling in the bow-tie structure with an 8 nm
gap has been reported using the CEP-stabilized short-pulse laser having
a 6-fs pulsewidth (Figure 6(b)) [108]. In other words, the significant switch-
ing of photocurrent was observed with the variation of CEP difference,
which confirms the individual electron transfer within a half-cycle period
of ~2 fs. However, those metallic nanostructures suffer physical damage
during high-intensity laser irradiation. For example, in bow-tie antenna,
a meltdown was observed over the course of a few minutes of fs laser
irradiation of 0.3 TW-cm > pulse intensity and a center wavelength of
~800 nm (see Figure 6(c))[67].

D. Electron emission in the presence of a strong DC field

Most of the previous experiments on ultrafast field emission have been
performed in the absence of DC electric fields; the photoelectrons were
measured by the anode electrode, which is located far from the cathode
metal tip. In a number of recent studies, in which the photoemission
occurred through a small gap [71, 109], a strong static field induced by
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Figure 6. (a) Plasmonic photoelectron spectra emitted from bow-tie antenna structures.
Copyright Nano Letters, American Chemical Society [107] (b) Carrier-envelope optical control
of sub-cycle tunnelling in the nanoantenna. Copyright Nature Photonics, Nature Publishing
Group [108] (c) A series of SEM images of bow-tie structure, after several hours of exposure to
incident lights. Copyright Nature Physics, Nature Publishing Group [67].

a DC bias voltage across the gap significantly influences the emission
efficiency and dynamic motion. In this case, while the DC field significantly
narrows the vacuum level, the fs light triggers the photo-field emission by
additional electronic bending or by thermal electron generation. Recently,
an experimental study was done on the dynamics of the delayed electrons
that are generated via re-scattering of quiver electrons in the presence of
a large DC electric field [110]. By using a blunt tungsten tip, with a radius of
~100 nm and applying a high voltage of up to ~3300 V, they observed
a combined contribution of the DC field and the strong laser field as
depicted in Figure 7(a). Plateau broadening and peak shift in the energy
spectra have been observed simultaneously as the incident laser field
strength increases. This is consistent with the prediction based on channel
broadening and the downshift of the multiphoton order.
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Figure 7. (a) Experimental energy spectra of field emission in the presence of large DC electric
field. Scientific Reports, Nature Publishing Group [110] (b) Simulated, time-averaged normalized
emission current density through the n-th channel, under various combination of DC electric
field Fy and laser field F;. Copyright Scientific Reports, Nature Publishing Group [111] (c) Laser
power dependence of the simulated electron emission yield in the presence of DC bias, based
on a Simpleman model on two-dimensional metallic edge. Copyright Springer, Journal of the
Korean Physical Society [113].

A theoretical investigation on the combined contribution of the DC
electric field and the light field on the electron emission has been reported
recently [111]. In this study, a time-dependent Schrodinger equation was
solved to provide an exact solution for the laser field irradiating on a metal
surface in the presence of a DC electric field. The solution was given as
a superposition of electron plane waves with an energy of ¢ + nhw, where ¢
is the fermi energy, hw is the incident photon energy, and n is the multi-
photon order. The channel-resolved emission rate under various combina-
tions of DC field and laser field were demonstrated (see Figure 7(b)). The
photoemission through various multiphoton orders has been observed in
the presence of a large DC field. It is important to note that this revealed
a mechanism for photoexcited electron tunneling mediated by single- or
multiphoton absorption, which is unique in the presence of the DC
field [112].

A more simplified model of electron motion in a semi-classical limit has
been developed recently, taking the DC field contribution into considera-
tion [71]. Here, the photoelectron generation, and their subsequent motion,
has been simulated with the assumption of two-dimensional metal edge
structures, a theoretical counterpart for the graphene edge emitter, as will be
discussed in Section IV. The total electron yield was calculated from the
time-dependent Fowler-Nordheim equation, in the semiclassical limit, with
the presence of a DC electric field. The recoil electrons were excluded when
integrating the emission yields. It was found that the net photocurrent,
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which is a summation of electrons that have successfully escaped from the
near-field region, did not follow the traditional Fowler-Nordheim depen-
dence as a function of the incident electric field’s strength, as shown in
Figure 7(c) [113]. Specifically, the nonlinear order increases as the electric
field increases. This is because an increase in the electric field causes
a decrease in the relative strength of the DC bias. Thus, the traditional
Fowler-Nordheim dependence starts to dominate the photoemission. This
is consistent with the experimental findings obtained in a graphene nanogap
device, which will be discussed later.

lll. Electron photoemission in carbon nanotubes
A. DC field emission in CNTs

Strong electric fields and the associated field gradients near sharp metallic
nanostructures have enabled photoemission, based on strong-field tunneling
with sufficiently low light intensity [56 65 114,,]. The control of electron
motion by varying the intensity, wavelength, or carrier-envelop phase differ-
ence has been considered a key factor in ultrashort pulse generation and the
maintenance of the respective pulse width during free space travel [60-63,73].
However, achieving a large ponderomotive potential requires a high-intensity
laser field and a longer wavelength, reaching the mid-infrared range. Most
previous studies on laser-induced electron emissions are based on metal
nanoprobes [55-58, 60, 63, 64, 66], or similar metal nanostructures [67, 70],
which suffer from thermal damages in the high-intensity regime. In addition,
their functionality is mostly fixed; hence, electron motion has been primarily
controlled by varying the physical properties of the laser and the geometry of
the metal structure, such as the tip apex and conical angles.
Low-dimensional carbon materials, particularly CNTs, have been
regarded as a potential candidate for DC electron field emitters due to
their high electrical conductivity, large damage threshold, chemical stability,
and high aspect ratio [115]. Detailed information on their synthesis, optoe-
lectronic properties, and applications can be found in [116, 117]. Since the
pioneering work by de Heer et al., their potential for field emission has
increased for applications, such as displays, X-ray tubes, and microwave
amplifiers [118]. This is because CNT field emission devices have the
advantage of fast response, low energy consumption, and stable perfor-
mance. Both single-walled nanotubes (SWNTs) and multi-walled nanotubes
(MWNTSs) have been demonstrated as field emission devices in the form of
single-point emitters, vertically aligned bundles, and patterned films.
Vertically aligned MWNTs synthesized by plasma-enhanced chemical
vapor deposition (PECVD) are of particular importance for practical appli-
cations, as shown in Figure 8(a) [119]. A triode structure, with integrated
gate electrode, was utilized to achieve the high switching rate and low-
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Figure 8. (a) Vertically aligned MWNT field emitter incorporated into a triode structure.
Copyright Nanotechnology, I0P Publishing [119] (b) SEM image of an individual MWNT point
emitter. Copyright Applied Physics Letters, American Institute of Physics; Diamond and Related
Materials, Elsevier [120 121,] (c) and (d) A planar field emission device fabricated using as-grown
individual CNT. Copyright Nanotechnology, IOP Publishing [122].

voltage field emission. There are several studies on the vertically aligned
SWNTs and MWNTs arrays of different configurations. Most of these
studies have reported emission currents ranging from 1 mA. cm™ to 1
A- cm ™% Conversely, single SWNT and MWNT emitters have been alter-
natively developed by attaching them on a metal tip using the electrophor-
esis method (see Figure 8(b)) [120, 121]. An emission current higher than
100 pA has been achieved from a single MWNT emitter, with a current
density of ~ 10" A - cm™>. In addition, a planar field emission device has
been fabricated using as-grown individual CNTs on the surface of a Si
substrate, as shown in Figure 8(c,d) [122]. The anode and cathode (with
a CNT tip) lie on the same surface, which is beneficial for integration with
planar technology, stable construction, and improved heat dissipation. In
most applications, however, the single nanotube emitter is not only vulner-
able but also incapable of providing a sufficiently high field emission
current. Thus, it is applied less frequently than the planar CNT field
emitters.
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B. Ultrashort photoemission in SWNT with a narrow bandwidth

Generation of strong-field tunneling emission has been recently demonstrated
in an SWNT system, which had an ultra-small tip radius of ~1 nm, using near-
infrared (820 nm) and near UV (410 nm) fs lasers (Figure 9(a)) [123].
Although vertically aligned SWNT bundles were used, a few isolated, indivi-
dual SWNT's protruded out of the as-grown cluster, which were believed to be
the main photoemission sites with high field enhancement. The focused fs
laser, with spot sizes of 1.25 pm and 2.50 um (FWHM, 410 nm and 820 nm),
illuminated the SWNT cathode, while the anode electrode (placed 400 um
above) collect the photoelectron emission in a high-vacuum chamber.
Photoelectron emission was observed with a strong laser-polarization aniso-
tropy. It is important to note that the transition from the multiphoton excita-
tion regime to the field-driven regime has been observed in the plot of
photoemission current as a function of laser power, as shown in Figure 9(b).
An AC field-enhancement factor of 27 (for the excitation at 410 nm) has been
estimated from the laser power dependence, as shown by the Fowler-
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Figure 9. (a) Schematic of laser-induced field emission from an SWNT tip. (b) Photoemission as
a function of laser power demonstrating a transition in nonlinear order. (c) Fowler-Nordheim
plot of the laser field emission from the SWNT. (d) Kinetic energy spectra of photoelectron
emission. (e) Keldysh parameter estimated from the enhancement factor. Copyright Advanced
Materials, Wiley [123].
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Nordheim plot in Figure 9(c). The large enhancement factor has been attrib-
uted to the high aspect ratio of SWNT, which is greater than that of the
conventional metallic emitter. In particular, the high field localization and
short excitation wavelength enabled the generation of a narrow bandwidth in
the kinetic energy (~0.25 eV) of the photo-induced electrons, as shown in
Figure 9(d). The large enhancement factor enabled Keldysh parameters of y ~
0.7 at 820 nm and y ~ 2 at 410 nm, indicating the strong tunneling regime,
required for the subcycle emission. Studies on conventional metal tips typically
focus on longer wavelengths because a higher power condition is required for
a shorter wavelength to achieve comparable values of the Keldysh parameter
(see Figure 9(e)).

C. High nonlinearity photoemission in SWNT

A nonlinear strong-field photoemission has recently been reported with
a curve slope of up to the power of 40 for a semiconducting SWNT
emitter, as shown in Figure 10(a) [124]. The emission has been attrib-
uted to optical-field-driven electron tunneling from the valence band of
the SWNT. In comparison, such high nonlinearity has not been
observed in a metallic SWNT (Figure 10(b)). Additionally, by using
the laser with carrier envelop phase (CEP)-stabilization (7 fs pulse
duration at an 800 nm central wavelength), a strong CEP-sensitive
modulation was observed, reaching almost 100% with a peak current
of 2 nA. This provides more evidence of strong-field tunneling emission
(See Figure 10(c)). Simpleman model calculations based on the SWNT
electronic band structures revealed the transition point between the
conduction state emission and the valence band emission, as shown in
Figure 10(d), above which the strong nonlinearity can be observed. In
addition, the nonlinearity increased as the SWNT bandgap increased,
indicating that the field emission characteristics can be tuned by engi-
neering the band structure of the emitter. This may prove useful for
future applications in attosecond electronics and photonics.

D. Electronic control of ultrashort emission in SWNT

The photo-induced field emission in a SWNT device exhibits a switching
operation due to gate-induced variations in the effective barrier height of
the devices [109]. As illustrated in Figure 11(a), a planer field emission
device was fabricated by incorporating a nanogap in the middle of the
SWNT field effect transistor, using focused ion-beam milling. An atomic
force microscopy image of the gap region is shown in Figure 11(b). The
device has a typical device channel length (I,) of 5 ym and a nanogap size



ADVANCES IN PHYSICS: X 19

a Pulse energy (nJ) b Pulse energy (nJ)
0.2 0.4 0.1 0.2

10~8}F Semiconducting = 10-8F Metallic

1079 109k
< <
10710k =07 = 10-10F
10°11 } 101"
1 15
F(Vnm™)
c d
Modulation depth = 100%
2 L
o O 3
o \© . s 3
1} O ®) 3 s
3 =
(e} g
w
ok
1 1 1 1 1 1 1
1 > 3 A 5 6 - 09 1 11 12
Adcep (M) F(Vnm™)

Figure 10. Power dependent photoemission from (a) semiconducting and (b) metallic SWNTs.
(c) Modulation of photoemission through the carrier-envelop-phase (CEP) control (d)
Simpleman model calculation of the emission yield as a function of the SWNT bandgap and
the optical field strength. Copyright Nature Communications, Nature Publishing Group [124].

of 100 nm. In this case, the SWNT tip ends face each other, with one as the
electron emitter and the other as the receiver. A strong photo-induced
signal appeared when the focused laser illuminated the gap area of the
device, for the back-gate bias of Vg= - 3 V, whereas the photoinduced
signal is suppressed completely for Vi = 3.5 V, as shown in the bottom of
Figure 11(c). This indicates that the electron emission yield can be
manipulated by the gate electrode, which is used to tune the electronic
state of SWNT (See also Figure 11(d)). The switching behaviors of the
photoemission yield can be understood in the context of the band align-
ment of the SWNT devices, as schematically illustrated in Figure 11(e).
Gate-dependent control of electron field emission has not been previously
observed in investigations of photo-electron emissions and DC field
emission systems. As a result, using the SWNT provides an added degree
of freedom for controlling the electron emission yield and dynamic
motion under the strong-field tunneling regime.
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Figure 11. (a) Schematic of laser-field emission from the SWNT device with a nanogap. (b) AFM
image of SWNT gap structure. (c) Scanning photocurrent image of photoelectrons from the
SWNT nanogap. (d) Photoemission yield as a function of back-gate bias. (e) Schematic of
photoelectron emission with a gate-dependent band alignment. Copyright Applied Physics
Letters, American Institute of Physics [109].

IV. Strong-field photoemission in graphene
A. DC field emission in graphene

Low-dimensional carbon materials, such as graphene and CNTs, have
nanoscale morphology, capable of producing high emission current density,
due to their high damage threshold [74-77]. In particular, CNTs have been
extensively investigated as alternative thermionic emitters. A Keldysh para-
meter of 0.67 has been recently demonstrated by irradiating fs laser pulses
with a wavelength of 820 nm on CNTs, as mentioned above [123]. While
CNTs have proven to be the most efficient materials for field emission
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devices, a scalable process for precise selection and placement for CNTs has
not yet been established. However, graphene has all the benefits of CNTs
and is compatible with thin film processing. In particular, graphene edge,
which has atomically thin morphology, could serve as an ideal platform for
ultrafast field emission devices in the strong tunneling regime. This is due to
its high aspect ratio, high carrier density, larger carrier mobility, and
mechanical stability. Graphene-based DC field emitters have been recently
demonstrated in the absence of illumination [76, 77, 125]; conversely,
electron dynamics in the strong-field subcycle regime have also been
recently demonstrated, using a femtosecond laser [126].

The DC field emission demonstrated on the graphene systems have been
extensively reviewed in literature [125]. Field emission from graphene was
initially reported for graphene flakes lying on or embedded in a substrate
surface, which lacks the enhancement factor. However, graphene emitters
with a form protruding from the surface result in a larger DC enhancement
factor of 7300 [127]. Screen-printed graphene emitters with some vertical
graphene sheets have a low turn-on electric field of 1.5 V-um (1 pA-cm™2),
a low threshold field of 3.5 V-um (1 mA-cm™?) and an enhancement factor of
4539, as shown in Figure 12(a) [128]. Using structured polydimethylsilox-
ane (PDMS) stamps, a micro-transfer contact printing technique was devel-
oped; the results are illustrated in Figure 12(b). This technique can
manipulate graphene into vertically standing fins on substrates [129].

To improve scalability in the fabrication of field emission devices, the
nanogap structure has been fabricated from conventional graphene field-
effect transistors [130]. Using electron-beam lithography, followed by an
oxygen plasma process, the gaps on the suspended graphene conduction
channel were fabricated, as shown in Figure 12(c). These devices show
emission current densities in the range of tens of nA-um~' at modest bias
voltages of tens of volts, as shown in Figure 12(d). The enhancement factors
(of a few hundreds) and noise in the emission current (10%) are similar to
those reported for single CNT field emitters. An application in pressure
sensing was demonstrated by simply tracking changes in the emission
current with pressure. Improvements in processing, e.g. decrease in nano-
gap dimension, will lead to higher performance. Such devices will not only
enable nanoscale motion and chemical sensing but will also contribute to
applications in electronics and fundamental studies of 2D materials.

B. Strong-field tunneling emission in graphene

Graphene has been recently demonstrated in an ultrafast electron emitter,
specifically in the strong-field tunneling regime [71]. As schematically illu-
strated in Figure 13(a), graphene field emission devices were fabricated with
a nanogap of 100 nm in the middle of the conducting channel, fabricated by
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Figure 12. (a) DC field emission from the graphene flakes Copyright Nanotechnology, IOP
Publishing [128] (b) Field emission from a patterned graphene fabricated by a contract printing
technique Copyright Small, Wiley [129]. (c) and (d) Field emission device with a gap structure in
the middle of graphene channel. Copyright Applied Physics Letters, American Institute of
Physics [130].

focused ion beam (FIB) milling. In this scenario, two graphene edges facing
each other across the nanogap, respectively, work as an electron emitter and
receiver, similarly to the SWNT gap devices. The photo-assisted field emis-
sion was observed when the gap was illuminated by the fs laser pulse, as
shown by a scanning photocurrent microscopy image [131-134] of
a graphene device with a nanogap (inset of Figure 13(b)). Photoemission
as a function of the bias exhibits a clear rectifying behavior, which is also
confirmed by the Fowler-Nordheim plot. However, the turn-on voltage is
reduced significantly with laser irradiation, which is due to the additional
field-enhancement, supplied by the ultrashort laser pulse. The laser power
dependence on photo-assisted field emission is plotted in Figure 13(b) (red
circles). The significant tunneling current was possible due to the high
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Figure 13. (a) Schematic of photoelectron emission in a graphene edge. (b) Electron emission
yield as a function of laser power. (c) and (d) Simulation on the spatio-temporal electron
probability for (c) low power and (d) high power conditions. (e) Keldysh parameter in the
graphene edge emitter. Copyright ACS Photonics, American Chemical Society [71].

damage threshold of graphene. It is important to note that the photo-
induced signals increase with increasing laser pulse energy, without demon-
strating saturation behaviors. The unique nonlinear relationship, i.e. the
increasing exponent with increasing power, is an indication of strong-field-
assisted electron tunneling in the presence of a strong DC field, which is
consistent with the theoretical prediction shown in Section II. A modified,
quasi-classical Simpleman model [60-62] in the presence of strong DC
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Table 1. Comparison of AC field enhancement factors and Keldysh parameters in the near-
infrared range, with regard to field emission devices.

Materials A (nm)  AC enhancement factor ~ Estimated field strength (GV/m) y Reference
Gold (tip) 3800 ~10 28 0.13 [58]
Gold (tip) 1500 10 28 ~0.3 [59]
Gold (tip) 830 8 235 ~0.7 [55]
Tungsten (tip) 800 4.0 6.94 2.37 [57]
Silicon (tip) 800 14 154 1.12 [66]
SWNT 820 21.6 24.2 0.67 [111]
Graphene 800 45 77.8 0.2 [68]

fields has therefore successfully reproduced experimental results with the
increasing nonlinearity.

In a spatio-temporal image for the simulated electron probability, a change in
field strength induces a transition in the dynamic behavior, from the quiver
motion to the subcycle motion, as shown in Figure 13(c,d). For the low-power
condition, most of the electrons are in the quiver-motion regime; therefore, the
electron wavepacket spreads over a large time duration. Conversely, in the high-
power regime, more electrons exist in the subcycle regime, resulting in a shorter
wavepacket. This result indicates that the high-power condition will allow us to
produce trains of ultrafast electron wavepackets with a temporal width of less
than the half-cycle of the incident laser pulses. The relative number of recoil
electrons decreases in the high-intensity regime, allowing more electrons to
escape from the strong near-field region before they are decelerated in the
subsequent negative phase.

The device parameters for photoemission in various nanostructures are
summarized in Table 1 for near-infrared illumination (~800 nm). As men-
tioned, the Keldysh parameter is one of the dominant factors that determine
the dynamic behavior of photo-electrons; the strong-field emission dom-
inates the emission process for y < 1. Until now, the reported y for the
near-infrared range, with wavelength smaller than 1 pm A <1 ym, was ~0.7
for an SWNT vertical emitter and 0.2 for the single-layer graphene with
a nanogap. For the graphene nanogap, the condition for y < 0.5 can be
reached at a very low pulse energy of J~15p]J, due to the large field
enhancement factor, as shown in Figure 13(e). This is a sufficiently low
value, reaching the deep tunneling regime [135], which will allow for
electron emissions consistent with the subcycle wavepackets.

V. Conclusions and outlook

Ultrafast laser irradiation on metallic nanoprobes enabled highly efficient
photoelectron emission with the help of field enhancement and field loca-
lization, the length scale of which is directly correlated to the dimension of
the nanostructures. The interesting dynamic motion of photo-induced
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electrons near the metallic nanotips have been realized both theoretically
and experimentally. This may significantly contribute to the development of
ultrashort electron sources. Recent progress has focused on increasing field
electron emission with improved efficiency, achieving larger kinetic energy
with improved ponderomotive acceleration, and adding more degrees of
freedom to the control of electron emission. For example, the modification
of nanotip morphology, by employing grating coupling techniques through
adiabatic nanofocusing, improved the number of photoelectrons by up to 50
times compared to that of conventional metal tips. Coherent emission
control with modulation of up to 94% was achieved with the simultaneous
irradiation of two color lasers, which has been attributed to quantum-
pathway interference. To achieve a low Keldysh parameter and high pon-
deromotive potential, a light source with a long wavelength is preferred.
THz wave radiation on a metallic nanostructure have induced
a photoelectron emission with an accelerated, monochromatic energy. In
addition, various metallic structures such as nanorods and bowtie antenna
have been introduced as efficient platforms for strong-field emission, with
the field enhancement factor increasing to 50 in the case of the bow-tie
structure.

Recently, low-dimensional carbon materials, such as the CNTs and
graphenes, have emerged as promising candidates for strong-field tun-
neling emission, due to their high electrical conductivity, high damage
threshold, chemical stability, and high aspect ratio. Strong-field tunnel-
ing emission has been demonstrated for light irradiation with a relatively
short wavelength, enabling the generation of photoelectrons with
a narrow bandwidth (~0.25 eV). In addition, electronic control over
the SWNT band structure added a degree of freedom to the control of
the electron emission yield, and possibly, their dynamic motion. Finally,
a significant tunneling current was obtained by irradiating a graphene
nanogap structure with a NIR laser. In this case, the emission yield
exhibited an anomalous increase of nonlinear order as a function of
the laser power. The simulated spatio-temporal image for electron prob-
ability revealed the transition of the dynamic behaviors, from quiver
motion to the strong subcycle pulse generation, as a function of the field
strength. This showed that the use of low-dimensional carbon materials
enabled the generation of subcycle wavepackets, in which the emission
yield, and potentially their dynamic behavior, can be efficiently
manipulated.

The current pursuit for stable, efficient, and controllable emission sources
via strong-field tunneling will pave the way for future applications, such as
ultrafast spatio-temporal imaging microscopy, table-top scale attosecond
streaking, and next-generation EUV sources. Specifically, recent achieve-
ments in the application of nanotips to ultrafast electron microscopy,
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electron energy loss spectroscopy, and ultrafast low energy electron diffrac-
tion systems are noteworthy as a first step toward the development of novel
instruments with ultrafast subcycle wavepackets. The streaking of THz waves
using ultrafast electron wavepackets is also significant; the further develop-
ment of highly monochromatic electron sources may lead to true table-top
attosecond streaking within a sub-femtosecond resolution. As previously
demonstrated, a large field enhancement near the nanostructure will guar-
antee high-energy EUV generation with a relatively lower laser power. Due to
continually expanding industrial needs, investigation of strong-field photo-
emission in various nanostructures, and related research topics, will signifi-
cantly impact the development of next-generation EUV sources.
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