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on Nanomaterials
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The search for electron sources with simultaneous optimal spatial and tem-
poral resolution has become an area of intense activity for a wide variety of
applications in the emerging fields of lightwave electronics and attosecond
science. Most recently, increasing efforts are focused on the investigation

of ultrafast field-emission phenomena of nanomaterials, which not only

are fascinating from a fundamental scientific point of view, but also are of
interest for a range of potential applications. Here, the current state-of-the-art
in ultrafast field-emission, particularly sub-optical-cycle field emission, based
on various nanostructures (e.g., metallic nanotips, carbon nanotubes) is
reviewed. A number of promising nanomaterials and possible future research

directions are also established.

1. Introduction

Electron sources are the core component of various widely
adopted systems, ranging from those used in medical diagnosis
to systems applied to homeland security. The first generation of
vacuum electronic devices were thermionic sources, which con-
tinue to dominate the market more than a century after their
inception. As new materials continue to rapidly emerge, over
the past few decades, the electron emission community has
shifted its focus to cold-cathode field emission.!! Field-induced
electron emission is the quantum mechanical tunneling of elec-
trons through a material-dependent potential barrier under the
influence of a high electric field. The absence of a solid-state
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transport channel and the intrinsically
ultrafast response time [on the order of atto-
seconds (1072 s)] allow near-instantaneous
emission. As a result, there is consider-
able interest in the use of field-emission
electron sources in various vacuum elec-
tronic applications, such as flat-panel dis-
plays,l microwave amplifiers,’l electron
microscopes,” and X-ray sources.’! The
successful demonstration of a variety of
field-emission instruments is a highly sig-
nificant milestone that may ultimately lead
to a combined spatial and temporal resolu-
tion that is yet to be achieved using other
technologies. The pursuit of a high-per-
formance field-emission source relies inti-
mately on advanced materials engineering.[®! Nanomaterials have
already demonstrated superior field-emission performance to
that of their bulk counterparts.’l The distinctive electronic struc-
tures and nanometric emitting surfaces of these new materials
provide extremely high field-enhancement factors.®l Today, the
use of nanomaterials enables devices that simply could not have
been manufactured only a decade or so ago.

However, the advantageous bifunctionality of field emis-
sion—extremely high spatial and correspondingly high tem-
poral resolution—has yet to be fully realized. In the past decade,
motivated by attosecond science at a sub-nanometer scale,”*’!
together with the drive toward ultrafast electron microscopy,'”!
next-generation field-emission electron sources with both sub-
nanometer spatial resolution and attosecond temporal resolu-
tion have gained great attention.'] On the one hand, there is
still a need for research on further enhancement in the spatial
resolution, which is typically achieved through the coupling of
advanced transport physics with state-of-the-art materials sci-
ence. By embracing bottom-up, atom-by-atom synthesis of new
1D and 2DI3-13] materials, the ultimate aim of engineering
truly single-atom-scale emission sites is appearing increasingly
achievable. On the other hand, it is somewhat challenging to
improve temporal resolution through the use of conventional
electronics. New excitation methodologies are essential to
reach femto- and even attosecond time scales. Excitation by
ultrashort strong electromagnetic fields of light is one viable
approach.'®V] Tt is this continuing pursuit of high temporal
resolution field emission that has triggered the emergence of a
new discipline: lightwave electronics,!'® whose central tenet is
the investigation and control of dynamic electron transport at
sub-optical-cycle time scales.

Here, we capture the present state of this emerging field. We
first briefly review the methodologies of ultrafast field emission,
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including electric field and strong optical field interactions.
Then, we turn to the current development of ultrafast field-
emission electron sources and their applications, focusing on
recent developments in optical field electron emission, based
mainly on metal nanostructures, alongside our recent progress
on carbon nanotube (CNT) ultrafast field emitters. We then
summarize the materials of interest in ultrafast field emission.
Herein, we aim to bridge the disciplines of conventional quasi-
static field-emission research and emerging ultrafast optical
field-emission research.

2. Ultrafast Field-Emission Methodology

2.1. Fundamentals of Field Emission

Under a high electric field, the vacuum level at the surface of
an emitter bends downward, and a triangular barrier is thus
formed. Field electron emission is the quantum tunneling
of electrons through such a narrow potential barrier into a
vacuum (Figure 1A). This phenomenon was first modeled by
Fowler and Nordheim in 1928,'! who found that the emis-
sion current density | depends on the electric field strength
E, the field-enhancement factor 3, and the work function @ of
the material. It takes the following form, commonly termed
the Fowler—Nordheim (FN) equation

3
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3
where ¢,=-%— and ¢, are the basic constants (the

charge and rr71[ass of an electrone are denoted by e and m, respec-
tively, and the Planck constant is h). Clearly, ® and 8 dominate
the field-emission characteristics of the emitting materials.
Thus, a common methodology for optimizing the emitter
and discovering new materials has been to decrease the ® and
regulate the external morphology of the material to increase
the B.
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2.2. Ultrafast Laser-Assisted Electric Field Emission

Laser-assisted electric field emission has recently been applied
to improve field-emission performance. The underlying
mechanism includes thermal-field emission?”! and photofield
emission (PFE).2!! Under these regimes, electrons are first
excited from their original energy level to a higher energy-level
state by absorbing thermal or photon energy (Figure 1B). They
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Figure 1. Mechanisms of electron emission. A) Field emission (FE). The quantum tunneling of electrons through an electric field-induced narrow
potential barrier into vacuum. Eg, Fermi level. Ey, original vacuum level. E\/, bent vacuum level under an electric field. B) Photofield emission (PFE).
An electron is excited to an intermediate state at a higher energy level than its original energy level (Ef) when gaining the energy of a photon and tun-
nels though a much narrower barrier. C) Multiphoton photoemission (MPP). An electron absorbs the energy of a number of photons to overcome the
vacuum barrier for photoemission. D) Above-threshold photoemission (ATP). In a multiphoton regime, more than the minimum required number of
photons can be absorbed for photoemission. E) Optical field emission (OFE). A strong optical field induces a periodically varying vacuum level with
an optical frequency (). When the optical field is strong enough to create a penetrable tunneling barrier, electrons tunnel from the Fermi level in a
fraction of a negative half optical-cycle.
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then face a much narrower tunneling barrier, meaning that
the tunneling probability is greatly increased, which results
in a highly enhanced emission current. The laser-assisted
emission from nanostructures can be analyzed in the frame-
work of the two-temperature model,?2 which describes the
experimental results in terms of coupling between electron and
lattice systems. Upon irradiation of the emitter material with
an intense laser, the energy of the photons is transferred to
the electrons, creating an ensemble of hot electrons. The hot
electrons then exchange their energy with the lattice.

Conventional energy-assisted electric field emission made
use of electrical heating or continuous-wave laser exposure to
provide this additional energy. However, such excitation meth-
odologies do not allow femtosecond response times. Ultrafast
femtosecond laser-assisted electric field-emission is considered
the primary candidate method for retaining the ultrafast nature
of field emission.?3l When excited by exposure to ultrafast laser
pulses, electrons may be excited to nonequilibrium states by
obtaining energy from both photons and thermal (laser-heating)
effects. In the case of photon-driven excitation, the time scale
of the general electron pulse is the same as that of the laser
pulse.? In the case of thermally driven excitation, time frames
of >100 fs are required to transfer sufficient thermal energy to
the local electron population.’]

2.3. Ultrafast Optical Field Emission

Upon illumination with an intense femtosecond laser pulse,
the electrons in a material may absorb more than one photon,
which is known as multiphoton absorption. Such a regime
enables photoemission under incident light with a photon
energy smaller than the work function of the emitting surface,
which is known as multiphoton photoemission. In the mul-
tiphoton photoemission regime (Figure 1C), the minimum
number n of energy quanta hv required to overcome the work
function is absorbed by the emitting surface (h is the reduced
Planck constant). The photocurrent follows a power law of the
form P", where P refers to the laser power and the exponent
n refers to the number of photons absorbed. In this multi-
photon scheme, more than the minimum required number of
photons can be absorbed, referred to as above-threshold multi-
photon photoemission?! (Figure 1D). The time scale of the
multiphoton photoemission is the same as the width of the
laser pulse.

Much faster electron emission can be achieved through
optical field emission (OFE).””] OFE is a type of strong-field
photoemission regime in which the electric field (optical field)
of the incident light is strong enough to induce a periodically
varying surface vacuum level, as shown in Figure 1E. With a
sufficiently strong optical field, electrons can tunnel through
the narrow barrier from states in the vicinity of the Fermi
level during a fraction of the negative half optical cycle. OFE
can thus produce sub-optical-cycle duration electron pulses.
Photoemission may transition into OFE from a conventional
photon-driven regime with increasing optical field strength.
The transition can be described by the Keldysh framework,®!
which was originally formulated for the strong-field ionization
of gas-phase atoms and molecules and subsequently extended
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to strong-field photoemission from a solid surface.?”l The
Keldysh framework introduces a characteristic parameter y
that separates two limiting regimes, a multiphoton photoemis-
sion regimel*®! (y> 1) and a tunneling emission regime (y< 1).
The latter is termed OFE. The Keldysh parameter 7y is given
by y=w.2m¢ [efF, where w is the optical frequency; ¢ is the
work function; m and e are the mass and charge of the electron,
respectively; F is the incident light-field strength; and B is the
field-enhancement factor of the emitting tips.

2.4. Advantages of Nanomaterials

To date, much of the research on field emission has relied on
advances in materials technology, especially those related to the
growth of nanomaterials. Ever-increasing field-enhancement
factors and ever smaller work functions have proven essential
to these advances, both of which lower the external electric
field and associated laser intensity required for excitation. The
search for smaller emitting tips fabricated from exotic mate-
rials has thus been intense. The need for longevity and bright-
ness also implies the need for additional material properties,
such as high mechanical strength and low chemical reactivity,
if such emitters are to operate successfully under extreme
conditions.

According to the Keldysh parameter (), to gain access to
OFE, a very high optical field strength is required. However,
this objective is limited by both the damage threshold of the
material and the available power of the laser. Thus, the optical
near-field-enhancement factor 8 of the emitter material plays
a key role; for 1D nanomaterials, this factor is mostly derived
from the lightning rod effect induced by the sharp tips, which
also exists in static field emission.!] At nanoscale discontinui-
ties, such as at nanotips and nanorods, the electron density is
notably very high, which induces a considerable near-field
enhancement. Exploiting localized surface plasmons (LSPs)
have proven a useful means of photoelectron excitation and
is a secondary mechanism in near-field enhancement.’?l With
resonant optical excitation, the system naturally leads to higher
field enhancement than other mechanisms operating in non-
plasmonic materials.?3]

2.5. Experimental Methods

Intense femtosecond laser exposure is required to achieve
OFE due to the extremely high incident optical field strength.
Normally, a local optical field strength of =20 V nm™ at the emit-
ting surface is necessary to access the OFE regime. For emitters
with a high field-enhancement factor, the laser-pulse intensity
generated by comparatively inexpensive ultrafast oscillators has
proven sufficient to achieve such a regime.}* However, if the
field-enhancement factor of the emitter is relatively low, ultra-
fast amplifiers are required;!'”! these amplifiers can normally
output an enhanced optical field 2-3 orders of magnitude
higher than that output by an ultrafast oscillator. The maximum
photoemission current occurs when the optical polarization
is parallel to the axis of the emitting tip. To collect the liber-
ated electrons, a static electric (DC) field is commonly applied
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between the tips, and an electron collection electrode is placed
in their proximity. Notably, this DC field must be moderately
low to avoid DC electric field emission. The photoemission
electron yield can be measured by a high-precision digital
source meter or counted by an electron multiplier plate.'”] The
emission image can be monitored by a phosphor screen,
which can be read both electronically and by a timed and
triggered charge-coupled device (CCD) camera.’ Finally, the
energy distribution of the liberated electrons can be measured
using, for example, a retarding field grid energy analyzer, time-
offlight spectrometer,?®! or hemispherical energy analyzer.’”]
The retarding field grid analyzer and time-of-flight spectrometer
can achieve an energy resolution of a few tens of meV, while the
hemispherical energy analyzer can reach a high resolution of a
few meV.

OFE from nanotips is driven by the optical carrier waveform
(electric field) of the laser pulses rather than its envelope. To
examine such behavior, careful control of the temporal evo-
lution of the electric field of the laser pulses is required.3¥l
Accordingly, ultrashort few-cycle pulses with control of their
carrier-envelope phase (CEP) are frequently used. The CEP of
a laser pulse is the phase between the carrier wave (electric
field) and its intensity envelope.3% In a few-cycle laser pulse,
the peak electric field of half-cycles (negative cycles or posi-
tive cycles) can be sensitively controlled by tuning the CEP.
For a nanotip emitter, OFE occurs only in half-cycles of the
laser pulse when the electric field direction is consistent
with the tip orientation. The method exploits the exponential
sensitivity of the emission probability to the field amplitude
in combination with symmetry breaking at the emitting
surface. CEP effects in photoemission can be used as a CEP
detector®®4% and as a means of revealing the sub-optical-cycle
dynamics of the photoemission process.[*!l

Table 1. Typical ultrafast field-emission materials and their key parameters.

www.advmat.de

3. State-of-the-Art Ultrafast Field-Emission
Sources

Research on ultrafast field emission, especially OFE, has
attracted a considerable amount of interest, leading to
significant progress over the past decade.*! In an OFE regime,
electrons are liberated in a fraction of an optical cycle. There-
fore, by employing near-infrared or visible laser pulses,
attosecond temporal resolution electron pulses are gener-
ated with a high degree of synchronization with the incident
optical waveform.*2l This development not only advances
time-resolved electron characterization into an attosecond time
domain but also provides an attosecond control and meas-
urement methodology.*}l Thus, OFE is at the core of various
modern attosecond technologies, such as attosecond electron
microscopy,* petahertz electronic devices,*% attosecond
light sources,*”) and optical-phase detectors.*®l

To date, OFE experiments have been conducted with many
nanomaterials, including metal nanostructures, carbon
nanomaterials, Si nanotips, and nanodielectrics, due to
their two intimately connected features—local laser inten-
sity enhancement and subwavelength confinement of optical
fields. Table 1 summarizes typical OFE materials and their key
parameters. This section presents the current state-of-the-art in
nanostructure-based ultrafast field-emission sources.

3.1. Metallic Nanostructures

Metal nanostructures, such as nanotips,/'”l nanowires,*! nano-
spheres,” nanorods,®*152] nanotriangles,®¥ nanostars,°!l
and composite bow-tie and nanorod antennae,3¢4">362 are of
particular interest for OFE experiments due to their relatively

Materials Morphology  Size of the emitting tip Substrate Field enhancement (wavelength) Dominant field- The local optical field strength
enhancement (when accessing strong field
mechanism emission)
Gold Nanowirel*] 90-190 nml#°l Tungsten tips*  Simulation: 6.6-10.4 (750 nm)(*1  Geometry effect!’] 23V nm~'4l
Experiment: 5.98 + 0.24
(750 nm)1#
Nanospherel*¥l 90 nm0 S0l 1000 (780 nm)I5% Plasmon resonancel*l 50V nm~60
Nanorod'%2 150 nm x 50 nmf>" ZnSPll 36 (500 nm)E1l Plasmon resonance':5% 3.5V nm™BY
70 nm x 20 nm®2 ITOR? 60 (800 nm)B2l 343V nm 62
Nanotipl'”! 10 nml'7 - 10 (800 nm)['71 Plasmon resonance and 28V nm'17]
geometry effect!!’]
Nanotrianglel®] (160-300 nm x ITOB3 32 (1177 nm) B3l Plasmon resonancel*?l 40V nm~'53
120-225 nm) B3l
Tungsten Nanotipl**53] 5 nmb4 - 12 (800 nm)B4 Geometry effectl#5%] -
8-51 nmf> 2.6-5.7 (800 nm)l 8.7V nm1B3]
Silicon Pillarl®®l 4.4 nmb8l - 10.5 (800 nm)=¢l Geometry effect®®] 8.7V nm~1B¢
Silver Nanotiplt’l 12-50 nmb7! - 3.8+0.1 (800 nm)B7 Plasmon resonance and 2.7V nm™'67
12.2 £2 (400 nm)B7l geometry effectl>’]
Dielectric Nanospherel®®59 100 nmfl - 1.3 (720 nm)B Geometry effectl>35%] 15V nm™169
52-147 nmls8l 1.54 (720 nm)9 123V nm- 11581
Carbon nanotube NanotipB4 0.5-1 nml4l - 26.7£0.5 (410 nm)B4 Geometry effectl 0.66 V nm~164
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Figure 2. Access to the OFE regime. A) Measured number of emitted electrons as a function of pulse energy (circles), referred to as the I-P curve, from
an Au nanotip. A “kink” is observed at a pulse energy of =0.4 n). The I-P curve calculated using a strong-field approximation model [solid (red)] fits
well with the measured data.3% B) Measured I-P curve of a 1 um pitch square array of Au nanorod emitters at different applied anode bias values. A
“kink” is observed at a pulse energy of =26 n|.4l C) Theoretically calculated transition rate of a single channel [gray lines, marked n=5, 6, ...] and total
sum (black line) as a function of y. The calculation reveals that the “kinks” are a result of the channel-closing effect when the laser intensity increases
(v decreases).?3l D) Experimentally obtained electron count rate as a function of the electron energy.®l From bottom to top, the curves are taken
at increased laser intensities. The third-order photoelectron peak (So) is suppressed (channel-closing) when the laser intensity increases, while the
higher-order peaks [only the fourth-order peak (S;) is marked] shift to lower energy positions. These experimental observations provide evidence for the
theoretical calculation (shown in (C)). (A,C) Reproduced with permission.*l Copyright 2010, APS; (B) Reproduced with permission.®l Copyright 2014,
American Chemical Society; (D) Reproduced with permission.®® Copyright 2010, APS.

simple electronic structures and strong plasmonic near-field of time-dependent perturbation theory using a strong-field
enhancement. Many novel electron dynamics phenomena  approximation by solving the time-dependent Schrédinger
have been discovered during the investigation of OFE from  equation (Figure 2C).>! It was then experimentally confirmed
metallic tips in this way. Metallic nanotips have already been by electron spectroscopy that a strong optical field shifts the
applied in various practical devices, such as in ultrafast elec-  high-order photoelectron peaks to lower kinetic energies
tron microscopy. In this section, we briefly review the novel  together with closure of the low-order channels,!®l as shown
electron dynamics observed on metal tips and their current in Figure 2D. Further channel-closing leads to a pronounced
application in ultrafast electron sources. decrease in the nonlinearity of the photoemission—compared
Recent research has demonstrated OFE from nanotips  with that in the multiphoton regime, the photoemission cur-
during short-wavelength (<800 nm) excitation. The transition  rent in this regime shows a relatively low order of the power
to OFE was indicated by strong deviations in the photoemis- law (power order n = 1) of the laser intensity.*” Such a
sion transport profiles from the multiphoton photoemis- phenomenon has also been observed at arrays of n-doped Si
sion power law,3>63¢4 marked by a sharp “kink” observed in  tips (800 nm),® Au nanoarrays (800 nm),l” Au nanoarray
the current-intensity (I-P) curve, as shown in Figure 2A,B.  devices,”® and CNTs (800 nm, 400 nm).3*8]
However, such transitions are often observed at 1 < y< 2. This A novel type of quiver-quenched electron dynamics was
behavior is inconsistent with Keldysh theory,?® which predicts  discovered in the OFE from an Au nanotip.l'”] After tun-
pure OFE at y < 1. A hybrid photoemission regime—strong-  neling into continuous states (first step), electrons are acceler-
field above-threshold photoemission—is now widely accepted.  ated in a strong optical near-field (second step). This so-called
At higher intensities, the strong optical field effect becomes  two-step Simpleman model captures the otherwise complex
increasingly dominant at the vacuum barrier, which results  dynamics in a simplified form.®) Despite its simplicity, this
in closure of the multiphoton photoemission channel.l’®  model is capable of accurately describing various experimental
This effect has been successfully modeled in the framework  observations. In the oscillating optical near-field, the electrons
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Figure 3. Sub-optical-cycle acceleration regime. A) Trajectories of photoelectrons generated by intense optical fields depend strongly on whether the
quiver amplitude is smaller (top, short-wavelength excitation) or larger (bottom, long-wavelength excitation) than the characteristic decay length of
the optical near-field (bright white region). B,C) Simulated electron trajectories for four emission phases in localized and homogeneous pulsed fields
(wavelength 8 mm; color shading indicates field; the red and blue indicate positive and negative electric force on electrons, respectively). The gray lines
are rescattered trajectories. (A-C) Reproduced with permission.['”l Copyright 2012, Nature Publishing Group.

have a typical quiver amplitude of I, = eF/ma”. In the case of
nanoscale tips, the optical field decays exponentially with the
distance from the tip surface, with a decay length I that is pro-
portional to the tip radius. The electron trajectory is described
by a spatial adiabaticity parameter (8 = If /l)).l”! For § > 1,
most of the electrons quiver in the optical field, accompanied
by strong surface rescattering, termed the “quiver regime”
(upper panel of Figure 3A,C). For d < 1, most of the emitting
electrons escape the local optical field in one optical cycle,
with minimal quiver and rescattering, termed the “sub-cycle
regime” (lower panels of Figure 3A,B). The first observation
of sub-optical-cycle acceleration in a nanotip near-field was
presented by Ropers and co-workers.'”l The effect was further
investigated in a systematic study by Echternkamp et al.”% on a
W tip. Because sub-optical-cycle OFE avoids the time delay in a
quiver regime,’ it thus encodes the instantaneous optical field
onto the electron energy. The locally accelerated electrons have
excellent spatial coherence, which is critical for next-generation
ultrafast electron sources.

OFE from metals has been theoretically predicted to be very
sensitive to the CEP.”?l However, in reality, a much lower CEP
modulation effect on the total photoemission current has been
observed.”>74 This inconsistency is believed to be due to the
limited optical field modulation efficiency that results from the
reduced photoemission nonlinearity’¥ (i.e., the power order of
the I-P curve, as discussed above). The low modulation sen-
sitivity may ultimately limit practical applications, such as in
CEP detectors.>3 To address this issue, the electron kinetic
energy spectrum of the OFE from W tips was recently inves-
tigated and was discovered to be more sensitive to the CEP.
As reported by Hommelhoff and co-workers,*® two strong
optical field effects—the suppression of low-order photoelec-
tron peaks (Figure 2E) and the plateau in the high energy part
of the spectrum (Figure 4A)—are observed, both of which are
strongly dependent on the driving carrier-field waveform of
the pulses. It is thus clear that spectral profiles can be strongly
modulated by the CEP (Figure 4B). Notably, the modulation
depths of the peak at the cutoff position reached up to 100%
(Figure 4A), which is more sensitive than the modulation of the
total photoemission current (up to =50%).7

Due to the extremely high temporal resolution, metallic tips
have been applied as ultrafast field-emission electron sources
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in femtosecond point-projection microscopy (fsPPM),/7>76l

ultrafast low-energy electron diffraction (ULEED),’”! and the
combination of these two technologies.’® This development
has extended the temporal resolution of electron microscopy
to the picosecond and even to the femtosecond scale; how-
ever, the spatial resolution is limited to the order of a hundred
micrometers. In 2013, Barwick and co-workers”! introduced
a nanometer ultrafast electron source into point-projection
microscopy. They demonstrated a spatial resolution of 100 nm.
If the spatial resolution can be further reduced, it may replace
traditional expensive and complicated electron microscopy
systems. Subsequently, Gulde et al.””! used W nanotips to
develop a unique ULEED system with extremely high sur-
face sensitivity to detect the surface structure of crystalline
materials. Muller et al.’®! designed a compact hybrid device
that combines fsPPM with femtosecond low-energy electron
diffraction (fsSLEED). The microscale electron propagation dis-
tance greatly reduces electron pulse broadening, while using a
single electron pulse allows a temporal resolution of femtosec-
onds to be achieved.

3.2. Carbon Nanotubes

Based on the understanding of ultrafast field-emission phe-
nomena from metallic tips, research efforts have now been
extended to other materials in an attempt to more fully exploit
their advantages. One promising class of materials is CNTs.
Since their discovery, CNTs have gained much attention in a
wide range of applications, especially as electron sources. These
robust 1D materials are near-ideal field electron emitters. A
CNT may have an aspect ratio as high as 1000, 10-100 times
greater than that of an equivalent metallic emitter, which
results in a very high field-enhancement factor. The enhance-
ment facilitated by CNTs is mostly based on geometrical effects
due to their extremely small tip radius. They thus possess a
high optical field-enhancement effect under a much greater
bandwidth. Recently, the OFE performance of CNTs was inves-
tigated (Figure 5A). The tip radius of the CNTs used was =1 nm
(Figure 5B,C). For the first time, the OFE regime was accessed
at a much shorter wavelength of 410 nm (Figure 5D), which
was never achieved with previous metallic nanotips. This
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result is a benefit of the very high enhancement factor of =27
at 410 nmB4 (Figure 5E). In addition, the emitted electrons
have great monochromaticity with an energy spread as low as
0.25 eV (Figure 5F).

In addition, CNTs with sub-nanometer tip radii have an
extremely small field decay length (<0.4 nm), which allows
easier access to quiver-quenched electron dynamics in the
OFE regime. However, the &-parameter is inversely propor-
tional to the optical field (F) for a fixed wavelength, which sug-
gests higher laser intensity is required to access a subcycle
regime. Because the experimentally accessible intensity range
is limited by damage thresholds, access to a subcycle regime
by increasing F is expected to be somewhat less pronounced,
especially for short-wavelength laser pulses. Fortunately, com-
pared with conventional metal tips, CNT emitters have a much
higher  and a much smaller R, as well as a significantly greater
damage threshold, all of which facilitate improved access to the
subcycle regime.% In a recent OFE experiment with CNTs[®l
using 820 nm laser pulses, § was decreased to a low value of
=0.53 with increasing laser power. This result suggests that the
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OFE effectively accessed the subcycle regime, which is sup-
ported by the fact that the cutoff energy increases sublinearly
with the optical field strength.®®! These demonstrations offer
exciting prospects for extending the current characterization
techniques to both sub-femtosecond temporal resolutions and
sub-nanometer spatial resolutions.

3.3. Other Nanostructure Ultrafast Field Emitters

In addition to metallic structures and CNTs, silicon
nanotip arrays,P® dielectric nanospheres,8795%80 and Cg,
buckyballs®! have also been used in ultrafast field-emission
experiments. For example, Swanwick et al.’®l designed arrays
of nanosharp silicon pillars as a novel ultrafast field emitter.
The field enhancement of the high-aspect-ratio silicon tip
array resulted in achieving OFE at low power (=0.2 uJ).
These emitter arrays are highly dense and uniform and
can produce a confined structured ultrafast electron beam.
Cgo is an ideal system for achieving OFE because it is very
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Figure 5. CNT-based ultrafast OFE source. A) Emission dynamics. B) High-resolution transmission electron microscopy image of a typical CNT under
study. Scale bar: 5 nm. C) Raman spectrum of CNTs, which indicates a radius of 0.5-1 nm. D) Emission current as a function of laser power (P) (bottom
abscissa) and laser field (Fo) (top abscissa) at a bias voltage (V) of 50 V. In the low-power range, a multiphoton regime is noted, while access to the
OFE regime is noted in the higher power range. E) Fowler—Nordheim (FN) plot of the optically driven emission current, showing a field-enhancement
factor (B) of 26.7 £ 0.5.B34 F) Corresponding dI/dV curves. The width of the peaks (FWHM) indicates the energy spreads (AE), while the shoulder
indicates the beam divergence grade. (A—E) Reproduced with permission.*!l Copyright 2015, Wiley-VCH.

stable and is one of the few molecular systems for which
the ionization energy is less than the lowest fragmentation
threshold.B Li et al.B!l reported OFE from Cg, using few-
cycle laser pulses and demonstrated sensitive CEP modula-
tion of the photoemission current. Dielectric nanospheres
have a relatively wide spectral response, allowing them to
use the full bandwidth of ultrashort pulses. Therefore, many
studies have focused on dielectric nanospheres, including
attosecond control of collective electron motion,8! electron
scattering in strong-field photoemission,**%% and CEP-con-
trolled photoemission.”]

4. Potential Ultrafast Field-Emission Materials

There is currently a notable trend in the use of increas-
ingly more exotic nanomaterials to investigate ultrafast field
emission. In addition to the higher optical field-enhancement
factors of such materials, their potentially lower work functions
are also favorable for reducing the high optical field required.
In this section, we summarize the suitability and use of several
potential nanomaterials as ultrafast field emitters.

4.1. Wide-Bandgap Semiconductors
In the search for appropriate materials for field emission, diamond

thin films were discovered in the early 1990s.%2 These materials
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have attracted significant attention, with many thousands of
reports having been published to date. In addition to having low
and even negative surface electron affinity,®3 diamond and related
films are especially attractive emission platforms because they are
chemically inert and have extremely high thermal conductivity
and mechanical toughness. They therefore represent an excel-
lent candidate for ultrafast field emission. However, due to their
growth by nominally planar chemical vapor deposition methods,
these films have relatively low field-enhancement factors, severely
compromising their emission performance. Subsequently, dia-
mond films or nanoparticles® have also been synthesized on
other micro-nanotips to enhance the field-emission properties of
uncoated materials.®”! Recently, nanosecond laser-assisted field
emission from a diamond needle was investigated.®® The pho-
toinduced emission current was attributed to the ionization of the
excitons in the bulk and subsequent transport of generated hot
electrons to the emission point. This work suggests that diamond-
related materials may be of interest as ultrafast field emitters due
to their unique band structures.

The successful demonstration of the excellent field emission
of diamond and other related materials has led to the study of
various wide-bandgap semiconductors,®”l including ZnO,®®!
WO, AIN,PY Sic,PU GaN,® BN, and Sn0,.* When
nanostructured, these materials offer varied and unique emis-
sion properties. Among them, ZnO has been perhaps the most
extensively studied, probably due to its ease of synthesis into
tipped nanostructures at relatively low temperatures via hydro-
thermal processing, although vapor phase deposition methods

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 6. LaBg nanowire field emitter. A) Field ion microscopy image of a (001)-oriented LaBg nanowire tip. The pattern shows fourfold symmetry, which
agrees with the (001) projection stereograph of the LaBg crystal. Reproduced with permission.'%" Copyright 2010, the American Chemical Society. B) Scan-
ning electron microscopy (SEM) image showing the finished LaBg nanowire emitter and the complete emitter assembly used for field-emission SEM.
C) Hemispherical nanowire tip produced by field evaporation. Scale bar: 30 nm. Left inset: assembled tip. Right inset: the electron diffraction pattern of the
tip after field evaporation, showing that perfect crystallinity is maintained. D) Energy band showing the origin of the low work function of a LaBg nanowire
and its influence on emission current density and beam monochromaticity. E) Electron energy distribution from a LaBg nanowire and a W (310) tip emit-
ting at current densities of 1.8 X 10'% and 3.6 x 10° A m2, respectively. (B—E) Reproduced with permission.['%2 Copyright 2015, Nature Publishing Group.

have also been widely adopted. Since 2002, the various sharp  are symmetrically distributed on the tip apex, which is expected
morphologies that can be produced by ZnO have been widely  to provide high stability and reliability.'°) The (012)-oriented
studied, ranging from tetrapods to nanowires.*’! LaBg nanowire has the lowest work function (=2.4 eV) and
thus possesses high field-emission intensity and low emission
energy spread.'®l Recently, the performance of the (001)-ori-
4.2. Low-Work-Function Materials ented LaBg nanowire (Figure 6B) employed as a field-emission
electron source (Figure 6C) in a scanning electron micro-
Perhaps the most successful low-work-function material to date ~ scopel'®?l was systematically investigated. Because of the low
is lanthanum hexaboride (LaBg), which is widely used in both  work function, the required electric field was greatly reduced.
conventional electron microscopy and ultrafast electron micro-  The low driving field creates a more rapid decay of the tun-
scopy, although other established materials include RuO,*® and  neling probability with respect to the energy level below the
Cs.I”) Research on the use of LaBg as a field-emitter material has ~ Fermi level and results in a narrower energy distribution with
been ongoing since the 1960s.1%! As a cold field emitter, LaB;  a higher monochromaticity (Figure 6D). Thus, compared with
nanowires offer a high emission current density, mainly due to  that from conventional W tips, the energy spread of the elec-
their low dimensionality and low work function (=2.6 eV), aswell ~ trons emitted from a LaBgs nanowire is reduced considerably
as their excellent electrical, thermal, and mechanical properties. ~ (Figure 6E). All these factors make LaBs nanowires promising
Compared with a conventional W emitter, a LaBg emitter has a  ultrafast field emitters.
lower work function (=2.6 eV) and higher conductivity. In addi-
tion, the hardness of LaBg is 5-10 times higher than that of W,
possibly improving the damage threshold under a high electric ~ 4.3. 2D Materials
field or an intense laser.’! Field emission from a single LaB
nanowirel!®l shows a very high emission current density of In the late 2000s, 2D materials came to the fore in electron
5 x 10> A cm™. Notably, LaBs nanowires with different crystal — emission research. 2D materials are of interest for field-
orientations!!®!l have different field-emission performances. As  emission applications due to their atomic scale thickness. This
indicated by the field ion microscopy image in Figure 6A, the  property produces an extremely high aspect ratio at their edges
(001)-oriented LaBg nanowire emitter shows the highest field- and thus a high field-enhancement factor. As the first widely
emission crystallographic symmetry—the field-emission sites  studied 2D material, graphene was the focus of much interest
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Figure 7. Single-molecule field emitter. A) Schematic side view of a standing 3,4,9,10-perylenetetracarboxylic-dianhydride (PTCDA) molecule. B) AFM
image of the standing molecule, recorded at z = 17.5 A. C) Successive field-emission images (without the background). (A-C) Reproduced with

permission.'2l Copyright 2018, Springer Nature.

in this context. Graphene is a single layer of carbon atoms
arranged in hexagonal lattices and is well known for its breadth
of possible applications due to its excellent thermal, mechanical,
and electrical properties.'% Similarly, 2D transition-metal
dichalcogenides (TMDs), such as MoS,,!' have also attracted
much interest as field emitters. Similar to graphene, 2D TMDs
possess atomically sharp edges, enhancing the local electric
field and thus facilitating field emission.

However, 2D materials normally lie on a substrate, making
it less likely that high field enhancement for field emission can
be achieved. One strategy used to overcome this limitation is
structuring the graphene edges out of the substrate plane.[1%’]
For example, Cheng and co-workers!!%! used an electropho-
retic deposition technique to fabricate homogeneous single-
layer graphene films with protruding edges, which showed
excellent field-emission properties. A turn-on field (normally
defined as the electric field required to produce an emission
current density of 1 HA cm™?) of 2.3 V um™ and a large field-
enhancement factor of 3700 were obtained, along with good
emission stability and uniformity. Recently, Lyashenko et al.?2l
presented a study of femtosecond laser-assisted field emission
from vertically aligned graphene films, which indicated gra-
phene as a promising ultrafast field emitter. The experimental
results can be explained by the two-temperature model consid-
ering laser heating of the electrons and energy exchange with
the lattice. Li et al.'%! reported the field-emission properties
of MoS, nanoflowers, exhibiting a turn-on field of 4.5-5.5 V
um~L. Kashid et al.1%® investigated the field-emission perfor-
mance of few-layer MoS,, which showed a turn-on field of
=35V um™.

Another strategy is the transfer of 2D materials onto sharp
nanotips, such as metal nanotips and silicon nanowires, to
localize and enhance the electric field.'%% Such hybrid structures
maintain the field-enhancement factor of the original nanotips
due to the atomic thickness of the 2D materials. Recently, Khur-
sheed and co-workers!'¥l used a few-layer graphene-coated Ni
wire point cathode to demonstrate the possibility of obtaining
stable field emission for electron microscopy and lithography
applications under high-vacuum (HV) conditions. The hybrid
nanotip has an ultralow work function of 1.1 eV,[3l which ena-
bles the use of large tips and relatively poor vacuum conditions.
This strategy is particularly suitable for point electron source
applications, such as electron microscopy.
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4.4. Molecular-Scale Emitters

Diamondoids are nanoscale diamond molecules that pos-
sess many interesting and unusual optoelectronic prop-
erties. They are interesting candidates for field emission
because they represent the ultimate limit of the reduction
in the grain size of diamond, which has a negative electron
affinity.''% More importantly, the conductivity issue of bulk
diamond can be avoided by functionalizing metal surfaces
with self-assembled monolayers (SAMs) of molecular-scale
diamondoids. Researchers have demonstrated that SAMs of
diamondoids on metal substrates readily emit electrons with
a very narrow kineticl''!l energy distribution. This behavior
is exactly what is required in electron emission devices such
as ultrafast electron microscopes. Recently, Melosh and co-
workers'* found that monolayers of diamondoids can effec-
tively confer significantly enhanced field-emission properties
to metal surfaces, which was attributed to a reduction in the
work function. The four-cage tetramantane-thiol monolayers
can reduce the work function of Au to 1.6-1.7 eV due to the
formation of excited-state radical cations.'! The authors
proposed a new approach for modulating the surface work
function, in which nanomaterials that form persistent radical
cations are used rather than relying on reactive metals such
as Cs or Ru.

As the field of nanomaterials continues to develop, it is
becoming increasingly feasible to manufacture single-atom
and single-molecule field-emission sources. Most recently,
Esat et all'Z reported a new molecular electron emitter
(Figure 7A,B)—a single molecule (3,4,9,10-perylenetetracar-
boxylic-dianhydride, PTCDA) standing on a metal surface.
The molecule is mounted vertically aligned on a metal tip
with sub-nanometer precision and manipulated using scan-
ning tunneling microscopy. The contact between the molecule
and metal surface shows high stability,''?l which enables the
system to function as a coherent single electron field emitter
(Figure 7C). The method opens the possibility for the design of
functional nanostructures on surfaces.

5. Conclusions and Outlook

Ultrafast field emission from nanomaterials is emerging
as a very interesting topic in the sense that it extends our
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understanding of novel ultrafast electron dynamics beyond
the conventional. The general picture of the physics of ultra-
fast electron emission has already taken shape due to the
use of metallic nanotips. However, for emerging materials
with distinctive electronic structures and properties, the
established framework must be revised and extended. This
work is likely to be marked by novel phenomena that can
enhance device performance. For instance, along with the
high-precision tuning of the electronic structure of CNTs by
chirality, chemical doping, and electrical gating, there will
be other important adjustable factors for novel OFE electron
dynamics that will require careful consideration. Greatly
reducing the emitter surface work function is another alter-
native means of facilitating access to OFE, which has proven
of interest to many researchers, particularly regarding work
on LaBg, diamond, and other wide-bandgap materials. These
band structures will of course trigger novel inter- and intra-
band electron dynamics,*®1!3 which greatly influence emis-
sion performance and as such warrant additional broad
study. Furthermore, 2D layered materials have already dis-
played distinctive nonlinear optics and electronic proper-
ties,!"" such as spin/valleytronics, and this development is
significant for the next generation of spin-polarized ultrafast
electron sources. In the pursuit of quiver-quenched OFE, an
extremely small emitting tip is preferred because it has an
extremely short near-field decay length. To date, single-wall
CNTs are one of the few materials suited for such a purpose,
given that their emission sites are mainly located at ultras-
mall features such as defects. In the same way, single-atom/
single-molecule or single-atomic-layer-based emitters also
qualify in this regard.

Because of all the advantages of these potential ultrafast field-
emission materials, it is possible to generate attosecond preci-
sion electron pulses with a high degree of synchronization with
the incident optical waveform.*? Not only does this advancement
improve time-resolved electron characterization technology to
allow attosecond-Angstrom resolution, but it also provides atto-
second control and a measurement methodology for electronic
systems.*3] The future of this relatively new field is likely to be
bright indeed, with the next few years revealing not only new
theoretical discoveries but also some exciting new technological
applications.
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