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Abstract: Through the manipulation of metallic struc-
tures, light-matter interaction can enter into the realm
of quantum mechanics. For example, intense terahertz
pulses illuminating a metallic nanotip can promote tera-
hertz field—driven electron tunneling to generate enor-
mous electron emission currents in a subpicosecond time
scale. By decreasing the dimension of the metallic struc-
tures down to the nanoscale and angstrom scale, one can
obtain a strong field enhancement of the incoming tera-
hertz field to achieve atomic field strength of the order of
V/nm, driving electrons in the metal into tunneling regime
by overcoming the potential barrier. Therefore, designing
and optimizing the metal structure for high field enhance-
ment are an essential step for studying the quantum phe-
nomena with terahertz light. In this review, we present
several types of metallic structures that can enhance the
coupling of incoming terahertz pulses with the metals,
leading to a strong modification of the potential barriers by
the terahertz electric fields. Extreme nonlinear responses
are expected, providing opportunities for the terahertz
light for the strong light-matter interaction. Starting from
a brief review about the terahertz field enhancement on
the metallic structures, a few examples including metallic
tips, dipole antenna, and metal nanogaps are introduced
for boosting the quantum phenomena. The emerging
techniques to control the electron tunneling driven by the
terahertz pulse have a direct impact on the ultrafast sci-
ence and on the realization of next-generation quantum
devices.
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1 Introduction

Over the past decades, advances in the generation of
intense terahertz waves have enabled new researches on
light-matter interaction. In particular, tabletop systems
generating high-power terahertz pulses [1-6] provide
broad opportunities to study ultrafast dynamics of
matters in the nonlinear regime, through resonant and
nonresonant coupling [7-18]. The low photon energy of
terahertz waves allows resonant coupling with direct exci-
tation of low-energy modes such as vibrations of crystal
lattices, rotation of molecules, precessions of spins, and
internal excitations of bound electron—hole pairs. There-
fore, when the strong terahertz field is incident on the
matter, it causes numerous low-energy excitations with
large amplitudes beyond harmonic response. In addition
to resonant manipulation, high electric field in a pico-
second time scale can provide long-enough acceleration
of free electrons and transient barrier distortion with
strong voltage within a half cycle of driving field. This
permits that the electron overcomes energy barriers of
bound states. This light-field-driven tunneling can lead
to interesting phenomena such as terahertz field emis-
sion [15, 19, 20], high harmonic generation [18, 21, 22],
and nonlinear transmission [13, 14, 16, 23] by making a
dramatic change of material properties arising from the
whole distortion of electronic potential without damag-
ing the material due to the picosecond time scale of the
terahertz pulses.

On the other hand, recent development of nano-
fabrication technology brings a large impact on various
photonic researches including terahertz plasmonics
[24-33]. Artificially designed metal structures in sub-
wavelength scale are used to manipulate the response
of the terahertz field, realizing a wide range of appli-
cations in sensors [30, 31, 34-37], switches [38-41],
and filters [42-45]. Especially, a perfect conductor-like
behavior of the noble metals in terahertz frequency
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range makes possible for strong light-matter interaction
with nanoscale metal gaps or point geometries [26, 46—
50]. Electric field enhancement factor can reach a few
thousands by coupling light with the metal structure,
paving a way to study extreme nonlinear phenomena
and providing ideal platform for the terahertz quantum
plasmonics. Designing the metal nanostructures has
therefore a significant impact on the terahertz responses
in the quantum regime.

Terahertz quantum plasmonics is a research field that
involves the studies of the quantum properties of light
and its interaction with matter at nanoscale and angstrom
scale in terahertz frequency regime. In this review, we
focus on a nonresonant terahertz nonlinear phenomenon
of electron tunneling driven by intense terahertz radia-
tion that plasmonic metal nanostructures provide. We
introduce a few basic building blocks of the metal nano-
structures: a tip, coupled tips (dipole antenna), and metal
gap for efficient generation of tunneling electrons driven
by the terahertz waves. Meeting with the strong terahertz
pulses, the metal nanostructures can enhance the elec-
tron tunneling, thereby leading to various extreme phe-
nomena and useful applications.
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2 Terahertz field enhancement in
various metal structures

Metal structures such as nanotip, nanoantennas, and
nanoslit and slot antennas have been of great research
interest over the past two decades because of their poten-
tials and functionalities for a broad range of applications
such as chemistry, biology, and medical applications, as
well as from basic research aspects [24, 51-64]. Strong
field enhancement and confinement obtained at the sub-
wavelength volume are the main resultant properties from
interaction between electromagnetic waves and metal
nanostructure, which are essential for nonlinear optics in
nanoscale.

Figure 1 shows various metal nanostructures, nanotip
(Figure 1A), nanoantenna (Figure 1B and C), nanoslit
(Figure 1D), and nanoslot antenna (Figure 1E). Basically,
the large field enhancement originates from the tight focus-
ing of the terahertz electric field near the tip apex or at the
nanogap induced by charge accumulation and capacitive
coupling (Figure 1F) [26, 69]. These two physical phenom-
ena, charge accumulation and capacitive coupling, not

300

Figure 1: Metal nanostructures for strong field enhancement and confinement of terahertz waves.
(A—E) SEM images of metal nanotip (A), dipole antenna (B), bowtie-shaped nanoantenna (C), nanoslit (D), and nanoslot antenna (E),
respectively. (F) Enhanced electric field distribution induced by charge accumulation and capacitive coupling in metal nanogap. The figures

are reproduced from References [26, 65-68].
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necessarily of an orthogonal nature to each other, allow us
to explain the efficiency of field enhancement in a broad
spectral range from visible light to microwaves [70-72].
Beyond the broadband spectral response of nanotip and
nanoslit, dipole antennas and slot antennas are employed
for the resonant excitation, furthering the capacities for
manipulation and control of spatially and temporally local-
ized electrons. In the next section, we will review recent
progress in ultrafast control of electrons using terahertz
plasmonics, which is one of the most studied terahertz non-
linear optics that requires intense electromagnetic field.

3 Terahertz field—induced quantum
electron tunneling

Tunneling is one of the most fundamental quantum
mechanical phenomena; wave function of matters can pen-
etrate and eventually transmit through a classically forbid-
den potential barrier. Strong electrical bias on the metal
surface applied by the terahertz pulse excitation modifies
the barrier and can emit electrons from the metal. This tun-
neling current directly affects the experiments exploiting
strong terahertz pulsed sources with metal nanostructures,
and we therefore need to consider the tunneling phenom-
ena quantitatively when analyzing the data.

When a terahertz electric field is incident on two
metallic electrodes separated by a thin insulating film,
electrons can flow through the potential barrier by tun-
neling effect (Figure 2). Tunneling current density J across
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Figure 2: Potential barrier with height ¢ across an insulating layer
width of w sandwiched between two metallic films. Electrons in the
conduction band under Fermi level £, for each metallic electrode
can tunnel through the barrier. Applied bias V by the incoming
terahertz field distorts the barrier profile asymmetrically, thereby
the current flowing from left to right. The figure is reproduced from
Reference [13].
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a one-dimensional barrier by applying potential differ-
ence V at 0 K is given by [73, 74]

4mme
h3

Jv)= [ [DEY - E)E-[ " D(E)E, —eV —E)dE}

M
where m is the electron mass; e, the electron charge; h,
the Plank constant; E,, the Fermi level of the metal; E, the
tunneling electron energy; D(E)=exp(-4nAw(m(y+¢ _ -
E))"2/h), the tunneling probability factor calculated by WKB
approximation; ¢ _ =JKZ (p(x)+¢,(x))dx/Aw, the mean
value of the barrier hefght; ¢p(x)=¢ — eVx/w, the barrier
potential profile affected by the THz electric field; ¢,(x)
=-1.15e2wAn(2)/16zwewx(w — x), the approximated form of
barrier modification by image force; w, the thickness of the
insulating layer; ¢, the dielectric constant of the insulating
layer; and Aw=w, - w, is the effective barrier width, where
w, and w, are acquired from the zeros of ¢(x)+¢,(x)=0.
Because of the exponential dependence for the applied
electric field V/w, the tunneling current exhibits a highly
nonlinear character. For example, even a 1-nm increase for
a 1-nm gap with a constant voltage (or the field strength
reduced by half while fixing the gap size) changes the tun-
neling current by several orders of magnitudes smaller.
The first term of (1) indicates tunneling current from
electrode 1 (left) to electrode 2 (right) where the energy
level of electrode 2 is lowered by amount of eV, and the
second term indicates the current flowing in a reverse
direction. When the applied field is strong enough to
suppress the Fermi level of electrode 2 below the bottom
of conduction band of electrode 1, i.e. eV>E, electrons
cannot tunnel from electrode 2 to electrode 1 because of
the absence of available states. In this case, the second
term of (1) can be neglected and J can be written by

v exp[—C qb;zw] )

pw’

J(V)e<

with a constant C, which is the Fowler-Nordheim tun-
neling formula for field emission from a single metallic
electrode [75]. In this case of field emission, the barrier
potential denotes the work function of the metal.

3.1 Metal nanotip
3.1.1 Terahertz scanning tunneling microscope
Terahertz scanning tunneling microscope (STM) (THz-

STM) is capable of imaging surfaces with atomic spatial
resolution and the subpicosecond time resolution (<0.5
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ps), much faster than conventional STM system [15, 17, 19,
20, 76, 77]. The basic principle of THz-STM is quantum tun-
neling through the gap between the tip and sample result-
ing from a transient voltage induced by terahertz pulses.
The total time-dependent voltage across the tunnel junction
is the sum of the DC bias voltage and the terahertz pulse-
induced transient voltage (left of Figure 3B). Because of the
nonlinear characteristic of current-voltage relation in the
tunnel junction, a time-dependent tunneling current with
a rectified component is produced (right of Figure 3B). The
terahertz-induced tunneling current pulses result in the
time-averaged shift in STM current—voltage curves.

The spatial resolution limited by diffraction of terahertz
waves (~1 mm) can be overcome by a scanning probe tip,
which is an atomically sharp metallic tip with the resolution
on the order of 10 nm. The free-space traveling terahertz
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pulses are focused on the STM tip acting as a broadband
antenna [78, 79] that couples the electric field of the tera-
hertz pulses to the tip—sample junction via a Sommerfeld
mode [80]. The strongly enhanced terahertz electric field at
the tip apex enables to produce the transient bias voltage
with maintaining nanometer spatial resolution. A recent
work reports imaging and tunneling spectroscopy of con-
ductive surfaces with atomic resolution (~0.3 nm), which
shows the image of ultrafast nonequilibrium tunneling
dynamics for individual atoms on a silicon surface [17].
The antenna-like coupling of terahertz waves to the
metal nanotip in STM system also results in polariza-
tion-dependent current-voltage characteristic. Figure 3C
shows the STM current-voltage curves for a bare, flat,
highly ordered pyrolytic graphite (HOPG) sample, reveal-
ing that the terahertz pulse generates an increased tunnel
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Figure 3: Ultrafast THz-STM system.

(A) Schematics of THz-STM system. A terahertz pulse propagating through free-space couples to an STM tip, and the electric field of
terahertz pulse is strongly confined and enhanced at the metal tip apex. (B) The total voltage across the tip—sample junction as a function

of time (left) and the nonlinear curve of tunnel current and voltage (right). The transient voltage induced by terahertz pulse results in the
transient tunnel current with a rectified component. (C) The average tunnel current as a function of bias voltage measured in HOPG sample
with terahertz polarization parallel (blue line) and transverse (red line) to the STM tip. Terahertz pulses produce an increased tunnel current
only for the polarization parallel to the STM tip. The green dashed line is current-voltage curve with terahertz beam blocked. (D) Schematics
of optical-pump THz-STM-probe system. The terahertz-induced tunnel current with a different rectified component is measured before and
after photoexcitation. (E) Time-resolved optical-pump THz-STM—probe signal for single InAs nanodots where the rise time is ~500 fs, and the

decay time is ~1 ps. The figures are reproduced from Reference [19].
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current only when the electric field of the terahertz pulse
is polarized parallel to the metal tip [78-80].

The THz-STM system is used to study ultrafast carrier
dynamics of single nanoparticles in subpicosecond time
resolution by combining pump-probe technique. The
terahertz-induced tunnel current with a different rectified
component before and after optical excitation is meas-
ured by optical-pump THz-STM-probe system as seen
in Figure 3D. Figure 3E is the change of tunnel current
caused by photoexcitation in InAs nanodot as a func-
tion of pump-probe time delay. After photoexcitation,
the electron trapping into InAs nanodots increases local
bias voltage. resulting in the increase of rectified com-
ponent in tunnel current. In the time-resolved THz-STM
signal, the rise time of ~500 fs and the decay time of ~1 ps
were measured with a nanoscale spatial resolution [19].
Also, by introducing pump-probe technique where one
terahertz pulse (pump) modifies transiently the rectified
currents induced by the second one (probe), the ultrafast
dynamics of an individual molecule such as a coherent
vibration of the molecules was visualized in real space
with an atomic scale [15].
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Figure 4: THz-STM system based on CEP-controlled terahertz fields.
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In the THz-STM system, the single-cycle terahertz
electric field transiently produces asymmetric bias voltage
based on DC bias voltage, leading to the rectified compo-
nent of tunnel current. In turn, the rectified tunnel current
direction in the tip—sample junction is determined by the
DC bias voltage because of the symmetric terahertz pulse
shape in time domain. By using carrier—envelope phase
(CEP)-controlled terahertz electric fields, the tunnel
electrons in the tip—sample junction can be manipulated
coherently. To experimentally control the CEP of single-
cycle terahertz electric field, a pair of cylindrical lenses
or spherical lenses for 1t/2 or & phase change, respectively
(Figure 4A). The CEP-controlled terahertz electric field
leads to the coherent distortion of potential barrier directly
(Figure 4B). For the symmetric terahertz pulse, the direc-
tion of ultrafast electron tunneling is determined by the
DC bias voltage, where the electrons tunnel from the metal
tip (sample) to the sample (metal tip) under a positive
(negative) DC bias voltage. In case of the asymmetric tera-
hertz pulses, however, ultrafast tunnel current induced by
strong terahertz field has unidirectional behavior while
sweeping the DC bias voltage from negative to positive
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(A) Schematic of THz-STM setup. The incident terahertz pulse is focused onto the metal nanotip and coupled via antenna-like plasmonic
effect. The CEP of single-cycle terahertz pulse is controlled by a pair of cylindrical or spherical lenses. (B) Terahertz electric fields in time
domain with different CEP (0, t/2, and r), which show half- (red and blue lines) and single-cycle (black line) terahertz electric fields (left).
The CEP-controlled terahertz electric field modifies potential barrier between metal tip and sample (right). (C) The tunnel current as a
function of DC bias voltage in the tip—sample junction for different CEP terahertz electric fields. (D) Schematic of electron motion between
the metal nanotip to sample for different CEP (left) and terahertz field—induced rectified electrons as a function of peak field of terahertz
pulse (right). The CEP-controlled terahertz field leads to the unidirectional coherent motion of electrons. The figures are reproduced from

Reference [20].
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Figure 5: Rectified electrons from the nanotip.

DE GRUYTER

4
2] A Tipn M
| Tip2
w 10° Tip3 -
5 i ’ B
= 4
o Lo
L 2 ™
E 104 4 2
? Saturation regime
108 o ﬁ

10 6
Enhanced electric field (V nm™)

4 5 [ 7 B 9

(A) Number of rectified electrons as a function of incident terahertz electric field, measured with three different metal tips. Electrochemical
etching produces sharp tips (Tips 1 and 2), whereas mechanical cutting makes a blunt tip (Tip 3). Insets are SEM images of sharp (top) and
blunt (bottom) tips. (B) Number of rectified electrons as a function of enhanced terahertz electric field for three different tips, in which the
same behavior indicates that the tip geometry affects only the enhancement factor. The saturation regime (space-charge-limited regime) is
achieved by strong field enhancement in metal nanotip. The figures are reproduced from Reference [20].

value. The direction of ultrafast tunneling current strongly
depends on the CEP of terahertz pulses (Figure 4C, D).

This coherent manipulation of electron motion is
enabled by terahertz-induced bias voltage, which is strong
enough to distort barrier height in the tip—sample junc-
tion. The strong transient voltage is induced by the large
field enhancement realized by the broadband antenna
effect in the metal nanotip. Therefore, for the shaper metal
tip accompanying stronger field enhancement and con-
finement, the larger tunnel current is measured in a given
incident terahertz electric field (Figure 5A). It is worth to
note that the rectified electrons show the same curves as
a function of electric field scaled by enhancement factor,
indicating that the tip geometry plays an important role
to reach strong field regime at a given incident field
(Figure 5B). Furthermore, the strong field enhancement by
metal nanotip assists to reach a new regime, an extremely
high-voltage regime where an additional space-charge
potential plays an important role in the strong saturation
of the tunneling electrons.

3.1.2 Terahertz field emission

Terahertz field emission is one of terahertz field—driven
processes enabled by the high field enhancement in
metal nanotip. Figure 6A shows the experimental setup
of terahertz-induced field emission from a sharp tung-
sten tip in high-vacuum condition (10-® mbar range), in
which an incident single-cycle terahertz pulse is focused
by an off-axis parabolic mirror and the emitted electrons
are detected by a time-of-flight (TOF) electron spectro-
meter and a microchannel plate detector. The enhanced
transient terahertz pulses created by antenna-like cou-
pling of metal tip induce nonlinear electron emission
from the nanotip, through ac-tunneling into vacuum and

acceleration process by the locally enhanced terahertz
near field. The emitted electron kinetic energy distribu-
tions are characterized by transient strong terahertz field.
Figure 6C displays TOF spectra for two different terahertz
pulse strengths. The spectral shape stems from nonlin-
ear emission at maximum field strength and subsequent
acceleration in the terahertz-induced momentary poten-
tial. Another recent work reported that large local field
enhancement of terahertz pulses in metal nanotips is
responsible for producing electrons with energies exceed-
ing 5 keV, via terahertz field-driven electron emission
process [81].

Tip-enhanced single-cycle terahertz pulse can be
used for control of photoelectron dynamics in dual-fre-
quency excitation of metal nanotip. For example, assisted
by optical field enhancement, near-infrared pulses
(800-nm wavelength) induce nonlinear photoelectron
emission from the nanotip, which is gated and streaked by
the enhanced terahertz electric field (Figure 6D, E). This
near-field streaking technique can be applicable for nano-
scopic version of terahertz streaking device [47].

3.2 Metal nanoantenna

3.2.1 Photon-assisted tunneling in single-molecule
transistors

Electron transport through single molecules has been
intensively studied because of its potential for device
applications such as single-electron transistor. Beyond
static properties of the single-electron transistor, its
dynamical transport properties have been investigated by
terahertz waves because typical energy scales in single-
molecule transport lie mostly in the terahertz frequency
regime such as tunneling times, vibron energies, orbital



DE GRUYTER

T. Kang et al.: Terahertz quantum plasmonics at nanoscales and angstrom scales =——— 441

c E
= /
" 5 10} ¢ .
£
» 2
’/ : bl
Nanotip 2
s 05
THz —|~ 3 &
| L E
S =
iNIR -8 gL MR
20 40 60 80 100 120 140
Energy (eV)
E 5 1 — EQ sampling 1
= | ——— EO sampling 2
] al .
- Assembled waveform oy 1.
Time-of-flight _. 40/ §3
spectrometer . § I ° ;
23 2 23 '
E'J g 0-—_—-—ﬂ 1 - 4
i
b} é =20t v '
I
7]

Figure 6: Nanotip-based terahertz field—driven electron emission.
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(A) Schematic of terahertz field—driven electron emission experiment. Incident terahertz pulse couples to a sharp tungsten tip (tip diameter
of 10 nm), and the emitted electrons are detected by a TOF electron spectrometer (3-mm distance between tip apex and entrance aperture) in
a high-vacuum chamber (10~ mbar range). (B) Field emission map measured by scanning the tip. (C) Electron energy spectra for two terahertz
field strengths of 3.1V/nm (black) and 5.3 V/nm (blue), revealing peaked energy distribution with sharp cutoffs. After tunneling process,

the emitted electrons are accelerated by the strongly enhanced terahertz electric field. The dashed lines are numerical simulated results. (D)
Terahertz control of photoemission in a pump—probe scheme in which near-infrared pulse induces photoelectrons, which are accelerated in
the momentary terahertz potential. (E) Waveforms of terahertz electric field measured by electro-optic sampling (top) and terahertz streaking
spectroscopy of nanotip photoemission (bottom). The figures (A-C) and (D, E) are reproduced from References [47] and [65], respectively.

energy spacing, charging energies, and so on [50, 51]. To
couple the terahertz waves to a single molecule trapped
between nanogap electrodes, however, it is inevitable to
utilize the plasmonic effects of metal electrodes with a
nanometer sized gap.

Bowtie-shaped antenna for the source and drain elec-
trode can be employed for single-molecule transistors to
achieve a good coupling efficiency between the terahertz
waves and the tunneling electrons. By using the plas-
monic effect, furthermore, the terahertz field in the gap
is enhanced by a factor of ~10° in a nanometric volume,
enabling strong terahertz field-induced nonlinear
response such as photon-assisted tunneling and two-pho-
ton absorption [50, 67]. As shown in Figure 7A-C, it was
reported that the strong terahertz fields can create addi-
tional electron tunneling pathways in a single-molecule
transistor in which a bowtie-shaped metal antenna plays
arole as a metal electrode. Experimentally, the additional
lines parallel to the ground-state lines in Coulomb stability
diagrams were observed in the single-electron transport
and Coulomb blockaded regions (Figure 7C). The observed

energy separations ~10 meV (middle) corresponding to
the photon energy of the incident terahertz waves indicate
resonant terahertz-assisted tunneling effect (middle of
Figure 7C), and the data for the higher terahertz irradia-
tion show that two-photon absorption takes place (right
of Figure 7C). Furthermore, a recent work demonstrated
low-energy excitation in single fullerene molecules tran-
sistor by vibron-assisted tunneling promoted by the tera-
hertz-induced oscillation of the molecule (Figure 7D) [82].
The vibrational modes of molecule (~2 and ~4 meV) [83]
create new tunneling paths for electrons observed in tera-
hertz-induced photocurrent measured by using the time-
domain terahertz autocorrelation measurement combined
with bowtie antenna-based single-molecule transistor
geometry (Figure 7E, F).

3.2.2 Terahertz field emission

As shown in Figure 8A, the locally enhanced terahertz
electric field in the gap of a dipole antenna contributes to
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Figure 7: Photon-assisted tunneling in single-molecule transistors based on a bowtie antenna.

(A, B) Schematic of cross-sectional view for a single-molecule transistor where a fullerene molecule is trapped in a bowtie antenna and the
sample mounted on a hemispherical silicon lens, respectively. (C) Coulomb stability diagrams under the terahertz irradiation with three
different powers [0 mW (left), 16 mW (middle), and 55 mW (right)] and a fixed frequency (2.5 THz). (D) Setup for single molecule terahertz
spectroscopy based on terahertz autocorrelation system. (E) Coulomb stability diagrams (top), the single electron tunneling current (black),
and the terahertz-induced photocurrent (red) as a function of gate voltage at a source-drain voltage of 0.1 mV (bottom) for C_ single-
molecule transistor. (F) Quasi-autocorrelation trace of the terahertz-induced photocurrent and its Fourier spectrum. The figures (A-C) and

(D—F) are reproduced from References [50] and [82], respectively.

electric field emission into vacuum. The resonant excita-
tion of the dipole antenna by an intense terahertz pulse of
~100 kV/cm enables the field strength in the dipole gap to
reach up to ~10 MV/cm, which requires a field enhance-
ment factor of ~100 (Figure 8B, C). The dipole antennas for
the terahertz field—driven field emission experiment are
fabricated on a thin SiNx film, and then the SiNx substrate
in the vicinity of the gap is selectively etched away (Figure
8D, F). This allows the motion of free electrons emitted
across the gap. Figure 8D-G show scanning electron
microscopy (SEM) images of dipole antenna with a capaci-
tive gap of around 2 um before and after terahertz expo-
sure for 1 h. In the vicinity of the gap, the gold has moved
inward with reducing the gap to around 1 um. The gold
deformation occurring near the gap of dipole antennas

results from electromigration due to high-energy field—
emitted electrons. The mass transfer of gold produces
current channel across the gap; therefore, the spectral
change of dipole antennas by strong terahertz field irradi-
ation can be modeled by a decrease in resistivity between
the antennas (Figure 8H).

3.3 Metal nanoslit and slot antenna
3.3.1 Terahertz nonlinear transmission response
The vertically aligned metallic nanogaps can initiate the

terahertz nonlinear response arising from the quantum
tunneling effect. Noble metals such as gold or copper are
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Figure 8: Dipole antenna-based terahertz field—driven electron emission.

(A) Illustration of terahertz-induced field emission experiment. The single-cycle strong terahertz pulse enables electrons escape from

the gold—-vacuum interface. (B) Resonantly enhanced terahertz field in time domain at the gap of dipole antenna. (C) Simulated result of
two-dimensional spatial distribution of electric field enhancement. (D-G) SEM images of a dipole antenna gap before (D, E) and after (F, G)
strong terahertz field exposure. (H) Transmission spectra for five different resistances identified in the dipole antenna gap. The figures (A-G)

and (H) are reproduced from References [27] and [84], respectively.

good conductors in terahertz frequencies; therefore, they
can induce extremely large field enhancement enough to
reach the quantum regime with the few nanometer-sized
gap structures [85]. Figure 9A shows the experimental
scheme for the terahertz quantum plasmonics using
intense terahertz pulse [86, 87] and metallic nanogap
structures [14]. Here, nanogaps are fabricated with the
gap sizes of 5 and 1.5 nm by Al O, layers sandwiched by
gold film, and copper single-layer graphene—copper for
extreme terahertz field enhancement [33]. Figure 9B pre-
sents transmitted amplitudes through a 1.5-nm gap reso-
nant ring antenna for different incident terahertz field
strengths, which are normalized by the maximum field
amplitudes passing through a bare quartz substrate. As
the incident field approaches 150 kV/cm, the transmit-
ted field is considerably reduced by the terahertz field—
induced tunneling across the nanogaps. Figure 9C shows
the temporally integrated transmittance (T = fEsamplez(t)
dt/[E ... ()dt, where E e 18 field amplitude through
the nanogap sample and E_; _ is the field amplitude
though the bare substrate), which is normalized by the
transmittance T, of the minimum incident field strength.

The transmittance value eventually reduces by 50% as the
field inside the gap E_, increases to 5 V/nm. It is worth to
note that the similar field strength of V/nm in static field
regime can damage the gap [88].

By pushing the limit of the gap size reducing down
to the single atomic scale, we can pursue to a dramatic
terahertz nonlinear response from the nanogap struc-
tures. The bottom image of Figure 9A shows the extreme,
a metallic nanogap separated by a single-layer graphene,
which is made by recently developed lithography method
[13]. These gaps with a single layer of carbon atoms in the
middle have been approximated by a single 3-angstrom-
wide gap with a dielectric constant of three [89, 90], across
which strong quantum tunneling may occur [91-93]. Figure
9D shows measured time traces of terahertz field ampli-
tudes transmitted through the sample for various incident
terahertz pulse strengths, normalized by the maximum
field amplitudes transmitted through the quartz substrate
only. By increasing the incident terahertz electric field up
to E, . ~192 kV/cm, the normalized transmitted ampli-
tude in the time domain dramatically decreases, down to
0.16% at the maximum. This gives rise to a 97% reduction
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Figure 9: Terahertz funneling-induced electron tunneling in metal gaps.

(A) Terahertz pulse is passing through a metallic nanogap structure. At the bottom figure, cross-sectional transmission electron microscopy

(TEM) images for nanogaps are shown; 5- and 1.5-nm gaps composed of alumina layer sandwiched by gold and 3-angstrom gap composed of a
single-layer graphene sandwiched by coppers. (B) Measured amplitudes of transmitted terahertz pulses through the 1.5-nm alumina gap as a
function of incident terahertz field strengths (black: 20 kV/cm, green: 75 kV/cm and red: 150 kV/cm). (C) Measured (dots) and calculated (lines)
terahertz transmittance normalized by minimum transmittance value as a function of field strength inside the gap for different alumina layer
thicknesses. Dashed region indicates that nanogaps are damaged after the measurement when the corresponding field strength is applied at the
gap. (D) Measured amplitudes of transmitted terahertz pulses through the copper—graphene-copper gap as a function of incident terahertz field
strengths. (E) Absolute terahertz transmittance as a function of field amplitude inside the graphene gap. Inset shows terahertz field enhancement
factors as a function of incident field strength. The figures (A-C) and (D, E) are reproduced from References [13] and [14], respectively.

in normalized transmitted power. Figure 9E shows the
normalized transmittance T and field enhancement factor
(inset) at the maximum in time domain, as a function of
the strength of the incident terahertz electric field.

When the applied electric field is sufficiently strong to
flow tunneling current across the gap, the effective refrac-
tive index of the gap medium becomes larger, which in
turn limits the field enhancement [93, 94]. This self-lim-
ited transmission by quantum tunneling can be observed
without damaging the gaps by using a single-cycle tera-
hertz pulse (~1 ps) [21, 95]. On the other hand, it is not easy
to observe the nonlinear transmission by using optical
pulses [16]. This trend is summarized in Figure 10. It shows
transmitted peak power vs. incident power for both tera-
hertz and near-infrared frequencies. As we can see, the
terahertz nonlinearities are obvious for both structures.
As the incident power increases, the transmitted power
deviates further away from the linear regime (dashed
line) due to the quantum tunneling induced by the tera-
hertz field. On the contrary, nonlinearity is hardly seen
in the near-infrared regime for both nanogap samples.
Before reaching the nonlinear transmission regime, the
sample is damaged in the near-infrared. This behavior
can be explained by estimating tunneling conductivity

and displacement conductivity in both frequency ranges.
The results indicate that the tunneling conductivity o, is
the same for terahertz and near-infrared frequencies for
the same field strength, while the frequency-dependent
displacement conductivity (0,=—iwee,, ) takes relatively
large portion compared to the tunneling conductivity in
the near-infrared [16]. As a result, tunneling-induced
transmission modulation is negligible in the near-infrared.

3.3.2 Terahertz tunneling transport

The nanogap structure in configuration of a metallic slit,
composed of optically thick metal films extended far for
many wavelengths in lateral direction and optically trans-
parent insulating layer sandwiched between the metals,
can be modeled by an equivalent circuit with appropri-
ate parameters [96, 97] as shown in Figure 11A. Here,
the fields of the incident and transmitted light coincide
with the applied current and voltage that are studied in
impedance measurements. When an electromagnetic
wave has its magnetic field aligned parallel to the slit
(TM polarization), a current I (f) is induced in the metal,
which flows toward the gap. For normally incident plane
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Transmitted peak power densities for 1.5-nm alumina gap and 0.3-nm graphene gap samples as a function of incident peak power densities
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regime without tunneling effect. The figures are reproduced from Reference [16].
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Figure 11: Terahertz tunneling transport in metal nanogaps.
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(A) llustration of terahertz transmission through a metallic slit by equivalent circuit model. Incident terahertz field is represented by current
source /, and the transmitted field corresponds to the voltage across the gap V. Characteristic capacitance C and resistance R are assigned
to the nanogap structure. (B) General phase relation between the applied current source /, and resulting voltage across the gap Vofa
capacitor. (C) Measured voltage time trace across the gap, whose gap width of 1.5 or 5 nm was estimated from the terahertz transmission
measurement through the metallic slit structure. The shapes of the incident terahertz pulse time traces are shown as gray curves. The

figures are reproduced from Reference [96].

waves, the current is expressed in terms of an effective
surface current density K, =nx(2H, ), where n is the unit
vector normal to the metal surface and H, _is the magnetic
field vector of the incident wave. Therefore, the current I
can be expressed with the incident field H, by the rela-
tion I, = | K | x 1 with slit length scale [, which corresponds
to the beam spot size illuminating the sample. The voltage
across the gap V() simply equals the width of the gap
times the (enhanced) electric field strength inside the gap.
As derived from the Kirchhoff integral formalism [26, 98—
100], the near-field enhancement is directly proportional
to the transmitted field determined in the far field. In short,
evaluating the incident and transmitted fields allows for a
direct measure of the applied current and induced voltage
at the gap, respectively. For a narrow slit, whose width is

much narrower than the metal thickness, a capacitor-like

behavior is expected [26, 97]. Then, the voltage across gap
V(t) is connected to the applied current I (t) by the rela-
tion V(t)=(/ I,(¢) dt)/C, where C is the capacitance of the
nanogap structure. In particular, if we consider a har-
monic time dependence, given by e, the equation is
rewritten as V=1 /(-iwC) in the frequency domain. This
is illustrated in Figure 11B by the phase lag of /2 between
the induced voltage and the applied current. The great
advantage of the circuit model analysis is on the ability
to provide quantitative agreement with the experimental
results without any fitting parameters but by considering
only the amplitude profile of the incident pulse and the
dimensions of the capacitor (such as the gap size, metal
thickness, and refractive index of the insulating layer),
which are known prior to the measurements. For example,
Figure 11C shows the terahertz transmission through a slit
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Figure 12: Terahertz tunneling transport in metal angstromgaps.

(A) Measured voltage time trance through a 3-angstrom-sized metal-graphene—metal gap at an incident field strength of 30 kV/cm. The inset
shows the equivalent circuit of the gap. (B) Measured voltage across the gap V(f), which is identical to the experimental data in (A), and the
extracted tunneling current. An unweighted sliding-average smooth of 11 data points is applied to the tunneling current to produce a less noisy
temporal amplitude profile. (C) An /-V plot obtained from the results of (B) and a line that represents a tunneling resistance R, of 0.07 Q. (D, E)
Temporal profile of the voltage across the alumina gap and the corresponding Fourier-transformed amplitude and phase of terahertz waves
transmitted through the nanoslot array at an incident field strength of 20 V/cm. The inset in (E) shows the equivalent circuit of the nanoslot array.
(F) Transmission through the same sample by a terahertz pulse with a field strength of 30 kV/cm. The figures are reproduced from Reference [96].

that has gap widths of 1.5 and 5 nm and compared with the
circuit modeling results.

As we have seen, the nonlinear effect can alter the
terahertz transmission by the tunneling electrons across
the gap, and the above simple capacitor picture for the slit
structure may not be applied to the nonlinear response [94].
It could be necessary to modify the optical properties of the
insulating medium by including additional parameters
such as resistance R. When intense terahertz pulse (peak
value of E =30 kV/cm) is incident on a nanogap whose gap
dimension is only a few angstroms, a maximum of 2 V is
induced across the atomic gap, as indicated in Figure 12A.
Determined from the structural dimensions of the gap and
an effective permittivity €, of 3 [13, 89, 90], a capacitance
of C=2.7 pF alone fails to correctly describe the features of
the transmitted terahertz wave in this case. Electron tun-
neling through the gap prevents charge accumulation at the
metal edges and causes a reduced voltage across the gap,
and the shape of the transmitted pulse closely resembles
the profile of the single-cycle incident pulse. Thus, a finite
tunneling resistance R, connected in parallel to the innate
slit capacitance should be added to the total impedance,
which relates the transient voltage to the current applied
by the incident radiation [14]. If a constant tunneling resist-
ance is assumed over the studied voltage range, a value of

0.07 Q offers a good fit to the experimental results. On the
other hand, the circuit model is able to provide a differen-
tial equation that links the measured applied current I (f)
and induced voltage V(t), and the tunneling resistance can
be deduced without assuming that the resistance value is
fixed; the tunneling current I () - C dV/dt is obtained from
the source current I (t) and measured voltage across the gap
V(t). The extracted tunneling current shown in Figure 12B is
proportional to the voltage across the gap V(t), suggesting
an ohmic response of the tunneling electrons through the
gap. Figure 12C is a current-voltage characteristic obtained
from the mean value of the data points within every 0.1-V
interval of the voltage across the gap; error bars indicate the
standard deviation. The plot agrees with the slope of 0.07 Q
that was evaluated from the fit in Figure 12A.

Because the tunneling resistance and the capacitance
C of the slit form a parallel circuit, the resistance being
measured should be comparable to the impedance Z=1/
(-iwC) or smaller to be detectable. Therefore, the factor
1/|Z| specifies the resolution of the circuit analysis when
measuring the tunneling current. Smaller tunneling cur-
rents are measurable if the slit capacitance is decreased;
presumably, the most efficient way to achieve this in the
slit structure is to shorten the slit length I so that the slit
reduces toa close-ended slot. Additionally, transmission of
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electromagnetic waves becomes challenging, as extremely
narrow gaps are required to observe quantum effects.
Resonance structures, such as slot antennas, allow an
increase in transmittance for certain bandwidths, which
can also be improved for broadband purposes using mul-
tiresonance structures [101], and exhibit a better signal-to-
noise ratio than slits that suffer from a capacitor-like broad
1/f-type spectral response. Figure 12D and E show the time
trace of the voltage across the gap and its Fourier analy-
sis through ring-shaped slot antenna whose resonance is
placed near 0.3 THz for an incident pulse strength of E =20
V/cm. For this case, the circuit analysis is also possible to
describe the terahertz response by an RLC (a resistor (R), an
inductor (L), and a capacitor (C)) circuit [102], as depicted
in the inset of Figure 12D. The parameters R, L, and C are
determined from the complex impedance for a parallel RLC
circuit to acquire the best fit with the transmitted pulse V(¢)
from the measured incident pulse I (f). Moreover, a phase
parameter 6 is introduced to compensate for an additional
phase shift in the transmitted wave due to coupling effects
between nearby antennas, which is predicted from cal-
culations based on modal expansion [103]. Accordingly,
an equivalent waveform is reproduced in Figure 12D by

using the equation V= 1.€” together with

1 L —iwC
R iwL

the values of R=5.83 Q, L=1.72x10" H, C=1.69x 10 F,
and 6=20.6°. These four parameters are essential to fit the
amplitude of the resonance peak, the resonant frequency,
the line width, and the phase in the frequency domain.
The same procedure is carried out for an incident pulse
of E,=30 kV/cm. For such moderate intensities, where
quantum effects are negligible, the same values of the
four parameters also thoroughly duplicate the experimen-

tal data, as shown in Figure 12E.

3.3.3 Terahertz tunneling rectification

Figure 13A shows the strategy for the terahertz tunneling
rectification by using lateral, ring-shaped tunneling bar-
riers, encasing a metallic island that is surrounded by a
metallic plane [104]. By adjoining the one-dimensional
tunneling junctions in two dimensions with triangle shape
[33], the tunneling current flowing across the quantum
barriers is determined not only by the phase of the external
electromagnetic pulse [20, 105, 106], but also by the geom-
etry of the barrier (i.e. lateral symmetry of the ring). Using
the proposed method, it is possible to control the ultrafast
tunneling process additionally by modifying the lateral
shape of the ring and by simply changing the polarization
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of incoming pulses. The time-integrated total tunneling
currents through the barriers are measured directly by
attaching electrical probes on the sample surface as shown
in Figure 13D. A THz polarizer is placed to control the direc-
tion of the surface current K. Figure 13E shows measured
tunneling rectification currents across triangular (side
length of 70 pm and perimeter of 210 um shown in Figure
13B, C) and square (side length of 25 um and perimeter of
100 um) nanogap rings (gap size of 2 nm) as a function of
the terahertz polarizer angle, i.e. changing incident tera-
hertz polarization. The results show strikingly different
behaviors as mentioned above. The asymmetric potential
distribution along the equilateral triangle results in a net
tunneling current through the contour, while the poten-
tial distribution at any point of a square is mostly coun-
terbalanced by its corresponding point across the center,
independent of the polarization of the incident pulse.
Therefore, the triangle shape barrier can be used to accu-
mulate more tunneling charges inside the metallic island
under a single terahertz pulse excitation than the rectan-
gle one, which enhances directly the experimental signal.
Figure 13F displays polar plots of the tunneling currents
for the triangular and square geometries. As expected, the
total current vs. polarization angle shows the threefold
rotational symmetry of an equilateral triangle.

Sending a femtosecond optical pulse with the terahertz
pulse can provide another control parameter for the ultrafast
modulation of the tunneling current. As shown in Figure
13G, the electric fields of the femtosecond optical pulse can
be focused to a specific position in the ring and summed with
picosecond terahertz electric fields. The optical pulse rapidly
distorts the local potential barrier under the quasi-constant
terahertz field, generating an additional, local tunneling
current. The optically driven current is sensitively affected
by the terahertz field strength at the specific position on
the barrier and by the time delay between the terahertz and
optical pulses, thus providing a way to visualize the spati-
otemporal dynamics of the terahertz potential across the
barriers. An interesting aspect of the optically modulated
quantum barriers is the position-dependent ultrafast optical
gating, as illustrated in Figure 13H.

Using the ring-shaped barriers and the time-resolved
detection method of terahertz tunneling current by the
optical pulse, terahertz full-wave rectification can be
achieved, as shown in Figure 13I. Here, the spot size of
the optical beam is expanded to cover the entire ring,
which makes it possible to probe the total terahertz current
response through the ring. Additionally, a DC bias is
applied to generate a unidirectional (i.e. into or out of the
loop) terahertz current across the ring barrier independent
of the polarity of the incident terahertz pulse. As a result,
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Figure 13: Terahertz tunneling rectification in metal nanogaps.

(A) Terahertz-pulse—driven tunneling current rectification using a ring-shaped nanogap sample fabricated in a metallic film. Incident
terahertz field induces surface current on a metallic film (denoted by a vector field K), which applies terahertz electric potential across the
ring-shaped tunneling barriers (denoted by contour €). The shape of the ring is critical for the terahertz tunneling rectification, which affects
directly to the accumulation of finite electrons inside the metallic island under a terahertz pulse excitation. A TEM picture shows the cross-
sectional image of the barrier, which is composed of 2-nm-thick AL,O, layer sandwiched in the gold film. (B) An optical microscope image
and (C) SEM image of the sample. (D) Experimental scheme. The incident THz field is linearly polarized and induces eddy current on the gold
surface, which acts as a current source K both inside and outside the triangle as shown in (A). (E) Measured tunneling current as a function
of incident terahertz polarization. Triangle- and rectangle-shaped barriers are exploited, which possess different symmetry properties.

(F) Polar plots of the data (E). (G) Ultrafast tunneling current measurement scheme using femtosecond optical pulse illumination on the
ring-shaped barriers. (H) Depending on the excitation position and time delay between the terahertz and optical pulses, the optical pulse
generates position-sensitive and time-dependent switching signal. (I) Schematic of THz full-wave rectification. A DC bias imposes potential
difference for the whole ring, thereby giving a preferred current direction. The optical spot is expanded to probe the total tunneling current
flowing through the whole ring. (J) Measured terahertz full-wave rectification. Dashed green curves show the terahertz potential profile. The

value of the applied DC bias is denoted for each curve, and the curves are vertically displaced for clarity. The figures are reproduced from
Reference [104].
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the terahertz wave generates a fully rectified terahertz tun-
neling current depending on the DC bias strength, and this
transient is visualized by the optical pulse (Figure 13]).

4 Discussions and outlook

In this review, we surveyed recent works concerning tera-
hertz control of electrons using various metallic nano-
structures. The intense terahertz pulses can manipulate
tunneling electrons by ultrafast modification of the poten-
tial barriers in metal nano- and subnano-junctions. Here,
three different metal nanostructures utilized for terahertz-
induced quantum tunneling phenomena have been dis-
cussed: metal nanotip, nanoantenna, nanoslit, and slot
antenna. The first one, terahertz-coupled metal nanotip,
provides atomic scale imaging and picosecond time reso-
lution in combination with STM system and can generate
localized high-energy electron bursts. The second structure,
dipole antenna system with various shapes, enables tera-
hertz-assisted single-electron tunneling based on the reso-
nant vibrational excitation of molecule, which is trapped
inside the tips. In the case of metal nanoslit and slot anten-
nas, terahertz-induced voltage and tunneling current can be
extracted experimentally with a subpicosecond time resolu-
tion, leading to quantitative analysis of tunneling currents.
Further developments of terahertz quantum plasmonics
in terms of tunneling electron manipulation will require
improvement of spatiotemporal resolutions and advances
in the generation and detection of terahertz pulses, as
well as easy-to-implement subatomic scale distance con-
trols. Beyond terahertz field—driven electron tunneling, the
coherent tunneling currents can be controlled by a few fem-
tosecond phase-locked driving pulses using a single cycle
of mid and near-infrared light.
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