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Abstract

In this work, I describe experiments using terahertz fields to newly

reach the quantum regime of electron tunneling with the help of

nano- and angstrom-gap metal structures. We demonstrated terahertz

quantum plasmonics in metal separations well over 1 nm by exposing

the nanogaps to high-power terahertz pulses. Quantum plasmonics is

studied in the low-frequency terahertz regime of 0.1–1 THz, at which

the macroscopic dielectric response of tunneling charges induced by

electromagnetic waves is evaluated to be thousand times larger than

that by visible or near-infrared light in the range of 300–700 THz. A

giant nonlinear optical response in the form of 50% decrease of the nor-

malized terahertz transmittance is observed. With transient terahertz

electric fields that are enhanced up to 5 V/nm inside the nanogaps,

tunneling of electrons occur akin to atomic ionization in high field gra-

dients. We also demonstrated the direct measurement of a tunneling

current through a graphene-metal interface using transient voltages

induced by terahertz pulses. Based on the observation that a trans-

mission measurement of light passing through a thin slit is essentially

identical to an electrical impedance experiment, we used terahertz

time-domain spectroscopy to identify the sub-picosecond time evolu-

tion of both the phase and amplitude of the induced tunneling current

and applied field in angstrom-sized gaps that are long enough to al-

low terahertz waves of millimeter wavelengths to be coupled from free

space. The research introduced here will open a new field that merges

the knowledge of conventional dc electronic transport measurements,

quantum plasmonics and the study of ultrafast physics or nonlinear

terahertz spectroscopy.
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Chapter 1

Introduction

Terahertz radiation belongs to the electromagnetic spectrum that is broadly

defined within the frequencies from 0.1 to 100 terahertz (THz; 1 THz = 1012

Hz), which corresponds to wavelengths from 3 mm to 0.003 mm (or 3 µm).

Thus, terahertz radiation is sometimes known as submillimeter waves and

is regarded to be in the boundary between what is possible with electronics

and with optics.

The terahertz time-domain spectroscopy (THz-TDS) setup that I have

used for my experiments enabled the study in the frequency range of 0.1–3.0

THz. This frequency band falls in between infrared radiation and mi-

crowave radiation in the electromagnetic spectrum and is, for example,

a thousand times higher than the frequency band of 0.4 to 2.7 GHz used by

cellular phones and at the same time a thousand times lower than the visible

light of 430 to 770 THz as described in Figure 1.1. Accordingly, it is possi-

ble to benefit from both the techniques that are allowed in electronics and

optics as illustrated in Figure 1.2. Optical techniques can offer high-power

terahertz sources that can emit single-cycle terahertz pulses with large peak

intensities and sub-picosecond ultafast pulse durations. Meanwhile, in this

frequency range, most metals can be regarded as perfect electric conductors,

and metal structures are able to exclusively concentrate the electromagnetic
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Figure 1.1: Terahertz radiation in the electromagnetic spectrum.

Figure 1.2: What is possible in the terahertz regime.

radiation to a subwavelength region having dimensions of only a fraction of

the wavelength.

Recently, the terahertz frequency range has facilitated the study of in-

teresting quantum mechanical phenomena. A few examples include electron

transport in quantum dots and single molecules [1, 2], tunneling through

angstrom (Å; 1 Å = 10−10 m)- or nanometer (nm; 1 nm = 10 Å = 10−9 m)-

sized gaps [3, 4], and Bloch oscillations in bulk solids [5]. Such investigations

became possible with the progress of high-field terahertz sources [6, 7, 8, 9]

or with subnanometer gaps of metal structures that can probe within atomic

distances. Single-cycle terahertz pulses are suitable for observing ultrafast

12



dynamics in light-matter interactions, whereas the very high field enhance-

ments from plasmonic devices in this frequency range reduce the required

intensity of the incident light pulses that would otherwise lead to optical

damage. Additionally, with the established technique of electro-optic sam-

pling [10, 11, 12], which provides access to both the amplitude and phase of

the oscillating fields, it is promising that the terahertz spectral range will

continue to reveal novel quantum processes. In this work, we demonstrated

electron tunneling and developed a method to examine the instantaneous

current in a tunnel junction based on the aforementioned strengths in ter-

ahertz spectroscopy.
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Chapter 2

Preparation of nano- and

angstrom-gap samples

Squeezing light through subwavelength gaps in metals can lead to extreme

field enhancements, nonlocal electromagnetic effects and light-induced elec-

tron tunneling. This, however, has not been readily accessible to experi-

mentalists because of the lack of reliable technology to fabricate uniform

nanogaps with atomic-scale resolution and high throughput. In this chap-

ter, a patterning technology is introduced based on atomic layer deposition

(ALD) [13] or chemical vapor deposition (CVD) [3]. Using this method,

it is possible to create vertically oriented gaps of a millimeter-sized pat-

tern in opaque metal films with gap widths as narrow as a few angstroms.

Electromagnetic waves pass exclusively through the nanogaps, enabling

background-free transmission measurements.

2.1 Fabrication of nanogaps

The process of making nanogap samples is illustrated in Figure 2.1, and the

complete sample after the whole process is presented in Figure 2.2. As the

first step, a substrate is patterened using standard photolithography and
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Figure 2.1: Illustration of nanogap fabrication process.
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Figure 2.2: 1 nm gap samples on a 1×1 cm2 silicon (left) and quartz (right)
substrate.

liftoff process. In the case of using a quartz substrate, HMDS was spun

at 5000 rpm for 1 min and baked at 90◦C for 1 min prior to application

of photoresist to aid in resist adhesion. AZ 5214E photoresist was spun at

5000 rpm for 1 min giving a resist thickness of around 1.4 microns. The

photoresist solvents were then evaporated by a 90◦C hot plate bake for 90

sec. Using a chrome-on-glass mask, the sample is then exposed for 7 sec

under a UV light source, which is followed by a 115◦C hot plate bake for 2

min. The sample is then exposed for 15 sec under the UV light without any

mask to reverse the photoresist image. Samples were developed for 30 sec

in AZ 500 MIF followed by a deionized water rinse. Gold was evaporated to

a thickness of 330 nm using a thermal evaporator pumped down to 4×10−6

Torr at a deposition rate of 2–3 Å/sec after depositing 5 nm of Cr adhesion

layer. The samples were then soaked for 24 hours in acetone to facilitate

the liftoff process. To complete the liftoff process, the samples were then

subjected to a few minutes of ultrasound while in a bath of acetone followed

by a isopropanol rinse and blown dry using pressurized N2. To further

remove any photoresist residues and ensure a sharp verticality at the metal

edges, the samples were subjected to ion milling which accompanied 30 nm

of reduction of the gold metal thickness.
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ALD process then guarantees that a thin dielectric layer of aluminum

oxide (Al2O3) forms along the exposed surface of the sample including the

sides of the metal structrues. Gold is evaporated again but without the

adhesion layer and at a slower rate as well as rotating the sample holder

during the evaporation to ensure that the exposed part of the substrate is

completely covered without any empty space. 0.1 Å/sec is recommended

after nominally a 1 nm ALD process and a slightly faster rate of 0.5 Å/sec

is acceptable after a 5 nm ALD process. A thickness of 200 nm is deposited

which is thiner than the metal deposited previously to ensure better re-

moval of the excess metal during the adhesive-based planarization process

using Scotch Magic tape. The tape is gently covered on top of the sample

and softly peeled to expose the nanogap antenna arrays. The planarization

process can be more successful if it is carried out weeks after metal deposi-

tion. The planarization process is also necessary to remove any residues of

metal that may hang over and block the nanogap.

Another photoresist AZ 5206E when used together with the developer

AZ 300 MIF is able to produce metal structrues with better verticality;

overhanging metal residues can be reduced, and the metal part that com-

prises the nanogap can be left intact while peeling off the metal part on top

of the previously structured metal. Thus, a flat nanogap sample with the

difference between the metal thickness of both sides of the nanogap being

small as around 5 nm can be fabricated. Compared to gold, silver offers

better success rates during the planarization process but samples may de-

grade faster. When fabricating large slit samples with patterns extending

over a millimeter, the planarization process may be highly unsuccessful and

may require a large difference in the thickness of the metal deposited prior

and after the ALD process, or a different process involving a sacrificial layer

can be used [14].

Meanwhile, because this method offers the fabrication of nonresonant

nanoslit samples, the full electromagnetic spectrum can be studied with

the nanogap sample from optical frequencies down to microwave frequen-
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Figure 2.3: Illustration of angstrom-gap fabrication process.
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cies [15]. Moreover, nanogaps made out of chromium can be used as a mask

for photolithographic processes to produce positive structures with narrow

linewidths [16]. From the vector diffraction theory and the Babinet’s prin-

ciple, such positive structures together with nanoapertures could be used to

study the interesting aspect of the magnetic field of light [17, 18]. Nanogaps

as small as λ/100, 000 have also shown to provide a radically modified elec-

tomagnetic environment in the vicinity of the nanogap which, for example,

presented an anomalous transition behavior of vanadium dioxide films [19].

2.2 Fabrication of angstrom-gaps

Angstrom-gap samples are made in a similar way as with nanogap samples

as shown in Figure 2.3. Instead of ALD, CVD is used to grow a single

layer of graphene along the surface of the metal structures. Here, copper is

used to facilitate the growth of graphene. Since graphene is only one atom

thick, the resulting gap is effectively only a few angstroms wide. Other two-

dimensional materials may be used to yield angstrom gaps with a different

gap medium.
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Chapter 3

Experimental setup and data

analysis

Terahertz time-domain spectroscopy (THz-TDS) is a spectroscopic tech-

nique in which the sample material’s effect on both the amplitude and the

phase of the terahertz radiation can be retrieved. It is worth noting that

this is not the only available technique that allows for the full detection

of both the amplitude and phase of the electromagnetic wave in this fre-

quency range. Fourier transform infrared spectroscopy (FTIR) also offers

the measurement of both of these spectral quantities, and in principle both

THz-TDS and FTIR operates in a similar way by moving one delay arm re-

spect to the other to obtain an infrared spectrum of transmission, reflection,

absorption, or emission. However, whereas in the FTIR setup, the sample

encounters an interferogram signal from the result of two interfering beams

that were initially split from the original beam, the full electromagnetic

pulse hits upon the sample in the THz-TDS design while scanning the de-

lay arm. Thus, it becomes possible to study nonlinear effects from intense

light pulses in the time-domain setup with a frequency spectrum beginning

from the microwave and extending toward the near infrared [20, 21, 22, 23].

The THz-TDS setup used in this work is either based on a lithium nio-

21



Figure 3.1: High-power terahertz pulses generated by the pulse-front-tilting
scheme.

bate crystal pumped by a 1 kHz titanium:sapphire regenerative amplifier or

a photoconductive antenna pumped by a 80 MHz titanium:sapphire mode-

locked laser. Also, from the Kirchhoff integral formalism, it was possible to

estimate the field enhancement factor of terahertz waves inside the nano-

or angstrom-gaps.

3.1 Terahertz generation

High-power broadband terahertz pulses for transmission measurements are

generated via pulse-front-tilted optical rectification in a prism-cut lithium

niobate crystal using femtosecond pulses (wavelength of 800 nm, pulse en-

ergy of 2 mJ, and pulse duration of 100 fs) from a 1 kHz titanium:sapphire

regenerative amplifier as shown in Figure 3.1. Electric field of up to 200

kV/cm is attained at the focal point in air [24], and a pair of wire-grid

polarizers is used to vary the field strength. For another setup, we use a 80

MHz titanium:sapphire laser to illuminate a GaAs emitter. After genera-

tion, terahertz pulses are guided by a set of off-axis parabolic mirrors and
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subsequently focused on a 0.3 mm thick GaP crystal or a 1 mm thick ZnTe

crystal for detection by electro-optic sampling. Terahertz pulses from the

GaAs emitter are p-polarized (electric field is parallel to the optical table)

while the pulses from the lithium niobate crystal are s-polarized (electric

field is perpendicular to the optical table). The samples are oriented in a

way to allow a TM incidence of the terahertz waves such that the slits or

the longer side of the rectangular-ring slot is perpendicular to the electric

field.

For the high-power terahertz generation setup, there are a few things

to consider about the pulse width of the pump laser. The efficiency for

terahertz generation decreases as the pulse width of the pump shortens

because shorter pulses suffer a larger dispersion inside the lithium niobate

crystal and the effective thickness that meets the phase-matching condition

becomes smaller [25]. However, shorter pump pulses are able to provide

terahertz radiation at higher frequencies which can be focused to a smaller

area. Also, the tilted pulse front of the short pulse pump laser will diverge

to a larger angle before hitting the lithium niobate crystal, and a larger

lens or a lens with a shorter focal length will be needed to fully image the

grating to the lithium niobate crystal. However, the image produced by a

lens with a shorter focal length will be somewhat more distorted.

3.2 Determination of field enhancements

Transmission from samples relative to a bare substrate is measured by em-

ploying far-field terahertz time-domain spectroscopy. Derived from Kirch-

hoff integral formalism [26], peak near-field enhancement is evaluated in

the time domain after multiplying the peak-normalized amplitude by the

ratio of total illuminated area to the total area of nanogaps excluding those

sides of the ring that are aligned parallel to the electric field of the normally

incident terahertz wave. This method of estimating the field amplitude in

the near field from the measured amplitude at the far field is possible be-
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cause a slit structure is used in our experiments. In other words, it is safe

to assume that the detected light only comes from the near-field area of

interest, since the rest is blocked by an opaque surface of metal.

At an observation point located far from the diffracting system on a

plane surface, the electric field can be approximated by the Kirchhoff inte-

gral [27]:

E(r) =
ieikr

2πr
k×

∫
SA

n̂×E(r′)e−ik·r
′
da′, (3.1)

where SA represents the aperture opening of the diffracting system, r′ is

the coordinate of the element of surface area da′, r is the distance from the

diffracting system to the observation point, n̂ is the surface normal, and k is

the wave vector in the direction of observation point. For a terahertz beam

impinging upon the aperture at normal incidence, the transmitted field

measured in the far field at the diffraction center becomes proportional to

the average electric field in the near field of the aperture:

Efar =
eikr

iλr

∫
SA

Enear(r
′)da′ =

eikr

iλr

〈
Enear

〉
A, (3.2)

where λ = 2π/k and A is the area of the aperture. Thus, by comparing the

measured transmitted electric field in the far field from the nanogap sample

and a reference aperture that is big enough to neglect a concentration of

the fields, it is possible to estimate the field enhancement value.

Specifically, the near field Egap can be estimated from the measured

far-field transmitted amplitude t by the relation Egap = E0
t
β , where E0

is the strength of the incident field and β is the gap-coverage ratio of the

sample. For example, a 1.5 nm gap rectangular ring-shaped slot, which has

length dimensions of 40 µm on one side and 10 µm on the other, has a gap-

coverage ratio of β = 0.0015×(40+40)
(40+10)×(10+10) = 0.00012, where due to the periodic

arrangement of rectangular ring antennas only the unit cell of the sample

is taken into account. Fields inside the nanogaps along the shorter side of

the rectangle of length 10 µm are negligible and need not be considered
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since the incident field is polarized perpendicular to the longer side of the

rectangle of length 40 µm. Accordingly, with an incident field of amplitude

E0 = 150 kV/cm and a peak transmitted amplitude in the time domain

of t = 0.04, an enhanced field of Egap = 150 kV/cm × 0.04 / 0.00012 = 5

V/nm is obtained.
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Chapter 4

Quantum plasmonics of

terahertz nanoantennas

Plasmonic systems enter the regime of quantum mechanics as the separation

between two metals becomes small enough for electrons to tunnel through

the potential barrier of subnanogaps [28, 29]. Experimental studies demon-

strated that quantum effects on optical responses, such as charge-transfer

plasmon modes, are observed at interparticle distances of around 1 nm or

even less [3, 30, 31, 32, 33], and an effective model has been proposed to de-

scribe those phenomena in a classical electrodynamic framework [34, 35, 36].

By applying a sufficiently intense electric pulse of light, however, barriers

well over 1 nm are pulled down faster than the speed modern electronics

can offer in the fashion of tunnel ionization in atoms and interband Zener

tunneling in dielectrics [37, 38].

In the long-wavelength terahertz region, the potential drop from electric

fields is completely concentrated at the dielectric gap without penetration

into the metal due to the high contrast of optical constant in this frequency

range, enabling direct probe of nonlinear response throughout the nanogap.

With lithography-based techniques that allow the fabrication of millimeter-

long nanometric junctions to couple terahertz waves from free space [13],
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there is an intriguing possibility of extending quantum plasmonics into the

supernanometer regime and for strong fields of several volts per nanometer.

4.1 Background and experimental concept

Remarkable transmission properties of electromagnetic waves in microwave,

terahertz, and infrared regions through apertures in metals have long been

a subject of interest, not only for its fundamental importance in electro-

magnetism, but for potential applications in photonic devices and biological

research [39, 40, 41, 42, 43]. Using terahertz time-domain spectroscopy, it

has been reported that transmission of over 90% can be realized at the

fundamental shape resonance, provided that the shape is strongly asym-

metric such that one side of the rectangular hole is even ten times smaller

than the wavelength of the incident light [44]. Moreover, it has been shown

that terahertz waves are able to pass through a slit of width around 30,000

times smaller than its wavelength, accompanied by an intensity enhance-

ment of |E|2 ∼ 105 [45, 46]. Eventually, using a patterning technology

based on atomic layer deposition (ALD) and simple adhesive-tape-based

planarization, resonant transmission of millimeter waves through 1.1-nm-

wide gaps (λ/4,000,000) was observed which infer an unprecedented field

enhancement factor of 25,000 [13].

We use the term antenna in the sense that our metal nanostructures are

able to receive propagating terahertz waves from free space and highly con-

centrate the electric fields into the dielectric nanogap, which then results in

an ac voltage induced across the gap. In other words, an antenna is seen as

a device that is able to localize an oscillating electric field in to a region of

space that is much smaller than the wavelength of light [47]. Common real-

izations of optical antennas consists of positive elements, such as nanopar-

ticles, nanoshells or nanorods [48]. On the other hand, we fabricated neg-

ative ring-shaped slot antennas with aperture sizes in the nanoscale to

manipulate and control electromagnetic fields at the subwavelength scale.
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Figure 4.1: (a) Terahertz pulse is irradiated onto the nanogap-slot antenna
structure. An optical micrograph of 10 nm gap nanoslot antennas is shown
in the bottom right corner. (b) In the presence of a high electric field
Egap, Fermi level η in two metals separate by a potential energy of V (=
eEgapw), where φ is the barrier height defined for a rectangular barrier.
Tunneling of electrons occur through barriers thick or thin. Dotted lines
depict the barrier including image forces. (c) Cross-section image of a
1.5 nm wide nanogap from a scanning electron microscope (top), and a
scanning transmission electron micrograph of the aluminum oxide (Al2O3)
layer between gold (bottom).
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Negative antennas have so far enabled many interesting near-field studies

through terahertz spectroscopy, involving the phase transition of vanadium

dioxide [49], on the continuous crossover between the half- and the full-

wavelength resonant modes of the antenna [50], or on the strong nonlinear

effects in an intrinsic GaAs wafer [51].

In this work, we showed that with terahertz transmission through ver-

tical nanogaps, as sketched in Figure 4.1(a), it becomes possible to initiate

a nonlinear response from tunneling barriers extending beyond 1 nm. Tun-

ing the spectra into the Hagen-Rubens regime [52] and exploiting high field

enhancements as well as cross-sectional enhancements in terahertz nanoan-

tennas [53] are all essential to reach the quantum regime from wide gaps.

Within a single-cycle waveform of terahertz radiation, a transient voltage is

induced across an insulating layer that significantly bends the conduction

band of the dielectric toward the Fermi energy of metals (Figure 4.1(b)).

Consequently, the probability for electrons to tunnel through the potential

barrier dramatically increases even for thick barriers, disturbing the flow of

terahertz waves in the nanogap.

To examine tunneling by an oscillating field of amplitude ETHz, the

transient field ETHz must be strong enough to cause a voltage drop equal

to the potential barrier height φ of interest over lengths of the order of 10

atomic distances. Then tunneling of electrons occur across the gap which

eventually prevents charge to accumulate endlessly on the metal edges.

Consequently, the amount of transmitted fields through the gap, which is

related to the charges that build up on the metal edges, relatively decreases

than what is expected in the case when the tunneling event is absent as

illustrated in Figure 4.2.

In addition to the development of high-power terahertz sources, es-

pecially the recent advances in table-top generation of intense terahertz

pulses [54], metallic nanogaps or antennas that enable huge field enhance-

ments have made it possible to realize a strong enough ETHz near these

structures [45, 55, 56]. Such intense terahertz near fields have enabled
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Figure 4.2: Illustration of terahertz radiation being transmitted through a
metal nanogap and the accumulation of (oscillating) charges (left). Charge
cannot accumulate forever as the gap width is reduced or with increasing
incident fields because of tunneling (right), and this results in a decrease in
transmittance.

carrier multiplication through impact ionization [57, 51] and ionization of

ambient atoms [58]. So far, terahertz features of tunneling have been ac-

cessed from the aspects of field emission [59, 60, 61], scanning tunneling mi-

croscopy [62], or photon-assisted tunneling [1] and electroluminescence [63]

in semiconductors. A terahertz resonant tunneling diode integrated with a

slot antenna has also been investigated as a possible candidate for high-

speed terahertz communications [64]. Recently, modulation of electron

delocalization on the order of picoseconds has been reported [65], where

intergrain tunneling was involved. Nevertheless, a quantitative investiga-

tion on terahertz response of electron tunneling through nanogaps has been

lacking because of difficulties to fabricate tunneling junctions over millime-

ter length scales with nanometer resolution.
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Figure 4.3: Grayscale image of a 1.5 nm gap from a transmission electron
microscope. Scale bar on the bottom left corner equals 5 nm.

4.2 Details on the nanogap sample

We prepared nanogap-slot antennas based on ALD as reported previously

by Chen and Park et al [13]. Gold or silver metal patterns on top of a

quartz substrate are coated with aluminum oxide (Al2O3) using remote

plasma ALD. The thickness of Al2O3 layer, which specifies the gap size, is

controlled by the number of ALD cycles and verified by electron microscope

images (Figure 4.1(c)). The minimum reliable thickness to produce the

nanogaps was equal to an average of 1.5±0.3 nm. Adhesive tape is used to

remove excess metal to planarize the entire sample surface and reveal the

ring-shaped slot antenna arrays.

We converted the grayscale image shown in Figure 4.3, which is identical

to that shown in Figure 4.1(c) (bottom), into an m-by-n matrix of 8bit data

where m and n equals the number of pixels (in this case, m = 600 and n

= 502) of the height and width of the image, the gap width is determined
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line by line for each column pixel m. The total result for all values of m

is a mean value of 1.47 nm with a standard deviation of 0.32 nm. The

boundary or the edge of the gap was determined to be the location where

the maximum brightness of the 8bit-grayscale value is decreased by a factor

of 1/e. We suppose that the standard deviation value of 0.32 nm comes

from the monolayer thickness of 3.8 Å of an Al2O3 ALD film [66].

We note that, in Figure 4.1(c) (top), platinum has been deposited on

top of gold to protect the nanogap in the process of taking the cross-section

image. The use of different thickness of metal for the left and right side of

the gap as shown in Figure 4.1(c) (top) was intentional in order to facilitate

the fabrication process. The pre-patterned metal layer, which corresponds

to the left-side metal in Figure 4.1(c) (top), is 300-nm thick, and the second

metal layer deposited after the ALD process, which corresponds to the

inner part of the rectangular ring pattern, is 200-nm thick. Because the

second layer is not deposited on top of an adhesion layer, the final step

of applying an adhesive tape to peel off the second layer deposited on top

of the pre-patterned layer often also leads to removing the entire second

layer including the right side of the gap. In this case, a difference in metal

thickness helps very much in preventing such effect. Finite-difference time-

domain (FDTD) simulations has showed that the field enhancement factor

depends on the thickness of the thinner metal when the thickness of metal

between the left and right side of the gap is different [67]. Thus, we settled

on the thinner 200 nm to be the metal thickness of our sample.

The tilt or slope of the gap largely depended on the photolithography

condition. In the sample shown in Figure 4.1(c) (top), the gap has a slope

of ∼70◦ when measured from the substrate surface. An ideal vertical gap

should have a slope of 90◦. We considered the surface charge σ at the metal

edges as illustrated in Figure 4.4 in order to examine if such a slope has

any effect on the enhanced field inside the gap. The current I0 induced in

the metal film, which is akin to the surface current induced by an incident

magnetic field in perfect conductors, is given by the incident fields and
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Figure 4.4: Illustration of a tilted nanogap.

accumulates charges near the metal edges. Due to the slope of the edges,

the surface area of the metal edges is increased and the surface charge σ

is decreased. Hence, the field inside the gap Egap = σ/ε, where ε is the

permittivity of the gap region, is reduced from a perfect vertical gap by

a factor of sin 70◦ = 0.94. We believe that a 6 percent difference of the

estimated field will not significantly alter the plots in this work. Also, the

array of nanogaps guarantees that the transmitted waves will propagate

perpendicularly from the sample surface through interference.

4.3 Transmission measurement results

Transmitted terahertz field amplitudes are collected for the following gold

or silver nanoslot antenna arrays (see Figure 4.1(a)): 1.5 nm gap (w = 1.5

nm, l1 = 40 µm, l2 = 10 µm), 2 nm gap (w = 2 nm, l1 = 80 µm, l2 = 20

µm), 5 nm gap (w = 5 nm, l1 = 300 µm, l2 = 50 µm), and 10 nm gap (w

= 10 nm, l1 = 300 µm, l2 = 50 µm), which possess a resonant frequency

of 0.3, 0.2, 0.1, and 0.1 THz, respectively. Different dimensions of nanoslot

antennas are arranged such that the peak gap fields are closely aligned with

respect to the incident power spectrum.

Figure 4.5(a) presents transmitted amplitudes through a 1.5 nm gap

gold nanoslot antenna for different incident peak electric field strengths.
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Figure 4.5: (a) Temporal amplitude profile (left) and the corresponding
Fourier-transformed spectra (right) of terahertz waves transmitted through
a 1.5 nm gap gold nanoslot antenna for different incident field strengths.
(b) Terahertz transmittance as a function of electric field amplitude Egap

inside the nanogap for nanoslot antennas of different gap sizes. Transmis-
sion values are normalized by transmittance T0 measured with minimum
incident field strengths. Calculations are shown as solid curves. Dashed
region in the right indicates that nanogaps are damaged at fields greater
than 5 V/nm. Inset: Illustration of an electric field of amplitude Egap os-
cillating at a frequency ω inducing a polarization P that is characterized
by the tunneling current density J .
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Figure 4.6: Temporal amplitude profile ((a),(b),(c)) and the correspond-
ing Fourier-transformed spectra ((d),(e),(f)) of terahertz waves transmitted
through a 2 nm gap ((a),(d)), 5 nm gap ((b),(e)), and 10 nm gap ((c),(f))
nanoslot antenna for different incident field strengths.

Figure 4.7: Measured field enhancement values of 1.5, 2, 5, and 10 nm gap
sample for different incident field strenghts.
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As the incident field on the nanoslot antenna surface approaches a maxi-

mum of 150 kV/cm, the transmitted field is considerably reduced. Fourier

transformation of time traces displays a 35% decrease of the resonance peak

at 0.3 THz in the transmitted amplitude spectrum accompanied by a slight

red shift of 0.02 THz. Figure 4.5(b) shows that the temporally integrated

transmittance (T ≡
∫
E2

sample(t)dt/
∫
E2

reference(t)dt), which is normalized

by the transmittance T0 at the minimum incident field, eventually reduces

by 50% as the field inside the gap Egap rises to 5 V/nm.

The decrease in transmittance is also apparent if we plot the measured

field enhancement factor for different incident field strengths as shown in

Figure 4.7. It is impractical to attain high field strengths for static fields

since a maximum breakdown field of under 2–3 V/nm is expected in Al2O3

layers as thin as 1–1.5 nm and below 1 V/nm for layers thicker than 10

nm [68]. Moreover, field enhancements in the visible or infrared range are

a few orders of magnitude lower than those at terahertz frequencies [69],

requiring higher fluence of radiation on the plasmonic structure.

4.4 A dielectric model for oscillating tunneling

charges

Nonlinear transmission from nanoslot antennas are analyzed by consider-

ing a harmonic time dependence of the fields as depicted in the inset of

Figure 4.5(b) to characterize the dielectric response ε of the gap medium

at an angular frequency of ω. Assuming that the tunneling current density

J causes an imbalance of electric charges nearby the metal edges through

the continuity equation, the density of dipole moments or a polarization of

P = i(J/ω)eiωt is obtained for the tunneling charges when an electric field

E = Egape
−iωt is present exclusively between the metals. Thus, from the

relation εE = εdE +P , the imaginary part of the dielectric quantity yields

Im{ε/ε0} = J/ε0ωEgap, where εd is the permittivity of the gap material at

zero electric field and ε0 is the vacuum permittivity. The same expression
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can be derived from the quantum-corrected model [34] for interparticle sep-

arations that are not too small if J/Egap is replaced by the conductivity of

the plasmonic gap. Our approach in the low-frequency terahertz regime,

however, simplifies the relationship connecting the classical description of

ε and the quantum mechanical phenomena of tunneling by discarding the

need of parameters in the Drude model pertaining to the plasma frequency

or the relaxation time.

For Al2O3 thickness of 1.5, 2, 5, and 10 nm, the refractive index (εd/ε0)
1/2

is assigned the values of 1.7, 1.75, 2.1, and 2.35 respectively [13]. Tunnel-

ing current density J is a function of gap voltage Vgap = Egapw, where

w is the gap width and is obtained by integrating all the electrons energy

levels.1 The effect of image forces are included to smooth out the cor-

1To calculate the tunneling current density J , we have used the full integral expres-
sion [70, 71],

J =
4πmee

h3

{
V

∫ η−V

0

exp
[
−A(η + φ̄− Ex)

1
2

]
dEx

+

∫ η

η−V
(η − Ex)exp

[
−A(η + φ̄− Ex)

1
2

]
dEx

}
(4.1)

where A = 4π∆w
h

√
2me, φ̄ = 1

∆w

∫ w2

w1

{
φ0 − V x

w
− 1.15λw2

x(w−x)

}
dx, and λ = e2 ln 2

16πεdw
.

Further notations are as follows:

m = mass of electron,
e = charge of electron,
h = Plancks constant,
w = thickness of insulating film,
w1, w2 = limits of barrier at Fermi level,
∆w = w2 − w1,
V = potential energy due to voltage across film, which is equal to eEgapw as explained
in Figure 4.1(b),
η = Fermi level,
φ0 = height of rectangular barrier,
εd = permittivity of insulating film,
Ex = energy component of the incident electron in the x direction as depicted in
Figure 4.1(b).

The limits w1 and w2 are obtained by solving the real roots of the cubic equa-
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ners of the rectangular potential barrier with a height of 3.7 eV [72, 73].

With the calculated value of Im{ε/ε0} assigned to the gap medium, field

enhancement at the resonant frequency is attained by an analytical calcu-

lation of a rectangular slot antenna array based on modal expansion [74].

The monochromatic approach in part reflects the resonance in our struc-

ture, which indicates the advantage of being sensitive to local variations

in charge transfers through the gap as opposed to nonresonant slit struc-

tures [50]. Dimensions of the rectangular slots for modal expansions are

chosen to best resemble the actual ring-aperture-shaped nanoslot antenna

array. On the basis of the Kirchhoff formalism and the simplicity of having

a single frequency component, the average relative transmittance T/T0 is

evaluated reversely from the square of the ratio of field enhancement values

when an applied gap field varies sinusoidally from zero to a peak value of

Egap. A Gaussian function is used to calculate the weighted average of

the transmittance to take into account of the nonuniform field distribution

across the sample area at the terahertz focus.

In other words, to obtain the calculation curves in Figure 4.5(b), the

value Im{ε/ε0} = J/ε0ωEgap is calculated for a given field amplitude Egap

inside the gap at the resonant frequency ω of the nanoslot antenna array,

where the tunneling current density J(Egap) is also a function of Egap. As-

signing this value to the imaginary part of the dielectric constant of the

gap region, an analytical calculation based on modal expansion was used

to obtain the near-field enhancement Egap/E0, where E0 is the strength of

the incident field. From the Kirchhoff integral formalism, the field enhance-

ment factor is proportional to the transmitted amplitude (Egap/E0 ∝ t),

and the ratio of the transmittance T = t2 can be obtained through the

ratio of the squared field enhancement factors. Additionally, since Egap is

not uniform inside the nanogaps both spatially and temporally, the nor-

tion φ0 − eV x
s
− 1.15λs2

x(s−x)
= 0. At large fields or large V , Equation 4.1 reduces to the

Fowler-Nordheim formula for a triangular barrier as the one that is illustrated in the
inset of Figure 4.11(d).
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malized transmittance values has been averaged assuming a Gaussian field

distribution across the sample area at the terahertz focus and a sinusoidal

variation of the field amplitude in time.

We would like to admit that we were forced to adopt the strategy of ana-

lyzing the time-domain signal with a steady-state, single-frequency model.

Only in this situation can we use semi-empirical values of dielectric per-

mittivity pioneered by Aizpurua, Nordlander and co-workers. In the time

domain and in the strongly nonlinear regime, even the most basic quantities

such as permittivity is not well defined and one is forced to perform quan-

tum FDTD simulations for instance, which is not really available at this

stage of development. In this sense, even solving Maxwells equation under a

time-varying permittivity may not be strictly relevant [75]. As the problem

is insoluble in the time domain, we adopted the picture of a monochromatic

wave having an amplitude of Egap that produces the steady-state polariza-

tion density of oscillating tunneling charges, which as a result agreed well

with the experimental data.

The tunneling event would be concentrated at the peak of the tera-

hertz pulse that could have significant effects on pulse shaping, which would

translate into spectral changes. In Figure 4.8(a), we have plotted the trans-

mission spectrum of the 1.5 nm gap sample normalized to the transmission

value at 1 THz. At this frequency the field strength inside the gap is low

due to the low transmittance, and the value of Im {ε/ε0}, which is inversely

proportional to the frequency ω, is also very small. Thus, the transmitted

amplitude at 1 THz is expected to be almost intact compared to the signifi-

cant decrease of transmission near the resonant frequency and therefore can

serve as a reference point. Evidently, the nonlinear transmission decrease

is not uniform across the whole spectrum. Since the decrease in transmis-

sion mostly occurs near the resonance at 0.3 THz, we chose the resonant

frequency to represent the oscillating frequency of the monochromatic wave

used in our calculations.

When strong field gradients are applied to wide gaps, the effective bar-

40



Figure 4.8: (a) Transmission spectrum of 1.5 nm gap sample normalized by
the transmission value at 1 THz for different incident field strengths. (b)
Resonant frequency shift of gold or silver 1.5 nm gap nanoslot antennas as
a function of field strength inside the gap Egap.
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rier region only accounts for a fraction of the gap (see bottom figure of

Figure 4.1(b)). Specifically, it is not clear whether the overall dielectric

response from the gap should be spoiled or preserved by the continuum

of electrons in the conduction band of dielectrics after a Fowler-Nordheim

tunneling [76]. We reduced this complicated picture by assigning the value

ε to the entire volume between the metal even for wide gaps by consid-

ering the aforementioned steady-state solution of the oscillating tunneling

charges. Scattering rate of electrons in the conduction band of dielectrics

are known to be in the order of femtoseconds [77, 78], and therefore an equi-

librium condition is reached in less than the picosecond time scale of pulse

duration. The collective behavior of substantial decrease in transmission

observed from barriers that are 1.5 nm thick to widths as large as 10 nm is

well demonstrated in the calculations with the representation of the overall

gap medium by a uniform value of ε as presented in Figure 4.5(b). The

small but meaningful resonant frequency shift of 0.02 THz is also expected

from the change of the dielectric constant in the presence of tunneling. An

increase in the value of Im{ε/ε0} leads to a small increase in the real part

of the index of refraction, which results in the observed red shift of the

resonance.

We fabricated another 1.5 nm gap nanoslot antenna made of silver,

which has the same spectral transmitted amplitude as the gold nanoslot

antenna. Remarkably, as shown in Figure 4.8(b), a nonzero shift in the

resonant peak is observed for both gold and silver nanoslot antennas with

a maximum red shift of ∆ω/ω0 = −0.05, which corresponds to a frequency

shift of -0.02 THz. The frequency resolution ∆f of the measured spectrum

around the resonant frequency of f0 = 0.3 THz (λ = 1 mm) is determined

by the step size of 2 µm of the delay stage used in our terahertz time-

domain spectroscopy setup. Using the relation ∆f/f0 = ∆λ/λ, we have

∆f = (0.3 THz) × (2 × 2 µm)/(1 mm) = 0.001 THz, which is reasonably

smaller than the observed frequency shift. The small but meaningful shift

of ∼0.02 THz is found to originate from the change in the dielectric constant
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Figure 4.9: Comparison of current density between metal-insulator-metal
tunneling (solid line) and interband tunneling in aluminum oxide (dashed
line).

in the presence of tunneling. An increase in the Im {ε/ε0} value leads to

a small increase in the real part of the index of refraction, which results

in the observed red shift of the resonance. Calculations based on modal

expansion were performed for each different values of Egap, and the results

show a similar tendency with experimental data.

In the presence of a strong electric field, interband Zener tunneling may

have a significant influence in the observed nonlinearity, which could cause

additional carrier production in the dielectric. Zener tunneling rate is cal-

culated [79] for aluminum oxide having a bandgap of 8.7 eV, an effective

electron mass of 0.35 me, and a large effective hole mass [80]. The results

show that the current density calculated for metal–insulator–metal tunnel-

ing [70] in a 1.5 nm gap (solid line) prevails, being at least a hundred times

larger than the current density from interband tunneling (dashed line) for

field strengths below 5 V/nm as shown in Figure 4.9. Thus, we believe only

the effects of metal-insulator-metal tunneling would be significant through-

out our analysis.
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4.5 Tunneling current and the displacement cur-

rent

Through the nanogaps, both the real tunneling current and the displace-

ment current can flow, and one might wonder whether we can compare the

magnitudes of these two types of current. The key to this interesting sub-

ject on tunneling plasmonics is the complex permittivity ε assigned to the

gap medium. Assuming a harmonic time dependence of the electric field of

E = Egape
−iωt, we can write

∇×H = ε
∂E

∂t
= −iωεE = −iωεdE + J (4.2)

where we have used the expression Im {ε/ε0} = J/ε0ωEgap together with the

fact that Re {ε} = εd. Thus, from the far right hand side of Equation 4.2,

the ratio of the magnitude of the tunneling current to the displacement

current is J/εdωEgap or Im {ε/εd} (Note the difference between εd and ε0

here.). In this work, Im {ε/ε0} ∼ 0.3 near the maximum field of 5 V/nm

inside the gap. Therefore, for a 1.5 nm gap with a refractive index
√
εd/ε0

of 1.7 at zero electric field, we estimate that the ratio of tunneling current to

the displacement current is ∼0.3/1.72 = 0.1. In other words, the maximum

tunneling current is approximately ten times smaller than the displacement

current in this experiment.

4.6 Comparison with dc tunneling measurements

Application of terahertz fields has the advantage of applying intense electric

fields in a contactless manner using high-power pulsed radiation. By mul-

tiplying the gap width to the previously obtained transient field strength

inside the gap, the gap voltage Vgap is derived. Due to the single-cycle na-

ture of terahertz pulses, up to 8 V is reached across 1.5 nm gaps and 42 V

across 10 nm gaps (Figure 4.10(a)). Each peak voltage has been plotted in
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Figure 4.10(b) for a range of incident fields for different gap sizes. Voltage

across the gap increases linearly in the beginning with a gradient equal to

the field enhancement times the gap width at low incident fields. On the

other hand, transmission deviates from the initial linear regime as fields

grow stronger. To compare with experimental results, the incident field is

calculated backward by dividing Egap(= Vgap/w) by the field enhancement

attained from the modal expansion calculation. Field enhancement values

from measurements using low-intensity fields are used to fit the initial slope

of the curves. Qualitatively, as the incident field increases, Egap is enhanced

or Vgap builds up across the gap until the peak tunneling current density

J(Vgap) becomes significant enough to prevent further charge accumulation

at the metal edges and brings about a reduced field enhancement. As a

result, the gap voltage Vgap departs from the linear regime. The nonlinear

field response is well displayed in Figure 4.10(b) for both calculation and

experimental results.

Inasmuch as electric and magnetic fields of magnitude E0 and H0, which

are related by the vacuum impedance Z0 in free space, induce a surface cur-

rent
−→
K0 = n̂×

(
2
−→
H0

)
in perfect electric conductors, terahertz transmission

measurement through nanogaps are visualized as a current–voltage mea-

surement via an alternating current source of terahertz frequencies (Fig-

ure 4.10(c)). Hence, Figure 4.10(b) resembles a tunneling current–voltage

(I–V) curve, because the incident field is proportional to the current I0

and the transmitted field to the transient voltage Vgap across the gap.

It is already known that nanogaps made by slits exhibit a capacitor-like

behavior [45]. If the impedance Z of the slit formed between two par-

allel plates is described by a capacitance C = εdA/w, where A denotes

the area, then by substituting the complex value ε for εd yields the to-

tal impedance Z∗ through the relation 1/Z∗ = 1/Z + 1/Ztunnel, where

Ztunnel = (w/a) [1/ (Im {ε/ε0} ε0ω)] = (w/A) (Egap/J) designates the tun-

nel resistance of the nanogap. With intense fields, resistivity against tun-

neling currents appears in addition to the innate capacitance, and the total
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Figure 4.10: (a) Transmitted amplitude profile of terahertz waves for dif-
ferent gap widths at maximum incident field strengths. Field enhancement
values and gap sizes are multiplied to estimate the voltage across gap. (b)
Peak voltage across gap of 1.5, 2, 5, and 10 nm gap nanoslot antennas
according to different strengths of incident field. Calculations are shown
as solid curves. (c) Illustration of terahertz transmission experiment as a
tunneling current–voltage measurement.
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impedance connects the transient voltage to the current induced by the

incident radiation.

We would like to stress that the nonlinear behavior of Vgap in our simple

circuit model comes from the change in the impedance value itself. At low

field strengths, tunneling does not occur, and we have Ztunnel → ∞ and

Z∗ ∼ Z. As the incident field increases, the field induced inside the gap

Egap also more or less increases proportionally, yet the resulting tunneling

current density J increases almost exponentially and Ztunnel will decrease.

Consequently, Z∗ decreases from its original value of Z with increasing field,

and since Vgap = Z∗× I0, where I0 is the current induced in the metal film

that is proportional to the incident field strength, Vgap yields a value that

deviates from the linear trajectory defined by Z times I0.

A two-probe I–V measurement is performed on nanoslot antennas with

a gap size of 1.5 nm for dc tunneling electrical characterizations as shown

in Figure 4.11(a). One of the probes is connected to the interior of the

rectangular pattern while another is connected to the surrounding metal.

In Figure 4.11(b), the measured dc current is divided by the perimeter

of the nanoslot antenna and by the thickness of the metal to obtain the

tunneling current density. From the terahertz measurement data shown in

Figure 4.10(b), the I–V plot is acquired by matching the peak voltage across

the gap with the tunneling current density value that corresponds to the

peak incident field value in the calculation curve of Figure 4.10(b). Con-

nection between dc and terahertz measurements for a 1.5 nm gap confirms

that the expression for Im {ε/ε0} properly represents the tunneling effect at

the nanogap, while also presenting terahertz measurements as an extension

to electronic measurements past the dc breakdown of dielectrics. With dc

tunneling I–V measurements on a 1.5 nm gap as shown in Figure 4.11(a),

dielectric breakdown prevents from voltages to be applied beyond around 2

V. Ultrafast terahertz pulses, however, allow a transient voltage Vgap of up

to nearly 8 V to be applied across the 1.5 nm gap. Applying strong fields

also allows to investigate tunneling in wide gaps with a width of 10 nm,
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Figure 4.11: (a) Tunneling current measurement of a 1.5 nm gap slot an-
tenna using two-probe dc electrical characterization. (b) Estimation of
tunneling current density through different gap widths from terahertz mea-
surement data. (c) Calculation of the imaginary part of dielectric response
ε of the gap medium as a function of field amplitude inside the gap for
different gap widths at 0.3 THz. (d) Calculated effective barrier width at
maximum incident field strengths for different gap widths.
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where a breakdown field of 1 V/nm for aluminum oxide layers inhibits dc

voltages to be applied more than 10 V.

In obtaining Figure 4.11(b), voltage across the gap Vgap is obtained

by multiplying the gap width w to the near field Egap estimated by the

Kirchhoff integral formalism. The same experimental data shown in Fig-

ure 4.10(b) are used to plot the data in Figure 4.11(b). Peak voltage across

the gap Vgap, which was plotted in the y-axis in Figure 4.10(b), is plotted in

the x-axis in Figure 4b, and the peak incident field strength E0 values in the

x-axis of Figure 4.10(b) are plotted in the y-axis after being transformed

to the corresponding tunneling current density J values. The relation be-

tween E0 and J is connected via Egap, since E0 induces Egap inside the gaps

and an increase in Egap results in the onset of tunneling through the gap

medium. Subsequently, the method of modal expansion and the calculation

of J(Egap) is used to find out the correspondence between E0 and J .

Figure 4.11(c) is a plot of Im {ε/ε0} = J/ε0ωEgap as a function of Egap

at a fixed angular frequency ω = 2π×0.3 THz, where the tunneling current

density J(Egap) is also a function of Egap. This illustrates the relationship

between the I–V curve from the standpoint of electronics and the dielectric

response in the perspective of optics. Since Vgap and Egap are proportional

to each other, and J and Im {ε/ε0} are also proportional according to our

model of oscillating tunneling charges, Figure 4.11(b) and (c) should es-

sentially appear identical, which is what we have demonstrated. In other

words, considering that Im {ε/ε0} is directly proportional to the tunneling

current density J from the simple model of oscillating tunneling charges, the

I–V plot from terahertz measurements in combination with dc I–V measure-

ments (Figure 4.11(b)) is fully consistent with Im {ε/ε0} of the gap medium

that is calculated as a function of field strength inside the nanogaps as is

depicted in Figure 4.11(c). Compared with subnanometer gaps, larger gap

sizes suffer from a negligible Im {ε/ε0} in unbiased conditions even with the

benefits from a thousand times larger value of Im {ε/ε0} than at visible or

near-infrared frequencies. A nonzero value of Im {ε/ε0} = 0.1 is realized for
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the largest gap width of 10 nm when a uniform field amplitude of 5 V/nm

promotes tunneling across the gap, leading to a change in the refractive

index value from 2.35 to a complex value of 2.35 + 0.02i. Within the en-

vironment of enhanced electric fields created inside the nanoslot antennas,

the absorption cross section of the gap medium is enhanced to ultimately

render a notable difference in transmittance which is detected through ter-

ahertz spectroscopy [53].

4.7 Comparison with optical measurements

We investigated optical nonlinearity induced by electron tunneling through

an insulating vertical gap between metals, both at terahertz frequencies

and at near-infrared frequencies. When the same level of tunneling current

occur at both frequencies, transmittance of light in the terahertz regime de-

creases much faster than that in the near-infrared regime. This strong tera-

hertz nonlinearity is due to the much smaller displacement current relative

to the tunneling current, also explaining the small nonlinearity observed in

the near-infrared regime with orders of magnitude larger displacement cur-

rent. In other words, regarding the dielectric response of the gap medium

described by ε = εd + i J
ωEgap

, the effect of the tunneling current J becomes

smaller at higher frequencies [81].

Transmission measurements conducted in the near-infrared region (λ

= 800 nm) on a 1.5 nm gap are described in Figure 4.12. A combina-

tion of a half-wave plate and a polarizer is used to vary the incident power.

Field enhancement of 5, which is the minimum value expected in this wave-

length [69, 82], is multiplied to the estimated field strength of the femtosec-

ond laser beam (pulse width of 100 fs and repetition rate of 76 MHz) focused

to the gap with a spot size of 1.6 µm. Prism pairs were used to compensate

dispersion and retain the pulse width to around 100 fs. Transmitted fields

were guided to an avalanche photodiode (Hamamatsu C4777-01) for detec-

tion, and polarization of the normally incident waves were perpendicular
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Figure 4.12: (a) Near-infrared transmission setup: HWP, half-wave plate;
CCD, charge coupled-device camera; APD, avalanche photodiode for detec-
tion. (b) Terahertz and near-infrared transmittance as a function of electric
field amplitude Egap inside the nanogap. Transmission values are normal-
ized by transmittance T0 measured with minimum incident field strengths.
Calculations are shown as solid curves.
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to the longer side of metallic gaps. T/T0 remains constant in the figure in

contrast to terahertz measurements as expected from the minute change

in ε at optical frequencies. The laser beam also fails to detect small local

damages that should occur over field strengths of 5 V/nm as light passes

through the nanoslit of length determined by the spot size.

4.8 Effective angstrom gaps

Width of the potential barrier including image forces is estimated at the

Fermi level for maximally biased conditions as displayed in Figure 4.11(d).

Because tunneling currents are dominated by those electrons near the Fermi

surface, this width specifies an effective barrier width that the electrons

encounter at the metal–dielectric interface. Transient voltage values cor-

responding to that circled in Figure 4.10(b) are used in the calculations

for each gap width of the nanoslot antennas. An effective barrier width of

0.5–0.8 nm is acquired from gap sizes of 1.5 to 10 nm, showing that tran-

sient terahertz fields thin the effective barrier width below a nanometer

and bring about a large amount of tunneling current of 105–106 A/cm2 as

indicated in Figure 4.11(b), regardless of its apparent thickness.

The potential barrier will effectively thin to a few angstroms when field

strengths become even stronger than 5 V/nm, eventually leading to a land-

slide of tunneling electrons through field emission [59, 60, 61], from which

nanogaps are irreversibly damaged. Wider nanogaps happen to be dam-

aged at a slightly lower field gradient, which is thought to be related to

the avalanche carrier generation process due to accelerating charges by the

large applied voltage along the conduction band of aluminum oxide.

4.9 Conclusions

We have demonstrated terahertz quantum plasmonics in gap sizes of up

to 10 nm using nanoslot antennas. Intense terahertz fields cause a gi-
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ant nonlinear response through the nanogaps and the result is explained

by considering the steady-state polarization density of tunneling electrons.

Immense low-frequency fields distort and thin the nanoscale potential bar-

rier, manipulating the effective thickness of the barrier felt by electrons

into the angstrom range. This approach of terahertz spectroscopy enlarges

the boundaries of the study of quantum effects in the optical properties of

plasmonic systems down to frequencies of 0.1 THz, up to field amplitudes

of 5 V/nm, and barrier widths as large as 10 nm.
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Chapter 5

Terahertz spectroscopy of

tunneling currents through

Angstrom-gaps

Quantum tunneling becomes inevitable as gap dimensions in metal struc-

tures approach the atomic length scale, and light passing through these gaps

can be used to examine the quantum processes at optical frequencies. In this

work, we demonstrated the measurement of the tunneling current through

a 3-Å-wide metal–graphene–metal gap using terahertz time-domain spec-

troscopy [83]. By analyzing the waveforms of the incident and transmitted

terahertz pulses, we obtained the tunneling resistivity and the time evolu-

tion of the induced current and electric fields in the gap and showed that

the ratio of the applied voltage to the tunneling current is constant, i.e.,

the gap shows ohmic behavior for the strength of the incident electric field

up to 30 kV/cm. We further show that this method can be extended and

applied to different types of nanogap tunnel junctions using suitable equiv-

alent RLC circuits for the corresponding structures by taking an array of

ring-shaped nanoslots as an example.
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5.1 Background and experimental concept

A tunnel junction is formed when a vacuum gap or a thin insulating layer

is introduced between two metals. This configuration is identical to a slit if

the two metals extend far and are optically thick enough to let in the light

only through the thin gap, as illustrated in Figure 5.1. 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 I0(t) is induced in the metal which

flows toward the gap. For normally incident plane waves, the current is ef-

fectively expressed in terms of a surface current density
−→
K0 = n̂×

(
2
−−→
Hinc

)
,

where n̂ is the unit vector normal to the metal surface and
−−→
Hinc is the mag-

netic field vector of the incident wave. By contrast, the voltage across the

gap V (t) simply equals the width of the gap times the (enhanced) electric

field strength inside the gap. As derived from the Kirchhoff integral formal-

ism, the near-field enhancement is directly proportional to the transmitted

field determined in the far field [26, 27]. In short, evaluating the incident

and transmitted fields allows for a direct measure of the applied current

and induced voltage at the gap, respectively.

5.2 Sample fabrication

By using the adhesive-tape-based planarization method [13], 1.5 nm gap

slit or slot samples were prepared. A quartz substrate was patterned with

gold using the standard photolithography technique and coated with a 1.5

nm thick aluminum oxide (Al2O3) using remote plasma ALD. Gold was

evaporated once again to completely cover the substrate, and excess metal

atop the previously patterned gold was removed using a standard adhesive

tape.

A 5 nm gap slit sample was prepared by using the wet etching-based
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Figure 5.1: Illustration of terahertz transmission through a slit, represented
as an impedance measurement with a current source, which is provided by
the incident terahertz pulse. A dark-field optical microscope image and
transmission electron micrographs of the nano- and angstrom-gap slits are
shown below.
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planarization method [14]. A double layer of chromium and aluminum

was patterned on top of a gold film, which was evaporated onto a quartz

substrate. Gold was removed in places where there were no patterns of

chromium and aluminium by ion milling. The remaining structure was

coated with a 5 nm thick Al2O3 layer via ALD, and gold was evaporated to

completely cover the exposed part of the substrate. Subsequent wet etching

of aluminum and chromium removed any excess metal on top of the gold

nanogap slit array.

A 3 Å gap slit sample was made as follows [3]. First, copper structures

were patterned using the photolithography technique, and a single layer of

graphene was grown on the surface of the patterned copper layer using the

CVD system. A secondary copper layer was additionally deposited onto

the sample to cover the substrate. Finally, adhesive tape was applied to

selectively peel off the second copper layer atop the previously patterned

copper for planarization.

5.3 Results for capacitor-like nanogap slits

For a narrow slit, whose width is much narrower than the metal thickness,

a capacitor-like behavior is expected from the nanogap [45, 84]. Then, the

voltage across the gap V (t) is connected to the applied current I0(t) by

the relation V (t) = 1
C

∫
I0(t)dt, where C is the capacitance of the nanogap

structure. In particular, if we consider a harmonic time dependence given

by e−iωt, the equation is rewritten as V = 1
−iωtI0 in the frequency domain.

To verify that this expression correctly describes the relationship be-

tween the incident and transmitted fields of light, we performed terahertz

time-domain spectroscopy using an 80 MHz titanium:sapphire laser (see

Appendix A.2) to generate terahertz pulses from a photoconductive antenna

and to detect the pulses via electro-optic sampling with a ZnTe crystal.

The following two different metal (gold)-alumina-metal (gold) slit samples

are fabricated by applying photolithography and atomic layer deposition
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(ALD) [13, 14]: a 1.5 nm gap sample, which has an array of slits with a

width w of 1.5 nm, a thickness h of 140 nm, and an inter-slit distance d

of 200 µm, and a 5 nm gap sample with w = 5 nm, h = 50 nm, and d

= 200 µm. A higher signal-to-noise ratio in V (t) can be achieved with an

array of slits than with a single slit, and an inter-slit distance of 200 µm is

sufficiently long to neglect coupling effects between neighboring slits.

Using the Kirchhoff integral formalism, the field strength at the near

field inside the gap amounts to Eref × A(t)
β [26], where A (= Esam(t)/Eref)

is the transmitted amplitude through the sample, normalized by the peak

amplitude Eref of the transmitted wave through the reference substrate

without the slit array, and β is the ratio of the total gap area to the total

sample area illuminated by the terahertz beam, which is simply w/d, by

taking into account the periodic arrangement of slits. Thus, the voltage

across the gap V (t) of the slit becomes Eref × A(t)
β × w, where Fresnel

reflection losses at the front and back side of the quartz substrate having

an index of refraction of n = 2.1 yield Eref = E0× 2
n+1×

2n
n+1 , and the electric

field strength of the incident beam from the substrate side to the slit array

is Einc ≡ E0× 2
n+1 , for which a peak value of E0 = 20 V/cm is estimated in

free space regarding the magnitude of the electro-optic detection signal (see

Appendix A.1). Accordingly, THz transmission through the 1.5 nm and

5 nm slits is shown in Figure 5.2(a). An aluminum plate with a square

aperture having a side length l of 2 mm, which is smaller than the spot

size of the terahertz beam, is used to unambiguously define the area of

transmission.

Working with the capacitor impedance of the nanogap, the time-depend-

ent transmitted field V (t) is immediately calculated from the amplitude

profile of the incident pulse. The magnitudes of the incident electromag-

netic fields are related according to the equation Hinc = nEinc/Z0, where

Z0 is the impedance of the free space. Consequently, a surface current

density of K0 = 2Hinc = 2nEinc
Z0

= (n+1)Eref(t)
Z0

and an applied current of

I0 = K0 × l are obtained. The voltage–current relationship from a capaci-
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Figure 5.2: (a) Time trace of incident and transmitted terahertz pulses
through a slit with a gap of 1.5 nm or 5 nm. Field enhancement factors and
gap sizes are multiplied by the incident electric field strength to estimate
the voltage across the gap. (b) Phase relation between the applied current
I0(t) and induced voltage V (t) of a capacitor.
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tance C = ε0εgaphl/w, where ε0 is the vacuum permittivity and εgap is the

relative permittivity of the gap material, finally yields the calculated volt-

age across the gap V (t), which is expressed as solid lines in Figure 5.2(a).

Relative permittivities of εgap = 1.72 and εgap = 2.12 are assigned to slits

with gap widths of 1.5 nm and 5 nm, respectively [4, 13].

Our simple circuit model provides a quantitative agreement with the

experimental results without any fitting parameters but by only considering

the amplitude profile of the incident pulse and the dimensions h, w, and l of

the capacitor, which are known prior to the measurements. The capacitor

picture also explains that the transmitted pulse V (t) is a consequence of

the charge building up and falling off at the metal edges driven by the

single-cycle incident pulse I0(t). In other words, the induced voltage lags

the applied current by a phase angle of π/2, as depicted in Figure 5.2(b).

5.4 Results for an angstrom-gap slit

As the width of the slit is reduced to the extent that the separation dis-

tance between the metals is only a few angstroms, quantum effects cannot

be ignored and the optical properties of the gap medium should be reconsid-

ered [34, 85]. A one-atom-thick graphene sheet is used as a spacer between

the two metals to act as a fine slit for terahertz waves, and a substantial

decrease in transmittance is observed due to tunneling electrons [3]. In

the cross-sectional TEM image of a metal (copper)–single layer graphene

(SLG)–metal (copper) structure as shown in Figure 5.1, two bright lines,

each with a width of about 1.5 Å, are clearly seen. These lines indicate the

double van der Waals gaps with generally low electron density, formed be-

tween the graphene layer and the surrounding copper surfaces. These gaps

with a single layer of carbon atoms in the middle have been approximated

by a single 3 Å wide gap of permittivity three [86], across which quantum

tunneling may occur [87].

We prepared an identical metal (copper)–graphene–metal (copper) slit
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Figure 5.3: (a) Transmission of a terahertz pulse through the 3 Å gap of
a metal–graphene–metal slit. The inset shows the equivalent circuit of the
gap. (b) Measured voltage across the gap V (t), which is identical to the
experimental data in panel (a), and the extracted tunneling current.
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sample, and transmission measurements were performed using high-power

terahertz pulses generated by optical rectification of laser pulses from a 1

kHz titanium:sapphire regenerative amplifier in a lithium niobate crystal

using the pulse-front-tilting scheme [24]. A better estimation of the electric

field strength and the voltage across the gap is possible for a high-power

terahertz pulse because the estimation from the electro-optic signal can

be cross-checked using the average power measured from a pyroelectric

detector.

For a peak value of E0 = 30 kV/cm in free space, a maximum of 2

V is induced across the atomic gap, as indicated in Figure 5.3(a). The

voltage range covered by the terahertz pulse is comparable to that in the

dc conductivity study on graphene–metal interfaces [88]. Determined from

the structural dimensions of w = 3 Å, h = 15 nm, and l = 2 mm and an

effective permittivity εgap of three, a capacitance of C = 2.7 pF alone fails

to correctly describe the features of the transmitted terahertz wave in this

case. Electron tunneling 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 Rt 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 [4]. If a constant tunneling resistance is assumed over the studied

voltage range, a value of 0.07 Ω offers a good fit to the experimental results.

5.5 Tunneling resistivity measured with terahertz

time-domain spectroscopy

Fortunately, the circuit model is able to provide a differential equation

that links the measured applied current I0(t) and induced voltage V (t),

and the tunneling resistance can be deduced without assuming that the

resistance value is fixed. The tunneling current I0−C dV (t)
dt is obtained from
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Figure 5.4: (a) An I–V plot obtained from the results of Figure 5.3(b), and
a line that represents a tunneling resistance Rt of 0.07 Ω. (b) An I–V plot
of a 1.5 nm gap metal–alumina–metal slit obtained in the same manner.
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the source current I0(t) and measured voltage across the gap V (t). The

extracted tunneling current shown in Figure 5.3(b) is proportional to the

voltage across the gap V (t), suggesting an ohmic response of the tunneling

electrons through the gap. An unweighted sliding-average smooth of 11

data points is applied to the experimental data presented in Figure 5.3(b)

to produce a less noisy temporal amplitude profile of the tunneling current.

By using the circuit model, we inherently assumed that tunneling occurs

at a time scale much faster than the terahertz frequency range [89, 90, 91].

Each of the voltage and tunneling current values at the same instant of

time in Figure 5.3(b) then yields a data point for a current–voltage plot.

Figure 5.4(a) 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 Ω that was evaluated from the fit in Figure 5.3(a). If the

peak tunneling current of ∼30 A is normalized by the area specified by h

= 15 nm and l = 2 mm, a peak tunneling current density of 108 A/cm2

is estimated that corresponds to a resistivity of ∼2 × 10−8 Ωcm2. The

measured resistivity of an order of magnitude as small as 10−8 Ωcm2 is close

to the theoretical limit which has been more or less elusive experimentally

because of factors related to the quality of the graphene–metal interface [88].

An alternating current from a high-frequency terahertz pulse is able to

probe the overall change of the charge stored by the capacitance of the

metal–graphene–metal structure in a contactless manner, whereas conven-

tional dc electrical measurements are likely to be susceptible to local ir-

regularities at the tunneling interface; the reported values of the resistance

from previous dc measurements range from 10−3 to 10−8 Ωcm2 [87, 88]. If

the same process is carried out with the 1.5 nm gap sample prepared ear-

lier, zero tunneling current is obtained, as shown in Figure 5.4(b), which

is reasonable for large barrier widths at moderate field strengths. Our

method has a huge room for improvement in the near future because it

can benefit from atomic-scale slits using (virtually) infinitely-many kinds

65



of two-dimensional materials, stronger electric fields, and a frequency range

extending to the infrared regime.

5.6 Circuit model for nanoslot antennas

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
−iωC or smaller to be detectable. Therefore, the factor 1

|Z|
specifies the resolution of our method when measuring the tunneling cur-

rent. Smaller tunneling currents are measurable if the slit capacitance is

decreased; presumably, the most efficient way to achieve this in our struc-

ture is to shorten the slit length l so that the slit reduces to a close-ended

slot. Additionally, transmission of electromagnetic waves becomes chal-

lenging, as extremely narrow gaps are required to observe quantum effects.

Resonance structures, such as slot antennas, allow an increase in transmit-

tance for certain bandwidths, which can also be improved for broadband

purposes using multi-resonance structures [92], and exhibit a better signal-

to-noise ratio than slits that suffer from a capacitor-like broad 1/f -type

spectral response.

For proof-of-concept purposes, we fabricated an array of ring-shaped

nanoslot antennas with a gap width of 1.5 nm, as presented in Figure 5.5(a).

The time trace of the voltage across the gap is shown in Figure 5.5(b) for

an incident pulse with maximum field strength E0 = 20 V/cm. The Fourier

transformation of the time trace displays a transmitted amplitude as high

as 18% at a resonant frequency of 0.3 THz, as shown in Figure 5.5(c). In

the case of a slot antenna, the equivalent circuit is illustrated as a par-

allel RLC circuit, as depicted in the inset of Figure 5.5(c), where L and

C govern the resonance of the structure and R determines the radiation

loss or the transmittance through the antenna [93]. 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 (t) from the

66



Figure 5.5: (a) A dark-field optical microscope image of the 1.5 nm gap
ring-shaped nanoslot array. (b,c) Temporal profile of the voltage across
the gap and the corresponding Fourier-transformed amplitude and phase
of terahertz waves transmitted through the nanoslot array at an incident
field strength of E0 = 20 V/cm. The inset in panel (c) shows the equivalent
circuit of the nanoslot array. (d) Transmission through the same sample
by a terahertz pulse with a field strength of E0 = 30 kV/cm.
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Figure 5.6: Calculated phase angle between incident field (applied current)
and transmitted field (induced voltage) for a slit array based on modal
expansion. The phase angle change is fortunately less dramatic for smaller
gap sizes, because the charge distribution is more strongly concentrated on
the gap, and the distribution is less affected by neighboring slits.
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measured incident pulse I0(t). Moreover, a phase parameter θ is intro-

duced to compensate for an additional phase shift in the transmitted wave

due to coupling effects between nearby antennas, which is predicted from

calculations based on modal expansion [74]. In the case for a slit array,

the calculation results are shown in Figure 5.6, where it is clearly seen that

the phase angle between the applied current and induced voltage deviates

from π/2 as the separation between the slits is reduced. Accordingly, an

equivalent waveform is reproduced in Figure 5.5(b) by using the equation

V = 1
1/R−1/iωL−iωC I0e

iθ, together with the values of R = 5.83 Ω, L =

1.72−12 H, C = 1.69× 10−13 F, and θ = 20.6◦. These four parameters are

essential to fit the amplitude of the resonance peak, the resonant frequency,

the linewidth, and the phase in the frequency domain.

The same procedure is carried out for an incident pulse of E0 = 30

kV/cm. For such moderate intensities, where quantum effects are negligi-

ble, the same values of the four parameters also thoroughly duplicate the

experimental data, as shown in Figure 5.5(d). By contrast, if the mea-

sured time trace deviates from the expected waveform, calculated using

the previously obtained parameters of R, L, C, and θ, the difference be-

tween the measured and expected amplitude will imply a nonlinear effect

associated with terahertz transmission. As presented in Figure 5.5(b) and

Figure 5.5(d), our simple circuit model serves as an excellent platform to

describe the transmission of terahertz waves through nanoslot antennas,

even for incident field strengths varying over 3 orders of magnitude.

5.7 Conclusions

We investigated the tunneling current–voltage characteristics of a metal–gr-

aphene–metal structure that has an effective barrier width of only 3 Å by

measuring terahertz transmission through an atomically thin slit using the

standard time-domain spectroscopy technique. A proof-of-concept exper-

iment was also performed on structures exhibiting resonance in the ter-
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ahertz frequency range. Our method has the potential to provide insight

into both the amplitude and phase related to the ultrafast dynamics of elec-

tron transport and allows for the study of alternating-current conductivity

measurements with instantaneous fields.
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Chapter 6

Conclusions and outlook

In this work, we have begun the research on investigating tunneling currents

with terahertz spectroscopy techniques. It was crucial to make samples that

can act as tunneling junctions and at the same time allow terahertz waves

to couple to the system. In other words, the dimensions of the system had

to include the length scales of the tunneling barrier of only a few angstroms

or nanometers wide as well as the length scale of the terahertz wavelength

which is about a millimeter long; the sample structure has an aspect ratio

that spans up to around one million.

In the first part of this work, tunneling of electrons was forced to hap-

pen by intense terahertz fields. To the best of my knowledge, this is the

first experimental demonstration of inducing tunneling currents in metal

gaps with intense fields of light. Whereas theoretically, it was predicted

that nonlinear effects from quantum tunneling will happen at strong op-

tical fields, previously, all of the works in the emerging field of quantum

plasmonics worked on reducing the gap size below a nanometer to observe

the effect. The success of our approach can be summed up in the following:

i) Our sample provided a way to exclusively measure the light only from

the gap region forbidding any background noise; ii) High field enhance-

ments in the terahertz frequency range allowed a lower incident power to
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Figure 6.1: Terahertz pump-probe measurement of a 1.5 nm gap nanoan-
tenna at different strengths of high-power pump field obtained by varying
the pump delay with respect to the probe.

the samples, which could otherwise be damaged at high optical powers; iii)

A thousand times slower frequency of terahertz waves compared to visible

light provided more time for the tunneling current to pass the gap medium

and influence the transmitted waves. Many interesting works are expected

in the future, such as terahertz pump-probe measurements of the tunneling

effect as shown in Figure 6.1, and a few of them will be discussed in this

concluding chapter.

Meanwhile, the second part of this work showed that tunneling currents

which are already present at the tunneling junction could be probed with

terahertz fields. Because ultrafast terahertz pulses enable electric fields to

be applied beyond the dielectric breakdown, the newly developed measure-

ment technique will offer current–voltage measurements at high fields that

are not available with traditional dc electrical measurements.
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6.1 Quantum plasmonic spectral shifts for tera-

hertz resonances

Metal patterns can be created on top of the nanogap samples using lithogra-

phy techniques, and by using the metal patterns as masks, any other parts of

the sample can be removed to make positive structures with nanometer gaps

that have terahertz resonances. We have succeeded in fabricating a bowtie

structure with a gap size of only 5∼10 nm as shown in Figure 6.2(a). Com-

pared to a bowtie sample having a gap size of 10 µm, the nanogap bowtie

exhibits a red-shifted resonance peak as the coupling between the two parts

of the bowtie structure increases as shown in Figure 6.2(b). However, as

the field inside the nanogap is increased, a slight blue shift is recognizable.

Intense terahertz fields enable tunneling in the gap medium, which results

in less charge accumulation at the tip of the bowtie, and the coupling be-

comes weaker [94, 95, 96]. This work could lead to the first observation of

a tunneling-induced charge transfer plasmon at terahertz frequencies.

6.2 Nonlinear currents from strong terahertz fields

As an extension to what is explained in Chapter 4 and that shown in Fig-

ure 5.3, using sub-picosecond pulses of terahertz fields that are able to

apply electric fields past the dc breakdown of dielectrics, a new regime of

tunneling currents can be explored at very high voltages. From a 1.5 nm

gap sample we already had a glimpse of a bizarre tunneling current–voltage

curve which is extracted from terahertz time-domain spectroscopy measure-

ments as shown in Figure 6.3. Still the results need to be further analyzed

before arriving at a solid conclusion, however, it could be possible that for

extremely high fields the complete electronic band structure of metal needs

to be considered to describe the tunneling phenomena that might possess

giant nonlinear I–V characteristics.
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Figure 6.2: (a) Fabricated bowtie structure with a sub-10 nm gap in the
middle. (b) Spectral shift in the transmission spectrum of the bowtie res-
onance by increasing the incident terahertz field.
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Figure 6.3: I–V curve of a 1.5 nm gap sample obained from terahertz time-
domain spectroscopy method (solid line). The curve is highly nonlinear
compared with the expected I–V curve calculated for a 1.5 nm gap tunneling
junction (dotted line).

6.3 Rectifying terahertz-field-induced currents

Nonlinearity in tunneling conduction can convert optical frequencies into

a dc current [97]. If the I–V curve is nonlinear or asymmetric for voltage

biases in either direction of the tunneling junction, the net current shall

not be zero even for an oscillating field that alternately biases the junction

in opposite directions. Here, I contacted one electrical probe outside the

square nanogap pattern and another probe inside the square pattern and

measured the current in the presence of terahertz radiation as illustrated

in Figure 6.4(a). Because the metal inside the square pattern is isolated

from the surrounding metal by the aluminum oxide layer, initially there is

no current flow. However, if the beam block is removed to allow terahertz

pulses to irradiate the sample, a nonzero current is measured as shown in

Figure 6.4(b).

The sample that was used has an array of 50 µm × 50 µm square pat-
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Figure 6.4: (a) Measurement of a terahertz-field-indued dc current. (b)
Rectified current for different incident field strengths of terahertz radiation.
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terns, and the metal thickness is 100 nm. The size of the nanogap is 5

nm, and the substrate is silicon (>1000 Ωcm). Interestingly, for a quartz

substrate, only a sudden spike of current was measured. Because the dc

current measurement measures the net current flow into the interior of the

square pattern from the surrounding metal, nanogaps on both sides of the

square that are perpendicular to the polarization of the terahertz electric

field contribute to the net current which should cancel each other. The

nonzero current seems to originate from the different order of materials

encountered when flowing through the silicon substrate from the interior

metal (metal → aluminum oxide → silicon → metal) and into the interior

metal (metal → silicon → aluminum oxide → metal). If the incident ter-

ahertz field is increased, the measured dc current also increases as shown

in Figure 6.4(b). Further experiment on the rectified current shall give a

satisfying explanation and some more interesting results.

6.4 Terahertz high-harmonic tunneling currents

Electric fields between two metals eventually saturate due to quantum ef-

fects when gap sizes are reduced down to the touching limit [3, 98] or at

large incident powers [4, 99]. If the field saturates due to tunneling at

large fields, the field profile in the time domain will appear as the solid line

as shown in Figure 6.5(a). Because the field is distorted from its original

shape, new spectral components may be introduced in addition to the orig-

inal spectrum of the field. From the Fourier transformed spectra as shown

in Figure 6.5(b), the most distinct component is the third-harmonic compo-

nent. A theoretical study has shown that a nonlinear response of the system

results in the generation of high harmonic generation even beyond the third

harmonic [99]. When using the terahertz time-domain spectroscopy setup,

we expect a quasi-monochromatic study would be fruitful instead of using

a broad spectrum from a single-cycle pulse.
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Figure 6.5: Third harmonic generation due to the distorted field profile
from electron tunneling. (a) Temporal profile of the electric field with and
without tunneling. (b) Spectrum obtained by a Fourier transform of the
temporal field profile.
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Appendix A

Nonlinear optics in the lab

With new developments in laser technology, unprecedented peak intensities

and fields are reached today over the light spectrum. In this regime of

extreme nonlinear optics [100], strong-field physics and nonperturbative

effects are newly studied. In this work, I have discussed some aspects of this

topic utilizing the terahertz–nanogap system. Meanwhile, the traditional

nonlinear optics provides the basis before accessing into this new extreme

territory, and a few examples that are related to the main work or that I

have worked on in the lab are introduced in the following sections.

The study of nonlinear optics begins by describing a nonlinear optical

response with the polarization, or the dipole moment per unit volume P(t),

of a material system which is expressed as a power series of the applied

optical field E(t) [101, 102]

P(t) = ε0

(
χ(1)E(t) + χ(2)E2(t) + χ(3)E3(t) + . . .

)
. (A.1)

The quantities χ(2) and χ(3) are known as the second- and third-order non-

linear optical susceptibilities, respectively. In the literature, susceptibilities

χ(n) are expressed either in SI units [(m/V)n−1]or in the cgs/esu system

[(cm/statvolt)n−1]. These units of one system to another can be converted
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Figure A.1: Schematic of an electro-optic detection setup.

by the following relation:

χ(n)(SI)/χ(n)(esu) = 4π/(10−4c)n−1, (A.2)

where c is the speed of light.

A.1 Electro-optic detection

In the electro-optic detection scheme for extracting the field profile of in-

frared or terahertz radiation, a second-order nonlinear process involving the

Pockels effect is used. The refractive index of the nonlinear crystal changes

in the presence of an electric field that is to be detected, and this change in

the refractive index is detected by a probe pulse travelling through the crys-

tal as shown in Figure A.1. The electric field vector is eventually measured

from the balanced detector by considering ratio between the difference of

the two signals (∆I ≡ I1 − I2) to their sum (I ≡ I1 + I2) [7, 103, 104]

sin−1
(∆I

I

)
=

2π

λ0
n30r41L× (tETHz). (A.3)

Here, λ0, n0 =
√
εr, r41 = −χ(2)/ε2r are the wavelength, the refractive index

of the detection crystal, and the electro-optic coefficient of the crystal of

80



Material
Electro-optic coefficient Index of refraction

r41 [pm/V] n0

KDP (KH2PO4) 8.6 1.51

ADP (NH4H2PO4) 28 1.52

Quartz 0.2 1.54

CuCl 6.1 1.97

ZnS 2.0 2.37

CdTe 6.8 2.6

GaAs 1.6 3.34

ZnTe 3.9 2.79 / 3.27 [105]

GaP 0.97 / 0.88 [7] 3.31 / 3.2 [7]

ZnSe 2.0

GaSe 14.4 [105]

Table A.1: Electro-optic materials and their properties [106].

the probe pulse, respectively. L is the thickness of the crystal, and t is

the Fresnel transmission coefficient of the crystal to obatin the electric field

ETHz in free space.

A.2 Kerr-lens modelocking

The Kerr effect is a change in the refractive index of a material in response

to an applied electric field. For a light beam of intensity I, the refractive

index changes according to

∆n = n2I. (A.4)
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Figure A.2: Spectrum of a modelocked titanium:sapphire laser.

The nonlinear index n2 is given by

n2 =
3

4n20ε0c
χ(3). (A.5)

Hence, the Kerr effect differs from the Pockels effect in that it is related

to the third-order nonlinear effect rather than the second-order nonlinear

process. Because the Kerr effect leads to a larger change in the refractive

index when the intensity is higher, the effect is largest at the beam axis

and smaller outside the axis. This is similar to the action of a lens so

that the light pulse is focused. The effect is widely used for making a

modelocked laser. High-intensity modelocked pulses become favorable over

the continuous-wave mode inside the laser cavity due to the Kerr medium,

and the intrinsically fast response of the effect can provide pulses with

durations as short as a few femtoseconds.

Using a titanium:sapphire crystal, I was able to make a modelocked

laser with a spectral width of ∆fFWHM ∼ 50 nm as shown in Figure A.2.

The ultrafast and high-peak-power pulse of the modelocked laser can be
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Figure A.3: Schematic for the four-wave mixing experiment.

used for generating terahertz radiation or for other nonlinear studies such

as four-wave mixing as explained in the next section.

A.3 Four-wave mixing

A nonlinear resonant four-photon interaction of light pulses is able to pro-

vide information on the electronic dynamics of the resonant media [107].

When two light beams with different wave vectors k1 and k2 at the same

frequency ω are incident on a material, output beams at ω can be gener-

ated in new directions along k3 = 2k2 − k1 and k4 = 2k1 − k2 due to the

third-order nonlinear effect.

In our lab, I have briefly worked on time-integrated (TI) and time-

resolved (TR) four-wave mixing (FWM) techniques, which is described in

Figure A.3 [108, 109], in a 450-µm-thick undoped bulk GaAs at cryogenic

temperatures as shown in Figure A.4. The TI-FWM signal was measured

with a silicon PIN photodiode (Thorlabs PDA10A), and the TR-FWM sig-

nal was measured with a photomultiplier tube (Hamamatsu R928). With an

incident pulse power that amounts to around 100 mW, wavelength around

830 nm and spot size of 100 µm, a FWM signal of approximately 100 µW

is produced, which is clearly visible with the naked eye with the aid of an

near-infrared detector card.
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Figure A.4: (a) Time-integrated four-wave mixing signal and autocorre-
lation signal of the incident pulses. (b) Time-resolved four-wave mixing
signals at various time delays.
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M. S. Kim. Quantum plasmonics. Nature Physics 9, 329–340 (2013).

[29] Jorge Zuloaga, Emil Prodan, and Peter Nordlander. Quantum de-

scription of the plasmon resonances of a nanoparticle dimer. Nano

Letters 9, 887–891 (2009).

[30] Kevin J. Savage, Matthew M. Hawkeye, Rubén Esteban, Andrei

G. Borisov, Javier Aizpurua, and Jeremy J. Baumberg. Revealing

the quantum regime in tunnelling plasmonics. Nature 491, 574–577

(2012).
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[52] Martin Dressel and George Grüner. Electrodynamics of solids: Op-

tical properties of electrons in matter. Cambridge University Press:

Cambridge, (2003).

[53] Hyeong-Ryeol Park, Kwang Jun Ahn, Sanghoon Han, Young-Mi

Bahk, Namkyoo Park, and Dai-Sik Kim. Colossal absorption of

molecules inside single terahertz nanoantennas. Nano Letters 13,

1782–1786 (2013).
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요 약

본 논문에서는 테라헤르츠 전기장과 나노/옹스트롬 갭 구조물을 이용하여 전

자의 터널링현상과 관련된 양자역학적 영역을 실험적으로 접근한 것에 대해

보고한다. 먼저, 두 금속 사이의 거리가 1 나노미터보다 큰 나노갭에 고출력

테라헤르츠 펄스를 입사하여 테라흐르츠 양자플라즈모닉스를 구현하였다. 낮

은 주파수의 0.1–1 THz 영역에서는 전자기파에 의해 나타나는 터널링전하의

거시적인 유전 응답이 가시광선이나 근적외선 영역에 해당하는 300–700 THz

보다 1000배 더 높다. 따라서 테라파의 정상화된 투과율이 50% 나 감소하는

거대한비선형의광응답을관찰하였다. 테라헤프츠전기장이나노갭내부에서

순간적으로 5 V/nm까지 증폭되어서 마치 높은 전기장의 기울기에서 원자가

이온화하듯이 전자의 터널링이 일어나게 되었다. 또한, 그래핀-금속의 경계면

을 통과하는 터널링전류를 테라헤르츠 펄스에 의해 유도되는 순간적인 전압을

이용하여 직접 측정하는 방법을 구현하였다. 얇은 슬릿을 통과하는 빛에 대한

투과실험이 본질적으로 전기적 임피던스 측정실험과 동일하다는 것에 착안

하여, 밀리미터 파장을 지닌 테라파가 투과할 수 있도록 길면서 그 폭은 수

옹스트롬에 불과한 틈에 가해지는 전기장과 이 틈을 가로지르는 터널링전류

의 시간변화를 피코초 이하의 단위로 그 위상과 크기를 테라헤르츠 시간 영역

스펙트로스코피를 이용해서 확인하였다. 본 논문에서 소개된 연구는 종래의

직류전자전달연구와 양자플라즈모닉스, 그리고 초고속물리 및 비선형 테라헤

르츠 분광학 분야를 한데 묶는 새로운 학문의 기반이 될 것이다.

주요어 : 테라헤르츠 비선형 현상, 테라헤르츠 시간 영역 스펙트로스코피, 나

노갭, 옹스트롬갭, 전자터널링, 산화알루미늄, 그래핀

학번 : 2011-30924
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