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Abstract

In this thesis, I studied the utilization of air-filled metallic nanogaps for opti-

cal and electrochemical applications. Using atomic layer lithography, spacer-filled

nanogaps are fabricated and the dielectric spacer filled in the gaps is chemically etched.

Full-access into the gaps is demonstrated by measuring terahertz (THz) transmission

through nanogaps and energy dispersive spectroscopy (EDS) in a scanning transmis-

sion electron microscope (STEM) setup. After etching the dielectric spacer, air-filled

nanogaps are first utilized as active nano-antennas for the thermal control of opti-

cal properties of THz waves, originating from the reduction of the gap width due to

thermal expansion of metals. Meanwhile, water-filled nanogaps fabricated during the

chemical etching process can be served as nano-electrodes for electrochemical ampli-

fication. I fabricated the narrowest nano-electrodes with 10 nm electrode distance for

redox cycling and observed amplified Faradaic current which is inversely proportional

to the electrode distance. These works provide useful applications in the active thermal

control of the optical responses in the nanostructures and electrochemical sensing with

excellent detection sensitivity.

keywords: nanogap, active thermal control, terahertz modulation,

nano electrode, redox cycling, electrochemical amplification
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Chapter 1

Introduction

Nano-optics has recently been one of the most important research fields in optics for

its versatile modulations of electromagnetic waves with metallic nanostructures. In

particular, when electromagnetic waves are transmitted through sub-wavelength hole

array, transmission at the specific wavelength corresponding to the period of the array

is abnormally increased. This phenomenon is known as extraordinary transmission,

resulting from the coupling of electromagnetic waves with surface plasmons (SPs)

over visible and near-infrared (NIR) frequencies [1]. The SP-mediated phenomenon

is widely used for various optical applications such as surface-enhanced Raman spec-

troscopy (SERS) [2–9], metamaterials and optical antennas [10–14].

Meanwhile, terahertz (THz) frequency (1012 Hz) is an intermediate frequency be-

tween electronics (1 GHz) and optics (100 THz), at which photon energy is about a

few meV and lies on inter-molecular interactions applicable for various phenomena

[12, 15–19]. Generally, it is difficult to excite SPs at THz frequency range because
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of its low photon energy and negligible coupling of THz waves with plasmonic sur-

face. However, Lee et al [20] achieved near-unity transmission of THz waves through

sub-wavelength hole array, which is similar to the extraordinary transmission at visible

wavelength. The perfect transmission at THz frequency can be explained by capacitor

model considering single slot antenna as a current source [10]. One of the important

result is that when THz waves go through the metallic gaps, the electric field in the

gap is extremely amplified and is inversely increased with the gap width [10]. There-

fore, it becomes crucial to reduce the gap width for higher electric field enhancement

and thus further optical applications. The reduction of the gap width, to some extent,

can be achieved thanks to the conventional fabrication techniques such as focused

ion beam (FIB) [21] or electron-beam (e-beam) lithography [22] for the fabrication of

the nanostuructures resonant at sub-millimeter wavelength. However, these fabrication

techniques are time-consuming and not appropriate to realize narrow nanogaps with

the gap width below tens of nanometers.

To realize sub-10 nm wide nanogaps, a dielectric spacer-based fabrication tech-

nique is newly developed by combining photolithography and atomic layer deposition,

which is called atomic layer lithography [23]. The atomic layer lithography technique

overcomes the spatial limits via wafer-scale fabrication by photolithography and sen-

sitive control of the gap width as narrow as 1 nm by ALD. The optical properties of the

nanogaps fabricated by the spacer-based technique have been characterized at visible-

to-NIR [23–26], THz [23, 27–36] and even gigahertz [37] frequencies. The nanogaps
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also realize THz quantum plasmonics [28, 30, 36], a vanadium dioxide metamaterial

[38], near-field lithography [39], THz nano-probing [40] and ultrathin film sensing

[41].

However, these applications have no choice but to utilize the fringe field from the

gap, even though electric field inside the gap is much higher than that near the gap.

This is because the access into the gap is not allowed due to the dielectric spacer filled

in the gaps, limiting broad applications of the nanogaps. In other words, it is required

to access into the gap by removing the gap material for further applications.

In this thesis, I fabricate air-filled nanogaps by etching the dielectric spacer filled

in the nanogaps, and utilize them as nano-antennas for thermal control of THz waves

and as nano-electrodes for Faradaic current amplification in electrochemistry.
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Chapter 2

Full-access into the nanogaps fabricated via a spacer-

based technique

2.1 Fabrication of spacer- and air-filled nanogaps via atomic

layer lithography

Schematics of nanogap fabrication via atomic layer lithography [23] are shown in fig-

ure 2.1. On pre-cleaned glass substrates (Pyrex), hexamethyldisilazane (HMDS) and

AZ 5214E image reversal photoresist are spin-coated at 4000 rpm for 60 seconds and

baked at 90 ◦C for 60 seconds, respectively. Ultraviolet (UV) light (wavelength rang-

ing from 350 nm to 450 nm and beam intensity of 25 mW/cm2 at the center wavelength

of 365 nm) is exposed on the substrates for 6 seconds (Midas mask aligner), and post-

baking process is made at 120 ◦C for 120 seconds. After flood exposure with UV

light for 40 seconds, development is performed by using AZ 500 MIF developer for
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40 seconds and cleaned in distilled water for more than 1 minute. The photolithog-

raphy condition can be slightly different depending on substrate types, pattern sizes

and ambient humidity and temperature. Chromium and silver are deposited on the

pre-patterned glass substrates by an electron-beam evaporator (Korea Vacuum Tech.)

with deposition rate of 1 Å/s. Here chromium acts as an adhesion layer between noble

metal and the substrate. Remaining photoresist after metal deposition is lifted off by

ultrasonication in acetone for a few seconds (figure 2.1 (a)) and the patterned metal-

lic steuctures are cleaned by using isopropyl alcohol and dried with nitrogen blow. A

dielectric spacer, Al2O3 is conformally coated along the patterned metallic structures

by ALD (figure 2.1 (b)). The dielectric spacer determines the width of nanogaps. Af-

ter silver layer is deposited again onto the structures (figure 2.1 (c)), a part of metal

layers piled up on the bottom layer is lifted off by applying an adhesive tape to flatten

the surface of metallic structures and to reveal nanogaps (figure 2.1 (d) and (e)). After

peeling off unnecessary metals, the remaining silver debris along the gaps are removed

by Ar ion beam milling (Korea Vacuum Tech) at slant angle of 80◦ for 5 minutes.
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Figure 2.1: Schematics of the spacer-based nanogap fabrication. (a) Metal patterning
by photolithography and e-beam evaporation. (b) Atomic layer deposition (ALD) of an
Al2O3 layer. (c) Metal deposition on an Al2O3 layer. (d) Removal of an unnecessary
metal layer by applying an adhesive tape. (e) Nanogaps formed between two metal
layers.
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To fabricate air-filled nanogaps, dielectric spacer filled in the gap should be etched.

Before etching dielectric spacer filled in the gap, it is required to check if an etchant can

permeate into the metallic gap because height-to-width ratio of the ordinary nanogap

(200 nm thick and 5 nm wide) is as high as 40:1. And the nanostructures with high

aspect ratio are generally used for hydrophobic surface [42]. Thus, it might be hard

to fully fill an etchant into the gaps. Unlike common hydrophobic nanostructures,

however, the nanogaps here are fully filled with a dielectric spacer, and the etchant

can occupy the inside of gaps where the dielectric spacer was filled, demonstrating

full-etching of the dielectric spacer filled in the gaps. Al2O3 spacer filled in the gaps

is chemically etched out in 1 M potassium hydroxide (KOH) solution for 1 minute

and kept in deionized water for more than 30 minutes. After drying water with nitro-

gen blow, air-filled nanogaps are completely fabricated as shown in 2.2. The air-filled

nanogaps are easy to get damaged upon pressure on the gap, as the spacer sustaining

the gaps is removed.
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Figure 2.2: Schematics of the chemical etching process. (a) As-fabricated nanogap. (b)
Chemical etching of the Al2O3 layer by using potassium hydroxide (KOH) solution.
(c) Dilution of KOH with water. (d) Fabrication of air-filled nanogap.
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2.2 Demonstration of full-etching of a dielectric spacer filled

in nanogaps

Full-access into the air-filled nanogaps can be demonstrated optically by comparing

THz transmission spectra before and after the etching process. The resonant features

of THz nanogaps highly depend on dielectric environment near the gaps if the gap is

small enough to support gap plasmons which is a coupling of surface plasmons on each

side of a metal-dielectric-metal interface [34]. Thus, the change in effective dielectric

constant after etching the gap material leads to the larger change in the resonant fea-

tures, and the shift of the resonant peaks can be an evidence of full-etching of the gap

material.

Figure 2.2 represents THz transmission spectra of 220 nm thick, 5 nm wide and

square-shaped nanogaps before (black line) and after (red line) etching the gap ma-

terial. THz transmitted amplitudes are measured by THz time-domain spectroscopy

(THz-TDS) (See appendix). After chemical etching, both experimental and simulated

spectra show in figure 2.2 the similar trend that the resonant frequencies are blue-

shifted and the normalized amplitudes are increased. It is surprising that the nanogaps

still sustain the structures after the gap material is etched out, Considering extreme

height-to-width ratio of about 40:1.
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Figure 2.3: THz transmission spectra before and after wet-etching of a Al2O3
spacer filled in nanogaps. (a) Measured and (b) calculated THz transmission spectra.
nanogaps used for the measurement and calculation are 220 nm thick, 5 nm wide and
square ring-shaped with side lengths of 50 um. In calculation, the refractive index of
bulk Al2O3 is used for optical properties of the gap material. Inconsistency of the THz
resonant peaks before etching may be due to the thickness dependence of the refractive
index of Al2O3.

Meanwhile, energy dispersive spectroscopy (EDS) is a powerful tool to analysis

spatial distribution of specific elements composed in nanostructures. To directly con-

firm that the gap material filled in the gaps is fully etched out, EDS in a scanning

transmission electron microscope (STEM) setup is used to measure the energy spectra

of transmitted electrons from aluminum included in Al2O3 and to map K-level atomic

transition of aluminum.

Figure 2.4 shows cross-sectional EDS maps of K peak of silver and aluminum from

nanogaps used in the THz transmission measurements. In the EDS maps in figure 2.4

(a) and (b), Ag K peaks can be seen except in the gap area before and after etching

process, implying the nanogaps are not collapsed after the etching process. In contrast,

Al K peaks along the gap in figure 2.4 (c) disappear after etching process as in figure
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2.4. The EDS maps confirm the full-etching of the gap material. Al K peaks shown

in the bottom of images originate from the substrate (sapphire, Al2O3). From cross-

sectional STEM image in figure 2.4 (e), the nanogaps do not collapse and sustain its

geometrical structure after etching.
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Figure 2.4: Cross-sectional views of scanning transmission electron microscope
(STEM) images of nanogaps before and after the etching process. (a-d) Energy disper-
sive spectroscopy (EDS) maps of Ag and K peaks before and after chemical etching,
respectively. (e) An STEM image of a 5 nm wide nanogap after the etching process.
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Chapter 3

Active thermal control of THz nano-antennas

3.1 Introduction: Modulation of electromagnetic waves through

nanostructures combined with active materials

Hotspot, where electromagnetic waves are extremely confined into sub-wavelength

metallic nanostructures, has been widely studied due to the colossal electric field en-

hancement and optical nonlinear phenomena [1, 10, 23, 28, 43, 44]. Increasing de-

mands for higher electric field enhancement and desired nanostructures lead to the

integration of metallic nanostructures with various active materials to modulate op-

tical properties of electromagnetic waves [13, 22, 45–47]. In particular, transmitted

amplitudes of terahertz waves are well modulated under a gate voltage by fabricating

nanostructures on single graphene layer [48] or a semiconductor [49]. On the other

hand, by patterning nanodisks on a polymer-based flexible substrate, it is possible to
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modulate optical properties at visible wavelength, by applying lateral stress across the

substrate [50]. Recently, vanadium dioxide, which shows an insulator-to-metal phase

transition occurring at around 68 ◦C, has been widely investigated for a thermal mod-

ulator for various applications, such as anomalous transition properties [38], thermal

memory [51], thermal rectification with higher electrical performance [52] and a hy-

brid thermal diode integrating metals and superconductors [53].

For the thermal control of optical and electrical properties of metallic nanostruc-

tures, it is required to minimize thermal deformation or melting of metals under mod-

erate temperature changes. Particularly, as a melting point of metals at nanoscale is

decreased compared to that of bulk ones, operating temperature is highly limited [54].

Thus, the metallic nanostructures in shape of a sharp tip, a nanoparticle, a bowtie an-

tenna and a thin sheer can be easily melt, implying that thermal deformation is detri-

mental for metallic nanostructrue. Even though several studies overcome the structural

limit at nanoscale by conformally coating dielectrics on metallic nanostructures using

ALD [55] or by using refractory materials [56], thermal deformation is still inevitable

in order to realize thermally-controlled nano-optic devices.

Meanwhile, thermal deformation does not always have a negative effect on the

thermal control of nano-devices; rather, in a moderate temperature range where melt-

ing of metals is negligible, there is a possibility to induce the structural change of the

nanostructures using well-known thermal expansion phenomenon. In linear thermal

expansion regime, relative length change of a material at an elevated temperature is
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expressed as

∆L/L = α∆T (3.1)

where L is a length of a material, α is a linear thermal expansion coefficient, and

T is temperature. The change in length of a material is proportional to the thermal

expansion coefficient, an original length of a material and a change in temperature,

all of which should be considered for a enough change in a structural change of the

nanostructures.

Material Linear thermal expansion coefficient (10−6K−1)

Aluminum 21 - 24
Chromium 6 - 7

Copper 16 - 16.7
Gold 14.2
Silver 19
Glass 4

Silicon 3 - 5

Table 3.1: Coefficients of linear thermal expansion of various materials.

Here, I explored a possibility to utilize thermal expansion for thermal control of

nanostructures. Thermal expansion coefficients of widely used metals are of order of

10−5 K−1 as shown in table 3.1 [57]. The length change of thin gold film in 50 μm ×

50 μm rectangular shape, for example, is about 0.007 μm if ∆T = 10 K as shown in

figure 3.1 (a). The length change is negligible compared to the pattern size and hard

to observe with electromagnetic waves with wavelength resonant at the pattern size.
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Meanwhile, to increase the amount of length change, increasing temperature much

more can be a alternative solution, but it results in the melting of the nanosutructures

even at the temperature where bulk materials would have not melt. In other words,

changes in the optical response of nanostructures due to thermal expansion are negli-

gible in practical temperature ranges.

Figure 3.1: Schematics of the width changes of nanostructures as a result of thermal
expansion. (a) Schematic of the width changes of a gold film with ∆T = 10 K. (b) Plot
of relative change of the gap width according to the initial gap width of the slit pattern.
The relative gap width change increases as the gap width decreases. inset: schematic
of the slit pattern with the gap width of w.

However, if the gap width between the patterns becomes reduced compared to the

pattern size, as in figure 3.1 (b), the relative gap width change (w/w0) becomes larger

as the original gap width (w) becomes smaller. Thus, the micrometer-scaled patterns

with the nanometer-scaled gap width can be used for the detection of the gap width

change and the thermal control of optical responses of the nanogaps. In this chapter,
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I realized active thermal control of transmitted THz waves through air-filled nano-

antennas, which mainly results from the change in the gap width, by means of thermal

expansion.
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3.2 Thermal control of THz optical responses of air-filled

nano-antennas

Air-filled nanogaps as nano-antennas for thermal control are fabricated in the same

way as described in chapter 2. The air-filled nano-antennas are 220 nm thick, 5 nm

wide, and square ring-shaped with side lengths of 50 μm. The spacing between square

patterns is 50 μm in each direction, as in figure 3.2. I measured THz field amplitudes

transmitted through 5 nm wide air-filled nano-antennas at different temperatures using

a THz-TDS setup with heating plate attached on an aperture for temperature modu-

lation. To obtain normalized amplitudes of THz waves, THz field amplitudes through

nano-antennas at each temperature are divided by those through a glass substrate at

room temperature.
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Figure 3.2: Nano-antennas for thermal control of THz waves. (a) Cross-sectional scan-
ning electron microscopy (SEM) image of the nano-antennas. (b) Top-view schematic
of the rectangular patterns of nano-antennas. The perimeter of the rectangular patterns
is set to be resonant at THz frequency regime.
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THz transmission spectra of nano-antennas during heating and cooling back are

plotted in figure 3.3 (a). At room temperature, the normalized amplitude and the res-

onant frequency are 0.15 and 0.45 THz, respectively. As temperature increases from

29.5 ◦C to 149.5 ◦C, the normalized amplitude decreases from 0.15 to 0.12 (by 20%)

and the resonant frequency is red-shifted from 0.45 THz to 0.35 THz (by 22%). Mean-

while, it is noteworthy that the resonant features are fully recovered to the initial values

after cooling back, meaning that the spectral changes may originate from the reversible

structural changes, not from permanent damage on the nano-antennas due to melting of

metals. Here the changes are attributed to the gap width change resulting from thermal

expansion of metals, which is discussed later in detail.

Figure 3.3: Measurement of THz transmission through 5 nm wide air-filled nano-
antennas. (a) Normalized amplitudes of THz waves through 5 nm wide air-filled nano-
antennas during heating and cooling back. Plots of the temperature-dependent (b) reso-
nant frequencies and (c) normalized amplitudes with different maximum temperatures,
Tmax), denoted on the upper-right in each graph.
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For thorough investigations on the resonant features, the normalized amplitude and

the resonant frequency with temperature are plotted in figure 3.3 (b) and 3.3 (c), re-

spectively. THz transmission measurements in a cycle of heating and cooling back are

performed several times with different maximum temperature, Tmax, denoted on the

upper-right in each graph in figure 3.3 (b) and (c). The resonant features are shown

to be changed monotonically and the plots during heating and cooling are well over-

lapped with Tmax below 150 ◦C. That is, the changes in the optical properties of the

nano-antennas are reversible within a moderate temperature range. This can be seen

in figure 3.4 (a) and (b), top-view SEM images of nano-antennas with different maxi-

mum temperatures imply that the gaps become smooth after heating the nano-antennas,

which can be regarded as an annealing process. In spite of the structural changes, the

optical properties of the nano-antennas are still unchanged even after the heating pro-

cess is completed with a moderate temperature range.

Figure 3.4: Top-view SEM images of the air-filled nano-antennas with different max-
imum temperature Tmax. SEM images (a) before heating, (b) after heating to 150 ◦C
and (c) after heating to 171 ◦C. The images are taken at room temperature after the
heating process is completed.
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When Tmax exceeds 150 ◦C, however, the normalized amplitude is rapidly reduced

and cannot be recovered to the initial value even after cooling back, as shown in the

bottom graph of figure 3.3 (c). The decrease in the normalized amplitude implies that

the damage on the nano-antennas results from the melting of the sidewalls consisting of

the nano-antennas at Tmax = 171 ◦C. The traces of the dmage at the critical temperature,

Tmax = 171 ◦C, can be found in figure 3.4 (c) where nano-antennas are broadened or

connected. Figure 3.5 shows that the normalized amplitude at the critical temperature

decreases in real time, demonstrating that the deformation of nano-antennas occurs.

Once damaged at the critical temperature, the nano-antennas cannot function as THz

resonators, leading the decrease in the normalized amplitude even after cooling back.

In contrast to the rapid drop in the normalized amplitudes, the resonant frequency

is recovered after cooling back. This can be interpreted that, if some nano-antenna

patterns do not melt at the critical temperature, they can act as THz nano-resonators.
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Figure 3.5: THz transmission spectra of air-filled nano-antennas at 171 ◦C.
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3.3 Effect of a dielectric spacer on the thermal control of air-

filled nano-antennas

To confirm that the change in the THz resonant features originate from the change in

the gap width, it is required to check if the gap width is really changed with tempera-

ture. If nano-antennas are filled with a dielectric spacer, the gaps could not be changed.

As a control experiment, I compare in figure 3.6 THz transmission spectra of air-filled

and spacer-filled nano-antennas. During heating, the normalized amplitude decreases

and the resonant frequency is red-shifted monotonically in both cases, as shown in

figure 3.6 (a). However, there are some differences between two cases.

The changes in the resonant features of spacer-filled nano-antennas may result

from slight decrease in THz transmission through a glass substrate, as shown in fig-

ure 3.7 (a). The normalized amplitude of spacer-filled nano-antennas is shown to be

constant if THz electric field amplitude through nano-antennas is normalized by that

through a substrate at the same temperature where THz transmission measurement of

nano-antennas is conducted, as in figure 3.7 (b). The decrease in the THz transmit-

ted amplitude implies that the refractive index of a substrate is changed, leading to

the change in the resonant frequency which is sensitive to the refractive index of sur-

rounding medium. That is, the changes in the normalized amplitude and the resonant

frequency of spacer-filled nano-antennas may originate from the change in the optical

properties of a glass substrate with temperature.
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Figure 3.6: THz Transmission of the spacer-filled and air-filled nano-antennas. (a)
THz transmission spectra of spacer-filled (top) and air-filled (bottom) nano-antennas.
(b) Plots of the normalized amplitudes (top) and the resonant frequencies (bottom) of
spacer-filled (filled circles) and air-filled (hollow circles) nano-antennas with temper-
ature.
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Secondly, while air-filled nano-antennas get damaged at Tmax = 171 ◦C as in figure

3.6 (b), spacer-filled nano-antennas are not damaged even at Tmax = 250 ◦C because

Al2O3 spacer can be used as a protection layer to prevent abrupt melting [55]. This

results can be used for the improvement in the operating temperature of the thermal

control of air-filled nano-antennas, for example, by coating dielectric layer after etch-

ing a gap material. Lastly, air-filled nano-antennas result in more significant changes

in the resonant features compared to spacer-filled ones, verifying that dielectric spacer

prevents metals from expanding during heating in case of spacer-filled slot antennas.

The thermal control of air-filled nano-antennas can most likely result from thermal

expansion of metals affecting the gap width change.

Figure 3.7: THz Transmission through a glass substrate. (a) Normalized amplitude of
THz waves through a glass substrate with temperature. (b) Relative transmitted ampli-
tudes of spacer-filled nano-antennas normalized by a glass substrate at room temper-
ature (black line and dots) and at the same temperature where the THz transmission
measurements are performed (red line and dots). Relative amplitude is almost constant
with temperature after the normalization.

26



3.4 Effect of the gap width on the thermal control of air-

filled nano-antennas

As thermal expansion is a linear process, the amount of the gap width change of the

nano-antennas with different gap widths should be same, as discussed in figure 3.1

(b). That is, THz resonant features of nano-antennas with different gap widths show

different behavior. To investigate the effect of the gap width on thermal control of THz

resonant features, I compare THz transmission spectra of 1.5 nm, 5 nm, and 20 nm

wide nano-antennas.

Figure 3.8 (a) shows THz transmission measurement of 1.5 nm wide air-filled

nano-antennas. Compared to 5 nm wide nano-antennas permanently damaged at 171

◦C, 1.5 nm wide nano-antennas are shown to drag down the critical temperature from

171 ◦C to less than 110 ◦C, thus limiting the operating temperature range of the nano-

antennas. Moreover, while the normalized amplitude decreases, the resonant frequency

is not shifted because the gap width is too narrow to show the spectral changes. THz

normalized amplitude does not bring back to the initial value even after cooling back,

suggesting that the sidewalls of air-filled nano-antennas are fully stuck together, and

the nano-antennas are deformed to the thin metal film. I also measure THz transmis-

sion of 20 nm wide air-filled nano-antennas in figure 3.8 (b). The amount of change is

very small compared to that of 1.5 nm wide nano-antennas.
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Figure 3.8: THz transmission spectra of 1.5 nm wide air-filled nano-antennas with
temperature during heating and cooling back.
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I also compared relative frequency and amplitude of 5 nm and 20 nm wide air-

filled nano-antennas with temperature. It is shown that the amount of changes in the

resonant features of 20 nm wide air-filled nano-antennas are slightly smaller than those

of spacer-filled ones. However, the spectral changes are still very small compared to

those of 5 nm wide air-filled nano-antennas, which can be explained by thermal ex-

pansion as mentioned above. It is noteworthy that there is a trade-off between the op-

erating temperature range and modulation depth of the resonant features. And the use

of nano-antennas with appropriate gap width is important for the desired performance

as thermally-controlled nano-optic devices.

Figure 3.9: THz resonant features of 20 nm and 5 nm wide spacer-filled and air-filled
nano-antennas with temperature. (a) The normalized amplitudes and (b) the resonant
frequencies of 20 nm and 5 nm wide spacer-filled and air-filled nano-antennas.
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3.5 Theoretical study on the thermal control of air-filled nano-

antennas

For thorough investigation, I discuss theoretical study on the effect of thermal expan-

sion on the control of the THz waves through air-filled nano-antennas. First, finite

element method (FEM) calculation is performed by using COMSOL software to pre-

dict the gap width at the specific temperature, because the gap width at the elevated

temperature is hard to directly measure. During heating from 25 to 190 ◦C, the gap

width of the nano-antennas is expected to decrease from 5 nm to 2 nm as a result of

thermal expansion of metals, as shown in figure 3.10 (a). I display in figure 3.10 (b)

the width and thickness changes of the nano-antennas with temperature, and define the

narrowest gap distance between sidewalls as the gap width at each temperature [29].

It in noted that the width and thickness of the nano-antennas linearly increase during

heating because thermal expansion is a linear process in moderate temperature ranges.

While the gap width of the nano-antennas shrinks by 40% during heating from 25

◦C to 190 ◦C, the thickness of nano-antennas remains nearly constant and thus has a

negligible effect on the spectral changes in THz transmitted amplitude.
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Figure 3.10: Theoretical study on the gap width change due to thermal expansion.
(a) FEM calculation by COMSOL software for the temperature-dependent gap width
change. (b) Plots of the gap width (left axis) and the thickness (right axis) of air-filled
nano-antennas with temperature.

Combining the gap width speculated from the FEM calculation in figure 3.10 and

the THz resonant features measured in the experiments in figure 3.3, the normalized

amplitude and the resonant frequency as a function of the gap width are plotted in fig-

ure 3.11 (dots), respectively. We also conduct Coupled-Mode Method (CMM) calcula-

tion to theoretically obtain the THz transmission spectra of the air-filled nano-antennas

with different gap widths. The CMM calculation is well-known theoretical approach

of Maxwell equation and modal expansion to obtain the electromagnetic field distribu-

tion around metallic structures [43], and here I conduct the calculation performed by

Kim [34].
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The resonant frequency and the normalized amplitude are plotted in 3.11 (thick

line). Even though the normalized amplitude in the experimental data slightly devi-

ates from that in the calculation, both follow the same tendency where the normalized

amplitude is decreased as the gap width is reduced. The deviation in the normalized

amplitude might be due to the fabrication error. The resonant frequency with respect

to the gap width is consistent in the experiment and the calculation. Overall, the results

strongly indicate that decrease in the gap width is due to thermal expansion of metals,

and is responsible for the observed changes in the resonant features.
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Figure 3.11: Gap width dependence of the resonant frequency (top) and the normalized
amplitude (bottom) from the experiments (dots) and the CMM calculation (thick lines).
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3.6 Various factors related to the thermal control of air-filled

nano-antennas

There are various factors affecting the thermal control, and it is of importance to con-

sider the factors in order to fully characterize the properties of the air-filled nano-

antennas for the active thermal control. I categorize the factors into four varieties: an

adhesion layer, the thermal coefficient of metals and substrates, the thickness of metals,

and the size of metal patterns.

First, chromium adhesive layer attached on the first metallic patterns might af-

fect the spectral changes with temperature, considering that chromium/silver layer and

silver layer can show different structural changes. However, the adhesive layer is usu-

ally less than 3 nm thick, and forms like island structures. Thus, the adhesive layer

is hardly considered as another metallic layer attached on the substrate, which might

have a negligible effect on the thermal control.

Second, to characterize the effect of thermal expansion coefficient on the thermal

control, I theoretically substitute metal and substrate materials with the other mate-

rials of different thermal expansion coefficient, performed by FEM calculation used

above. I plot in figure 3.12 (a) the gap width of the 5 nm wide silver, gold and copper

nano-antennas. As thermal expansion is a linear process, it is not surprising that the

gap width changes at the elevated temperature of 170 ◦C are linearly dependent on

the thermal expansion coefficient. Meanwhile, for substrate materials, the linear ther-
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mal expansion coefficients of widely used substrates in THz regime are 4 for Pyrex

glass, 5.3 for sapphire, and 3 – 5 for silicon wafer. They are similar value with each

other, meaning the negligible gap width changes among the different substrate at ele-

vated temperatures. Linear thermal expansion coefficients of each metal and substrate

material in a unit of 10−6K−1 are extracted from [57].

Figure 3.12: Various factors related to the thermal control of the gap width. Plots of
(a) thermal expansion coefficients and (b) thickness of metals versus gap width from
FEM calculation. (c) Measured relative amplitudes and (d) frequencies of air-filled
rectangular ring-shaped nano-antennas with side length of 10 um × 40 um and 50 um
× 50 um as a function of temperature.

35



Third, it can be expected from figure 3.10 (a) that if the nano-antennas become

thinner, the effective gap width change is decreased. Finally, as the amount of thermal

expansion of metals is proportional to the lateral size of the patterns, the effect of the

pattern size of the nano-antennas on the THz resonant features should be important

for the characterizaion of the therml control. I compared the THz resonant features of

rectangular ring-shaped nano-antennas with different pattern sizes in figure 3.12 (c)

and (d). In this experiment, the nano- antennas with the pattern size of 10 um and 50

um are compared. It is found that, during heating, the amount of changes in the gap

width of the nano-antennas with 10 um wide pattern size is smaller than those with 50

um wide pattern size, confirming that the pattern size is of importance for the thermal

control of the gap width of the nano-antennas.
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3.7 Durability of air-filled nano-antennas according to the

thermal control of air-filled nano-antennas

Permanent damage of metallic nano-antennas due to abrupt melting can be a significant

disadvantage for various optical applications. For example, as shown in the schematic

in figure 3.13 (a), debris along the nano-antennas formed during the lift-off process

can be easily deformed during heating because the debris are in a shape of a thin

sheet with a few nm thickness. I overcome the deformation problem by performing

the ion milling of the surface of the nano-antennas with Ar ion beam at an oblique

angle (80◦). The graph in figure 3.13 (b) represents the effect of ion milling to prevent

the permanent damage of the nano-antennas. The normalized amplitude of THz waves

through unmilled nano-antennas decreases with temperature more steeply than that

of milled ones. It is also found in unmilled nano-antenna samples #1 and #2 that the

normalized amplitudes after cooling back are dependent on Tmax. That is, during a

cycle of heating and cooling back, the normalized amplitude of the nano-antennas

with higher Tmax is more reduced at room temperature, implying the steep decrease in

the normalized amplitude stems from the permanent melting at Tmax.
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Figure 3.13: Effect of ion milling at slant angle on the performance of nano-antennas.
(a) schematic of the ion milling process. (b) Relative amplitudes and frequencies of
THz waves through nano-antennas with and without ion milling.

38



For the practical applications of the thermal control of THz waves, I show in figure

3.14 the resonant features of THz waves in a few cycles of heating and cooling. In spite

of small amount of decrease in the normalized amplitude and the resonant frequency,

the resonant features at 30 and 100 ◦C are still distinguishable.

Figure 3.14: Normalized amplitudes (top) and resonant frequencies (bottom) of air-
filled nano-antennas in several cycles of heating and cooling.
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Chapter 4

Electrochemical amplification in 10 nm wide nano-electrodes

4.1 Introduction: Electrochemical cells and redox cycling

Electrochemistry is a branch of physical chemistry, which deals with the relation be-

tween electricity and chemical reactions. With electrodes and reactive species in con-

tact, electrochemical reactions occur by an external potential applied on electrodes,

or an electric current is generated by spontaneous chemical reactions. when electro-

chemical reaction takes place, electrons are transferred from an electrode to reactive

species or vice versa. The electron transfer between electrodes and reactive species is

called oxidation-reduction (redox) reaction simultaneously induced at each electrode.

The device for electrochemical reaction is called an electrochemical cell, for example,

such as an electrolytic cell shown in figure 4.1. One of the well-known electrochemical

cells is metal- or ion-based electric batteries [58–63].
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Figure 4.1: Schematic of an electrochemical cell. The electrochemical cell in this figure
is called an electrolytic cell where a chemical reaction induced by external energy in
forms of electric potential held at each electrode.
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The reduction and oxidation reaction of the redox species at each electrode, namely

anode and cathode have a negligible effect on one another if two electrodes are sepa-

rated far away from each other. In other word, redox species is oxidized at the anode

held at an oxidized potential and reduced at the cathode held at a reduced potential,

and two reactions are not interfered by each other. If the separation between electrodes

becomes narrower, however, the redox species, which is oxidized (reduced) at one

electrode, can transported across the gap between electrodes by diffusion, migration

or convection, and can be reduced (oxidized) at the other electrode. Thus one redox

species trapped in the electrochemical cell with extremely small volume experiences

successive redox reactions at a given measurement timescale. The successive redox

reaction is called redox cycling. During the redox cycling, the Faradaic current from

the redox cycling is highly amplified due to the successive reaction. In this chapter, I

discuss the amplified Faradaic current from the redox cycling in the nano-electrodes

fabricated by the modified atomic layer lithography similar with [27], achieving the

narrowest gap distance of the electrochemical cell.
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4.2 Calculation of Faradaic limiting current during redox

cycling

For the detailed description of redox cycling, it is helpful to focus on electrochemi-

cal kinetics that governs redox cycling at the surface of electrodes. First of all, charge

transfer between an electrode and specific redox species is related to the electric poten-

tial difference. According to the chemical kinetic theory, net current via charge transfer

is a sum of the currents from the reduction and oxidation reaction, which is increased

with the electric potential of the electrode and the equilibrium potential of the redox

species. The relation is called Butler-Volmer equation:

j = j0 · {exp{αazF
RT

(E−Eeq)}− exp{−αczF
RT

(E−Eeq)}} (4.1)

where j is electrode current density, jo exchange current density, E eledtrode po-

tential, Eeq equilibrium potential, T absolute temperature, z number of electrons in-

volved in the electrode reaction, F Faraday constant, R universal gas constant, αc ca-

thodic charge transfer coefficient and αa anodic charge transfer coefficient.

Butler-Volmer equation predicts that the Faradaic current is exponentially increased

with the potential difference between an electrode and a redox species. However, the

equation assumes that the concentration of the redox species at the electrode surface is

constant. Indeed, the Faradaic current is saturated and decreased above a sufficiently

high electrode potential when all the redox species at the electrode surface participate
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in the electrochemical reaction (mass-transfer-limited condition). At this condition,

the concentration of the redox species along two electrodes is in a steady state, and

the main factor determining Faradaic current is the ion transport of the redox species

from bulk to surface. The equation related to the flux of the redox species is called

Nernst-Plank equation:

J =−D[∇c+
zF
RT

c(∇φ)] (4.2)

where J is diffusive flux density, D diffusivity (or, diffusion coefficient) of the

chemical species, c the concentration of the species, z the valence of ionic species, R

gas constant, T the temperature and φ the electric potential.

In the equation, ion flux (here, flux of redox species) is proportional to the gradient

of the concentration of the redox species and the electric potential applied between

two electrodes. For the sake of simplicity, if electrolyte is added into the electrochem-

ical cell, the electrolyte is relocated to offset the electric field held on each electrode

and forms the electric double layer as in figure 4.2. As a result, electric field across

electrodes is only applied near the electrode surface, thus the second term of above

equation, which describes the effect of electric field distribution on the ion flux, can

be ignored. Therefore, the equation is simplified to J =−D∇c and the gradient of ion

concentration is the only parameter to be considered.
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Figure 4.2: Schematic of an electric potential held between two electrodes filled with
electrolytes. Cation and anion are relocated in order to offset an electric field across
the electrochemical cell.
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Now, with the assumption that the ion concentration along the gap separation is

linear and the concentration of the reacted (reduced or oxidized) ion is zero at working

electrode and c at reference electrode in a steady state of ion concentration, ion flux

density can be calculated:

J =−D
c
d

(4.3)

where d is the electrode distance. As the timescale of the charge transfer at the elec-

trode surface is much smaller compared to that of ion diffusion, net Faradaic current

measured at the electrode surface can be regarded as the ion flux across two electrodes

[64]. That is, Faradaic current with sufficiently high electric potential of the working

electrode is

i =
neADC

d
(4.4)

where n is the number of electron transferred per molecule, e is the elementary

charge, A is the area of each electrode. It is noteworthy in equation 4.4 that the Faradaic

current is inversely proportional to the electrode distance d. At the same ion concen-

tration, small electrode distance leads to the Faradaic current amplification of redox

cycling, resulting in the improvement of the signal-to-noise ratio of the current for

chemical reaction [65–68], biological detection [69, 70] and single-molecule detec-

tion [71, 72]. Moreover, decrease in the electrode distance also results in the amplified
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Faradaic current during the electrolysis of pure water [73].

Meanwhile, with the development of nano-fabrications, the fabrication techniques

of micro- and nano-electrodes for electrochemical cells have been extensively im-

proved with suitable geometries for various applications [67, 74–82]. To the best of my

knowledge, the narrowest electrode distance achieved in electrochemical cells for re-

dox cycling is 37 nm from the literature survey [73]. However, the electrode distance of

electrochemical cells can be narrower if other fabrication methods for nano-antennas,

such as atomic layer lithography [23], are applied.

Figure 4.3: Electrode distance of various electrochemical cells from the literature. The
narrowest electrode distance, to the best of our knowledge, is 37 nm.
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4.3 Fabrication of 10 nm wide nano-electrodes using modi-

fied atomic layer lithography

Figure 4.4 shows the fabrication schematics of the nano-electrodes with modified

atomic layer lithography [27]. First of all, slide glass substrates are cut into 4 pieces

and pre-cleaned by ultrasonication in acetone and isopropyl alcohol (IPA) for 5 min-

utes, respectively, followed by drying with a nitrogen gas. Titanium (5 nm) and gold

film (100 nm) is deposited on the substrates with an electron-beam evaporator with the

pressure in the chamber at least 10−6 Torr and deposition rate kept at 0.5 Å/s.The ac-

celeration voltage of the electron beam is 6.78 KeV and the emission current is in the

range between 60 mA and 120 mA, depending on the deposition condition and the load

of the crucible. On the Titanium/gold deposited substrates, AZ5214E image-reversal

photoresist is patterned by using photolithography. Photoresist is spin-coated at the

rate of 4000 rpm for 60 seconds, followed by soft baking on a hot plate at 90 ◦C for 90

seconds. After ultraviolet exposure for 6 seconds on a mask aligner with a photomask

attached on the substrate, hard baking at 120 ◦C for 120 s and flood exposure of ultravi-

olet light for 40 seconds without a photomask, the substrate is dipped in MIF500 for 2

minutes for the development of the patterns and rinsed with distilled water. Vanadium

(100 nm) is deposited on the patterned substrate with the same electron-beam evap-

orator and the photoresist is lifted off by ultrasonication in acetone. Here vanadium

is selected as a sacrificial layer because it has about 5 times lower milling rate than
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that of noble metal and it can be selectively etched in CR-7 [83]. After the deposition

of vanadium, the gold film not covered with a vanadium film is removed by Ar ion

milling, followed by ALD of 10 nm thick Al2O3. Titanium (5 nm) and gold (90 nm) is

evaporated again and vanadium pattern, a sacrificial layer, is etched out by using CR-

7, resulting in the successful fabrication of centimeter-long nanogap. dumbbell-like

patterns consisting of nano-electrodes and contact pads for the current measurement

are produced by photolithography, ion milling and lift-off of photoresist. Finally, by

patterning photoresist again on top of metals on each side, to prevent the surface of

metal from activation as an electrode, a pair of nano-electrodes for electrochemical

experiments is completed after Al2O3 filled in the nano-electrode with 1M potassium

hydroxide. Figure 4.5 (a) shows an optical image of nano-electrode and figure 4.5 (b)-

(d) show top-view and cross-sectional SEM images of the electrodes. Nano-electrodes

are well fabricated, and are 100 nm thick, 20 um long and 10 nm wide.
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Figure 4.4: Fabrication schematics of side-by-side nano-electrodes. (a) Titanium/gold
film deposition. (b) Vanadium patterning on Ti/Au film by photolithography and e-
beam evaporation. (c) Ion milling for Au pattering (d) Atomic layer deposition of
Al2O3 for a gap material. (e) Titanium/gold deposition to form nano-electrodes. (f)
Removal of vanadium by wet etching to reveal nanogaps. (g) Electrode pattering for
the fabrication of contact pads. (h) Photoresist pattering for the passivation of the up-
per part of the electrodes. (i) Chemical etching of Al2O3 for access into the nano-
electrodes.
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Figure 4.5: Optical and SEM images of a nano-electrode. (a) An optical image of a
nano-electrode. nanogap is at the center of the bridge connecting the contact pads. (b)
A cross-sectional SEM image of the nano-electrode. the electrode is 100 nm thick, 20
um long and 10 nm wide. (c) and (d) top-view images of the nano-electrode.
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4.4 Fabrication issue: Electrostatic damage (ESD) of nano-

electrodes

During the fabrication of 10 nm wide nano-electrodes, damage in the nanogap such as

SEM images in figure 4.6 is observed in some of the nano-electrode patterns, which

highly decreases the fabrication yield of the nano-antennas. The origin of the fabrica-

tion issue may result from the electrostatic damage (ESD) at the electrode which were

electrically insulated before ESD. In details, as the scale of nanostructures decreases

to a few nanometers, the nanostructures lie on a quantum regime where electron tun-

neling is possible at a moderate potential applied, resulting in optical nonlinearity or

dielectric breakdown under DC voltage. Meanwhile, the electric potential held on a

human body due to the electrostatic accumulation is about 10 kV, and it is extremely

high compared to the voltage to induce dielectric breakdown [84]. If each side of the

nano-electrode is electrically isolated from each other, the electrostatic potential from

a human body is enough to break the nano-electrode. In the SEM image shown in

figure 4.6, the width of the nano-electrode increases to several micrometers during

the fabrication or after electrochemical measurements are conducted. Interestingly, the

gap of the nano-electrode is symmetrically broadened to each electrode, demonstrat-

ing that the damage on the electrode is not originated from the fabrication error such

as unintended lift-off of one side of the electrode. ESD is an inevitable phenomenon

in electrochemical cells with electrode distance at nanoscale, thus should be prevented
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for the improvement in electrochemical cells.

Figure 4.6: SEM images of a nano-electrode before (a) and after (b) electrostatic dam-
age. Once damaged, the gap width of the nano-electrode is broadened from 10 nm to
several microns.

To prevent ESD, it is required to wear the gloves, wrist straps and a conductive coat

that are grounded. However, some samples are readily damaged before the measure-

ment, which might happen during fabricating or handling the samples. The ESD prob-

lems during the fabrication can be overcome by fabricating the nano-electrode pattern

that all sides of the electrodes on a substrate is electrically connected and grounded as

in figure 4.7. By doing this, considering that electrostatic charge is still accumulated in

the electrodes, the charge accumulation does not damage the nano-electrode anymore.

Each pattern can be used for the electrochemical measurement after attaching a fabric

conductive tape connected to a potentiostat and cutting the edge of the metal surface.
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Figure 4.7: Schematic of the nano-electrode pattern to prevent ESD.
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4.5 Measurement of Faradaic current with 10 nm wide nano-

electrodes

For the electrochemical experiment, a potentiostat with three-electrode system (CH

Instrument) is used. A Ag/AgCl reference electrode is positioned in a droplet solution

filled on and in nano-electrodes. During carrying out the experiment, the left electrode

(the generator electrode) is swept from -0.2 V to 0.4 V vs Ag/AgCl while the right

electrode (the collector electrode) is kept in a constant oxidizing potential of 0.2 V vs

Ag/AgCl as shown in figure 4.8.

Figure 4.8: Schematic of experimental setup for cyclic voltammetry.

Nano-electrode for the electrochemical experiment is carefully prepared to pre-

vent ESD and is kept in wet condition during the experiment as shown in figure 4.9.

First, a fabric conductive tape is attached on each electrode with electric circuit closed,

grounded and connected to a potentiostat. After all the electric connections are com-

pleted, one pair of the nano-electrode is isolated from the others. Next, Al2O3 filled

in the nano-electrode is etched out with 1 M KOH, and the solution is replaced with
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deionized water and the target solution, which is 0.5 mM [(Ru(NH3)6]Cl2 in a 1 M

KNO3 aqueous solution (Sigma Aldrich), successively.

Figure 4.9: Schematics of preparation of nano-electrodes with redox species filled.

Figure 4.10 presents cyclic voltammograms for the nano-electrode filled in differ-

ent solutions. First, I conduct cyclic voltammetry with KNO3 solution without [(Ru(NH3)6]Cl2

filled in to measure background currents. Then, the solution is replaced with [(Ru(NH3)6]Cl2

and KNO3 solution. the limiting current of 13.368 nA at -0.4 V is measured at the right

(collector) electrode with the background current subtracted. As the measured current

is a sum of the currents from upper and side part of the electrode, the current from

upper part should be excluded to obtain the current only from the side part of the

nano-electrode. Thus, the solution is dried after diluted in water and placed again on
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the electrode to keep the side part of the electrode in touch with air. The current from

the side part of the electrode is shown to be 7.43 nA as shown in the right schematic in

figure 4.10. Therefore, the current from the upper and side part are shown to be 5.938

nA and 7.43 nA, respectively.

Figure 4.10: Cyclic voltammogram of redox cycling.

I compare the current measured from the collector electrode, iexp, with the theoret-

ical Faradaic limiting current for two opposite electrodes, ical = neADC/d, with n = 1,

e = 1.6×10−19 C, A = 103 nm × 20 um = 2.07 × 106 mm2, D = 0.63 × 106 nm2/s, C

= 0.5 × 6.02 × 10−4 nm−3 and d = 10 nm. The calculation shows that ical = 6.28 nA,

which is in good agreement with iexp = 7.43 nA. Discrepancy between two values may

stem from the geometry of electrodes open to the bulk solution on top of the electrodes

so that reacted redox species on upper part of one electrode can be transported to the
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other electrode by diffusion. Figure 4.11 presents the current from the experiment and

the calculation as a function of the gap width, d, implying that the Faradaic current

will be more amplified if the gap width becomes narrower.

Figure 4.11: Calculated (line) and experimental (star) Faradaic limiting current.

To show the advantage of the fabrication method of nano-electrode used in this

chapter, Faradaic limiting current from the numerical calculation [85] and the experi-

mental data [68] are compared. these studies dealing with redox cycling in side-by-side

nano-electrodes are selected because it is hard to determine an effective area of elec-

trodes related to the redox cycling in many electrochemical cells with laminate struc-

tures [67, 73, 86]. Figure 4.12 shows the Faradaic current normalized by an electrode

area and bulk ion concentration of redox species as a function of the electrode distance.
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iexp from 10 nm wide nano-electrode in our experiment is about 7 times higher than the

current from 70 nm wide nano-electrode from [68], demonstrating Faradaic limiting

current is inversely proportional to the electrode distance. Fitting current-distance data

points with inversely proportional function, i ∝ 1/d relation demonstrated in numer-

ical simulation [85] is extended to 10 nm distance with good agreement. Moreover,

with further decrease in the electrode distance, Faradaic current can be much more

amplified unless additional effects arise as a result of quantum phenomena, that would

be ignored at a large electrode distance.

Figure 4.12: Plots of Faradaic limiting currents among [85], [68] and this work. Elec-
trode area and ion concentration in these works are normalized to correct the same
experimental condition.
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Chapter 5

Conclusion

In this thesis, I performed air-filled nanogap fabrication for various optical and elec-

trochemical applications by chemically etching dielectric spacer filled in nanogaps

fabricated by atomic layer lithography technique. The full-etching of the dielectric

spacer is confirmed by measuring THz transmission spectra and the EDS maps from

TEM before and after the etching process. For the application of the air-filled nanogaps

as nano-antennas, active thermal control of THz waves through the nano-antennas is

achieved. The origin of the thermal control is proven to be thermal expansion of metals,

resulting in the reduction of the gap width. I also compared various factors affecting

THz resonant features such as pattern size, gap width, metal thickness and the di-

electric spacer. the results are theoretically supported by the FEM calculation and the

coupled-mode calculation.

Meanwhile, water-filled nanogaps can be fabricated during the etching process

and be utilized for the electrochemical amplifications. As redox reactions at electrodes
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are amplified with decreasing the electrode distance, the nano-electrodes with narrow

electrode distance have an advantage in the electrochemical applications. I fabricated

10 nm wide nano-electrode filled with redox species, by using modified atomic layer

lithography technique, and achieved the narrowest nano-electrode to the best of our

knowledge. I also observed the amplified Faradaic limiting current during redox cy-

cling and compared the resulting current per unit area with those measured in previous

studies.
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Chapter 6

Appendix

6.1 Terahertz time-domain spectroscopy

Schematics of THz-TDS setup is illustrated in figure 6.1. In the experimental setup

used in this thesis, a laser with wavelength of 532 nm and power of 4 W pumps a

Ti:sapphire cavity in order to generate 130 fs pulse train with center wavelength of

800 nm and 80 MHz repetition rate. The pulse train is divided into two parts. one part

is a pump beam, which excite a DC-biased low-temperature grown gallium arsenide

(LT-GaAs) emitter to generate THz pulses with peak frequency at 0.5 THz. Generated

THz pulse is collected and focused on a sample by parabolic mirror, and THz pulse

transmitting sample is collected and focused on a zinc telluride (ZnTe) crystal. The

other part of the pulse train is a probe beam which is also focused on a ZnTe crys-

tal of which optical response is changed by an intensity of THz pulse because of its

nonlinear behavior. Birefringent property of ZnTe slightly changes the polarization of
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probe beam which is later divided into two beams with different polarization direction

while going through wollaston prism, measured by balanced photodetector. From rel-

ative intensity difference between two probe beams at the photodetector, intensity of

THz pulse at specific time delay between THz pulse and probe beam is calculated. The

detection technique is called electro-optic sampling (EO sampling). measured THz in-

tensity in time scale is converted to frequency domain spectrum by Fourier transform,

and the THz spectrum through the sample on 2 mm × 2 mm aluminum aperture is

normalized by that through the aperture to obtain normalized amplitude.

Figure 6.1: Schematic of a THz time-domain spectroscopy setup.
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국문초록

본 논문에서는 원자층 리소그래피 방식을 활용하여 내부가 빈 금속 나노갭을

제작하여 광학적 및 전기화학적으로 활용하는 방법에 대해서 탐구하였다. 먼저 나

노갭 내부의 유전체 박막을 화학적으로 식각하고 에너지분산형 분광분석법 및 테

라헤르츠파분석을통해갭내부가완전히비어있음을확인하였다.다음으로속이

빈 나노갭을 온도 변화에 따라 테라헤르츠파 투과특성 변화를 관측하여 능동적인

나노안테나로써활용하였으며그원인이온도변화에따른금속의열팽창으로인한

것임을확인하였다.한편,나노갭내부의유전체박막을식각하는과정에서물이갭

내부에채워질수있다는사실을발견하고가장폭이작은나노전극으로활용하여

산화환원반응의증폭을유도하였다.본연구에서제시하는나노갭제작방식을통해

나노광학,전기화학,전기분광학등매우다양한분야에서이러한나노갭을활용할

수있는가능성을기대할수있다.

주요어:나노갭,열적조작,테라헤르츠파변조,산화환원반응,패러데이전류증강

학번: 2014-21380
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