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Abstract

In this work a ‘real metal regime’ of metallic nanostructures in tera-
hertz frequencies, where most noble metals are treated as perfect electric
conductors, is discussed. With an aid from gap plasmon modes, that is, cou-
pling of surface plasmons from the two metal sides forming a gap, large
amount of terahertz electric field can enter the metal with electric permit-
tivity of 10% when the gap is smaller than 100 nm. A method for high-
throughput fabrication of such gaps is first presented, and then peculiar op-
tical responses — anomalous resonance shifts and a large Ohmic absorption
— are experimentally and theoretically realized. Also, wet etching of a gap
spacer within a 5 nm gap is demonstrated, enabling aqueous nano-optic ex-
periments below 10 nm scale. This comprehensive study on terahertz gap
plasmon and nanogaps is expected to greatly benefit convergence of chem-

istry or bio-chemistry with nano-optics, especially in sub-10 nm regime.

Keywords : Terahertz nano-gaps, Gap plasmons, Metamaterial absorber

Student Number : 2014-30106
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Chapter 1

Introduction

Terahertz (THz = 10'? Hz) is an intermediate frequency between optics
( 100 THz) and electronics ( 1 GHz), where various intriguing phenomena
such as intermolecular interactions[1} 2 [3]], quasiparticles[4], and supercon-
ducting gapsl[5} |6, 7] lie. Energy scale associated with the frequency range
is meV, which is far below most of molecular electronic excitation energies.
Such low photon energy is useful for investigating biological systems [8}, 9]
and other non-destructive inspection applications[10} [T1]].

Meanwhile, noble metals such as gold and silver, whose plasma fre-
quencies are orders of magnitude larger than the frequencies of interest ( 10*
THz) show more electronic response than optic response at THz frequencies[12}
[13]], and therefore are considered as perfect electric conductor in most of

practical situations. While such properties are less advantageous in plas-

IR Visible uv

Microwave i THz
i

Electronics

<100 GHz 300~700 THz

S
—
l
—
o
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I
N

Figure 1.1: Terahertz radiation, lying between electronics and optics.
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monic applications since perfect metals cannot support surface plasmons,
the extremely high refractive index at terahertz frequencies ( 500 + 600i at
1 THz) enables extremely high degree of electromagnetic confinement, and
accordingly high electric field enhancement under appropriate design of the
metallic gap structures. Therefore an exclusive funneling of electromagnetic
fields into nanogaps have been successfully demonstrated, and nearly per-
fect transmission has been demonstrated through nanogaps with widths as
small as 200 nanometers [14,[15]].

Yet, as sub-10 nm terahertz nanostructures are realized via recent ad-
vances in nanofabrication technologies, such perfect transmission is no longer
demonstrated. In fact, an extremely dense nanogap array barely transmits
more than 60% of incident field when the gap width is smaller than 10 nm
(Figure [1.2] images from [14} [L5| [16]). This implies that a new regime of
terahertz nano-optics is reached, where noble metals can no more be con-
sidered ’perfect’. In this work, we investigate such ’real metal regime’ of
terahertz nanostructures. First we demonstrate wafer scale, high-throughput
fabrication of sub-10 nm metallic nanostructures. Then we investigate the
physical origin of the real metal effects emerging in such gaps, which we
contribute to gap plasmon modes formed inside the gap. Lastly we show
how the gap plasmon mode respond to changes in the dielectric environ-

ments inside the gap, and discuss the applicability of such system.
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1.1 Terahertz time-domain spectroscopy

Among many ways to generate terahertz radiation such as a quan-
tum cascade laser [17} [18]], a free electron laser [19, 20]] and a synchrotron
source [21} 22], etc., a pulsed source generated from optical rectification
or an antenna is the most commonly used. When such pulses are used,
a time-domain measurement technique is useful. Since such technique di-
rectly measures the electric field of a pulse, and not the power, amplitude
and phase information can simultaneously obtained. This is advantageous
in characterizing optical properties of a target material since real and imag-
inary part of refractive index can directly be determined without use of
Kramers-Kronig relations.

Terahertz time-domain spectroscopy used in this study utilizes picosec-
ond, single-cycle pulses emitting from semiconductors illuminated by fem-
tosecond optical pulses[23} 24]]. A brief schematic is illustrated in Figure
First, a train of femtosecond pulses from a Ti:sapphire cavity is split into
pump and probe beams. The pump beam optically excites a photoconductive
antenna, generating the THz pulses via built-in field inside a semiconduc-
tor or photo-Dember effect. In the home-made setup used in this study, a
DC-biased low-temperature grown gallium arsenide (LT-GaAs) is used as
the emitter for simple transmission and reflection measurements[25]. When
high power optical pulses from regenerative amplifier are used, tilted-front
rectification from lithium niobate generates THz pulses with peak amplitude
of ~ 1 MV/cm|[26|27]. Such intense THz pulses are used for observation of

nonlinear phenomena inside the nanogaps. In our experiments, a pump laser
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Figure 1.3: A schematic of a typical terahertz time-domain spectroscopy
setup.

Coherent Verdi V5 and a Ti:sapphire cavity Coherent Mira900 are used to
generate 80 MHz pulse train with center frequency 805 nm and pulse width
160 fs. The output power is 500 mW and the resulting peak THz electric
field amplitude is 30 V/cm. For intense THz experiments a regenerative am-
plifier system from SpectraPhysics is used as the pump pulse source with
repetition rate of 1 KHz (MaiTai, Empower, Spitfire Ace). The output power
was 5.6 W and resulting peak THz electric field was 460 KV/cm.

The instantaneous value of transmitted or reflected THz waves from
the sample is measured via electro-optic (EO) effect from zinc telluride or
gallium phosphide crystal[28, 29]]. Being a reciprocal process of optical rec-
tification, the EO process induces a birefringence inside an EO crystal upon
irradiation of THz electric field, which in turn changes polarization of the

probe beam passing through the EO crystal. The polarization change is ana-
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lyzed with balanced detection method. The observed polarization change is

later converted to THz field amplitude via following formula,

[ = (ndniysE) /A x /(1 + 3sin20) (1.1)

where I is the phase delay between the two optical axes, d is thickness of
the crystal, ng is refractive index of the crystal, 4; is the EO coefficient, A is
wavelength, and E is the instantaneous amplitude of the THz electric field.
The observed real-time electric field amplitude is converted to fre-
quency domain data via finite Fourier transform. Figure [I.4] shows an ex-
ample of measured and Fourier-transformed signal. Since most samples we
use are fabricated on top of a dielectric substrate, there are multiple reflec-
tions coming from reflections from the edges of the substrate which makes
spurious Fabry-Perot type oscillations in the frequency-domain spectrum.
The oscillation does not disappear even after normalization with respect to
bare substrate since there exists a phase difference between multiple reflec-
tions coming from the bare substrate and the sample. We can take advan-
tage of the single-cycled nature of the THz source to selectively remove the
multiple reflections by Fourier-transforming only the first transmitted (or re-
flected) pulse. For example, a 500 micron-thick silicon substrate (ng; = 3.4)
makes multiple reflections every 2 x 500um x 3.4/(3 x 108m/s) = 11ps.
Then we can use only the first 10 ps for finite Fourier transform, obtaining
Fabry-Perot free spectrum yet with limited spectral resolution of 1/11ps =
0.09THz. Since our sample is a relatively broad resonator with bandwidth

larger than 0.2 THz, the resolution limit does not affect our measurement.
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Figure 1.4: Signals obtained from THz-TDS. (a) Time traces of transmitted
waves through a bare aperture, a silicon substrate, and a nano-slit array sam-
ple. (b) Fourier-transformed spectra of the substrate and the sample. Peaks
and valleys in the black line show that there is a phase difference of © be-
tween multiple reflections from the substrate and the sample.



1.2 Field enhancement in terahertz slot anten-

nas

Among many structures designed for terahertz field enhancement such
as slits[30, 31]], bowties[32, [33]], and tips[34, [35]], slot antennas are one of
the most extensively studied[36, 37, 38, [14, 39]. The structure is easy to
analyze since electric field distribution inside the gap follows that of a rect-
angular waveguide, and can safely be approximated to be in a single TEg
mode when the gap width is sufficiently small. Also, the gap is capable
of confining electromagnetic field within a depth equivalent to its gap, en-
abling selective detection of target system inside the gap, or on top of it as
well. Lastly, the structure benefits from absence of background signal under
transmission geometry. This means that transmitted field solely comes from
the gap and therefore it is possible to experimentally determine the field en-
hancement factor without access to nonlinear phenomena[32]. Such advan-
tages have enabled numerous applications in terahertz nano-optics, includ-
ing metal-insulator transition-based switching device[40, |41}, 42]], molecu-
lar absorption enhancement[43] |44], detection of nanoparticles[45, 46] and
non-destructive probing of surface carrier dynamics[47]].

As briefly mentioned above, exclusive funneling of electromagnetic
waves through slot antennas creates direct link between far field transmis-
sion and the near field enhancement at the gap using a diffraction theory
referred to as Kirchhoff integral formalism[48]]. A brief schematic is shown

in Figure For a wave passing through an aperture, electric field at an



Figure 1.5: Schematic of Kirchhoff integral formalism, where electric field
inside an aperture (x’) is integrated to give far field electric field at a detec-
tion point X.

observation point x can be written as:

. i elkr_’

E(r) = k x /ﬂ X E(r’)e’h?/da' (1.2)

- 2mr

For an x-polarized electromagnetic wave propagating in z direction, above
formula simplifies to:

eikr eikr
Efor = = / Epeardx'dy = o < Epear > A (1.3)

Here bracket means averaging over area of the aperture. Therefore normal-
ized transmitted amplitude, that is, transmitted amplitude through a slot an-

tenna divided by that through a bare substrate, can be expressed as:

Efar,slot _ Enear,slot % Aslor (1.4)

E far,substrate Enear,substrate Asubstrate

So the near field enhancement in the slot is simply normalized transmitted
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Figure 1.6: Schematic of gap plasmon emerging in a narrow gap.
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One thing to note is that this formalism ig ”SZS’Z(; on a point detection,
while in experimental setup diffracted THz waves from the sample is fo-
cused with a parabolic mirror. The inferred near field value from the Kirch-
hoff integral formalism might therefore deviate significantly from the real
value if the sample has a very high scattering angle and the numerical aper-
ture of parabolic mirror in front of the detector is high. In this experiment
all the nanogap samples are arrays with deep sub-wavelength periods, such
that most of the transmission through the gaps propagates straight. Also, rel-

atively low numerical aperture of the parabolic mirror (NA=0.25) ensures

the validity of the Kirchhoff integral formalism.
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1.3 Gap plasmons in visible and terahertz fre-

quencies

While a metal-dielectric interface can support surface plasmon under

momentum matching, a metal-insulator-metal (MIM) geometry can support

gap plasmon modes via coupling between the two metal layers. Gap plas-

mon modes are essentially a symmetric coupling of two adjacent surface

plasmon modes, as depicted in Figure [1.6] Dispersion relation of the gap

plasmon can be deduced from calculating transverse magnetic (TM) mode

in parallel plate waveguide geometry[49]. First, electromagnetic fields at

metal layer I can be written as:

H, = AetPiehx
E,= iAkile"BZe*k‘x
MWENE

E,= —AiB ePeehx
MWENE

At metal layer III, the fields are written as:

H, = Be'Pek

E, — —iB—3_ e o
MWENE3

E, = 37[3 eBeehsr
WENE3
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Finally, the fields in the gap (region II) are expressed as:

H, = Ce'Pefr 4 peiPiehox (1.11)

E — c%eiﬁzekﬂ —I—D%eiﬁze_kz" (1.12)
0€2 0c2

Ex:CO)gB . eiBZe"ﬂJereB . ePeehax (1.13)
0c2 0c2

In the special case of € = €3,k; = k3 and C = D. Therefore, matching bound-

ary conditions at each interface leads to an equation of the form:

ke
tanhkya = — ——= 1.14
anhka kot (1.14)

where wave equation should be fulfilled in both metal and dielectric region

(i=1, 2 for metal, dielectric, respectively)

K =B — ke (1.15)

Figure shows the gap plasmon dispersion relation. It shows that a
large propagation constant can be obtained even in frequencies well below
the surface plasmon frequency. For sufficiently small gaps, even terahertz
waves can excite the gap plasmon modes. As a means to quantify the effect
of gap plasmon, we try to express ky explicitly. For a deep sub-wavelength

gap A >> a, following approximation can be made for k,

%S
1 —4k3 (= )2(e1 —£2)
2 -1 2e2

W€
272
(282)

(1.16)

12
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Figure 1.7: Dispersion relation of gap plasmon mode in a gold-air-gold gap
geometry.
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which can be further simplified in the limit €, >> &,,

';g = ? (32) (117)
This relation provides a convenient means to quantify how predominant the
gap plasmon is in a nanogap, with a dimensionless factor :f:zl It is clear that
gap plasmon effect is stronger for higher permittivity contrast between the
gap and the metal, and smaller gap size with respect to incident wavelength.
For example, a 100 nm gap fabricated on a gold film show 22) =1at 1 THz;
that is, effective permittivity increase caused by gap plasmon coupling is

the same order as the original permittivity of the gap. This is due to a huge

permittivity of metals in terahertz frequencies ( 10°). In contrast, the same
2

gap shows only 10% change in ]]?2 in infrared frequencies with wavelength
3 microns. While many researchgs reported on the effect of gap plasmon
on optical properties of nanostructures[S0, 51} 152} 53], the effect is much
more dramatic in terahertz frequencies, and is essential to understand the
phenomena quantitatively when working with sub-100 nm nanostructures.
As a last reminder, since the gap plasmon mode is stronger in geome-
tries with smaller permittivity contrast between metal and gap material, it
means that metal is ’less perfect’ when it is under the influence of gap plas-
mon mode. By observing the gap plasmon effect therefore we are inves-
tigating the real metal regime of terahertz nano-optics. And since the gap
plasmon is essentially a coupling between the gap and the metals, waves

propagate much slower when the gap plasmon is present, that is, the effec-

tive refractive index of the gap becomes larger. The existence of gap plas-

14 -



mon therefore increases sensitivity of the waveguide to changes in dielectric

environment of the gap.
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Chapter 2

Fabricating gap plasmon-dominant

terahertz nano-slots

2.1 Exfoliation-based method

For a terahertz nano-slot to be in a gap plasmon-dominant regime, as
demonstrated in the previous section, it must have a sub-100 nm wide gap
extending over lengths of over several hundreds of microns. Such require-
ment on high aspect ratio is technically very demanding for commonly used
nanofabrication techniques such as focused ion beam (FIB) milling or elec-
tron beam lithography (EBL). Alternative techniques such as shadow mask
evaporation partially succeeded in achieving high aspect ratio gaps, yet with
limitations in accessible geometries and fabrication throughput[54, 55].

In 2013 X. Chen et al demonstrated that spacer based fabrication tech-
nique can overcome the limits of conventional nanofabrication tools[16].
The key idea is to define shapes of nanogaps with photolithography, and de-
termine the gap size with deposition height of a dielectric layer. Figure 2.1
shows the overall procedure of the fabrication process. First a conventional
photolithography and lift-off of metal layer defines the perimeter where the
gap is to be formed. Then, to make gaps vertically aligned to the substrate

in order for a convenient optic measurements, a dielectric layer is uniformly
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coated around the patterned metal layer, both on top and on the sidewalls.
Atomic layer deposition (ALD) is very well suited for this procedure since
it is capable of conformal deposition of dielectrics with 1 nm precision[S6].
Then another layer of metal is deposited without an adhesive layer to fill
the trench and define the metal-insulator-metal gap at the edges of the pre-
patterned metal layer. The overhanging excess metal layer can then be re-
moved with an adhesive tape, since adhesion of the second deposited metal
to the deposited dielectrics is weak.

This method breaks the resolution limit of conventional fabrication
tools while enabling large patterns to be made in wafer-scale. Yet the fabri-
cation procedure is difficult to follow and the throughput is relatively low.
To selectively remove only the overhanging metal layer, and not the filling
layer, it is crucial for the first patterned metal layer to have vertical side-
walls. Otherwise the second deposition will lead to connection of the filling
layer and the overhanging layer, making it impossible to mechanically sep-
arate the two layers. The photolithography condition and evaporator system
should therefore be very well calibrated in order to fabricate samples suc-
cessfully. In addition, the fabricated sample might be vulnerable to mechan-

ical agitation due to the weak adhesion.

2.2 Chemical etching-based method

To circumvent such issues for the spacer-based sample fabrication, J.
Jeong et al., reported a way to mitigate the requirements while maintaining

all the advantages of the spacer-based technique[57]]. The key idea is to use
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Figure 2.1: Spacer-based nanogap fabrication utilizing mechanical exfolia-
tion for selective removal of excess metal layer. The second deposition of
metal must be adhesion-free, leaving the sample vulnerable to mechanical
agitations.
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Figure 2.2: Role of a sacrificial layer in spacer-based nanogap fabrication
processes.

an adhesive layer such as Cr or Ti in the second deposition of metals, and
then to remove the excess layer by chemically etching a pre-defined sacrifi-
cial layer just above the first layer.

The procedure is depicted in Figure 2.2] In the first patterning step, a
sacrificial layer is additionally deposited on top of the metal layer. Then,
after atomic layer deposition of spacer material, the second metal layer is

deposited with adhesive layer of Cr. Since wet etching of sacrificial layer
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happens beneath the excess overhanging metal layer, removal of the excess
layer can occur even with the use of adhesive layer in the second deposition
process. This leads to a better adhesion for the second deposited metal layer
and accordingly the whole sample. The nanogap can therefore form even
under imperfect conditions such as non-vertical sidewalls of the first metal
layer, greatly improving the fabrication throughput. The fabricated nanogap
is also very robust to mechanical agitations, enabling repeated uses in vari-
ous sensing applications.

Figure shows scanning electron microscope (SEM) images of a
rectangular ring nanogap array. Since photolithography is used to define
the gap perimeter, uniform arrays over a large area can be realized. Also,
conformal dielectric deposition with ALD guarantees uniform gap widths
over the whole area. Throughout this work, all sub-30 nm nanogaps are
fabricated with the above method, with aluminum oxide spacer within the

gap unless otherwise specified to be etched out later.
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SEM HV: 15.0 kV WD: 14.36 mm MIRA3 TESCAN
View field: 138 pm SEM MAG: 2.00 kx 20 ym
SEM MAG: 2.00 kx  Date{m/d/y): 08/31/16 Performance in nanospace
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SEM MAG: 146 kx  Date(m/dly): 08/09/17 Performance in nanospace

Figure 2.3: (a) Top-view scanning electron microscope image of a rectangu-
lar ring-shaped 20 nm gap array. (b) Magnified image of the 20 nm gap.
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Chapter 3

Analytic solution for fields inside

nanogaps

3.1 Modal expansion calculation

The most frequently used calculation tools in optics such as finite-
difference time domain (FDTD) or finite element method (FEM) simula-
tions are not very effective in calculating the terahertz nano-slots due to the
huge mismatch of the structure size (orders of nanometers) to wavelength
(hundreds of microns). Such limitations in computational capacity call for
an analytic tool capable of predicting the performance of the terahertz nano
slots. One of the first attempts was made by Garcia-Vidal et al., which is
briefly introduced below|[158]].

First, under perfect electric conductor assumption for metal, we divide
the slot antenna into three spaces: region above the metal (I), the gap (1),
and region below the metal (III). Then we expand the electromagnetic field
in the k-space with coefficients g and f for region I and III. Without loss
of generality the terahertz wave is incident from region I, where the field

distribution can be written as below.

H =] % / dhydky [8(ky)8(ky)e™1= + g (ki ky)e e H17] (3.1
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Figure 3.1: A slot antenna geometry used in the modal expansion calcula-
tion. Figure from Garcia-Vidal et al.

, i [m OH, OH,

_k(Ts] o'y )

= [ kg k) e 830y ) (k1) g, (—ika e e
0€1

(3.2)

where © = k,x + kyy. Here the first term in the expression for the magnetic
field corresponds to incident wave, and the second term describes the re-
flected waves with dispersions given by mode coefficient. The integrations
over k-space are replaced with summation with steps of k, , = 2n for array

x7y
structures with periods d, . Similarly fields in region III is expanded as:

HI" = J2 /dk dky f (ky, ey )@ ezl (3.3)
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Finally, if the slot width is much smaller than the length we can assume
that only one single mode dominates the gap region, and therefore the field

in region II is written as:

E' = cos = ; V1 4P 4 Be 8] (3.5)
Hy” ]5) oS [Ae’f’Z Be (3.6)
Here B = szkg — (%)2 is propagation constant of the rectangular waveg-

uide mode. Boundary condition requires that electromagnetic fields in re-

gion I and II, IT and III be continuous at the exit and entrance of the hole,

(WH}(z=0)=H]'(z=0) (3.7)

(2)EL(z=0) = E{'(z=0) (3.8)

3)H (z=h) = H)(z=h) 3.9)

(HEM(z=h)=E"(z=h) (3.10)
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leading to following four equations,

€
Ho

i I
gy Vo / dhadkyi(gehy + gyklz)elg] —cos—[A+B]  (3.12)

J2 / dldie fye® = P[50 o Zlaet — pe (3.13)
ko '\ 1o

dkydkyi(foky — fykaz)e™® = cos = 1 V1 4¢P 1 BB (3.14)

T
B e T

=(1 /dkdkygye®) o ;A B] (3.11)

k03

Then we express g, and f, explicitly as a function of k,, by pulling them

out of the integral via eigenmode projection,

K4k, 1 (2n)? wi
, =2 0(k,)0(k,) — (A+B)—J 3.15
8y kOklz (275)2[ \/a ( ) ( }) ( + ) 2 } ( )
k2+k 1 wi
= AP 4 e B g 3.16
where
2 Ty _ie
J=— dxdycos —e (3.17)
wl hole )

Putting the expressions for g and f back into the integral relation finally
enables expressing field enhancement at the gap [A+B] or [Aeiﬁh + Be‘iﬁh]

in terms of k,

8i
El—(A—i-B)G E(A—B) (3.18)
0
(Ae® + Be= B G = if (A — Be—1P7) (3.19)
0
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where

' k3 + ki 5, wi
G = 2;)2 / dkydhy =13 g2 (3.20)

Here G'''!! represents coupling of gap modes with region I and III, re-
spectively, and J is a tranfer function through the rectangular gap. Solving
for A and B leads to field profile inside the gap (region II), and subsequently

fields in the whole area of interest. In terms of average electric field ampli-
AePe 4 Be~ifz

N

B
and the gap exit E' =

_|_
V2

tude at the gap entrance E =

the solution looks like:

E I GIII -y (3 21)
=l _ T _yy_ (2 :
gl @-DGET-)-G} | ¢,
where
.
anBh’ " sinph’’ i (3-22)

The whole calculation therefore reduces to numerical calculation of
G'' | The integrand quickly converges to 0 as kyy becomes large, so the
calculation load is relatively small. The resonance condition is when the
propagation constant is zero, that is, ko = n127lt The gap therefore can be
treated as a simple waveguide where length of the cavity entrance and re-
fractive index of the waveguide core has linear relationships with the reso-
nant wavelengths.

The biggest assumption in this calculation is that there is no electro-
magnetic field smearing into the metal and the field is solely confined in the

gap region. In terahertz frequencies, where refractive index of noble metal is
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Figure 3.2: Electric field distribution of the lowest dipole mode in a rectan-
gular ring waveguide. The field distribution is nearly sinusoidal along the
ring contour, behaving effectively as a pair of identical rectangular slots.

1000+1000i, electromagnetic field inside the metal is smaller by a factor of
109, safely falling under the perfect electric conductor assumption in most
cases.

One more issue worth pointing out is that fabrication of nanogaps with
atomic layer lithography can only support nano-slots with ring geometry,
while original paper by Garcia-Vidal et al. performed calculations on a rect-
angular hole. The field profile in region II therefore has to be appropriately
modified to correctly represent the rectangular ring structure. Figure

shows a finite element method (FEM) simulation result for a coaxial rect-
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angular waveguide structure. The lowest TE11 mode of a coaxial waveg-
uide supports sinusoidal electric field distribution along its contour, such
that electric field distribution in the short sides of the rectangular ring be-
comes antisymmetric. Therefore near fields from the long sides solely con-
tribute to the observed far field transmission, and the rectangular ring can be

effectively treated as a pair of truncated rectangular slots.

3.2 Modal expansion calculation with gap plas-

mon effect

When the gap is extremely small, a crosstalk between the two metal
layers can occur and gap plasmon effect comes in to play. As beforemen-
tioned this leads to an increase in effective permittivity of the gap. Also,
electric field from one side of the gap can significantly alter the field distri-
bution of the other side of the gap. In this limit, which is gap width of 100
nm or below for terahertz frequencies, an additional wavevector smearing
into metal layer from region II, denoted as k,, must be considered[39]. For
a symmetric structure with same metal used in each side of the gap, this is
expressed as a cosh-type distribution of the electric field (which was previ-
ously constant in the x direction). The calculation scheme is briefly depicted
in Figure To begin with, now that electromagnetic field of all polariza-
tions are present in the gap (in contrast to perfect electric conductor case,
where only Ex, Hy and Hz are present for the fundamental TE mode of the

waveguide), now Hy is determined by both Ex and Ez. The electromagnetic
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Model for perfect electric conductor limit

I Ep = zf)(]_‘)) etk
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Effective permittivity of the gap Additional wavevectors into metals

Eerr T
< >

Figure 3.3: Schematics of modal expansion calculation with gap plasmon
effect added. Changes in effective permittivity of the gap and changes in
electric-to-magnetic field ratio induced by the additional smearing wavevec-
tor must be taken into account.

field distribution inside the gap is therefore given as:

E'" = cosh (k,x) cos (?) [AeP* 4 Be= 7 (3.23)
1 . .
al— P [P cos A — g (3.24)
Y ko k: Uo [
14+ —5
Ezko

Here, £, is the gap plasmon wavevector k, from section 1.3. Also, the prop-
agation constant should be altered in order to satisfy momentum conserva-

tion:

T

B=/eki—( z )2+ k2 (3.25)
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Following the procedure in Chapter 3.1 leads to a set of equations,

Qi
Y aime =i P a-p (3:26)

T koerr
(AeiBZ —i—Be*iBZ)GHI _ iL(AeiBZ _Be*iBZ) (3.27)

ko.err
where

k2
koorr =k 1 X 3.28
0,eff ()X( +82k(2)) ( )

Note that this equation returns to the perfect electric conductor case when
k, = 0. The increase in propagation constant means that light travels slower
inside the gap; that is, existence of the gap plasmon leads to a red-shift in the
spectrum of the nanogap. Also, since k, is a complex number, an imaginary
part is introduced to the effective refractive index of the gap. Under strong
influence of the gap plasmon, therefore, a decrease in gap width is expected
to result in smaller and red-shifted transmission.

Figure [3.4] shows the effect of gap plasmon on calculated transmission
spectrum of terahertz nanogaps. To observe the gap plasmon effect exclu-
sively, the whole structure is assumed to be free-standing without a support-
ing dielectric. Compared to transmission spectra of nanogaps under perfect
electric conductor assumption, those of real metal calculation show much
broader and red-shifted resonance. The differences in the spectra are not so
distinct in gaps broader than 100 nm, yet becomes much bigger as the gap

width reduces.
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Figure 3.4: Calculated transmission spectra of slot antennas with different
widths. (a) PEC-assumed spectra, showing relatively small resonance shift
and transmission level. (b) Real metal calculation, showing a strong influ-
ence of gap plasmon modes in gap widths smaller than 100 nm.
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Chapter 4

Index-matching effect of substrate on

nanogaps

4.1 Index-matching of a substrate on a thin metal
film

Dielectric substrates usually have high refractive index at THz frequen-
cies (ns; = 3.41,nspphire = 3.2, etc.). Such properties are useful in index
matching, where existence of a dielectric increases coupling of light with
a target system[60]. While such effects are predominantly utilized in pho-
tovoltaic applications in visible wavelengths[61}, [62]], such index-matching
effects are also realized in THz frequencies.

For instance, Figure 5.1 shows a set of calculations where existence of
a silicon substrate (ns; = 3.4) significantly alters the absorption behavior of
a thin Au film. A simple Fresnel coefficient analysis with multiple reflec-

tion effects leads to following expressions for transmission, reflection and
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Figure 4.1: (a) Transmitted (dots) and reflected (lines) amplitudes from free-
standing and silicon substrate-backed Au thin films. The transmission and
reflection change upon changing the incident side. (b) Absorption of tera-
hertz waves by thin gold films that are freestanding or supported by a sili-
con substrate. Substrate side incidence show higher absorption due to index
matching effect by the substrate.
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absorption[63],

2B
ot
_ 120123€ ' 4.1
1+ riarpze®P
iB
_ 2 + rze ' 42)
1+ riprpze®®
4n180c
A=1-2-DBp2 oh (4.3)
ni (1+ (m +n3)8()c)2

Gh

where subscripts 1, 2, and 3 denotes incident area, metal film and transmitted
area, respectively, and h is thickness of the film, and ¢ is DC conductance of
the Au film. The last approximation works for small direct transmission and
sub-wavelength thickness of the Au film. While noble metals are nearly per-
fectly conducting and highly reflective in millimeter wavelengths, the very
thin film of gold can absorb up to 50 percent of incident THz power if the
film is 1 Angstrom thick. This is possible due to multiple reflections within
the film and correspondingly large electric field induced inside the metal.
In presence of a substrate, however, the film transmits and absorbs terahertz
waves better due to the index matching effect. With substrate index of 3.41,
the maximum absorption reaches 75 percent at 2 Angstrom thickness. The
effect is reversed when the THz wave is incident from the opposite side. The
side of incidence is therefore a crucial factor in coupling of an absorbing
film with the incident electromagnetic waves, especially when the substrate

supporting the film has a large refractive index.
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Figure 4.2: (a) Schematic of the transmission and reflection experiments. (b)
Nanogap sample dimensions.

4.2 Transmission

The effect of substrate on optical properties of nanogaps are inves-
tigated. THz transmission and reflection of nanogaps with widths 10, 20
and 30 nm are measured with a home-made terahertz time-domain spec-
troscopy setup. The nanogaps are rectangular ring-shaped, due to fabrica-
tion requirements of the atomic layer lithography method, with 20 um and
80 um lengths for each sides of the rectangle. The nanogaps are fabricated
on top of silicon substrates (n = 3.41), and are measured in either substrate
side- or metal side-incidence to observe the effect of index matching by the
substrate. A bare silicon substrate and 200 nm-thick Au film on a silicon
substrate are used as references for transmission and reflection measure-
ments, respectively. The experimental scheme is briefly described in Figure
4.2)

Figure [4.3] shows the incident side dependence of nanogap transmis-
sion. The normalized transmission for substrate side- and metal-side illumi-
nations are the same, as expected for ordinary multilayer system. Yet local

field distribution can be different, since electric field increases when exiting
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Figure 4.3: Transmitted amplitude through the nanogaps. Same transmission
despite different Fresnel coefficients in the two cases imply different near
field enhancements.

a dielectric while it decreases when entering it. A simple Fresnel coefficient

analysis gives transmitted amplitude from air to a dielectric with refractive

index n as

toub = 2 <1 4.4)

sub — n+ 1 .
and that from a dielectric to air as

2n

!

to,=——>1 4.5

sub n+1 ( )
Since overall transmission is the same,

1= tableap = tgaplsub (4.6)

where #,,, and téap denotes transmitted amplitude through nanogaps in sub-
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strate side and metal side incidence, respectively. From Kirchhoff integral
formalism introduced in Chapter 1.3, near field enhancement factor for each

case is given as

L
FE="pp =
B B

which leads to following relation on near field enhancements under different

4.7

illumination sides,

2
FE = FE' x H—”l (4.8)

Therefore the near field enhancement is larger for the substrate-side
incident case by a factor of nz+nl’ even with smaller incident electric field
amplitude in front of the gap. If the nanogaps array can be considered as an
effective medium, the substrate can be said to have functioned as an index
matching layer, enhancing the coupling between incident radiation and the

is the same as the

medium. It is also worth noting that the factor o
ratio of incident magnetic field amplitude at the gap, as depicted in Figure
This implies the role of magnetic field and surface current on the field
enhancement of nanogaps[64,65]], whereas electric field and surface charge
can in principle perform the same role in a more simple structure.

As a means to directly confirm the near field enhancement, a power de-
pendent transmission measurement is performed on the nanogaps fabricated
on top of silicon substrates. It is known that V/nm orders of THz electric
field in metal-dielectric-metal gap can induce transient tunneling current,

causing higher absorption of THz waves inside the gap[66l |67]]. Resulting

decrease in THz transmission can therefore function as a direct probe of
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Figure 4.4: Role of magnetic field in the near field enhancement at nanogaps.

near field enhancement inside the gap.

Here, intense THz pulses with peak amplitude of 460 kV/cm are gener-
ated via tilted-pulse rectification from a lithium niobate crystal, and the am-
plitude is adjusted with a pair of wire grid polarizers. With the aid of field
enhancement inside the gap by a factor of several hundreds, an instanta-

neous field amplitude exceeding V/nm is realized inside the gap. Figure 4.5
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Figure 4.5: Power dependent transmission of a nanogap under (a) substrate

side incidence, and (b) metal side incidence. Substrate side incidence in-
duces larger decreases in transmission, that is, larger field enhancement.

"’ A 2ol &k



1.0

| S A S
4 1 = L
O 0.8- \i —
= |
|_
0.7 1

{—=— Substrate side incidence
0.6 4 —+=—Air side incidence
| —=— Substrate side incidence * 2n/(n+1)

0.5

0 200 400 600 800
Incident electric field (kV/cm)

Figure 4.6: Power dependent transmissions of a nanogap under different
incident sides, aligning to a single curve under implementation of a factor
2n/(n+ 1), where n is refractive index of the silicon substrate.

shows the result. Nanogaps show decreased transmission upon irradiation
of the intense terahertz radiation, both in metal- or substrate-side incidence.
Yet the power dependent transmission shows steeper decrease in transmis-
sion for the substrate-side incidence. This means that electric field inside the
gap is larger in the gaps with substrate-side incidence. Moreover, when we

plot the incident field-dependent relative transmissions for the both cases,

the two curves align to a single one when the factor 1 considered in the

n
electric field of the substrate-side incidence (Figure 4.6)).
To further confirm that the index matching effect solely comes from

the substrate, the same experiment is performed on a nanogap fabricated on

a quartz substrate (n = 1.2). The gap material is also changed from ALD-
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Figure 4.7: Power dependent transmission of a graphene gap, fabricated on
top of a quartz substrate instead (n = 1.2). (a) Incident field dependent trans-

mission curve. (b) Two curves aligning to a single one by multiplying the

2n
factor

T The totally different gap also follows the factor, confirming the

n
role of index matching by the substrate.
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deposited aluminum oxide to multilayer graphene. The graphene gap is fab-
ricated by growing graphene on a patterned copper film via chemical vapor
deposition (CVD), followed by second deposition of copper and subsequent
exfoliation step [66]]. The result is presented in Figure Even with com-
pletely different types of gap material, metal and substrate, the incident side

2
dependent curves follow the same rule governed by the factor "

T This
directly confirms the role of index matching of a substrate on the field en-

hancement inside the gap.

4.3 Reflection

While most studies on the slot structure utilizes transmitted amplitudes
through the gap, few reports on reflection exists. Yet reflection is essential
in quantifying absorption from the gap, and is also beneficial in selectively
sensing the surface of a target system on top of the gap without accessing its
bulk properties. Reflection from the nano-slots can be considered to consist
of two components: (1) direct reflection from the metal part, and (2) scat-
tering of the enhanced field at the gap. Depending on the relative phase, the
two will either constructively or destructively interfere. At resonance of a
nanogap, electric field at the gap is expected to be in phase with the inci-
dent THz wave. Since the reflected wave from metal is out of phase with the
incident field, the two components will destructively interfere at resonance
to result in a reflection dip, as depicted in Figure 4.8] While off-resonant
component of the electric field is mostly imaginary, that is, phase-shifted by

90 degrees, resonant component is real, or on-phase with the incident field.
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1
The total reflected power will be given as Sg = —EE){H;*. From Chap-
ter 3, electromagnetic field in the whole region can be expanded in terms of
field enhancement at the gap [A+B]. Ignoring the incident wave, the elec-

tromagnetic field in the reflection side is given as:

wl

1 . . .
EI - iz A+ B i® —ikz 4.9
| \/876 +k k dxdy[ +BleCe 4.9)
2A 2
€, _i wi kl + ki i® —ik
H = Z (g7t " Tz A+ Ble'®e k1% (4.10)
Y Pyt dyd,  koki; [ ] )

When the nanogap array is sub-wavelength, which is indeed the case for
the sample we use (20um, 80um < 300um), only components with k, , = 0
contribute to the far field radiation. We obtain reflectance by normalizing

the reflected power with respect to reflection from bare film,

dnywl 4g w32

Re(Eoap) + —————|Egap|? 4.11
Tdxdy e( gp)+7t2dx2dy2| sarl @10

R=1-

Figure 4.9 shows measurements and calculations for the 10, 20 and 30
nm gaps used in the transmission experiments. The reflection dip is larger
for samples with higher resonance transmission, as expected from the inter-
fering nature. Also the reflection dip is larger when THz radiation is incident
from the substrate side. This can be interpreted as a consequence of higher

field enhancement at the gap aided by the index matching effect.
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Figure 4.8: (a) Phase relation between the enhanced field at the gap and
reflected field from the metal. (b) Calculated real and imaginary part of Eg,,
in a 10 nm gap. At resonance the E,, is in phase with the incident wave,
while at off resonance there exists a /2 phase difference.
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4.4 Anomalous Ohmic absorption of THz waves

in nanogaps

With metal surface sufficiently smooth and the nanogaps being ex-
tremely sub-wavelength in both gap sizes and periods, there’s no scatter-
ing or surface waves, and the observed extinction can therefore be directly
interpreted as absorption[[68]]. From the above results on transmission and
reflection, the absorption from the nanogaps can directly be calculated via
T+R+A=1.

Figure shows the experimentally and theoretically determined ab-
sorption from the gap. Both experiments and calculations show absorption
of above 60 percent. The absorption is Ohmic, since both gap material (alu-
mina) and silicon substrates are nearly lossless. Yet Ohmic loss is propor-
tional to J x E = 6E?, where J is current density, implying that electric field
inside metal is very large despite the extremely large electric permittivity of
the metal.

To figure out the origin of the huge Ohmic absorption we analyze the
electric fields, or equivalently currents flowing in the metal near the gap
(J = oE). Figure .11 depicts the electromagnetic fields and current densi-
ties around a slot antenna. In a resonant slot antenna, two electric field com-
ponents - EM and E;V’ - are responsible for the field enhancement observed,
where superscript M denotes field inside the metal. EM drives capacitive
current via direct transmission through metal film, and E)M creates inductive
current around the slot which is responsible for resonant charge distribution.

We first examine EY, which exists both far away from and near the
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Figure 4.10: Terahertz absorption from nanogaps. Both (a) experiment and
(b) theory expect absorption of over 60% in the sub-30 nm nanogaps.
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Figure 4.11: Field and current distribution around a resonant slot.

gap. The electric field far away from the gap would be nearly the same as

that of direct transmission through bare film of same thickness, which is

order of 5 x 10~* times smaller than the incident electric field. At vicinity

of the gap, the EM is now determined from Maxwell continuity equation

D1, = D, ,, where 1 and 2 denotes inside the gap or metal. For a gap with

field enhancement of 1000, electric permittivity contrast of 10° allows only

1073 of incident field to smear into the metal. Absorption induced by capac-

itive current is therefore very small (~ 10~*) and the anomalous absorption

observed therefore must come from the inductive current.

The inductive current is driven by Hz or equivalently Ey, which is ex-

pressed in the analytic calculation as:

k7 7| .
y COSh(k]X) sin(kyy) [Aelﬁh + Be*tﬁh]
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L1 OH
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kyk . .
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2

where ko .rr = ko X (1+ i) Note that Ey, increases as ki increases, that

€aky
is, as gap plasmon effect becomes stronger. Continuity of parallel electric
field in the metal-gap interface leads to an expression of the electric field
inside the metal,

w
w —k3 (X*E)

EY =E,(x= E) X e (4.15)

This electric field is therefore localized within a distance of skin depth fom
the slot. This electric field drives the inductive current J; = 6E,, which in
turn leads to rate of dissipation of energy per unit volume in ohmic loss,
JLEy. Since Ey can only be induced in a resonant structure, the absorption is
only possible in slots; infinite slits, for example, lack the inductive current
and therefore only minute absorption from capacitive current is expected
to occur. Time average and volume integral of J,E, leads to normalized

absorption with respect to incident power,

K kyw )
== X Egap)” ¥
K4k 2 )

l ch Py
RN / (4.16)

AbSnorm = ( Area

Figure [4.12] shows the calculation results for absorption at resonance
and corresponding electric field amplitude at various widths. Calculations
show that smaller width leads to stronger E;W inside metal, and the ampli-
tude reaches near 30 percent of that of incident field. This is more than
2 orders of magnitude larger than EM near the gap. Together with high
electric conductivity of gold (64, = 4 % 1078), this giant electric field re-
sult in Ohmic absorption of over 70 percent in theory. This is by far the

largest Ohmic absorption reported in metamaterial absorbers operating in
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Figure 4.12: Ohmic absorption by a resonant slot. As the gap width de-
creases, inductive component of electric field near the slot reaches near 30%
of incident field and peak absorption exceeds 70% in a 1 nm gap.

THz frequencies[|69, [70]. This is also equivalent to THz absorption by gold
film of 2 Angstrom thickness on top of a silicon substrate, which is a 1000-
fold decrease of effective thickness from the original thickness of 200 nm.
It is worth noting that the absorption spectrum calculated from the
field-current analysis completely matches that from transmitted and reflected
spectrum, as shown in Figure 4.13| even with the totally different calcula-
tion procedure. Here possible effects from surface resistivity of Au film is
neglected, which might be a cause of overestimation of field enhancement.
Nevertheless the most dominant mechanism for the observed absorption is
the inductive current, revealing a novel path for realization of terahertz meta-

material absorbers.
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Figure 4.13: Calculated absorption from field-current analysis (Absy,) and
from transmission and reflection spectra (1-T-R) on two different structures,
(a) w=2 nm, n; = 1.4 and (b) w=10 nm, n; = 3.4. For both of the structures,
the two calculations predict the same absorption spectra.
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Chapter 5

Coupling terahertz nanogaps with

liquid water

5.1 Optical properties of liquid water at THz

frequencies

Water is a very interesting system to investigate as much as it is im-
portant to many chemical and biological phenomena. For example, water
molecules show eccentric behaviors at interfaces of biological molecules[71}
721731741, metallic surfaces[75,76]], dielectrics[77], graphene[78.[79], etc..
In terms of applications, water desalination[80, [81]] and electrolysis[|82} [83]]
have been extensively investigated for decades.

In terahertz frequencies, water molecules in liquid phase show strong
intermolecular interaction due to hydrogen bond network, exhibiting a broad
resonance corresponding to a rotational relaxation mode at 5 THz[84) [85]
86]]. Low THz frequencies (0.1~1 THz) correspond to a low-frequency tail
of the mode, and here liquid water shows relatively high absorption coeffi-
cient. The complex refractive index of liquid water is 2.1 + 0.6i at 1 THz,
which corresponds to an absorption coefficient of 250cm ™! (Figure .
This is several times larger than values of other well-known terahertz ab-

sorbing molecules such as lactose or RDX[43]].
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Figure 5.1: Real and imaginary parts of refractive index of water retrieved
from transmission through 250 micron thick water layer. Dots refer to re-
ported values from literatures.
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5.2 Accessing the hot spots of spacer-based nanogaps

As briefly introduced in section II.1, the spacer-based fabrication is by
far the only way to reliably access sub-10 nm gaps with arbitrary shapes
and sizes. Yet the spacer-based nanogaps are incapable of coupling other
materials into their hot spots due to presence of the spacer, showing limited
applicability. It would therefore be beneficial to realize an empty, sub-10 nm
gap by etching out the spacer.

We performed wet etching of nanogaps with alumina spacer within
their gaps, with 1M potassium hydroxide (KOH) as the wet etchant. Af-
ter etching, cross-sectional transmission electron microscope (TEM) images
are taken to confirm the full etching of the alumina spacer. Figure[5.2]shows
the results, where an energy dispersive spectroscopy is performed on a TEM
cross sectional samples of an alumina-filled gap and an etched out gap.
The disappearance of Al peak inside the gap after the etching confirms the
full etching of the spacer. The structure also retains its shape after etching,
confirming that proper etching procedure can prevent the nanogap structure
from collapsing.

While it seems unlikely that water and etchant molecules enter such
narrow and deep gaps in a short period of time, it can be explained in terms
of wettability of a surface. The wettability of a surface can be quantified in

terms of a spreading parameter S,

S=Ys-a—YL-a—Ys-L (5.1
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Figure 5.2: Energy dispersive spectroscopy (EDS) image of a 5 nm gap (a)
before and (b) after etching, taken with a transmission electron microscope
(TEM). The absence of Al peak in the gap confirms the full etching of the
alumina spacer. (c) A TEM image of the gap after etching, showing that the
gap did not collapse after the wet etching process.
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where S, A and L denote solid, air and liquid, respectively, and 7 is sur-
face tension at each interface. The parameter should be positive for com-
plete wetting of the solid surface, and when it’s negative then surface wets
partially. If the surface is wettable then capillary force will bring the wa-
ter molecules into the gap. For a water-air-metal interfaces, surface tension
at liquid-air and liquid-solid interface is too strong (contact angle 130 de-
grees), giving negative spreading parameter. In a process of wet etching a
dielectric, in contrast, the system is now a set of etchant-dielectric-metal
interfaces, and surface tension between etchant-dielectric is now negative.
The spreading parameter accordingly becomes positive, allowing etchant
molecules to enter deep into the gap. Therefore, with careful handling of
sample during etching, rinsing and drying process, a spacer-filled nanogap
can be fully etched and can retain its high width-to-height ratio without col-
lapsing.

The change in dielectric environment inside the gap leads to spectral
changes in transmission and reflection of the gap. When the gap is small
enough to be under influence of a gap plasmon, the change is much more
dramatic. Since gap plasmon is essentially a coupling of a gap mode with
surface mode of the metal-dielectric interface, the effective permittivity of
the gap contains both real and imaginary part (Figure [5.3] By etching the
gap therefore both amplitude and frequency of the nanogap resonance is ex-
pected to change. Figure[5.4]shows transmission spectra of rectangular ring-
shaped nanogaps with widths 5, 10 and 20 nm extending over perimeters of
100 um, before and after etching process. Both experiments and calcula-

tions show similar trends of resonance blue-shift and increased transmis-
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Figure 5.3: Changes in the gap effective permittivity due to etching a gap
material (aluminum oxide). Both real and imaginary parts are present even
with the lossless gap material.
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Figure 5.4: (a) Experimentally and (b) theoretically determined terahertz

transmission spectrum of 5, 10 and 20 nm-wide nanogap samples before

and after etching. Both experiment and theory show increase in resonance
frequency and amplitude upon etching the gap.
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sion upon etching the gap. It can be inferred from the spectra that the gap
did not collapse after the etching process, since otherwise the transmission
would have shown a significant decrease in the transmitted amplitude. It is
also worth pointing out that the modal expansion-based analytic calculation
used in the experiment reproduces the experimental results quite accurately
while taking less than 10 minutes for a single structure, while it would have
costed several months to simulate the same structure with conventional elec-
tromagnetic simulation tools such as finite difference time domain (FDTD)

method.

5.3 Liquid water inside nanogaps

Provided that wet etching of a spacer inside the gap is possible, it
should be also possible to realize a water-filled gap by exchanging the etchant
with water. Figure [5.5] briefly shows the schematic. By diluting the etchant
after the whole wet etching process, the gap is slowly filled with water
molecules without air molecules having chance to enter the gap. The water-
filled nanogaps will show significant decrease in transmitted amplitudes due
to enhanced absorption of THz waves by water molecules inside the gap.

Figure[5.6]shows transmission spectra of nanogaps coupled with water,
either inside or outside the gap. For comparison, unetched nanogaps coupled
with water on top are also measured. Compared to the case where water
resides only on top of the gap, the transmission shows significant amplitude
decrease and resonance redshift upon filling the gap with water. This is a

characteristic response of a slot filled with lossy dielectrics, where real part
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Figure 5.5: Schematics describing the gap etching and filling process. (a)
Wetting an air-filled gap is difficult. (b) Wet etching, and (c) subsequent
dilution can lead to (d) sub-10 nm gaps filled with water.

60



of refractive index is responsible for the peak shift and imaginary part for
the amplitude decrease. The amplitude decrease can be directly converted

into absorption enhancement factor using the Beer-Lambert law[43]:

1
Z = Oerrd (5.2)
Io

Here I and 10 is transmitted intensity of sample and reference, respectively,
and d is the thickness of the sample. The absorption enhancement factor F
can be defined as oy = 0oF where 0 is absorption coefficient of the di-
electric without the slot. For the case of nanogaps under influence of gap
plasmons, however, changes in the real part also induces an amplitude de-
crease. The absorption enhancement should therefore be determined solely
by the effect from the imaginary part of the refractive index. Since real
parts of refractive indices of the spacer (n4;203 = 2.35) and liquid water
(yarer =2.3+0.6i @1 THz) are similar, the transmission before etching can
be a reference for the effect of absorption by water. With the nanogap thick-
ness of 160 nm, the observed 61 percent decrease in transmitted amplitude
corresponds to effective absorption coefficient of o.ry = 1.19 X 103em™!,
that is, an absorption enhancement factor of F= 700.

The above experiments demonstrate that by appropriate exchanging
procedure, spacer material of a sub-10 nm gap can be substituted to vari-
ous molecules. As a simple demonstration of the concept, an aqueous sur-
face enhanced Raman spectroscopy (SERS) is performed (Figure[5.7). A 10
nm gap is wet etched and filled with water, then subsequently put in con-

tact with 1 mM solution of Rhodamine 6G (R6G). The R6G molecules are
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Figure 5.6: (a) Experimentally and (b) theoretically determined terahertz
transmission spectra of a 10 nm gap coupled with water. Filling water in-
side the gap induces much larger amplitude decrease compared to placing
water on top of the sample, as well as an additional red-shift in resonance
frequency.
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Figure 5.7: (a,d) Gap-enhanced Raman spectroscopy using a water-filled
gap and an air-filled gap. (b,e) Scanning Raman image of the gap. (c,f) Ra-
man spectrum of several selected regions. The water-filled gap show scat-
tering peaks from R6G molecules, while the air-filled gap only shows shifts
in background level.
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about 2 3 nm in size, being able to enter the gap through diffusion. Then
the whole sample is illuminated with 633 nm laser from the substrate side,
such that Raman scattering could be observed only from molecules inside
the gap. The SERS signal show clear sign of R6G at the gap region, and no
SERS peaks at the metallic parts. In contrast, if we prepare an etched-out,
air-filled nanogap sample and then drop R6G solution on top, no signal of
Raman scattering from the R6G molecules can be observed since water can-
not fill an air-filled 10 nm metallic gap. This again confirms that water can
successfully fill the 10 nm gap with etching and diluting process, and that

the procedure is also capable of coupling other molecules with the gap.
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Chapter 6

Conclusions and outlook

In this work, we have investigated various aspects of terahertz nano-
slots with sub-30 nm widths. Reducing the width of a nano-gap has always
been important in the context of better field enhancement and confinement,
yet the 10 nm regime is especially important since it is a characteristic length
for biomolecules and emergence of quantum effects. For terahertz nano-
optics, this is also a regime where noble metals can no more be considered
as perfect electric conductors. We have addressed such regime in a compre-
hensive way throughout this work. We first proposed a spacer-based fabri-
cation method for such terahertz nano-gaps arrays with high throughput and
uniformity. Then we investigate the real metal-like effect of the terahertz
nanogaps, which we attribute to gap plasmon modes inside the gap. This
gives rise to a dramatic resonance red shift and transmission decrease upon
narrowing the gap, as well as an anomalously large ohmic absorption of the
gap. Lastly, we show that the spacer can be replaced with other systems in-
cluding air, liquid water and other molecules such as a dye, and observed
terahertz absorption enhancement by molecules and Raman scattering ex-
clusively from the gap region. From this study many interesting works are

expected, some of which will be presented in the outlook section below.
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6.1 Extending outside noble metals

The most important advance in the fabrication method proposed in this
work, with respect to the first reported method by Chen et al. [[16], is the al-
leviation of requirements addressing the adhesion of the metal layer. In the
previous method where excess metal layer had to be removed by mechanical
exfoliation, the metal patterns should not only have vertical sidewalls, but
also need to have weak adhesion to dielectric spacer used as a gap material.
This limits the use of metals to noble metals such as gold, silver, and copper.
By chemical etching of the sacrificial layer for the removal of the excess
metal on top, other sticky metals such as chromium, nickel, titanium and
iron can be used as the metallic parts of the gap, thereby greatly extending
the applicability of the gap. W. Park et al. reported a sub-10 nm chromium
nanogap arrays successfully functioning as a lithographic mask, utilizing the
high permittivity of chromium at ultraviolet wavelengths [[87]], using a more
sophisticated version of the fabrication to overcome the milling issue asso-
ciated with chromium. Similar approaches can be made with other types of
metals, as many sticky metals have interesting magnetic or superconducting

properties which might be useful in future nano-optic applications.

6.2 Detection of nano-confined water

There have been many researches addressing the physical properties
of nano-confined water, which shows completely different behavior com-
pared to its bulk counterpart [88, (89} 90, 91} |92]]. Most of the reports utilize

shear force detection method with atomic force microscope tips to determine
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stress tensor of the nanowater [93]]. Optical investigation of the nanowater
is mostly done in infrared frequencies, where the water absorption is the
strongest, and is realized in a very limited set of systems including cryogenic
metallic surfaces [94], nanocrystals [95] and aerosols [[77]. Much more com-
prehensive study will be possible with the scheme introduced in this work,
since nanogaps can provide a dramatic increase in absorption cross section
of the nanoconfined water via field enhancement, and in arbitrary wave-
lengths via tuning of the gap parameter. Thickness of water can also be
controlled as precisely as the spacer deposition can get, which is order of
1 nm for atomic layer deposition and lower for chemical vapor deposition.
The interfacing material can also be chosen freely among many metals since
the gap can be fabricated in principle with any desired metal as mentioned
in the previous section.

Provided that water is successfully coupled with the gap, optical prop-
erties of the nano-water can be extracted from the resonant transmission
data. Upon filling a waveguide with a lossy dielectric, the resonance fre-
quency of the waveguide will be modified by a factor of real part of refrac-
tive index of the dielectric, while the transmitted amplitude will vary accord-
ing to imaginary part of the refractive index. In case of the nanogap structure
proposed in this work, the situation is more complex since real part of re-
fractive index of the gap material also causes transmission decrease when
gap plasmon effect is present. Yet the imaginary part of the refractive index
induces significant amplitude decrease but negligible resonance shift. The
complex refractive index of the gap can therefore be uniquely determined,

provided that dispersion of the gap material is negligible.
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6.3 Nanogaps as a chemistry platform

Metallic nano-gaps can be considered as a set of well-defined, par-
allel plate-type electrodes provided that electrolytes fill the gap. The sub-
10 nm gaps are especially important in electrochemical applications since
molecules behave differently near the electrodes. The qualitatively different
layer of molecules near the electrode is called an electric double layer (EDL)
and is approximately 2 nm thick in moderate electrolytes [96]. Since EDL
is where actual charge transfer takes place in an electrochemical reaction,
it is very important to understand the molecular dynamics within the EDL.
The effect of EDL becomes even more dominant in nanoporous electrodes,
where surface area is maximized by pores with sizes below 10 nm. Yet
due to randomness and complex networking of the pores, the nanoporous
electrodes are not well suited for systematic study of the EDL. While there
have been a number of attempts to fabricate pairs of electrodes seperated by
nanometer distances, by far the only possible method to reach sub-10 nm
was to utilize a scanning tunneling microscope tip [97]]. For parallel plate
configuration, the minimum achievable separation is in the order of several
tens of nanometers [98, 99]]. This work has shown that the limit for parallel
plate electrodes can be pushed down to sub-10 nm, enabling a direct access
to the EDL layer via C-V measurements and optical characterization.

Also, as mentioned in Chapter 4.2, an intense optical electric field
reaching up to 10 V/nm can be realized within the nanogap structure in-
troduced here. Such large electric field can be used to trigger chemical reac-

tions via electron field emission [100], which is capable of inducing nitrogen
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plasma [101]], polymerization of resist molecules, and redox reactions. The
high electric field is also capable of creating a completely new path for a
chemical reaction by altering the energy path. One recent theoretical study
proposed a path for synthesizing methane and formaldehyde from methanol
under 6 V/nm electric field applied [[102]. Here the authors proposed to use
a tip for applying the high electric field, which is expected to suffer from
the small reaction volume near the tip. Our nanoslot structure can be made
in wafer scale and in an extended gap geometry, greatly improving the pro-
duction yield of the proposed chemical reaction. The reaction products can
also be detected in real time, using optical spectroscopy techniques such as

infrared absorption spectroscopy or Raman scattering spectroscopy.
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