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Abstract: Slot-type nanogaps have been widely utilized
in transmission geometry because of their advantages
of exclusive light funneling and exact quantification of
near-field enhancement at the gap. For further applica-
tion of the nanogaps in electromagnetic interactions
with various target materials, complementary studies
on both transmission and reflection properties of the
nanogaps are necessary. Here, we observe an anomalous
extinction of terahertz waves interacting with rectangu-
lar ring-shaped sub-30 nm wide gaps. Substrate works
as an index matching layer for the nanogaps, leading to
a stronger field enhancement and increased nonlinearity
at the gap under substrate-side illumination. This effect
is expressed in reflection as a larger dip at the resonance,
caused by destructive interference of the diffracted field
from the gap with the reflected beam from the metal. The
resulting extinction at the resonance is larger than 60%
of the incident power, even without any absorbing mate-
rial in the whole nanogap structure. The extinction even
decreases in the presence of an absorbing medium on top
of the nanogaps, suggesting that transmission and reflec-
tion from nanogaps might not necessarily represent the
absorption of the whole structure.
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1 Introduction

Metallic nanogaps with diverse geometries such as dipole
antenna [1-4], dimers or arrays of nanoparticles [5-8],
negative slots [9-13], or slits [14-18] have been widely
investigated for their application potential in various
optical phenomena. Among them negative slot or slit
antenna structures possess the advantage of background-
free exclusive electromagnetic funneling when operated
in transmission geometry, and is, therefore, capable of
experimentally determining the near-field enhancement
at the gap [19]. Such properties are advantageous in appli-
cations where quantitative analyses are highly required,
such as in nonlinear experiments [10, 20-22] or when real-
izing molecular absorption or scattering enhancement
[23-25]. Physical origins of the observed phenomena are
mostly interpreted in terms of changes in transmission
spectra, while the reflection counterpart, an excellent
additional source of information, is usually not consid-
ered in the transmission type nanogaps. This additional
information becomes more important when the nanogaps
are combined with other materials, where decrease in
transmission induced by the materials cannot be unam-
biguously interpreted as an increase in absorption or
reflection. It is, therefore, essential to first investigate the
transmission and reflection behavior of the nanogaps
themselves in order to study the interaction between the
nanogaps and target materials.

In this study we perform transmission and reflection
measurements on terahertz (THz) nanogaps to quantify
the power flow at the gap. Extraordinary transmission and
field enhancement of THz waves in nanogaps have been
theoretically studied [26] and experimentally realized,
recently at gap sizes down to 1 nm [27] and below [20]. We
especially focus on the effect of illumination side, from
the substrate side or the air side, for wider applications in
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future research. The THz frequency is very well suited for
this experiment as most noble metals in this regime have
extremely high electric permittivity [28, 29], shutting off
direct transmissions through the unpatterned metal film
and thereby enabling exclusive electromagnetic energy
funneling through the gap. Also, relatively higher refrac-
tive indices of common substrates (2.1~ 3.4) in the THz fre-
quency range compared to those used in visible (1.3 ~1.8)
regime help increase the contrast for the possible sub-
strate effects. In this experiment, nanogap samples are
fabricated on top of silicon substrates with a refractive
index of n=3.2.

2 Results and discussion

A THz time-domain spectroscopy is constructed for simul-
taneous measurements of transmission and reflection
(Figure 1A). Single-cycle THz pulses from biased GaAs
emitter are weakly focused with off-axis parabolic mirrors
(NA =0.25) and illuminate the nanogap samples, either on
the air-side or on the substrate-side direction. Transmitted
and reflected THz waves are collected and detected with
electro-optic sampling. Some 200 nm-thick Au nanogap
samples are fabricated using atomic layer lithography
technique [27] with the gaps rectangular ring-shaped with
10, 20, and 30 nm widths, and lengths of long and short
sides of the rectangle being 80 and 20 um, respectively
(Figure 1B). Incident polarization is perpendicular to the
long side of the rectangular ring such that the fundamental
mode of the coaxial rectangular waveguide can be excited.
As only one polarization is measured, each of the rectan-
gle effectively behaves as a couple of linear slot anten-
nas of 100 um length, where field from only the middle
80 um region contributes to the measured transmittance
(see Supplementary material). Bare silicon substrate is
used as a reference for transmission measurements, while
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unpatterned, 200 nm-thick Au film is used for reflection
measurements.

Figure 2 shows the normalized transmission data
for the nanogap samples. The overall transmission does
not change regardless of the illumination side, as is the
case for simple stacks of dielectric layers (Figure 2A).
This, however, means that local transmission through the
nanogap layer is larger for substrate-side illumination,
because transmission coefficients for entering the sub-
strate are smaller than that for exiting the substrate by a
factor of n (Figure 2C). As far-field transmitted amplitude
through the gap is directly proportional to the near-field
enhancement via Kirchhoff integral formalism (see Sup-
plementary material), this indicates that the near-field
enhancement is larger for substrate-side illumination by
a factor of 2n/(n+1) despite the smaller incident electric
field on the nanogap layer (Figure 2B). This factor of 2n/
(n+1) is actually the same as the ratio of the magnetic
field amplitude at the incident side metallic boundary,
implying the role of surface current in the field enhance-
ment phenomena. Such increase in near-field enhance-
ment is also present in analytical calculations based on
modal expansion [26, 30], as shown in Figure 2C.

For more direct confirmation of the near-field
enhancement at the gap, nonlinear transmission behav-
ior of the gap is explored under illumination of intense
THz pulses with a peak field amplitude of 460 kV/cm
and a pulse energy of 0.86 yJ [31, 32]. With the aid of field
enhancement, the local field at the gap reaches ~10 V/nm
to create tunneling current density — the amount of which
is determined by the gap width, barrier height, and applied
voltage. The generated free carrier density absorbs THz
waves, expressing itself as an effective imaginary permit-
tivity of the gap material, aluminum oxide [20, 21, 33]. The
consequent decrease in transmission can, therefore, func-
tion as a direct probe for the local field enhancement at
the metallic nanogaps [22]. In order to obtain high-field

dx = Ix = 20 ym

1=T+R+(A+9)

Figure 1: Experimental schematics.

(A) Transmission and reflection from nanogaps, in substrate-side or air-side incidence. A silicon beam splitter is used for normal incidence
reflection measurements. (B) Geometric parameters of the rectangular ring nanogaps used in the experiment.
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Figure 2: Transmission through the nanogaps.

(A) Normalized transmission of the nanogaps in substrate-side and air-side illumination. (B) Near-field enhancement at the gap deduced
from the observed transmittance. (C) Analytically calculated field enhancement factors of 10 nm gap under substrate- or air-side incidence.
The difference in the field enhancement can be understood in terms of different Fresnel coefficients for entering and exiting the substrates.

THz waves, we additionally use a regenerative ampli-
fier and a lithium niobate crystal [34]. Figure 3 shows the
power-dependent THz transmission for a 20 nm wide alu-
minum oxide (ALO,) gap on silicon (n=3.2), resonance-
tuned at near 0.8 THz to match the THz spectrum of the
lithium niobate source. Here substrate-side illumination
(Figure 3A) induces larger decrease in transmitted power
under the same incident electric field, confirming that the
field enhancement is indeed larger than the air-side illumi-
nation case (Figure 3B). Moreover, the seemingly different
transmission curves align to a single curve when the factor
2n/(n+1)=1.52 is considered for the field enhancement of
the substrate-side incidence (Figure 3C). The substrate-
induced increase in local field enhancement has been
reported in metallic nanorods on top of a silicon substrate
[35], but is first realized in negative slot structures with
negligible direct transmission. Especially, an additional
experiment with a graphene gap fabricated on quartz
shows that the factor is valid regardless of the details of
the nanogap structures (see Supplementary Material).
Such changes in the near field are expected to change
the reflection behavior around the nanogap, because the

total reflection is affected by the interference between the
reflected wave at the nanogap and the direct reflected wave
from the unpatterned film. Figure 4 shows the normalized
reflection spectrum for the nanogaps under substrate- or
air-side illumination, where the normalization is per-
formed with the reflected signal from unpatterned Au film
with the same illumination geometry. Here, the nanogap-
substrate interface with higher near-field enhancement at
the gap shows a larger dip in the reflection spectrum (i.e.
lower reflectance) compared to the nanogap-air counter-
part. The reflected power at resonance is lower than 30%
for all three samples in substrate-side illumination geom-
etry, leading to near 60% extinction overall. This seem-
ingly abnormal extinction is also reproduced in the modal
expansion analytical calculation, which expects the
zeroth-order reflection from the nanogap in the form of:
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In terms of the physics behind the phenomena, an
analogy can be made with an enhanced optical absorp-
tion of a medium - in many cases solar cell — by index
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Figure 3: Power-dependent transmission of a 20 nm AL,0_-filled nanogap for (A) substrate-side incidences and (B) air-side incidences. (C)
Different amounts of nonlinearities for the two cases under same incident electric field. Two curves fit into a single curve when the factor
2n/(n+1) comes into consideration for electric field amplitude in substrate-side incident case.

matching with antireflection coatings [36, 37]. When an
absorbing thin film is deposited on top of a substrate, with
the substrate having lower refractive index compared to
that of the film but higher than that of air, the substrate
can function as an index matching layer as substrate-film
interface shows lower reflection coefficient than the film-
air counterpart, allowing more electric field to smear into
the film. This in turn leads to higher loss and lower reflec-
tion of the film, similar to what is observed in the nanogaps
above. For the THz nanogaps studied in this research, the
situation is similar but not the same. While there are two
possible routes for the observed extinction, which are
(1) Ohmic absorption of the metals and (2) scattering of
nonzeroth-order diffraction from the reflection side, the
absorption contribution to the total observed extinction
is less than a percent due to extremely small amount of
electric field penetration into the metal at THz frequencies
(see Supplementary Material). What is observed here is
rather analogous in part to the Mach-Zehnder modulation,
where amplitudes of interfering beams are modulated via
relative phases of the two input beams. At one detector the
observed power decreases due to destructive interference
of the out-of-phase beam, but at the other the observed
power increases due to newly created path where the two
beams are constructively interfering.

Such situation for the nanogaps is depicted in
Figure 5, where relative phases of the electric field to the
incident wave at the 10 nm gap is shown. For off-reso-
nant frequencies the field enhancement is dominated by
—n/2—out—gf—phase;(imaginary) component, as the surface
current K=2nxH, is in phase with the incident wave
and the near field at the gap is proportional to the accu-
mulated charge density o <Q= JK -dIdt. Atresonance an
additional phase of 7/2 is required in order to completely
charge the gap surface, thereby leading to completely in-
phase (real) component dominant feature. This means
that the resonant scattering field is out of phase with the
reflected electric field from metal region by a factor of x.
As the near-field amplitude at the gap increases, therefore,
the destructive interference of the reflected beam from
metal and diffracted beam from the gaps in turn leads to
a larger decrease in the zeroth-order reflection from the
incident side. While there are reports on nonconservation
of energy-momentum under oblique superposition of two
out-of-phase waves [38], it would be more reasonable to
understand the observed extinction in terms of change in
the phase relation creating another path where the two
beams constructively interfere, leading to energy trans-
fer into other directions that the detection scheme cannot
collect.
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Figure 5: Phase relation between incident, reflected, and diffracted waves from the nanogap layer.

(A) Cross-sectional schematics for the relative field direction. The phase is set such that the incident wave has zero phase shift at the gap
entrance. (B) Calculated complex near field at the gap, with respect to the incident wave. At resonance the near field aligns completely with
the incident electric field, being out of phase with the reflected light from metal film.

This interpretation suggests an interesting possibility
for the case of nanogaps coupled with an absorbing mate-
rial. While a decrease in transmission is expected in the
presence of the absorbing material, the reflected signal
might increase because the reflection dip is proportional
to the field enhancement at the gap. The total observed
extinction will, therefore, not fully represent the absorp-
tion induced by the material, and might even decrease,

due to a weaker backscattering from the gap. Figure 6
shows such incidence where a thin layer of water is placed
on top of the nanogaps. Liquid water is a well-known
THz absorber with an average absorption coefficient of
200 cm™ in the frequency range of 0.1 ~1 THz (Figure 6D).
With the near-field enhancement around the gap, as
well as inside the gap, an enhancement in absorption is
expected to occur for water layers on top of nanogaps. This
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Figure 6: Substrate-side incident (A) transmission and (B) reflection data for nanogaps with and without thin water layers on top.
Transmission from the nanogap-water composites are normalized with respect to that from a substrate with water layer of same thickness
on top, to cancel out the effect of bulk absorption. (C) Extinction from nanogaps with and without water layer on top. (D) Transmission and
absorption coefficients of 6 um thick water layer placed on top of the nanogaps.

is clearly shown in the transmission spectra as a slight
decrease in the intensity (Figure 6A). Even with the appar-
ent decrease in total optical power, however, the reflec-
tion from the nanogap increases (Figure 6B), leading to
an overall decrease in the observed extinction (Figure 6C).
Such counterintuitive observation implies that reflection
from the nanogaps, even with subwavelength gap width
and period, is qualitatively different from that measured
in a homogenous medium, and therefore does not directly
represent the absorption of the structure as it does in ordi-
nary cases.

To conclude, we experimentally and theoretically inves-
tigated the transmission and reflection from the rectangu-
lar ring nanogap structures, under different illumination
geometries. Index matching effect by the substrate enables
higher coupling of incident electromagnetic field to the
nanogap structures, leading to higher near-field enhance-
ment and nonlinear response at the nanogap. The near-
field enhancement also induces stronger scattering from
the nanogap which in turn destructively interferes with out-
of-phase reflected field from the metal surface. Such inter-
ference leads to a huge decrease in zeroth order reflection,
leading to an observed extinction of up to 60%. This in part

resembles Mach-Zehnder modulation where relative phase
relation between two beams determines the direction of
power flow, leading to changes in observed power at certain
direction. Such mechanism behind the anomalous reflec-
tion implies that what is not observed as either transmis-
sion or reflection cannot simply be treated as absorption,
so a careful approach is required when trying to quantify
nanostructure-induced absorption enhancement. This
research provides a new insight into the physics behind
transmission and reflection signals from the nanogap and,
therefore, will be of great interest in nanogap-hybrid appli-
cations such as enhancing absorption, sensing dielectric
layers, and THz nonlinear phenomena.

3 Methods

3.1 Fabrication of rectangular ring-shaped
nanogaps

The nanogap samples are fabricated with atomic layer
lithography technique [27]. To briefly summarize the
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procedure, conventional photolithography first defines
rectangle patterns, perimeters of which will later func-
tion as the nanogaps. Deposition of Au and subsequent
lift-off of photoresistance lead to Au patterns with tens of
micron-sized rectangular holes. Atomic layer deposition of
ALO, conformally covers the whole structure with a reso-
lution of ~1 nm. Then, directional deposition of Au fills the
rectangular holes, creating vertically aligned metal-Al,0,-
metal gap at sidewalls of the rectangular holes. Selec-
tive exfoliation of overhanging metal layer with adhesive
tape reveals the gap entrance to complete the fabrication
procedure.

3.2 Terahertz time-domain spectroscopy
setup

For transmission and reflection measurements, a tita-
nium-sapphire femtosecond pulse laser with 80 MHz
repetition rate is used for generation of THz pulses and
electro-optic sampling. A DC-biased gallium arsenide
antenna is used for generating THz pulses with a center
frequency at 0.4 THz. Generated THz pulses are focused
onto a spot size of 3 mm with silicon lens and off-axis
parabolic mirrors and is normally incident on the sample.
Transmitted and reflected waves are again focused with
parabolic mirrors onto a 500-micron-thick zinc telluride
crystal, which incorporates electro-optic polarization
change of probe beams depending on the terahertz field
amplitude. The polarization change is detected with a
Wollaston prism and a balanced detector, from which the
field amplitude is calculated. A 2 mm-thick silicon wafer
is used as a THz beam splitter for normal incidence reflec-
tion measurements. For high-power transmission meas-
urements the basic measurement scheme is the same,
with THz emission mechanism changed to tilted-front rec-
tification from lithium niobate crystal [34]. Here the center
frequency of the emitted THz wave is near 1 THz and the
focus size is about 500 microns. Incident field amplitude
is calculated using a THz powermeter and a known focal
size, and further confirmed with the observed electro-
optic signal amplitude from zinc telluride or gallium
phosphide crystal.

4 Supplementary material

Discussions on lowest order mode of the rectangular
ring nanogaps, details on modal expansion calculation
and Kirchhoff integral formalism, additional nonlinear
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transmission measurements for a graphene gap, and
discussions on absorption contribution to the observed
extinction.
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