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Ultimate terahertz field enhancement of single nanoslits
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A single metallic slit is the simplest plasmonic structure for basic physical understanding of electromagnetic
field confinement. By reducing the gap size, the field enhancement is expected to first go up and then go down
when the gap width becomes subnanometer because of the quantum tunneling effects. A fundamental question
is whether we reach the classical limit of field enhancement before entering the quantum regime, i.e., whether
the quantum effects undercut the highest field enhancement classically possible. Here, by performing terahertz
time domain spectroscopy on single slits of widths varying from 1.5 nm to 50 µm, we show that ultimate field
enhancement determined by the wavelength of light and film thickness can be reached before we hit the quantum
regime. Our paper paves way toward designing a quantum plasmonic system with maximum control yet without
sacrificing the classical field enhancements.
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Local field enhancement and confinement of electromag-
netic waves in nanosize volumes are central to diverse
applications in nano-optics, such as single molecule detection
[1–4], optical manipulation [5,6], and nanoscale nonlinear
optics [7–10]. For a nanogap consisting of two metals
separated by a nanometer distance, the current is induced in
the metal surfaces by the incident light and the electric charges
accumulate near the sharper edges of the metals due to charge
continuity. These accumulated charges contribute to enhancing
the electric field inside the nanogap, resulting in a voltage
drop between two metals that can induce electron tunneling
across the gap. Several papers have demonstrated that the local
field enhancement in nanogaps increases monotonically with
decreasing gap size [11–14] and that it decreases as it enters the
quantum regime [15–22] [Fig. 1(a)]. A fundamental question
is whether we reach the classical limit of field enhancement
before entering the quantum regime [Fig. 1(b)].

The main reason for difficulty in investigating the classical
limit of field enhancement is the treatment of complicated
metallic systems with a finite dielectric constant and nonideal
shape of the structure. This led us to design a set of experi-
ments in which all electromagnetic waves funnel through the
nanogaps formed by the simplest plasmonic structure. In this
paper, terahertz electric field enhancement of a single slit is
monitored as we decrease the gap size from 50 µm to 1.5 nm.
The investigation of the induced current and charge distribution
in metal films allows us to understand the physical processes
of reaching the largest possible field enhancement in a slit
structure, determined by the wavelength of light and the gap
thickness.

An infinitely long single slit formed by two metal films
simplifies the interaction between electromagnetic waves
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with subwavelength apertures [12,23,24]. Since the metal
is considered a perfect electric conductor (PEC) due to a
large dielectric constant for long-wavelength waves such as
terahertz waves and microwaves, all electromagnetic waves
can squeeze through the metal slits without any strays
because of a large contrast of dielectric constant [12,25,26].
This allows us to simplify the funneling process, enabling
a deep understanding of the giant field enhancement in
nanogaps, as well as many potential applications in plasmonics
[27–36].

We manufactured millimeter-long single slits on a gold
(Au) film deposited onto a sapphire substrate with various gap
sizes from 50 µm down to 1.5 nm, as shown in Fig. 2(a).
The samples are made by two fabrication techniques. One
method uses a focused ion beam for the slits with a gap size
from 50 µm to 200 nm. The other method is atomic layer
lithography for gaps of a few nanometers filled with aluminum
oxide (Al2O3) as an insulating layer, as shown in the inset of
Fig. 2(a) [14]. This advanced lithography technique allows
us to make a high aspect ratio between gap thickness (h)
and gap size (w): h/w � 1. All samples have an effective
gap thickness h [36] of around 150 nm, which is the subskin
depth of the metal (δAu ∼ 250 nm for 0.1 THz), and a slit
length l of 2 mm, which is considered an infinite slit for a
1 by 1 mm aluminum aperture as a reference. Figure 2(b)
and (c) are top views of scanning electron microscope (SEM)
images for the samples of 2 µm (top), 200 nm (middle),
and 2 nm (bottom) gaps and cross-sectional views of SEM
images for 10, 5, 2.5, and 1.5 nm gaps (from left to right),
respectively.

Figure 3(a) shows representative time traces of the transmit-
ted terahertz electric field for a 5 nm gap sample (red) and bare
sapphire substrate (black) with a 1 by 1 mm aluminum aper-
ture. To take into account the transmitted signal only through
the gap, the contribution of the transmitted field of Au film is
subtracted in the sample data (see Supplemental Material [37]).
As shown in Fig. 3(b), the properties of transmission through
the single slits are experimentally characterized by Fourier-
transformed normalized transmitted amplitude [Fig. 3(b), left
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FIG. 1. Schematics of the field enhancement change in the
metallic nanogap structure. (a) By reducing the gap size, the field
enhancement is expected to first go up and then go down when the
gap size becomes subnanometer because of the quantum tunneling
effect. (b) A fundamental question is whether we reach the classical
limit of field enhancement before entering the quantum regime.

axis], defined as t = Egap(ω)/Eref(ω), where Egap is the
transmitted electric field amplitude through the sample with
the aperture and Eref is that only through the substrate with the
same aperture. In the graph, we observe two salient features.
First, the transmission of the single nanoslit increases with
decreasing frequency, describing a 1/f dependence, presented

FIG. 2. (a) Schematic of an infinite single slit. The structure is
illuminated by normally incident p-polarized terahertz waves. The
inset is a transmission electron microscopy (TEM) image of a 1.5 nm
Al2O3 gap fabricated by atomic layer lithography. (b) Top views of
SEM images for single slits with three gap sizes: w = 2 μm (top),
200 nm (middle), and 2 nm (bottom). (c) Cross-sectional views of
SEM images for 10, 5, 2.5, and 1.5 nm gaps (from left to right).

FIG. 3. (a) Time traces of the transmitted terahertz electric field
through a sapphire substrate with a 1 by 1 mm aluminum aperture
(black) and a 5 nm gap sample with the same aperture (red). The
direct transmission of Au film is subtracted in the sample data. (b)
Normalized transmitted amplitudes (left axis) and field enhancement
(right axis) of a 5 nm gap as a function of frequency. The fit (black
dashed line) indicates 1/f dependence. (c) Field enhancement as a
function of gap size w for several frequencies. The solid lines are
the theoretical calculation of the modal expansion formalism. (d)
Horizontal electric field (left) and magnetic field (right) around a
1.5 nm gap with an area of 500 by 500 nm simulated by FDTD. The
frequency is fixed at 0.15 THz.

as a dotted line. This implies a capacitor-like charging of
the nanogap because the induced total charges are inversely
proportional to the frequency, Qind ∼ I0/ω, for an alternating
current source of terahertz frequencies I = I0e

−iωt (ω is
the angular frequency of the incident light) [12]. Second,
around 1% transmission at 0.15 THz is tremendously high
when one considers the extremely small gap-to-aperture area
ratio of only β = 5 nm/1 mm = 5 × 10−6. Therefore, a field
enhancement inside a 5 nm gap of t/β ∼ 2000 is extracted by
the Kirchhoff integral formalism, as shown in the right axis of
Fig. 3(b) [29].

Figure 3(c) shows electric field enhancement as a function
of gap size for different frequencies. The solid lines indicate
theoretical calculation of the modal expansion formalism
based on the PEC model, which is valid for the terahertz
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frequency regime [30]. We have checked that both two-
dimensional finite-difference time domain (FDTD) simulation
and PEC modal expansion provide essentially the same results
of the field enhancement factor [36]. The measured data
show that the field enhancement increases and eventually
saturates as the gap size decreases from 50 µm to 1.5 nm
for all frequencies. This tendency is in agreement with the
theoretical calculations. Since the maximum electric field of
the incident terahertz pulse is around E0 ∼ 30 V/cm, the
induced transient voltage across a 1.5 nm gap is only about
Vgap ∼ 3.2 mV despite the giant field enhancement of around
1000. Therefore, the quantum effect of electron tunneling is
negligible in this weak field regime [21,22]. Our experimental
results demonstrate that the terahertz field enhancement in a
nanoslit can saturate before the quantum effects become active,
in contrast to recent papers on the optical regime that have
demonstrated monotonically increasing resonant plasmonic
field enhancement with decreasing gap size of a nanoparticle
dimer and quenching by the quantum effect of tunneling and
nonlocal screening [38].

Our results prove the existence of the largest possible field
enhancement achieved by two metal films forming a nanogap
in the classical electromagnetic description that provides sig-
nificant information for the development of plasmonic devices
and applications, such as chemical and biological molecule
sensing in infrared, terahertz, and microwave. Figure 3(d) gives
the electric (left) and magnetic (right) field distribution around
a 1.5 nm gap in 150-nm-thick Au film simulated with FDTD
analysis at a wavelength of 2 mm (f = 0.15 THz). The results
reveal the expected behavior that the horizontal electric field
is strongly focused and enhanced up to 2000 times inside the
gap (intensity enhancement of 4 million) while the magnetic
field is continuously decreasing and spreading inside the metal
with no enhancement in the gap.

As we indicate in Fig. 4(a), three regimes are identified
for different values of gap size w: (i) w � h (� λ), (ii)
w ∼ h (� λ) and (iii) w � h and w < λ. . We first discuss
the two extreme regimes. The first regime arises for w �
h (� λ) where the enhancement does not increase drastically,
showing a saturation behavior. The saturation value for the field
enhancement can be estimated by a capacitor model describing
the nanoslit with a capacitance C = εgapA/w, where A = hl

is the area of the slit edge and εgap is the permittivity of
the gap material. Since the incident magnetic field H0 is
related to E0 by the vacuum impedance of free space Z0

and it induces the surface current �K0(= �J0 × h) = n̂ × (2 �H0)
in PEC, one can estimate the induced total charges Qind =
ε0

λ
πh

AE0 by the charge conservation law: ∇ · �K + ∂σ
∂t

= 0,
where σ is the surface charge density. With the approximation
that almost all charges are accumulated at the edges of the
slit, the field enhancement factor of a nanoslit for a given h,
Egap

E0
= Vgap/w

E0
= λ

(εgap/ε0)πh
, was initially derived in 2005 [39].

This was rederived in 2009 and 2014 [27,40]. For comparison
with the experimental data, the field enhancement normalized
by the substrate nsub+1

2
λ

(εgap/ε0)πh
, where nsub is the refractive

index of the sapphire substrate, is depicted with a red dotted
line in Fig. 4(a). This implies that we experimentally reached
a fully capacitive charging regime with a high aspect ratio

FIG. 4. (a) Field enhancement as a function of the gap size w.
Transition of the field enhancement by decreasing the gap size w at
0.3 THz. The gap thickness h is fixed at 150 nm. Three regimes are
identified for different values of w. The black dot is experimental
data, and the black solid line is the result by modal expansion. For
the regime of w � h (� λ), the field enhancement shows a saturation
behavior reaching to the ultimate limit estimated by a simple capacitor
model (red line). The regime for w ∼ h (� λ) and that for w � h

and w < λ are close to the dependence of 1/w (green line) and 1/
√

w

(blue line), respectively. (b) Two components of the induced current
density, Jx (top) and Jz (bottom), in 150-nm-thick Au film for w

of 200 nm (right) and 1.5 nm (left). (c) Schematics of the induced
current density depicted with black arrows in a metal film and the
accumulated charges near the slit edges for two gap sizes: w ∼ h (�
λ) (right) and w � h (� λ) (left). (d) Electric field enhancement
of a 5 nm gap as a function of the gap thickness h. The solid line
is the calculation of modal expansion. The schematics indicate that
1/h dependence of the field enhancement results from an increased
surface charge density due to the constant value of the induced surface
current K .
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nanoslit (h/w � 1) fabricated by atomic layer lithography.
In parallel, the same equation of electric field enhancement is
derived from analytical calculation of PEC modal expansion,
adding approximations of h/w � 1, where w � λ and h � λ

(Supplemental Material [37]).
The third regime (w � h but w < λ) in which field

enhancement is closely described by a dependence of 1/
√

w

can be explained by two Sommerfeld half planes without
coupling between the two metal films. For a Sommerfeld
half plane, the electric field is proportional to the inverse
square root of x, where x is the distance from the slit edge
[41]. Considering a single slit as two Sommerfeld half planes
without any coupling effect, the averaged electric field inside
the gap corresponding to the field enhancement is proportional
to the inverse square root of w. The second regime (w ∼ h (�
λ)) in which the field enhancement is close to the fitting of 1/w
is the intermediate regime, in which two metal films start to
couple strongly before entering the fully capacitive charging
regime [12,13].

In order to understand the physical process of reaching
the saturation limit of field enhancement, we plotted two
components of induced current density, Jx (top) and Jz

(bottom), in metal films for a gap size of 200 nm (right) and
1.5 nm (left) in Fig. 4(b). In the simulation, the metal thickness
is fixed at 150 nm, giving the aspect ratios h/w of 0.75 and
100, respectively. With Jx and Jz, we schematically present
the induced current and accumulated charges near the gaps
in Fig. 4(c). Again, the induced total charges are fixed. For
a 200 nm gap (w ∼ h) [Fig. 4(c), right], the charges are not
perfectly accumulated at the slit edges but are slightly spread
away from the edges due to the current distortion near the
gap. Since the spread distance is around the gap size, the field
enhancement strongly depends on the gap size when w ∼ h.
This gives rise to a stronger field enhancement of a smaller gap
presented in the intermediate regime, as shown in Fig. 4(a).
For a 1.5 nm gap (w � h) [Fig. 4(c), left], the charges are
mostly accumulated at the slit edges due to an almost straightly
flowing surface current resembling that in a metal film without
a gap. This also gives us a good prediction of the ultimate
field enhancement factor Egap

E0
= λ

(εgap/ε0)πh
, derived from the

boundary condition of the electric field at a metal surface
inside the gap εmetalEmetal = εgapEgap and the calculation of
the transmitted electric field inside a metal using thin film
approximation Emetal ∼ 2E0/(σmetalhZ0), where Emetal is the

electric field inside a bare metal film; εmetal, and εgap are
permittivities of the metal and gap material, respectively; and
σmetal is the conductivity of the metal [42].

To increase the field enhancement in the fully capacitive
charging regime, it is necessary to decrease the thickness of
metal film h, which results in an increased surface charge
density at the slit edges with a fixed surface current K . To verify
the description experimentally, we fabricated infinite single
slits of a 5 nm gap with four gap thicknesses: h = 200,150,70,
and 50 nm. Figure 4(d) presents the field enhancement of the
5 nm gap as a function of gap thickness h at the frequency
of 0.3 THz. The red dots correspond to the experimental data,
well matched with a 1/h dependence. The field enhancement
is insensitive to the gap thickness for the regime w � h, except
for w � h.

In conclusion, we achieved ultimate terahertz field en-
hancement in an infinite single slit with sub-10-nm-size gap
successfully fabricated by atomic layer lithography. The limit
of electric field enhancement determined by the wavelength
of light and the gap thickness results from the fully capacitive
charging behavior realized by nanogaps with a high aspect
ratio between the gap thickness and the gap size. This
paper is the first experimental demonstration of the ultimate
limit of gap-size-controlled field enhancement in the classical
electromagnetic description. We also achieved stronger field
enhancement in the regime in which the field enhancement is
insensitive to the gap size, using nanogaps formed by thinner
metal films. Our deep understanding of the funneling process
of electromagnetic waves through the metallic gap provides
significant information for the development of plasmonic
devices and practical applications in nano-optics and nonlinear
plasmonics.
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