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The unique optical properties of metals are at the core of many
areas of research and applications, including plasmonics1–4,
metamaterials5,6, superlensing and subdiffraction focusing7–10,
optical antennas11–14 and surface enhanced Raman scattering15.
One important length scale inherent in metamaterials and plas-
monics research activities in the microwave5,16, terahertz17–19,
infrared20,21, visible22 and ultraviolet ranges7 is the skin depth
of metal, which remains at the submicrometre level throughout
the broad spectral range. One prominent question is whether
terahertz electromagnetic waves can be controlled on the
nanoscale to achieve new functionalities in the sub-skin-
depth regime. Here, we show that a l/30,000 slit on metal
film acts as a nanogap-capacitor charged by light-induced cur-
rents, enhancing the electric field by orders of magnitudes.

Feature sizes of metamaterials tailored for specific electric or
magnetic properties in the terahertz and microwave regions are
much smaller than the wavelength, but are nonetheless much
larger than the skin depth. Subwavelength metallic structures, in
the form of apertures, can focus an electric field and enhance
light transmission with plasmonic, half-wavelength, or Fabry–
Perot resonances1–3,18,23–28. Resonance focusing has been previously
investigated at length scales smaller than the wavelength, but far
greater than the skin depth. In this regime, perfect conductor
approximation has been used to describe field enhancement in
one- and two-dimensional apertures23,25–27, where it has been
shown that the field enhancement keeps increasing with decreasing
gap widths. The following question arises. When the width
decreases to such an extent that it enters the new regime of a
nanogap, with a width smaller than the skin depth, will the electric
field inside the gap keep increasing?

To probe field enhancement at sub-skin-depth nanogaps, tera-
hertz time-domain spectroscopy29–31 was performed for a frequency
range of 0.1–1.1 THz (wavelength of 3–0.27 mm). It was found that
the presence of the nanogap profoundly modifies the transmittance,
which now shows resonance-lacking 1/f-type dependence, where f
is frequency. The area-normalized amplitude, equivalent to the
level of field enhancement23,32,33, keeps increasing with decreasing
gap width because charges concentrate near the gap, increasing
the charge density and so enhancing the electric field. The enhance-
ment reaches a maximum value of 800 at 0.1 THz for the narrowest
gap width of 70 nm, smaller by a factor of three than the skin depth,
which is 250 nm for gold at this frequency. The enhanced field in
the nanogap fully scatters towards the far-field because no cut-off
exists. With the broad 1/f spectral response, a maximum jEj2
enhancement of 105, and a nonlinear jEj4 enhancement of 1011,
this nanogap structure is an excellent launching pad for inducing

terahertz nonlinearity, small terahertz signal detection in astronomy
and nanoparticle detection.

When an electromagnetic wave impinges on a conducting plane
at normal incidence, current is induced on the surface, which
reflects light back, with no charge accumulating anywhere. When
this plane is cut into two Sommerfeld half planes that are perfectly
conducting, charges accumulate at the edges with a length scale of
one wavelength, so that the surface charge density has the following
dependence as a function of time for small values of x� l:
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Here, 10 and E0 represent the vacuum permittivity and the incident
electric field, respectively, and v and x are the angular frequency
and distance from the edge, respectively34. The charge singularity at
x¼ 0 for this half plane is not strong, for it disappears with integration.

For a case in which the two metallic half planes are brought back
together so that the charges begin to feel the pull of their opposite
members across the gap, it is expected that the charges will move
closer towards the edge, creating a stronger electric field. As the
gap continues to close towards the sub-skin depth and below,
light-induced currents will keep flowing towards the gap, which
induces even more concentrated charges at the edges (Fig. 1a).
Although qualitative, our simple picture of an effective line-capaci-
tor (Fig. 1a) driven by light-induced alternating currents already
suggests that the field enhancement will keep increasing even
when the gap size becomes smaller than the skin depth.

A nearly free-standing 60-nm-thick gold film deposited onto a
1.2-mm-thick layer of SiO2 followed by a 0.5-mm-thick layer of SiN
(Fig. 1b) was prepared. Figure 1c presents a schematic of our exper-
iment. The sample consisted of a nanogap (width, a¼ 70 nm) fabri-
cated using a focused ion beam (FIB) apparatus (FIB200, FEI) on
the gold film. Electro-optic sampling terahertz time-domain spec-
troscopy was used to measure the transmitted far-field amplitude,
which was connected to the enhanced near-field amplitude at the
gap through vector diffraction theory. Figure 2a shows the measured
electro-optic signal through the nanogap sample (top, red line), and
through the unpatterned gold on the SiN/SiO2 membrane (middle,
yellow line). The reference signal through a reference aperture of
2 mm� 2 mm on the substrate only is shown as the black line. The
small but non-negligible direct transmission through the unpatterned
gold film reflects the fact that our film thickness is of the order of the
skin depth. The contribution of this direct transmission, which is
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consistent with a skin depth of �250 nm at 0.1 THz and 80 nm at
1 THz (refs 35,36), needs to be and has been subtracted when estimat-
ing the field enhancement at the nanogap. Applying a Fourier trans-
form of time traces and dividing them by the reference signal, we
obtain the reference aperture-normalized amplitude spectrum a(v).

Figure 2b presents a(v) for the 70-nm nanogap sample, featur-
ing a 1/f type frequency dependence, reaching a(v)¼ 2.7% at the
lowest frequency of 0.1 THz. It is important to note that a
(0.1 THz) is much larger, by a factor of 800, than the nanogap-to-
aperture area ratio b¼width (nanogap)/width (aperture), which
is only 0.0035%¼ 70 nm/2 mm. Noting that an unperturbed inci-
dent field amplitude at the nanogap should have resulted in a con-
stant amplitude of a(v: Einc unperturbed)¼ b¼ 0.0035%, it is evident

that the experimentally observed 1/f dependence and enhanced
a(v) originates from the edge charge enhanced field at the capaci-
tor-like nanogap (see Methods for further detail).

Figure 2c shows field enhancement factors a(v)/b, measured for
three nanogaps: a¼ 70 nm (h¼ 60 nm), 150 nm (h¼ 150 nm) and
500 nm (h¼ 60 nm), where h is the film thickness. For comparison,
data for an a¼ 14 mm sample with h¼ 17 mm are shown (blue).
Displayed in the inset are the log–log plots of the field enhancement
for the four samples. For all the samples, the field enhancement
keeps increasing with decreasing frequency, describing a 1/f-type
frequency dependence denoted as black lines. This resonance-
lacking 1/f frequency dependence of the field enhancement implies
a capacitor-like charging of the nanogap by an alternating current
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Figure 1 | Terahertz nanogap concept and time-domain spectroscopy. a, Light-induced alternating current J charges the nanogap, thereby enhancing the

electric field as represented by the gradual colour contour. The white schematic below represents an equivalent circuit. b, A cross-section of the nearly free-

standing sample structure before FIB processing of the nanogap. To the right is a scanning electron microscopy (SEM) image of the area indicated in the

main panel. c, An SEM image shows the geometry and dimensions of the nanogap: a 70-nm-width nanogap perforated on gold film. Terahertz time-domain

spectroscopy using electro-optic sampling measures far-field transmitted amplitudes at a ZnTe detector through both a normalizing aperture and

the nanogap.
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Figure 2 | Terahertz time-domain spectroscopy through nearly free-standing nanogaps. a, Electro-optic sampling signal in the time domain, through the

70-nm gap (top, red trace), the unpatterned gold (middle, yellow trace), and the 2 mm� 2 mm aperture-only reference signal (bottom, black trace).

b, Amplitude a (v), normalized against the aperture. The field enhancement a (v)/b is shown on the right axis. c, Field enhancement through samples with

various nanogap widths: a¼ 70 nm (red trace), 150 nm (pink), 500 nm (green) and 14 mm (blue), where h¼ 60 nm, 150 nm, 60 nm and 17mm,

respectively. The fits (black lines) indicate 1/f dependence. Inset: Log–log plot of the field enhancement.
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source, where the electric field is proportional to the charging time or
equivalently 1/f. We also note that the field enhancement for the
14-mm gap sample is at best 10, even at the lowest frequency
where the enhancement is the largest, consistent with earlier
works23,27. The enhancement is the largest for the smallest gap size
a¼ 70 nm, reaching the value of 800 at 0.1 THz. The field enhance-
ment implied in Fig. 2c for the nanogap is much larger than those in
micrometre- and millimetre-sized gaps in terahertz and microwave
ranges16,27,32, and nanogaps in the optical range37,38, because both
the gap width and the thickness are in the l/10,000 range.

The nanogap parameters—film thickness h and width a—are of the
order of the skin depth or smaller, so the assumption of a perfect

conductor as normally used for terahertz metamaterials may not
apply. For a better understanding and optimization of our nanogap
structure, two-dimensional finite-difference time-domain (FDTD)
analysis was carried out. It is important to note that, regarding the
problem of extending the size from the centimetre scale (sample
dimension) down to nanometre (metal grid) ranges, asymptotically
varying grid sizes39 were used. For the highly varying field inside the
metal and at the nanogap, a 2.5-nm grid size was used, which gradually
becomes larger as the process shifts away from the metal/nanogap
region, up to 25 mm for fields in air. Convergence of this asymptotic
grid size control was also confirmed by testing different grid densities
(in a factor of 2 for each axis) in the two-dimensional FDTD, to verify
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Figure 3 | The FDTD analysis of fields around nanogaps. a, Simulated horizontal electric field around a 500-nm gap with an area of 700 nm� 700 nm at

0.1 THz. b, Horizontal electric field around a 70-nm gap. c, Vertical electric field around the 70-nm gap. d, Simulated magnetic field around the 70-nm gap.

e, Cross-sectional plot of the horizontal electric and magnetic fields at the exit side. f, Time-averaged Poynting vector component kSzl. g, Frequency-

dependent horizontal electric field at the exit plane measured mid-gap for gap widths of 20 nm, 70 nm, 150 nm, 500 nm and 14mm (h¼ 60 nm, 60 nm,

150 nm, 60 nm and 17mm, respectively).
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field amplitudes converging to the solution with less than 2% of errors
over the whole simulation space (10� 2.5 mm2). To implement the
response of real metal in the FDTD analysis within the frequency
range of interest, the Drude model was adopted for the calculation
of the dielectric parameters of the metal (gold)35:

1ðvÞ ¼ 11 �
v2

p

vðvþ igÞ

where 11¼ 1, plasma frequency vp¼ 1.37� 104 THz and
g¼ 40.7 THz for gold. Notably, the skin depth at 0.1 THz is
250 nm, clearly larger than the 70-nm gap width or the 60-nm
film thickness.

Figure 3a shows the horizontal electric field pattern obtained
from full-scale numerical analysis at 0.1 THz (wavelength 3 mm),
zoomed-in on an area of 700� 700 nm2 with a 500-nm gap sample
(h¼ 60 nm). The field enhancement at the gap is �200 relative to
the unperturbed incident field. We now narrow the gap to 70 nm, as
shown in Fig. 3b. The field enhancement is much stronger here than
with a 500-nm gap; it is more than 1,000 at its maximum. This predic-
tion of an increasing field enhancement with a decreasing gap beyond
the skin depth regime is consistent with the simple concept here of
charges concentrating towards the gap region as the gap closes. It is
also in good agreement with the experimentally obtained field
enhancement of 800. It is worth noting that the field is completely con-
centrated at the nanogap without penetrating into the metal, even with
the nanogap size of 70 nm, which is much smaller than the skin depth
of 250 nm. This is because the horizontal electric field at the gap is
normal to the gap wall, at which point it is terminated by surface
charges. The vertical electric field shown in Fig. 3c is also concentrated
on the immediate vicinity of the gap and is terminated by surface
charges on the metal plane. Note that the size of the surface charge
spread is close to the gap width, consistent with our picture that
charges move closer and closer to the edges as the gap narrows,
most likely due to the attraction of opposite charges.

In stark contrast to the strong horizontal electric field that is focused
on the gap region, the magnetic field Hy (Fig. 3d) is much more spread
out, with essentially no enhancement. It also penetrates deeply into the
metallic region, consistent with the skin depth. Figure 3e shows the Ex
and Hy fields calculated at an effective distance of 2.5 nm above the exit
plane (in logarithmic scale). Although the magnetic field stays mostly
constant in this length scale, of order 1, the horizontal electric field at
the gap is orders of magnitudes stronger than the magnetic field. Once
we move away from the centre of the nanogap into the top of the met-
allic surface, the electric field becomes weaker than the magnetic field.
To demonstrate the energy flow through the nanogap, Fig. 3f shows a
plot of the time-averaged Poynting vector kSzl, where concentration of
light energy at the sub-skin-depth gap is apparent. What is striking is
that the Poynting vector enhancement is much smaller than what
simple multiplication of electric and magnetic fields suggests, indicat-
ing that the phase difference between the enhanced (charge-induced)
electric field and impinging magnetic fields is close to 908 in this quasi-
static regime.

Finally, the frequency and width dependence of the average elec-
tric field enhancement at the gap kEnearl/Einc, shown in Fig. 3g,
reproduce the experimentally observed field enhancement well,
quantitatively as well as qualitatively, including the 1/f-type depen-
dence and the increasing enhancement with decreasing a. The film
thickness was 60 nm for a¼ 70 nm and a¼ 500 nm, 150 nm for
a¼ 150 nm, and 17 mm for a¼ 14 mm. In simulation, a nanogap
of size 20 nm was also considered to probe the possibility of enhan-
cing the nanogap performance with smaller gap width. Indeed,
larger enhancement is seen with the 20-nm gap (h¼ 60 nm), still
maintaining the 1/f dependence, indicating that our scheme
would work for even smaller gap sizes. Analysing the current distri-
bution inside the conductor and the surface charge distribution near

the nanogap shows that while the current distribution is nearly
frequency-independent apart from the trivial e2ivt dependence,
the surface charges at the nanogap contain the necessary 1/f
term. This dependence, which is universal in any capacitor
problem with an alternating current source, is therefore consistent
with the terahertz light field-induced, harmonically oscillating
currents charging the nanogap, with the charging time inversely
proportional to the driving frequency.

As made evident by these findings, because millimetre waves can
concentrate onto a nanogap smaller than the skin depth, it should
be possible to enhance the electric field further by closing the gap
some more. The ultimate gap size may be determined at the
charge-screening length scale of metal, which is the Thomas–
Fermi screening length, typically below 1 nm. Focusing of terahertz
electromagnetic waves at the nanometre scale and below could result
in a field enhancement of �10,000, which would find applications
in, for instance, terahertz nonlinearity. Even with the present gap
size, which enables field enhancement of 1,000, it should be possible
to reach the field amplitude of�1–10 kV cm21 necessary to induce
nonlinearity at semiconductor nanostructures40 without using
amplification stages or using only continuous-wave sources such
as Gunn diodes. It should also be possible, because we can obtain
a field enhancement of nearly three orders of magnitudes without
resonance, to increase it even further with resonance such as
found in half-wavelength antenna. With such a design, the use of
terahertz radiation to detect nanoparticles inside nanogaps or to
detect the existence of a bridge become feasible.

In conclusion, we have shown that a l/30,000 nanogap focuses
terahertz electromagnetic waves with wavelengths in the range of
millimetres, resulting in enormous field enhancement. Metallic
nanostructures tailored for terahertz operations would find wide-
ranging applications as sub-skin-depth field-enhancing and focus-
ing devices and as an enabling structure for subnanometre optics
in the Thomas–Fermi length scale.

Methods
Sample fabrication. A 60-nm-thick, nearly free-standing, gold film was fabricated
using photolithography (Fig. 1b). The silicon substrate was first coated with two
photoresist strips and the facet of this pattern was processed using chemical etching.
Following thermal wet oxidation and back-side etching, leaving 50 mm silicon, the
substrate was nitride deposited. One more back-side etching step was performed to
reduce the total film thickness to 1.7 mm. Gold film was deposited, after which FIB
milling was used to define the nanogap structure.

Terahertz time-domain measurement and field-enhancement estimate. We used a
single-cycle terahertz source generated from a 2 kV cm21 biased semi-insulating
GaAs emitter illuminated by a femtosecond Ti:sapphire laser pulse train of
wavelength 780 nm, 76 MHz repetition rate and 150-fs pulse width. An electro-optic
sampling method was used to detect the transmitted terahertz waves in the time
domain, in which an optical probe pulse undergoes a slight polarization rotation by
the synchronized terahertz beam in a (110) oriented ZnTe crystal, detecting the
horizontal electric field.

We first measured the transmitted electric field Efar
aperture(v) at the detector

through the substrate only with a 2 mm� 2 mm reference aperture. The measured
electric field for the nanogap sample after subtracting the direct transmission is
denoted Efar

gap(v). We define the amplitude a(v) normalized against the aperture
field as the ratio between the two measured amplitudes:

aðvÞ ¼ jEgap
far ðvÞ=Eaperture

far ðvÞj

In what follows, we show that the near-field enhancement corresponds to a(v)/b,
where b is the nanogap-to-aperture width ratio. We assumed that the 2-mm
aperture is macroscopic enough to have essentially the same electric field as the
incident one, Einc, as confirmed by the FDTD simulation. To relate the far-field
amplitude Efar at the detector with the near-field amplitude Enear for the aperture (or
nanogap), we used the vector diffraction theory for normal incidence and forward
detection41. We arrived at Efar

aperture¼ (eikR/ilR)
Ð

0
b
Ð

0
bEincdx dy¼ (eikR/ilR)Eincb

2,
where b is the aperture width (2 mm) and R is the distance from the aperture to the
detector. Likewise, Efar

gap¼ (eikR/ilR)
Ð

0
b
Ð

0
aEneardx dy¼ (eikR/ilR) kEnearl ab where a is

the gap width and kEnearl is the average gap field a21
Ð

0
aEnear(x)dx. Dividing the two

relations, and with b¼ a/b, we obtain the desired near-field enhancement factor
kEnearl/Einc¼ a/b. One assumption here is that the horizontal field concentrates
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almost entirely at the gap, again verified by the FDTD simulation (Fig. 3b). We also
considered the effect of collection optics with finite numerical aperture, which was
found negligibly small in our frequency range.
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