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ABSTRACT: We demonstrate microwave funneling through
metallic gaps of nanometer-scale width, corresponding to λ/
10 000 000. For achieving both resonant transmission and
strong confinement of microwaves, we fabricate two types of
samples with an extreme aspect ratio: 300 nm wide, 3.5 mm
long slots and sub-10 nm wide rectangular rings with a
perimeter of 6.5 mm. Considering the peak transmittance
value of 45% and the small coverage ratio of transparent area
in the nanogap surface, we can infer a giant intensity
enhancement factor of up to 25 million inside the nanogaps.
The polarization extinction ratio up to 20 dB indicates that the
microwave transmission originates from capacitive coupling of
the induced charges at the sidewalls of a metallic gap. We also measure terahertz transmittance and observe a convergence to the
microwave range. Our work represents the highest field enhancement recorded for the microwave regime, made possible by
wafer-scale-length nanogaps matching the wavelengths, with future applications in centimeter wave nonlinearities and enhanced
detection sensitivities.
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Electromagnetic wave confinement into subwavelength
metallic structures has been intensely studied in a broad

range of geometries and frequencies.1−6 Recently, light
confinement has been achieved at a few-nanometer-wide
apertures7−9 and even at an angstrom scale.10,11 Such strong
confinement of electromagnetic wave enables not only
improved applications, e.g., surface-enhanced Raman scattering
sensors,12,13 molecule detectors for small quantities,14 and
insulator-to-metal phase transition metamaterials,15,16 but also
novel observations of boosted multiphoton processes,17,18

nonlocal effects,19 Fowler−Nordheim tunneling,20 terahertz
quantum plasmonics at the supernanometer regime,21 etc. In
principle, the squeezing of electromagnetic waves onto
subwavelength metallic structures can be achieved at arbitrary
frequency and length scales. However, at longer wavelength
regimes, i.e., microwave and radio frequencies, the degree of
wave confinement has been limited to micrometer-scale
apertures.22−25 Although there have been microwave studies
concerned with the nanoscale such as nanomaterial character-
ization,26 near-field probing,27 and superconducting circuitry,28

these works are not in the context of electromagnetic wave
confinement. The main reason that hinders further studies of
microwave confinement is a lack of a fabrication method
satisfying both nanometer-scale feature size and millimeter-
scale pattern size. Even though electron-beam or focused-ion-
beam lithography can be utilized to fabricate few-millimeter-
long nanostructures, such serial writing techniques are time-
consuming and cost-ineffective.

In this paper, we demonstrate extreme squeezing of
microwaves into nanometer-wide metallic structures to push
the limit of the light confinement at the nanoscale toward the
lowest frequency regime. We prepare two types of samples with
an extreme aspect ratio: 300 nm wide, 3.5 mm long nanoslots
and sub-10 nm wide rectangular nanogap rings with a perimeter
of 6.5 mm, made by focused ion beam (FIB) and atomic layer
lithography,8,9,29 respectively. Atomic layer lithography, a
recently developed nanofabrication process, predefines the
pattern of metallic structures by photolithography and forms a
dielectric spacer using atomic layer deposition. This method is
free from the trade-off between resolution and pattern size,
found in most top-down lithography techniques, thus enabling
atomic-scale resolution of width while maintaining enough
length for a resonant microwave transmission. To confirm the
funneling of an electromagnetic wave through the nanogap
structures, we measure microwave transmission by open-ended
waveguide pairs connected with a vector network analyzer
(VNA) and also perform terahertz time-domain spectroscopy
(THz-TDS). We observe strong transmittance of 30% from the
300 nm wide nanoslots and 50% from the sub-10 nm wide
nanogap rings at a wavelength of 1 cm. A microwave can funnel
through the gaps with a size corresponding to ten millionth of
its wavelength, Considering the gaps cover only 0.023% and
0.01% of the sample surfaces, the magnitudes of electric fields
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inside the gaps increase up to 1400-fold and 5000-fold, for the
nanoslots and the nanogap rings, respectively.30,31 The essential
physics is as follows: incident magnetic-field-induced current
density of 2Hinc/h (h = film thickness) charges the gap, which
translates into huge electric field enhancement on the order of

λ
πnh

where n is the index of refraction.32,33

The nanogap samples used in this work are made by two
different techniques. The 300 nm wide nanoslots are milled by
FIB, after deposition of 3 nm thick chromium as an adhesion
layer and 97 nm thick gold on an undoped silicon substrate.
The sub-10 nm wide nanogap rings are fabricated by modified
atomic layer lithography with chemical etching to ensure high-
throughput fabrication29 since the microwave beam size is
much larger than that of optics and millimeter waves. Figure 1a
shows the fabrication process of the nanogap rings. We first
deposit chromium and gold on the silicon substrate and make
aluminum mask patterns with an adhesion layer by standard
photolithography. The patterned sample is milled by Ar ions to
form the outer region of the nanogap rings, and the alumina
(Al2O3) spacer layer is coated by atomic layer deposition. After
the coating, chromium and gold are deposited again to fill the
rings, and the gap is revealed by removing the aluminum mask
via chemical etching. Unlike the taping method used to peel off
the excess metal,8 chemical etching can be performed under
well-defined and uniform conditions and thus provides high-
throughput fabrication. Moreover, the fabricated nanogaps are
highly rigid since both metallic regions surrounding the spacer
are deposited with the adhesion layer. We can confirm the long
and uniform dielectric gap formation by the optical reflection
and dark field top-view images (Figure 1b) and the scanning
electron microscope (SEM) top-view image (Figure 1c) of the
nanogap rings. The SEM cross section of the nanogap ring
(Figure 1d) clearly shows a dielectric gap of sub-10 nm width.
We measure microwave transmittances of the nanogap

samples to observe funneling behavior. The sample is
sandwiched by open-ended waveguide pairs connected with a
VNA (Figure 2b). Three open-ended waveguide pairs are used
to cover a 12−40 GHz range with the fundamental TE10 mode.
Each open-ended waveguide pair is calibrated by a thru-reflect-
line standard before measurement. Figure 3 is the microwave
transmittances of both nanogap samples and the unpatterned
gold film under p- and s-polarized incident waves. Transmitted
microwave amplitudes from the samples are normalized with

those of bare substrates. The microwave transmittances under
p-polarization show broad but resonant features and are clearly
distinguished from that of s-polarization and unpatterned gold
film. The polarization extinction ratio reaches up to 20 dB at
the peak transmittance of the nanogap rings. This strong
transmission of p-polarized waves indicates the capacitive
coupling of induced charges and electric field enhancement at
the gaps, as reported in previous studies in the THz range.31

Although the skin depth of gold in the microwave regime
(about 700 nm) is much larger than the thickness of the sample
(97 nm), most of the incident wave is reflected at the metal−air
interface due to the high permittivity of gold. Therefore, direct
transmission through the metal layer is very low (∼0.5%) and
spectrally flat, resulting in the near-zero transmittance of the
unpatterned gold film shown in Figure 3. Clearly, funneling at
the nanogaps dominates the transmission.
We perform THz-TDS on the samples for comparison with

microwave transmittance (Figure 2c). To avoid evanescent
decay from a small aperture below a cutoff frequency and any
effects from frequency-dependent spot sizes, the samples are
mounted on large aluminum apertures (1 cm × 1 cm for the
nanoslots, 1.6 cm × 1.6 cm for the nanogap rings) and

Figure 1. Nanogaps for resonant microwave transmission. (a) Atomic layer lithography process consisting of metal deposition, photolithography, ion
milling, atomic layer deposition, and chemical etching. (b) Top-view optical micrographs of a 50 μm × 3200 μm rectangular ring array with a sub-10
nm wide gap. The images are reduced in the vertical direction to show the whole ring structure. (Left) Reflection image (right) dark field image
under p-polarized illumination. (c) Top-view SEM image. (d) Cross sectional SEM image.

Figure 2. Illustrations of the samples and the experimental apparatus.
(a) Schematic of the nanoslot and the nanogap ring with a p-polarized
incident wave. (b) Cross section of the experimental setup for the
microwave range. The samples are sandwiched between open-ended
rectangular waveguide pairs connected with a vector network analyzer.
(c) Experimental setup for THz-TDS measurement. The collimated
THz beam illuminates the samples mounted on the metallic aperture.
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illuminated by a collimated THz beam. The scanning time is set
at 200 ps for capturing low-frequency components. The
frequency resolution is 5 GHz, the reciprocal of the scanning
time. Figure 4a and c are time traces of a transmitted THz wave
through a bare aluminum aperture, substrate, and the nanogaps
under p- and s-polarizations. Multiple peaks with 11.45 ps
intervals from the substrate originate from the Fabry−Peŕot
(FP) resonance related to a thickness of 500 μm and a
refractive index of 3.435, nearly a constant value in the
frequency range of interest.34,35 The sign of the second peak
from the nanogaps is inverted due to π-phase shift at the
metal−substrate interface. Figure 4b and d are the log-scale
plots of microwave and THz transmittance of the nanoslots and
the nanogap rings, respectively. We subtract the transmitted
THz amplitude through an unpatterned gold film in the time
domain, calculate the transmitted amplitude spectra by Fourier
transform, and finally obtain transmittance by normalization
with the bare substrate. Microwave and THz transmittance
measurements are fully consistent within their respective

overlap regions, enabling a unified picture of the whole range.
A slight mismatch of transmittance in Figure 4b is mainly due
to a low signal-to-noise ratio of THz-TDS at the lower limit of
frequency and does not break the consistency of the
experiments. We deduce the electric field enhancement factor
of the nanogaps by dividing the normalized transmitted
amplitude by the coverage ratio of the gap area in the sample
surface.31 The peak values of the field enhancement reach 1400
for the 300 nm wide nanoslots and 5000 for the nanogap rings
with a 5 nm gap width (estimated by Figure 1d). These giant
values are still below the theoretical limit of the slit structure36

and the experimental record of the nanogap rings in the THz
regime,8 due to the overpopulation of patterns in the samples.37

We expect to achieve further enhancement of the microwave
field inside the nanogaps with optimized geometries.
The fundamental resonance of the ring structure occurs

when the perimeter of the ring matches the wavelength, after
having taken care of the effective index of refraction of the air−
substrate composite.38 On the other hand, the fundamental

Figure 3. Microwave transmittances through the nanogaps. (a) Microwave transmittance of the 300 nm wide nanoslot antenna array. l = 3.5 mm, dx
= 1 mm, and dy = 4.5 mm. (b) Microwave transmittance of the sub-10 nm wide nanogap rings array. lx = 50 μm, ly = 3200 μm, dx = 100 μm, and dy =
3250 μm. Transmitted amplitudes of the samples with p- and s-polarized incident waves and unpatterned gold film of the same thickness are
normalized with those of the bare substrate. Transmittances are measured in the three frequency ranges Ku (12−18 GHz, thick solid), K (18−26.5
GHz, dashed), and Ka (26.5−40 GHz, thin solid) band.

Figure 4. THz transmittances through the nanogaps. (a) Time traces of transmitted THz wave through the 300 nm wide nanoslots. (b) Microwave
and THz transmittance of the nanoslots. (c) Time traces of transmitted THz wave through the sub-10 nm wide nanogap rings. (d) Microwave and
THz transmittance of the nanogap rings. THz transmittances are obtained by a THz-TDS setup of 5 GHz frequency resolution, the reciprocal of the
200 ps scanning time range.
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resonance of the slot structure takes place when the length of
the slot matches a half of wavelength. In this work, the length of
the nanoslot is 3.5 mm and the perimeter of the nanogap ring is
6.5 mm. Owing to these length scales and substrate effect,
theoretically expected resonance frequencies of both samples
fall into the centimeter wave range. Calculations by the modal
expansion method30 with consideration of the gap plasmon39

(blue lines in Figure 4b and d) predict the fundamental
resonances of both samples at 19 GHz, departing significantly
from the experimental peaks occurring at wavelength of about 1
cm (30−40 GHz) for both samples. The effects of FP
resonances on the measured transmittances can be partially
removed by straightforward calculations from air−substrate−air
problems40 (red lines in Figure 4b and d), with consideration of
the π-phase shift from the metal−substrate interface, and the
results show fundamental resonance peaks agreeing better with
calculations.
It is noted that experiments and calculations agree well at

terahertz frequency ranges, while the experimental enhance-
ment values are significantly smaller at microwave frequencies.
The differences of experimental and theoretical transmittance
magnitudes may come from nonzero conductivity of the
substrate, density of patterns, fabrication errors, etc. For the
nanoslots case, the fabrication process is straightforward, and
thus the conductivity of the substrate and the sparsity of the
slots would be dominant. On the other hand, the transmittance
of the nanogap rings can be significantly affected by
imperfections of the samples such as asymmetric periodicity,41

tapered gap opening,42 defects of dielectric spacer, and debris
from the chemically etched metal. In particular, the defects of
the spacer and the metallic debris can be treated as small
metallic bridges in or on the gaps. These metallic bridges
provide an interesting perspective on the particle sensing with
microwaves. At the high-frequency regime, the nanoslots and
the nanogap rings would behave as infinite slit structures due to
their length and perimeter of over 3 mm.31 The metallic bridges
would change the high-frequency transmittances of the slits
from nonresonant to high-order resonant responses, and the
difference of these two responses is small in terms of the peak
magnitude.43 On the other hand, the fundamental resonances
of the nanoslots and the nanogap rings would be dominant at
the low-frequency regime, and these are intimately affected by
the small bridges of individual slots or rings.44,45 Therefore,
surprisingly, microwaves may be more sensitive than THz and
visible light to the overall defects of the whole ring structure,
making it a useful tool to investigate wafer-scale uniformity.
In conclusion, we demonstrate microwave funneling through

300 nm wide nanoslots and sub-10 nm wide nanogap rings.
The nanoslots are milled by FIB, and the nanogap rings are
fabricated by atomic layer lithography. Microwave and THz
transmittances reach up to 30% for the nanoslots and 50% for
the nanogap rings. By considering the 0.01% coverage ratio of
the gap area in the sample surface, estimated field enhancement
factors reach values of 1400 and 5000. The fundamental
resonances are at wavelengths of about 1 cm, due to the
combination of the nanogap geometries and FP resonances
from the substrates. This work is the first demonstration of
resonant microwave transmission through nanometer-sized
structures, squeezing an electromagnetic wave in the λ/
10 000 000 scale. Our work paves the way to the extreme
confinement of microwaves into the nanoscale, applicable to
low-frequency applications of enhanced nonlinearities and
detection sensitivity.

■ METHODS

Nanogap Fabrication. We make the nanoslots by stitching
of FIB (FIB200, FEI) milling of a 100 nm thick metal film (3
nm chromium and 97 nm gold) thermally evaporated on
undoped silicon substrate (500 μm thick, 1000 Ω·cm). We also
fabricate the nanogap rings by modified atomic layer
lithography using chemical etching to expose the gaps, as
reported in our previous work.29 We first deposit 3 nm thick
chromium as an adhesion layer and 97 nm thick gold on the
undoped silicon substrate (500 μm thick, 1000 Ω·cm) by
thermal evaporator. We pattern a 150 nm thick aluminum and
30 nm thick chromium sacrificial layer by standard photo-
lithography (AZ5214E, image reversal). The patterned sample
is milled by Ar ions (0.5 nm/min etching rate, 5 min for the top
and 5 min for the sidewall) to form the outer region of the
nanogap rings. The alumina (Al2O3) spacer layer is then coated
by atomic layer deposition (1.1 Å/cycle at 250 °C). After
coating the spacer, chromium and gold are deposited again to
fill inside the rings, and the gaps are exposed by chemical
etching of aluminum (KOH, 45%) and chromium (CR-7,
Cyantek).

Sample Images. We use an optical reflection microscope
and a field-enhanced scanning electron microscope (FE-SEM,
TESCAN) to obtain top-view and cross sectional images of the
samples. To gain an optical dark field image, we slant the
nanogap rings so that reflected beams would not be collected
by the objective lens (5×, numerical aperture (NA) = 0.15) and
only scattered light from the nanogaps can be imaged.
Asymmetric lines of the dark field image are due to the slanted
angle of the sample. To acquire the cross sectional image, we
deposit platinum on the gap and cut by focused ion beam
combined with FE-SEM. Platinum on the top prevents damage
to the nanogaps while proceeding with gallium ion beam
milling.

Microwave Transmittance Measurement. We measure
microwave transmittances by three open-ended rectangular
waveguide pairs (62EWGN, 42EWGK, and 28EWGK,
Chengdu AINFO Inc.) connected with the VNA (Vectorstar
MS4644A, Anritsu). The aperture sizes of open-ended
waveguides are WR62 (15.80 mm × 7.90 mm) for the Ku
band (12−18 GHz), WR42 (10.67 mm × 4.32 mm) for the K
band (18−26.5 GHz), and WR28 (7.11 mm × 3.56 mm) for
the Ka band (26.5−40 GHz), supporting the fundamental TE10
mode for the corresponding frequency band. We polish
waveguide apertures to be planar, smooth, and parallel to the
sample surface. After aligning each waveguide pair, we perform
thru-reflect-line calibration (241, 851, and 401 data points for
Ku, K, and Ka bands, respectively) using homemade waveguide
calibration kits. The lengths of “line” standards (90° phase shift
of the center frequency of the band) are 6.31, 4.34, and 2.92
mm for the Ku, K, and Ka band, respectively. Power from the
VNA is about 10 mW, far below the breakdown limit of the
dielectric spacer and nonlinear regime.21 We insert the samples
in the center of the calibrated waveguide pairs and gently clamp
by the waveguide pairs so they make contact with no air gap.
Transmittances are reproducible, although we press the samples
while measuring. We measure several times while slightly
rotating the samples and select two angles with maximum and
minimum transmittance as the p- and s-polarization cases.

THz-TDS. We perform THz-TDS to measure millimeter-
wave transmittance from 40 to 1000 GHz. We divide a laser
beam of 130 fs pulse width, 800 nm center wavelength, and 80
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MHz repetition rate (Mira 900 and Verdi V5, Coherent) into
pump and probe beams. The pump beam impinges on a GaAs
emitter to generate a THz beam. A collimated THz beam of 2
cm diameter illuminates the samples mounted on a 1.6 cm ×
1.6 cm aluminum aperture. Estimated electric field strength at
the sample is about 3 V/cm, not enough to observe any
nonlinear phenomena.11,21 The transmitted beam is collected
by parabolic mirrors (NA = 0.32) and detected by electro-optic
sampling with a (110)-oriented ZnTe crystal. The scanning
time is set to 200 ps with a 0.05 ps resolution. Each
transmittance is measured 30 times and averaged to enhance
the signal-to-noise ratio.
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