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ABSTRACT: We combine atomic layer lithography and glancing-
angle ion polishing to create wafer-scale metamaterials composed of
dense arrays of ultrasmall coaxial nanocavities in gold films. This
new fabrication scheme makes it possible to shrink the diameter and
increase the packing density of 2 nm-gap coaxial resonators, an
extreme subwavelength structure first manufactured via atomic layer
lithography, both by a factor of 100 with respect to previous studies.
We demonstrate that the nonpropagating zeroth-order Fabry-Peŕot
mode, which possesses slow light-like properties at the cutoff
resonance, traps infrared light inside 2 nm gaps (gap volume ∼ λ3/
106). Notably, the annular gaps cover only 3% or less of the metal
surface, while open-area normalized transmission is as high as 1700% at the epsilon-near-zero (ENZ) condition. The resulting
energy accumulation alongside extraordinary optical transmission can benefit applications in nonlinear optics, optical trapping,
and surface-enhanced spectroscopies. Furthermore, because the resonance wavelength is independent of the cavity length and
dramatically red shifts as the gap size is reduced, large-area arrays can be constructed with λresonance ≫ period, making this
fabrication method ideal for manufacturing resonant metamaterials.

KEYWORDS: Coaxial nanohole, atomic layer lithography, glancing-angle ion milling, slow light, extraordinary optical transmission,
epsilon-near-zero metamaterial

Engineered metallic apertures and resonant cavities that
confine light into nanometric volumes are powerful tools

for plasmonics, biochemical sensing, imaging, optical trapping,
nonlinear optics, and nanophotonics.1−6 Coaxial nanoaper-
tures7−12 have been of particular interest in this area due in part
to their unique properties arising from the zeroth-order Fabry-
Peŕot (FP0) mode, which occurs spectrally close to the cutoff
frequency of the TE11 waveguide mode. At this cutoff
resonance, the propagation constant approaches zero, resulting
in a model epsilon-near-zero (ENZ) material.13,14 As the phase
velocity diverges and the group velocity is greatly diminished,
extreme, uniform field enhancement is enabled by a “slow light”
effect caused by the trapping of light inside the aperture as well
as other intriguing effects such as supercoupling and squeezing
of light into ultranarrow waveguides, and transmission that is
nearly independent of the channel length.15 Because a normally
incident plane wave is efficiently coupled to this resonant mode,
extraordinary optical transmission (EOT)1 can readily be
observed.

In this coaxial metal−insulator−metal (MIM) geometry, the
cutoff wavelength is governed by the gap size and diameter of
the annular aperture.12 The highly tunable cutoff resonance
available in this geometry can couple and store a significant
amount of optical energy into ultracompact ring-shaped
nanocavities. However, the reproducible, high-throughput
fabrication of compact coaxial structures, in particular with
single-digit-nanometer gaps, has been very challenging. Optical
interference lithography was used to produce coaxial aperture
arrays but only with gap sizes of larger than 60 nm.16,17 Focused
ion beam milling10,18 can create narrow gaps but only over
small areas and the gap width is nonuniform throughout the
film thickness due to metal redeposition. Our previous
work19,20 addressed the challenge of mass-producing long and
uniform annular gaps down to 1 nm in width but was limited by
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photolithography and our tape-peeling method in resonator
diameter and array periodicity, leading to terahertz regime FP0-
mediated enhanced transmission. In order to maintain the 1−2
nm gap sizes required for extreme field enhancements and
enable operation at visible and infrared (IR) frequencies, the
diameter of the coaxial resonator must be reduced by ∼100
fold.
In this work, we overcome this miniaturization challenge for

atomic layer lithography and construct ultracompact, high-
aspect-ratio coaxial nanocavities with gaps as small as 2 nm and
diameters as small as 100 nm. These structures exhibit higher
order resonances at frequencies as high as the optical and FP0
resonances in the near-infrared (NIR), representing an
improvement of 2 orders of magnitude with respect to our
previous work. Using a dense array of these nanocavities, we
measure EOT mediated by cutoff resonances through gaps as
narrow as 2 nm, revealing ENZ-like properties, efficient
coupling and channel-length-independent resonance, arising
from the FP0 mode. Our experiments combine atomic layer
lithography, which turns atomic layer deposition (ALD)21,22

into an angstrom-resolution gap-forming method,19 with a
wafer-scale glancing-angle ion polishing technique. The
combination of these two powerful methods can create
ultrasmall coaxial nanocavities at extreme densities over an

entire wafer, opening up the door to devices with sub-10 nm
gaps and FP0 resonances in the NIR and potentially even in the
visible. High-density packing of coaxial nanocavities, combined
with an ultrasmall gap size, leads to extreme nanoscale light
confinement, field enhancements, and transmission efficiency.
This method allows for large-area patterning, efficient light
coupling, and emission at normal incidence and confinement of
“slow” light alongside the nanogap ring near the cutoff
condition. These properties can be harnessed for nonlinear
optics,23,24 metamaterials,25,26 light trapping,27,28 coaxial nano-
lasers,29 particle trapping,30 and spontaneous emission
enhancement.31

As shown in Figure 1, atomic layer lithography, which we
define as a fabrication scheme to control critical gap dimensions
using ALD, can be implemented via different approaches to
planarize and expose vertical nanogap structures. Our previous
work20 demonstrated the unique possibility of fabricating arrays
containing very long nanogap loops (perimeter of up to ∼1
cm) as illustrated in Figure 1a. To push FP0 resonances to the
NIR and visible, the diameter of each coaxial gap should be in
the deep-submicron regime. The critical challenge in making
high-aspect-ratio coaxial nanowaveguides via tape-peeling-based
nanogap fabrication is filling the submicron core region with
metals. To solve this problem, we invert the process sequence

Figure 1. (a) Schematic flow of the tape-peeling-based nanogap fabrication. (b) Schematic flow of our new fabrication process used for the coaxial
nanocavity array using glancing-angle ion polishing. (c) First, the Au pillar arrays are patterned on a sapphire wafer using e-beam lithography, metal
evaporation, and lift-off. An ALD Al2O3 film is then conformally coated on the patterned Au pillar array. The array periodicity is 500 nm, and the
pillar diameter is 250 nm. (d) Second Au film is conformally deposited atop of the Au pillar array and then selectively etched away through glancing-
angle ion polishing. (e) Patterned Au surface is planarized by glancing-angle ion polishing, which exposes vertically oriented Al2O3 gaps. Scale bars:
(c−e) 150 nm.
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by first forming high-aspect-ratio metal pillars, that is, the core
region, followed by ALD coating to define the gap size and then
a conformal metal cladding deposition. After this step, the
entrance of coaxial nanocavities is exposed by glancing-angle
ion polishing to shave off residual metals on the surface (Figure
1b). Tape-peeling-based planarization is suitable for manufac-
turing large nanogap loops (from tens of micrometers to a few
centimeters in perimeter), whereas glancing-angle ion polishing
is optimized for large-area submicron coaxial nanoaperture
arrays.
Our new fabrication method is illustrated in Figure 1b with

corresponding scanning electron micrographs (SEMs in Figure
1c−e). In this exemplary structure, first, a square array of 200

nm tall gold pillars (diameter, 250 nm; period, 500 nm; array
size, 200 μm × 200 μm) is patterned on a sapphire substrate
using electron-beam lithography. For large-area fabrication after
optimal parameters are chosen, nanoimprint or photolithog-
raphy can be used. Next, the critical dimension (gap width) is
defined via an ALD-grown alumina (Al2O3) film, which
conformally covers the exposed gold surfaces (Figure 1c). A
second layer of gold (400 nm) is then deposited to form the
metal−insulator−metal (MIM) structures (Figure 1d). Finally,
the top surface is planarized via glancing-angle ion milling (10°
from surface) to expose the Al2O3-filled coaxial apertures.
During this process, the bumps in the second gold layer are
shaved off by Ar ion bombardment whereas flat regions are

Figure 2. Extraordinary transmission through the coaxial aperture array. (a) Schematic of a coaxial aperture array. Illumination is through a sapphire
substrate with unpolarized light, and transmission spectrum is measured using three different spectroscopic systems covering over three full octaves
from 400 to 5000 nm in wavelength. (b,c) Schematics of coaxial waveguides with the cutoff resonance and the FP resonance. (d) Measured and
simulated spectra of light transmitted from the coaxial aperture array with a 250 nm diameter and four different gap widths (2, 4, 7, 10 nm). (e)
Variation of transmission peak wavelength of the FP0 (m = 0) resonance as a function of gap width in the coaxial aperture array. (f) Intensity
enhancement for the FP0 resonance as a function of gap width. (g) Calculated electric field distributions of 250 nm diameter coaxial aperture with a
10 nm gap at the resonance wavelengths of 1200 and 2700 nm.
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shadowed and protected. As the planarization process
continues, this shadowing effect gradually dissipates, and the
entire film is polished uniformly. A top view SEM (Figure 1e)
shows an array of coaxial apertures with a 250 nm diameter and
10 nm Al2O3 gap formed through the entire thickness of a 150
nm gold film. The sample before planarization by glancing-
angle ion milling shows a height difference of 200 nm (Figure
S1), which corresponds to the core metal thickness. After ion
milling, the height difference was reduced to below 20 nm, as
confirmed by atomic force microscopy (AFM) (Figure S1). In
this process, the flatness after polishing is controlled by the
incidence angle of the ion beam. Using an ion beam with a
glancing angle lower than 10° can further reduce the height
difference. Because ductile metals such as gold are not
amenable to standard polishing methods, this new technique
could also find applications in eliminating topographic
variations in other metallic nanostructures.
The geometry of the coaxial nanocavity array is determined

by the metal film thickness (T), inner diameter of the annular
gap (D), gap width (G), and array periodicity (P), as illustrated
in Figure 2a. The cutoff wavelength of a coaxial aperture made
with a perfect electrical conductor is given by λc = nπ (Ro + Ri),
where n is the refractive index of the insulator and Ro and Ri are
the radius of the outer and inner surfaces of the gap,
respectively.9 For coaxial apertures made with a real metal,
however, the cutoff wavelength can differ dramatically from this
PEC approximation, especially as the gap size is reduced.9 To
prove our coaxial waveguides exhibit singular optical behavior,
we experimentally measured the optical transmission spectra
through coaxial aperture arrays with a 250 nm inner diameter
and four different gap widths (2, 4, 7, 10 nm). Spectra were
collected using a Si CCD, InGaAs photodiode array, and FTIR
spectrometer, respectively, in the visible, NIR, and mid-infrared
(MIR) regions (Figure 2d). Multiple peaks for a given gap size
are observed throughout the entire spectrum. The most notable
feature of the measured spectra is the presence of intense MIR
EOT peaks. For a 10 nm gap size and inner diameter of 250
nm, the strongest resonance peak occurs at the free-space
wavelength of 2800 nm with an aperture-normalized trans-
mission of 1170%. Table 1 shows the aperture-normalized and

absolute transmission from different gap sizes. Interestingly, as
the gap size shrinks, the resonance wavelength of the EOT
increases dramatically (Figure 2d,e).
When first described, EOT initially referred to transmission

greater than unity through periodic metallic apertures in cutoff,
that is, the field inside the aperture is evanescent. In that case,
the incoming electromagnetic field couples to surface plasmons
of the corrugated surface of a metal film, trapping energy in the
system for an extended time leading to increased tunneling
through the apertures. This definition has since been expanded
to include optical resonances that lead to enhanced trans-
mission in general, irrespective of whether the individual

apertures are in cutoff, and a nonexhaustive list now includes
cutoff resonances, Brewster-like resonances, and absorption-
induced transparency.32 In our coaxial aperture array, the
periodicity of 500 nm was chosen to confine surface resonance
effects to the NIR (900 nm), thereby ensuring the observed
MIR peaks are not due to surface resonances or a periodic
effect. Instead, enhanced transmission in our coaxial waveguides
is induced by Fabry-Peŕot (FP) type resonances that propagate
along the length of the aperture. Notably, there is a special
zeroth-order FP case, which occurs spectrally close to the cutoff
frequency of the TE11 waveguide mode, where EOT can arise
as well.
The multiple peaks for a given gap size in our devices emerge

from these series of FP modes, including the zeroth-order
cutoff resonance, and span over a full octave in frequency. The
lowest-frequency peak we observe in the MIR should
correspond to the zeroth-order cutoff resonance, and the next
resonance peak in the NIR corresponds to a first-order FP
mode. In the first-order FP mode, light traveling in the Al2O3-
filled coaxial MIM waveguide is partially reflected at the upper
and lower surfaces of the metal film, forming a resonator whose
cavity length (L) is equal to the film thickness, provided that
the following condition is satisfied

β ϕ ϕ π| + Δ + Δ | =L m2 21 2 (1)

where β is the propagation constant in the MIM coaxial
waveguide, m ≥ 0 is the integer representing the mode number
(m = 1 in this case), and Δϕ1,2 are the phase shifts due to
reflection.10 As alluded to earlier, m = 0 is a valid solution to the
FP condition as well, so long as β → 0, which explains why the
cutoff resonance can be described using FP nomenclature.
The physical origin of the observed peaks is further analyzed

by comparing the measured data to computer simulations.
Because of the large-scale mismatch in the wavelength (up to 6
μm) and gap size (<10 nm), we chose an advanced finite-
element method based on a hybridizable discontinuous
Galerkin (HDG) scheme, which is optimized to handle such
multiscale problems.20 In this work, the HDG method is used
to solve the time-harmonic Maxwell’s equations on an
anisotropic unstructured mesh of 21 384 quartic hexagonal
elements. The accuracy of these results is verified by
performing a grid convergence study in which we carry out
the simulations on three consecutively refined meshes and
observe that the difference in the maximum EOT between the
medium mesh and the fine mesh is less than 0.25% for all cases.
The calculated EOT spectra (Figure 2d) agree well with the
measured spectra for a 10 nm gap coaxial aperture array. For
gap sizes below 4 nm, the mismatch increases likely due to
fabrication imperfections such as roughness of the interior
metal surfaces. In the size regime presented, even subnan-
ometer changes in the gap width can have large effects on the
position of resonant peaks. Additionally, the realistic bulk
dielectric constant values for an ALD-grown Al2O3 thin film
used in simulation can diverge from experimental values for
narrower gaps (below 4 nm). The calculated electric field maps
for two observed peaks are plotted in Figure 2g. For
illumination at normal incidence using linearly polarized light,
the fundamental TEM mode of a coaxial waveguide cannot be
excited due to the mismatch in mode symmetry, but higher-
order modes with nonzero angular momentum can. The field
profiles of the cross-section atop the coaxial aperture show that
the transmission resonances arise from TE11 modes (the lowest
order mode with nonzero angular momentum). At the ENZ

Table 1. EOT Calculated from the Measured Transmission
with Different Gap Widths

gap width
(nm)

measured
transmission (%)

open area
fraction (%)

area-normalized
transmission (%)

10 36 3.06 1170
7 25 2.28 1090
4 15 1.35 1120
2 12 0.69 1740
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condition, the phase velocity is so large that the phase shift
between the entrance and exit sides of the coaxial waveguide
becomes very small, leading to uniform electric fields inside the

nanogap as shown in the vertically cross-cut field map
corresponding to the MIR resonance. The simulation results
also indicate that this is indeed a cutoff resonance (FP0 mode).

Figure 3. Experimental verification of the FP0 cutoff resonance mode by the dispersion properties of the resonant peaks. (a) Schematic of glancing-
angle ion polishing to reduce the cavity length. (b,c) The change in the transmitted spectra as glancing-angle ion polishing time increases and film
thickness decreases from a coaxial aperture array with a 10 nm gap width and diameters of 100 and 250 nm, respectively.

Figure 4. Effect of diameter on the transmission resonances excited in a coaxial aperture array. (a−d) SEM images of coaxial aperture arrays with
100, 150, 200, and 250 nm diameters, respectively. (e) The transmitted spectra from the coaxial 10 nm gap with 100, 150, 200, 250 nm diameters. (f)
The dispersion curve of the plasmonic coaxial aperture. FP0 (m = 0), FP1 (m = 1), and FP2 (m = 2) resonances (experimental data) are fitted with
the analytical dispersion curve. (g) Photograph of a 4-in. wafer fully patterned with dense arrays of nanocavities with various shapes. Zoomed-in SEM
images of wafer-scale arrays of (h) coaxial nanocavities, (i) triangular nanocavities, and (j) concentric annular nanocavities. These arrays were
patterned via photolithography. Scale bars: (a−d) 150 nm, (h−j) 1 μm.
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The resulting slow light effect can enable extremely strong field
intensity enhancements (over 6000 observed in simulation)
inside the ultrasmall coaxial nanocavities as the gap size narrows
to only 2 nm (Figure 2f).
We studied the dispersion properties of these peaks

experimentally by shortening the FP cavity length. This was
accomplished by continuing the glancing-angle ion polishing
past planarization (Figure 3a). As the cavity length is reduced,
the resonance wavelength of the FP0 mode, which is
determined by the cutoff frequency and has a propagation
constant of practically zero, does not change appreciably while
the FP1 peak blue shifts (Figure 3b,c). We note that there is a
small reflection phase that at resonance has to be canceled with
an “optical path” phase, slightly shifting the resonance away
from the cutoff frequency. This is important for very thin metal
films33 but not for the thicknesses considered in this work. The
film-thickness-independent property of the FP0 mode also
explains the nature of previously observed terahertz resonances
alongside millimeter-scale loops in earlier work,19 which was
not explicitly mentioned. In that case, the film thickness was
only 150 nm whereas the resonance wavelength was in the
millimeter-scale, thus FP1 or higher-order modes could not be
sustained in the thin film, while FP0 resonances were still
present. This property of the FP0 “slow light” mode, which is
independent of the length of the waveguide, exhibits ENZ
behavior. In addition, the resonator periodicity can be much
smaller than the resonance wavelength as demonstrated, and
thus our coaxial resonator array can be a practical platform to
construct large-area ENZ metamaterials.
The TE11 resonances of our devices can be tuned by

changing the aperture diameter. The propagation constant β,
transverse wavevector kθ of a coaxial aperture waveguide, and
the propagation constant βMIM of a planar MIM waveguide,
should satisfy the following condition11

β β+ =θk2 2
MIM
2

(2)

π πν=θRk2 2 (3)

where ν is an integer and R is the average radius. The cutoff
frequency is thus influenced by the diameter of the coaxial
aperture. To investigate this effect, coaxial apertures with a 10
nm gap were fabricated with ring diameters of 100, 150, 200,
and 250 nm (Figure 4a−d). As shown in Figure 4e, the FP0
resonance peak blue shifts with a decreasing diameter, as
expected. These properties of FP resonances as a function of
the aperture diameter can be explained by the theoretical
dispersion calculated from eq 3.11 The dispersions of coaxial
MIM structure are plotted using eqs 2 and 3 and compared
with experimental data in Figure 4f. A unique feature of coaxial
apertures is that this cutoff wavelength decreases along with the
aperture diameter while maintaining the gap size and hence the
field confinement. Thus, a simple coaxial aperture geometry can
be used to create extreme subwavelength resonators covering
visible, IR, and terahertz frequencies. These effects are
characteristic of an individual coaxial waveguide, rather than a
periodic effect, as the change in the periodicity does not shift
FP0 frequencies (Figure S3). Furthermore, the cutoff resonance
frequencies for these FP0 modes do not change with the
incident angle of illumination, as confirmed by theoretical
modeling (Figure S4), making these structures ideal for
applications where angle independence is important.34,35

Reserved for future work, FP0 modes in the visible are
achievable even with 10 nm gaps by reducing the aperture

diameter to 40−50 nm (Figure S5). Using our new fabrication
scheme, these coaxial nanocavities featuring unique optical
properties can now be fabricated over an entire 4 in. wafer
when combined with nanoimprint or photolithography (Figure
4g−i).
In summary, we have combined atomic layer lithography and

wafer-scale glancing-angle ion polishing to manufacture ENZ
metamaterials consisting of single-digit-nanometer-gap coaxial
resonators and investigated their characteristic EOT and slow-
light properties. These results demonstrated a 100-fold
improvement in device characteristics over our previous work
by decreasing the individual resonator footprint from tens of
micrometers to ∼100 nm, enabling the exploration of EOT as
well as ENZ properties in the infrared regimes. Unlike
multilayer film stacks for ENZ, our coaxial aperture array can
be made at wafer scale and readily couple normally incident
light independent of polarization, making this a practical ENZ
platform utilizing EOT. Our choice of 500 nm array periodicity
confines periodic coupling effects to the NIR regime while sub-
10 nm gap widths push the FP1 and FP0 resonances of an
individual coaxial aperture toward the MIR, allowing
unambiguous observations of these properties and proving
that the observed resonances arise from the properties of
individual apertures. The gap width is as small as λ/1900 at
MIR resonances, and the cutoff resonance wavelength of each
resonator (2−4 μm) is much larger than its unit cell size (cavity
diameter of ∼250 nm). Additionally, the volume of the Al2O3-
filled gap is as small as λ3/106 for MIR operation, making these
structures one of the smallest nanophotonic resonators to date.
Our high-throughput fabrication technique can be applied to a
wide range of metals and gap-filling insulators as well as for
resonators in the visible regime and with different shapes. The
metal pillars and surrounding film can be addressed as
electrodes, potentially allowing for the electrical generation of
plasmons by tunneling directly in the waveguides.36−39

Furthermore, the intense fields of this extremely confined
slow-light mode at the ENZ condition can be accessed from the
flat top surface and coupled with other materials for
applications in biosensing,40,41 surface-enhanced spectros-
copies,42−46 optical trapping,30,47 and nonlinear optics.23,48,49

Our work demonstrates that metamaterials with extreme
subwavelength features such as single-digit-nanometer gaps
can now be manufactured for practical applications.
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