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ABSTRACT: We experimentally show that terahertz (THz)
waves confined in sub-10 nm metallic gaps can detect
refractive index changes caused by only a 1 nm thick (∼λ/
106) dielectric overlayer. We use atomic layer lithography to
fabricate a wafer-scale array of annular nanogaps. Using THz
time-domain spectroscopy in conjunction with atomic layer
deposition, we measure spectral shifts of a THz resonance
peak with increasing Al2O3 film thickness in 1 nm intervals.
Because of the enormous mismatch in length scales between
THz waves and sub-10 nm gaps, conventional modeling
techniques cannot readily be used to analyze our results. We employ an advanced finite-element-modeling (FEM) technique,
Hybridizable Discontinuous Galerkin (HDG) scheme, for full three-dimensional modeling of the resonant transmission of THz
waves through an annular gap that is 2 nm in width and 32 μm in diameter. Our multiscale 3D FEM technique and atomic layer
lithography will enable a series of new investigations in THz nanophotonics that has not been possible before.
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Extraordinary optical transmission (EOT) through subwave-
length apertures in a metal film, wherein the amount of

optical transmission is higher than the amount of light incident
on open areas, has been widely utilized for optical sensing and
spectroscopy applications in the visible, infrared, and terahertz
regimes.1−5 While initial studies on the EOT effect focused on
circular and rectangular apertures, annular apertures, or coaxial
waveguides, in a metal film also exhibit the EOT effect and large
field enhancements as the gap size shrinks.6−8 Annular apertures
also possess tunable ring resonances along the contour. For a
fixed gap width, increasing the contour length of each loop can
shift the resonance frequency from visible (for an annulus
diameter on the order of ∼100 nm)7−9 to infrared (diameter of
∼1 μm),10 and THz11,12 frequencies (diameter of 10 μm to ∼1
mm). With simpler hole geometries, such broadband tuning
while maintaining nanometer-sized aperture is not possible. The
EOT effect in an annular aperture becomes even more dramatic
in the THz frequency range (0.1 to 1.0 THz), where the optical
properties of metals approach that of perfect electrical
conductors. In this technologically important yet underexplored
frequency regime,13 the capability to confine and boost electric
fields in deep subwavelength apertures can lead to novel
applications in sensing,14−17 optical modulation,12,18 and THz
fingerprinting of molecules.19,20

While THz waves have been utilized for sensing thin-film
materials, there exists an intrinsic limitation to measure
nanometer-thick film with millimeter-scale THz waves due to

the extreme size mismatch and the lack of tight field confinement
in the THz regime. Previous experiments based on THz time-
domain spectroscopy (THz-TDS) reported a minimum
detectable film thickness of several microns for common
dielectric materials such as photoresist and polydimethylsiloxane
(PDMS).14,15,21 Even for materials that absorb THz radiation
such as water and DNA, typically a layer thicker than a few
hundred nanometers is required for unambiguous detec-
tion.22−24 Compared with surface plasmon resonance (SPR)
sensing in the visible regime,25 which can readily detect spectral
shifts due to 1 nm thick or even sub-nm thick dielectric films, the
thin-film sensing capability of THz waves is poor because of the
wavelength-to-film thickness mismatch. Various schemes,
including waveguides,23 slot antennas,20 and metamateri-
als,14,15,24 have been employed to enhance the interaction of
THz waves with thin films, but the detection of refractive index
changes due to nanometer thick dielectric films has not been
possible.
Here we present a solution to overcome this challenge by

squeezing a THz wave inside nanometer-wide annular gaps in a
gold film and use its tightly localized near-fields for sensing 1 nm
thick dielectric films. These annular gap devices are designed to
sustain resonances at THz frequencies, and we measure the
changes in resonance frequencies resulting from a sequential
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atomic layer deposition (ALD) of only 1 nm thick Al2O3
overlayers on the annular gaps. For theoretical analysis of these
results, we also address the extreme multiscale computational
challenges, that is, full three-dimensional (3D) modeling of
millimeter waves passing through nanometer-wide gaps using an
advanced finite-element method (FEM) technique called
Hybridizable Discontinuous Galerkin (HDG) scheme.

■ RESULTS AND DISCUSSION

Schematic illustrations (Figure 1a) show the device geometries
used in this work. For the nanometer-scale localization of THz
waves, we employ atomic-layer lithography26,27 to create sub-10
nm gaps in gold films. The key strength of this patterning
technique is that the critical dimension, that is, the gap width, is
decoupled from the overall size of the pattern; thus it is possible
to produce nanometer-wide gaps along loops that are even at the
centimeter-scale.28 In this work, a sub-10 nm gap in ametal film is
extended to form a loop with a diameter of 32 μm, which is
chosen to create strong annular loop resonances at THz
frequencies. To increase the signal-to-noise ratio for detection,
these annular nanogap loops were patterned into a wafer-scale
array with a 50 μm periodicity (Figure 1b). Samples with gap
sizes of 2, 5, and 10 nm were fabricated (Figure 1c).27

While the fabrication challenge of producing a dense array of
sub-10 nm annular apertures is addressed via atomic layer
lithography, accurate computational modeling of THz wave
propagation inside the large loop of a sub-10 nm gap poses
another significant challenge.29 The enormous mismatch in
length scales, up to 6 orders of magnitude between millimeter-
scale wavelength and nanometer-scale gap size, is beyond the
capabilities of currently available finite-difference time-domain
(FDTD) or finite-element (FE) methods. To solve this problem,
we develop and employ a sophisticated numerical algorithm,
called Hybridizable Discontinuous Galerkin (HDG) method,30

to calculate full 3D field distributions and transmission spectra
for the whole structure in a fast and accurate manner.

Discontinuous Galerkin (DG) methods31−34 have received
considerable attention in computational electromagnetics35

because they possess many attractive characteristics for solving
Maxwell’s equations in time and frequency domains. In
particular, they are unstructured, locally conservative, high-
order accurate, low dissipative and dispersive, and optimally
convergent,36 whereas FDTD methods generally lack of these
desirable features. Despite these advantages, most current DG
methods are computationally expensive due to the fact that they
have duplicate degrees of freedom on the interior element
faces.37 This shortcoming of DGmethods is the main motivation
behind the development of the HDG method.38−40 The HDG
method not only retains the aforementioned advantages of DG
methods, but also possesses additional crucial advantages that
make it ideally suited for computational electromagnetics. First,
the HDGmethod reduces the global unknowns to the tangential
approximate trace of the electric field,30 which has only two
components without the duplication of degrees of freedom on
the interior element faces. Second, the HDG method has
superconvergence properties that can be exploited to increase
the convergence rate of the numerical solution by one order in
some appropriate norms.30,39,40 These advantages render the
HDG method considerably more efficient than FDTD or FE
methods for numerically solving Maxwell’s equations. A detailed
description of the HDG method is provided in the Supporting
Information.
While the HDGmethod has been successfully applied to solve

acoustic, elastic, and electromagnetic wave propagation problems
more efficiently than other available FE techniques, this powerful
method has not yet been widely adopted in the field of
nanoplasmonics. The extreme size mismatch (∼mm scale
wavelength, ∼100 μm scale loops, and ∼nm scale gaps) present
in our 3D device geometry can validate the ability of the HDG
method to handle multiscale problems in the field of nano-
plasmonics and THz optics.

Figure 1. (a) Schematic diagram of an Al2O3 ultrathin layer on an annular gap array with a gap size of w (=2, 5, and 10 nm), a diameter of 32 μm, and a
period of 50 μm in a 150 nm thick gold film on a glass substrate. (Inset) Enlarged illustration of the ALD-deposited Al2O3 overlayer on the nanogap,
which is filled with Al2O3. (b) Top-view microscope image of the annular gaps with the gap size of 10 nm, the loop length of 100 μm, and the total image
area of 0.3 mm× 0.4 mm. (c) Scanning electronmicrograph (SEM) of an annular gap with a gap size of 10 nm and a diameter of 32 μm. (Inset) Enlarged
SEM image of the same 10 nm gap formed along the contour of the annular aperture. The different colors for the inner and outer gold areas are caused by
the presence of a Ti adhesion layer underneath the outer area.
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We use the HDG method to solve the time-harmonic
Maxwell’s equations on an anisotropic unstructured mesh of
22644 quartic hexagonal elements (Figure 2a). 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 field enhancement
between themediummesh and the finemesh is less than 0.5% for
the 10 nm gap and 0.1% for the 1 μm gap. Figure 2b shows the
electric field amplitude (|Ex|) of the TE11 mode of an annular gap
with a diameter of 32 μm and the width of a 1 μm, when the
electric field polarization of the incident THz wave is along the x-
axis. The resonance frequency ( f 0) at this mode is determined by
a cutoff frequency of c/(lneff), where c is speed of light, neff is the
effective mode index, and l is the perimeter of the annular
aperture.12 Using the HDG method, the observed resonance
frequencies ( f 0) for the 1 μm gap and 10 nm gap are 1.95 and
0.625 THz, respectively. There are hot spots, or maximum field
enhancements, at the gap regions perpendicular to the incident
electric field polarization. In a cross-sectional view of the hot
spot, we can compare the maximum field enhancements for both
of the gaps, as shown in Figure 2c,d. Indeed, as the gap size
shrinks from 1 μm to 10 nm, the maximum field enhancement
inside the gap dramatically increases from 50 to 900. The
simulated field map around the 10 nm gap (Figure 2d) shows

that the enhanced electric fields are tightly localized within ∼10
nm, that is, similar to the gap width, from the entrance and exit
sides, and are nearly constant along its entire thickness of 150 nm
inside the gap.
To experimentally characterize the spectral response of

annular nanogap arrays, we performed THz-TDS41,42 covering
the frequency range from 0.1 to 1.0 THz (Figure 3a; seeMethods
for more details on the THz-TDS setup) and measured time
traces of THz pulses transmitted through samples (Figure 3b).
Annular nanogap arrays with a 32 μmdiameter and a 50 μm array
periodicity were prepared with different gap sizes (w = 2, 5, and
10 nm) in a 150 nm thick gold film on a Pyrex glass substrate
using atomic layer lithography26,27 (see Methods for details). By
taking a Fourier transform of the time-domain data, transmitted
electric field amplitude spectra are obtained in the frequency
domain, as shown in Figure 3c. Each measured spectrum is
normalized with respect to a reference signal passing through a
bare glass substrate covered by a 3 mm × 3 mm stainless steel
aperture. While the 2 nm gaps expose only 0.008% of the gold
surface, the absolute transmission amplitude (|Ex|) of the input
pulse measured through the sample was as high as 10% at the
resonance frequency of 0.45 THz. Because direct THz
transmission amplitude (|Ex|) measured through an unpatterned
150 nm gold film is below 0.1%, this extraordinary THz

Figure 2. (a, b) Top-down views of (a) HDGmeshes and (b) electric field (|Ex|) distribution in the annular gap of the gap sizew = 1 μm at the resonance
frequency of 1.95 THz with linear scale. (c, d) Cross-sectional view |Ex| distributions for (c) the 1 μm gap at 1.95 THz and (d) the 10 nm gap at 0.625
THz with log-scale.
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transmission is primarily due to the field enhancement in the
annular gaps.
To infer field enhancement factors inside the gap from these

measurements, we use Kirchhoff’s diffraction formalism.42 We
normalized the transmission amplitude (|Ex|) spectra by each
coverage ratio of the nanogaps and obtained the resulting field
enhancement spectra in Figure 3d (solid lines), showing the
increasing enhancement factor with the decreasing gap size. We
also experimentally observed the maximum field (|Ex|) enhance-
ment factor of 1250 from the 2 nm gap devices. This value is an
average field enhancement factor on the whole gap area. Also,
due to a large difference in refractive indices between metal and
dielectric layer (air or substrate), the error in the field
enhancement obtained using the perfect electric conductor
approximation is less than 1%.27

Discrepancies that arise when comparing the experiments
(Figure 3d, solid lines) and the HDG simulations (Figure 3d,
dashed lines) can be attributed to the following facts. First,
although in our simulation we used the thickness-dependent
dielectric constants for the thin Al2O3 layers,

27,43 the effective
refractive index of the Al2O3 film may be smaller than the
reported thickness-dependent results due to voids or different
deposition conditions. Second, in our simulation, the corners
near the gap are assumed to be perfectly sharp, whereas in real
device samples the corners are rounded, which effectively
enlarges the gap size seen by the THz waves. The wider gap
would reduce the field enhancement factor and also increase the
resonance frequency. Finally, in our simulation, we used the

dielectric functions of the metal obtained by Drude’s formula
with conventional bulk parameters for gold at THz frequencies.44

However, those bulk parameters may not be accurate in
describing optical properties of ultrathin metal films due to the
surface scattering and grain boundary effects.45 Especially, the
damping constant in our device would not be as small as that in
bulk metal,45 wherein the enhancement factor could become
smaller and the resonance frequency could also be blue-shifted.
Despite these facts, we emphasize the good qualitative agreement
between the simulations and the experiments, which demon-
strates the tendency of the increasing field enhancement factor as
the gap size is decreased.
Using the HDG method, we compare the sensitivities of the 1

μm gap and the 10 nm gap (same as the ones shown in Figure
2c,d) to thin dielectric overlayers. Compared with the 1 μm gap
(Figure 4a), transmitted field enhancement spectra of the 10 nm
gap presented in Figure 4b clearly show a red-shift in the peak
position with adding the 10 nm thick Al2O3 overlayer in the
simulations. Quantitatively, the normalized red-shift (Δf/f 0) of
1.6% for the 10 nm gap is over 3× larger than that of 0.49% for
the 1 μmgap. These results predict that the nanogap array should
possess higher sensitive to the change in local refractive index
than micron-scale gap devices due to the stronger field
confinement inside and near the nanogap.
To experimentally determine the sensitivity of our annular

nanogap structures to dielectric thin films, we performed layer-
by-layer sensing experiments using ALD. THz transmission
spectrum is measured from a fixed location on each device before

Figure 3. (a) Experimental setup of THz-TDS using Tsurupica lens to focus the THz waves on the annular nanogap sample. Normally incident THz
waves illuminate the sample from the substrate side. (b) Transmitted electric field amplitudes (|Ex|) through the annular gaps of the gap sizes w = 2, 5,
and 10 nm in the time-domain. (c) Fourier-transformed THz transmission amplitude (|Ex|) spectra, normalized by the reference signal through a bare
substrate. (d) Electric field enhancement spectra in the same frequency domain as (c). Solid lines indicate measured field spectra, determined by THz-
TDS. Dashed lines indicate numerically simulated field spectra, determined by the HDG method.
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and after depositing 1 nm thick ALD-grown Al2O3 layer, and this
process is repeated until the accumulated overlayer thickness
reaches 15 nm. This method can precisely determine the spectral
sensitivity as well as the probing range of various sensors and has
been used to characterize plasmonic sensors in the visible
range.46−48 Figure 5a shows how the transmission amplitude (|
Ex|) spectra of annular gap arrays change versus Al2O3 overlayer
thicknesses. One can clearly observe red-shifts, that is, shifts
toward longer wavelengths, in the resonance peak positions of
the sub-10 nm gaps due to the Al2O3 overlayer that is as thin as 1
nm. The resonance frequency shifts are due to the increasing
effective index neff, caused by the change of the local refractive
index over the gaps when the material over the gaps is changed
from air to Al2O3.

47,49 Figure 5b shows 3−5% red-shifts after
adding a 1 nm thick Al2O3 overlayer onto the gaps, and the
frequency shift gradually saturates to a maximum value after the
thickness of the Al2O3 overlayer exceeds the gap size. This is
because the evanescent field decays rapidly above the nanogap
region and becomes less sensitive to refractive index changes with
an increasing distance from the gap.49,50 As expected,
experimental results in Figure 5c show that annular apertures
with a 1 μm gap width cannot detect the deposition of a 1 nm
thick Al2O3 overlayer due tomuch weaker field confinement than
sub-10 nm gaps.
Based on the field confinement effect only, one would expect

that the thin-film detection sensitivity is higher for smaller gaps.
However, measured spectral shifts due to a 1 nm thick Al2O3
overlayer are comparable for gap sizes of 2, 5, and 10 nm. To
understand this result, we should consider the influence of the

field decay length on the probing range as well as the effective
mode index inside nanogaps. In fact, the device with 10 nm gaps
shows larger spectral shift for the 15 nm thick Al2O3 overlayer
because of its weaker field confinement than the devices with
narrower gaps (2 and 5 nm), and increases the vertical probing
range. As with other nanoplasmonic sensors, tighter confinement
of THz waves in our structure increases the surface sensitivity,
but this is achieved at the expense of the probing range. In

Figure 4. (a, b) Averaged field enhancement spectra of (a) the annular 1
μm wide gap and (b) the annular 10 nm wide gap, with (red lines) and
without (blue lines) a 10 nm thick Al2O3 overlayer. All the data were
numerically simulated by the HDG method.

Figure 5. (a) Sequence of THz transmission amplitude (|Ex|) spectra
through three types of annular gaps with w = 2, 5, and 10 nm as the
thickness of the ALD-deposited Al2O3 overlayer increases from 0 to 15
nm. (b) Normalized spectral shift (Δf/f 0) of the resonance peak of the
annular gaps with w = 2 (blue triangle), 5 (green circle), and 10 nm (red
square). f 0 means each resonance frequency of the annular gaps without
the Al2O3 overlayer. (c) Measured THz transmission amplitude (|Ex|)
spectra through an array of annular gaps with a gap size of 1 μm, a
diameter of 90 μm, and a period of 120 μm before (black dashed line)
and after (solid red line) adding a 2 nm thick Al2O3 overlayer.
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addition, because of gap-plasmon dispersion effect,27 narrower
gaps (2 and 5 nm gaps in this case) have higher effective mode
indices than the 10 nm gap. The higher effective mode index
counteracts the spectral shift due to adding the Al2O3 overlayer
outside the gap. This mechanism suggests that even higher
sensitivity can be achieved by inserting materials inside the
nanogap, if a scheme can be developed to completely remove the
alumina film inside the gap and backfill the gap with target
materials.
Due to practical limitations, the minimum ALD thickness in

each step of our layer-by-layer sensing experiments was fixed at 1
nm. However, we can estimate the limit of detection for Al2O3
films using our system. For our 10 nm gap device, the spectral
shift after adding the first 1 nm thick Al2O3 overlayer was 0.04
THz. Because the spectral resolution of our THz-TDS system is
about 0.01 THz, we can estimate the minimum detectable
thickness of ALD Al2O3 overlayer to be 0.25 nm. This result
indicates that, in principle, even subnanometer-resolution
detection of dielectric films may be possible using millimeter
waves squeezed inside nanogaps.

■ CONCLUSIONS

We have experimentally demonstrated the detection of 1 nm
thick dielectric overlayers using tightly confined THz waves. The
results were also analyzed using the full 3D simulations
performed by the HDG method, demonstrating its capability
to handle challenging multiscale computational problems in
nanoplasmonics and THz nanophotonics. Extreme squeezing of
THz waves through sub-10 nm gaps enables sensing 1 nm thick
Al2O3 overlayer with as much as 5% shift in the peak position.
The intrinsic detection limit obtained from our measurements
indicates that it should be possible to detect even sub-1 nm
dielectric overlayers. Besides refractive index sensing, our THz
nanogap platform can also be utilized to study surface-enhanced
terahertz absorption.20,51 In particular, our annular nanogap
opens a new avenue to exploit atomically thin materials such as
graphene and MoS2,

52 detect monolayers of biomolecules, and
investigate quantum tunneling53 in the THz regime.

■ METHODS

Nanogap Fabrication via Atomic Layer Lithography.
The nanogap is fabricated using the atomic layer lithography
method developed in our previous work.27 First, an array of
circular holes with a diameter of 32 μm is fabricated in a gold film
on a Pyrex glass substrate using negative resist (NR71−1500P)
and photolithography, followed by metal deposition (150 nm Au
with 3 nm Ti adhesion layer) via electron-beam evaporation and
lift-off in a solvent (1165 remover). After cleaning with acetone,
methanol, and IPA and blow dry with N2 gas, the patterned metal
film is conformally coated with a thin Al2O3 layer by ALD at 250
°C (Cambridge NanoTech Inc., Savannah). Trimethylaluminum
and H2O vapor were sequentially pulsed through the chamber
and N2 gas was used to purge the chamber after each injection.
The thickness of the Al2O3 film was calibrated using ellipsometry
on a control Si water placed in the same chamber, and the
measured deposition rate for Al2O3 was 1.1 Å/cycle. After ALD,
the trenches are filled with second metal by directional metal
evaporation (Temescal). The metal deposited outside of the
trench is easily removed using adhesive tape (single-sided 3M
Scotch Magic Tape) without leaving any residue. To avoid
deterioration of the nanogap at high temperature, we used low
temperature (50 °C) ALD with a long nitrogen purge time to

deposit Al2O3 overlayer on top of the nanogap, with a typical
deposition rate of 1 Å per cycle.

Terahertz Time-Domain Spectroscopy. A terahertz pulse
with a few picoseconds pulse width is generated from a GaAs-
based photoconductive antenna (Tera-SED, Gigaoptics, GmbH)
illuminated by a femtosecond Ti:sapphire laser pulse train with a
center wavelength of 780 nm, 80 MHz repetition rate, and 90 fs
pulse width (Mai Tai XF, Newport Corporation). As shown in
Figure 3a, the p-polarized terahertz light was normally
illuminated from the substrate side of the nanogap sample and
the transmitted THz pulses through the samples are detected by
electro-optic sampling method using a 1 mm thick ZnTe crystal
(INGCRYS Laser System Ltd.).
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(32) Perugia, I.; Schötzau, D.; Monk, P. Stabilized interior penalty
methods for the time-harmonic Maxwell equations. Comput. Methods
Appl. Mech. Eng. 2002, 191, 4675−4697.
(33) Perugia, I.; Schotzau, D. The hp-local discontinuous Galerkin
method for low-frequency time-harmonic Maxwell equations. Math.
Comput. 2003, 72, 1179−1214.
(34) Hesthaven, J. S.; Warburton, T. High-order nodal discontinuous
Galerkin methods for the Maxwell eigenvalue problem. Philos. Trans. R.
Soc., A 2004, 362, 493−524.
(35) Busch, K.; Konig, M.; Niegemann, J. Discontinuous Galerkin
methods in nanophotonics. Laser Photonics Rev. 2011, 5, 773−809.
(36) Cockburn, B.; Shu, C. W. Runge-Kutta discontinuous Galerkin
methods for convection-dominated problems. J. Sci. Comput. 2001, 16,
173−261.
(37) Peraire, J.; Persson, P. O. The compact discontinuous Galerkin
(CDG) method for elliptic problems. Siam J. Sci. Comput. 2008, 30,
1806−1824.
(38) Cockburn, B.; Gopalakrishnan, J.; Lazarov, R. Unified hybrid-
ization of discontinuous galerkin, mixed, and continuous Galerkin
methods for second order elliptic problems. Siam J. Numer. Anal. 2009,
47, 1319−1365.
(39) Nguyen, N. C.; Peraire, J.; Cockburn, B. High-order implicit
hybridizable discontinuous Galerkin methods for acoustics and
elastodynamics. J. Comput. Phys. 2011, 230, 3695−3718.
(40) Nguyen, N. C.; Peraire, J. Hybridizable discontinuous Galerkin
methods for partial differential equations in continuum mechanics. J.
Comput. Phys. 2012, 231, 5955−5988.
(41) Grischkowsky, D.; Keiding, S.; Vanexter, M.; Fattinger, C. Far-
infrared time-domain spectroscopy with terahertz beams of dielectrics
and semiconductors. J. Opt. Soc. Am. B 1990, 7, 2006−2015.
(42) Seo, M. A.; Park, H. R.; Koo, S. M.; Park, D. J.; Kang, J. H.; Suwal,
O. K.; Choi, S. S.; Planken, P. C. M.; Park, G. S.; Park, N. K.; Park, Q. H.;
Kim, D. S. Terahertz field enhancement by a metallic nano slit operating
beyond the skin-depth limit. Nat. Photonics 2009, 3, 152−156.
(43) Groner, M. D.; Elam, J. W.; Fabreguette, F. H.; George, S. M.
Electrical characterization of thin Al2O3 films grown by atomic layer
deposition on silicon and various metal substrates. Thin Solid Films
2002, 413, 186−197.
(44) Ordal, M. A.; Long, L. L.; Bell, R. J.; Bell, S. E.; Bell, R. R.;
Alexander, R. W.; Ward, C. A. Optical-properties of the metals Al, Co,
Cu, Au, Fe, Pb, Ni, Pd, Pt, Ag, Ti, and W in the infrared and far infrared.
Appl. Opt. 1983, 22, 1099−1119.
(45) Liu, N.; Langguth, L.; Weiss, T.; Kastel, J.; Fleischhauer, M.; Pfau,
T.; Giessen, H. Plasmonic analogue of electromagnetically induced
transparency at the Drude damping limit.Nat. Mater. 2009, 8, 758−762.
(46) Whitney, A. V.; Elam, J. W.; Zou, S.; Zinovev, A. V.; Stair, P. C.;
Schatz, G. C.; Van Duyne, R. P. Localized surface plasmon resonance

ACS Photonics Article

DOI: 10.1021/ph500464j
ACS Photonics 2015, 2, 417−424

423

http://dx.doi.org/10.1021/ph500464j


nanosensor: A high-resolution distance-dependence study using atomic
layer deposition. J. Phys. Chem. B 2005, 109, 20522−20528.
(47) Im, H.; Lindquist, N. C.; Lesuffleur, A.; Oh, S.-H. Atomic layer
deposition of dielectric overlayers for enhancing the optical properties
and chemical stability of plasmonic nanoholes. ACS Nano 2010, 4, 947−
954.
(48) Lee, S. H.; Johnson, T. W.; Lindquist, N. C.; Im, H.; Norris, D. J.;
Oh, S.-H. Linewidth-optimized extraordinary optical transmission in
water with template-stripped metallic nanohole arrays. Adv. Funct.
Mater. 2012, 22, 4439−4446.
(49) Park, H. R.; Koo, S. M.; Suwal, O. K.; Park, Y. M.; Kyoung, J. S.;
Seo, M. A.; Choi, S. S.; Park, N. K.; Kim, D. S.; Ahn, K. J. Resonance
behavior of single ultrathin slot antennas on finite dielectric substrates in
terahertz regime. Appl. Phys. Lett. 2010, 96, 211109.
(50) Garcia-Vidal, F. J.; Moreno, E.; Porto, J. A.; Martin-Moreno, L.
Transmission of light through a single rectangular hole. Phys. Rev. Lett.
2005, 95, 103901.
(51) Le, F.; Brandl, D. W.; Urzhumov, Y. A.; Wang, H.; Kundu, J.;
Halas, N. J.; Aizpurua, J.; Nordlander, P. Metallic nanoparticle arrays: A
common substrate for both surface-enhanced Raman scattering and
surface-enhanced infrared absorption. ACS Nano 2008, 2, 707−718.
(52) Low, T.; Avouris, P. Graphene plasmonics for terahertz to mid-
infrared applications. ACS Nano 2014, 8, 1086−1101.
(53) Esteban, R.; Borisov, A. G.; Nordlander, P.; Aizpurua, J. Bridging
quantum and classical plasmonics with a quantum-corrected model.Nat.
Commun. 2012, 3, 825.

ACS Photonics Article

DOI: 10.1021/ph500464j
ACS Photonics 2015, 2, 417−424

424

http://dx.doi.org/10.1021/ph500464j

