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ABSTRACT: In this work we report a new type of nanostructure, the
bridged bowtie aperture (BBA) antenna, for producing a simultaneously
enhanced and confined electric and magnetic near field. The optical
nanocircuit theory is employed to reveal its underlying mechanism. The
electric near-field distribution of the nanostructure is observed using
transmission-type s-SNOM at the nanoscale, and the magnetic near-field
distribution is then derived from the electric near field of a
complementary BBA structure using Babinet’s principle. To our
knowledge, the generation of such an electromagnetic hot spot has
never been experimentally demonstrated. Relative to the existing
nanostructures that can produce an electromagnetic hot spot, the BBA
antenna has apparent advantages, which offers a new approach for
nonlinear optics, surface-enhanced spectroscopy, biosensing, and

4i ‘

metamaterials.
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scanning near-field optical microscopy

lasmonic antennas have attracted extensive interest for

their ability to control and manipulate the optical field at
the nanoscale." ™ Derived from the Maxwell equations, the
force applied to a charge by the electric field is ¢/v larger than
that exerted by the magnetic field, where c is the speed of light
and v is the velocity of the charge. As a consequence, the
response of a material to an electric field described by the
electric permittivity is a factor of 10* stronger than that to a
magnetic field described by the magnetic permeability.” Thus,
most of the plasmonic antennas are designed to manipulate the
electric component of light. Meanwhile, other types of antennas
are also developed to create localized and enhanced magnetic
fields, such as diabolo nanoantennas,’ complementary bowtie
apertures,” and plasmonic oligomers.”

Recently, a number of new types of plasmonic antennas are
proposed to simultaneously enhance and confine electric and
magnetic fields, which can greatly extend the applicability and
flexibility of nanoantennas.””'' In nonlinear optics, an
enhanced electric field is usually employed for the second-
harmonic or third-harmonic generation.lz’13 Meanwhile, the
local magnetic field associated with the magnetic-dipole
resonance of the nanoantenna can also be utilized to generate
the second-harmonic light.14 Thus, it is possible to apply the
simultaneously enhanced electric and magnetic fields to
nonlinear optics. In addition, in the metamaterial research, it
has been demonstrated that both the electric and magnetic
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responses are important to realize specific performances, such
as negative refractive index'>'® and enhanced near-field
radiative heat transfer.'” Accordingly, the electromagnetic hot
spot may find applications in metamaterials. However, no
experimental results have ever been demonstrated to support
the generation of such an electromagnetic hot spot mainly due
to two difficulties: the fabrication of samples and the
simultaneous measurement of the electric and magnetic near-
field distribution at the nanoscale.

In this work, we present a novel bridged bowtie aperture
(BBA) antenna for producing an electromagnetic hot spot. The
optical nanocircuit theory is introduced to reveal its physical
mechanism. Scattering-type scanning near-field microscopy (s-
SNOM) is used to obtain the amplitude- and phase-resolved
electric near-field distribution of BBA antennas with varied
geometrical parameters. Then the electromagnetic complement
of the BBA antenna is fabricated and scanned using s-SNOM,
and the magnetic near-field distribution of the BBA antenna is
obtained by applying Babinet’s principle. The experimental
results agree well with the simulations. It is found that this new
type of nanoantenna can be a desirable nanostructure to
simultaneously enhance and confine electric and magnetic
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Figure 1. (a) Schematic of a bridged bowtie aperture antenna. (b) Simulated transmission spectrum of the structure. The transmission efficiency is
defined as transmitted intensity integrated over the aperture area normalized by the incident intensity integrated over the same area. (c) Simulated
electric and magnetic field intensity enhancement monitored 4 nm above the center of the bridge. (d, e) Magnetic and electric near-field distribution
plotted at 4 nm above the exit plane at 1560 nm. (f) Theoretical description of the bowtie aperture, the complementary bowtie aperture, and the
BBA antenna based on the optical nanocircuit theory. (g, i) Simulated induced current distribution at the exit plane and the x—z cross section at
1560 nm. The background brightness and arrows respectively indicate the magnitude and direction of the induced current. (h, j) Simulated surface
charge distribution at the exit plane and the x—z cross section at 1560 nm.

fields, which promlses potential agghcations in SERS,'®"
0,21 24,25
nonlinear OpthS, metamaterials,”**> and biosensing.

B RESULTS AND DISCUSSION

Plasmonic Interaction in the Bridged Bowtie Aperture
Antenna. A typical BBA antenna shown in Figure la consists
of a bowtie aperture (the aperture size a = 210 nm) connected
with a metal bridge (width w = 10 nm, length g = 10 nm,
thickness 4 = 10 nm) at the gap area on the exit plane. The
structure is fabricated in a gold film (thickness H = 60 nm) on a
suspended Si;N,, substrate using the backside milling method.*®
An excitation laser with proper polarization is incident from the
lower side of the aperture, i.e., the entrance side, transmitted by
the aperture, and then radiated into the upper side, i.e., the exit
side. Its electric component is 1 V/m, and its magnetic
component is 0.00253 A/m. Calculating its transmission
spectrum using the finite difference time domain method
(Lumerical FDTD Solutions), we observe a transmission
resonance at 1560 nm, where the electric and magnetic fields
get their maximum enhancement as shown in Figure 1b and c.
The influence of the structural parameters on the transmission
resonance is computed and shown in Supplementary Figure 1.

As depicted in Figure 1d and e, both the magnetic and the
electric field of the BBA antenna are enhanced and confined at
its central area. For the sake of simplicity and clarity, this kind
of simultaneously enhanced and confined electric and magnetic
near field is termed electromagnetic hot spot here. The
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generation of the electromagnetic hot spot can be analyzed
using the optical nanocircuit theory””** as depicted in Figure
1f. If the metal bridge is removed, the BBA antenna is
converted to a bowtie aperture,”” where charges with opposite
signs pile up at the two sides of the air gap, generating an
electric hot spot, but no magnetic hot spot. Here, the gap is
electrically isolated and acts as a capacitor C. Once the two
sides across the gap are connected by a metal bridge, part of the
accumulated charges funnel through the bridge and convert to a
confined and enhanced current as shown in Figure 1g. On the
basis of Ampere’s law, the magnetic near field, enhanced and
localized, is azimuthally polarized around the bridge as shown
in Figure 1d. Meanwhile, the thickness of the bridge limits its
ability to deliver all the charges through it. Thus, there are
considerable charges with opposite signs remaining at aperture
edges right beside the two terminals of the bridge as shown in
Figure 1h, producing a confined and enhanced electric field at
the center area as depicted in Figure le. On the xz plane, a
virtual current loop (VCL) is formed in the forward direction as
shown in Figure 1i, which is composed of two oppositely
induced currents generated at the two sidewalls of the gap, the
charge currents through the metal bridge on the exit plane, and
the displacement current across the air gap.”’ The formed VCL
behaves as a magnetic dipole and effectively delivers induced
current from the entrance plane to the exit plane and then
through the metal l)ri(ige.3l’32 Besides, considerable charges are
deposited on the two sidewalls below the bridge as shown in
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Figure 2. (a) Experimental setup for the near-field imaging in the transmission mode. (b) SEM images of a BBA antenna sample (scale bar: 100 nm).
(c) Topography of the sample measured by AFM. (d) Calculated and experimental electric near-field amplitude and phase distribution of E, and E,,
for BBA antennas with different bridge width w (a = 210 nm, g = h = 20 nm). (Image size of the AFM image and electric field images: 390 nm X 390
nm.) (e) Schematic of the two cutlines. (f) IE,| distribution along the cutline 1 extracted from (d). (g) |E,| distribution along the cutline 2 extracted

from (d).

Figure 1j. Thus, the gap load can be described as a parallel
circuit composed of an inductive impedance L of the metal
bridge and a capacitive impedance C of the dielectric material
below the bridge. A resistance impedance R is in series
connection with the inductor L to represent the dissipation
effect of the metal bridge. If the bridge has the same thickness
as the metal film, the BBA antenna transforms to a
complementary bowtie aperture (CBA),” where all or most of
the accumulated charges flow through the bridge, producing a
magnetic hot spot, but no or a very weak electric hot spot.
Then, the gap is electrically conductive and acts as an inductor
L in series with a resistor R.

Experimental Measurements and Numerical Simula-
tions of the Electric Near-Field Distribution. Trans-
mission-type scattering scanning near-field optical microscopy
is utilized to visualize the electric field distribution of the BBA
antenna in real space as shown in Figure 2a. A plane wave at
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1550 nm with proper polarization is illuminated from below the
sample. Light scattered by the dielectric silicon tip scanning
over the sample is collected and analyzed using higher-
harmonic demodulation™ and pseudoheterodyne interferom-
etry.”* SEM and AFM images of a fabricated BBA are shown in
Figure 2b and c.

As shown in Figure 2d, for the BBA antenna with a wide
bridge (w = 40 nm), most of the accumulated charges funnel
through the bridge, with the remaining charges located loosely
along the aperture edges. As a result, four hot bars along the
edges are observed for the longitudinal components IE,,
together with two hot spots on two sides of the bridge for the
transverse components |E,|. As the bridge becomes narrower,
its ability to deliver surface current is weakened and the gap
load is getting more capacitive,”’ leaving increased charges
localized along the edges and squeezed toward the bridge. As a

consequence, the four hot bars of |E| are continuously
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Figure 3. (a) Calculated and experimental electric near-field distribution of |E,| and IE,| for BBA antennas with different bridge thickness h (a = 210
nm, g = 20 nm, w = 10 nm) and the bowtie aperture. (Image size of the AFM image and electric field images: 390 nm X 390 nm.) (b) |E,|
distribution along cutline 1 extracted from (a). (c) |E,| distribution along cutline 2 extracted from (a).

enhanced and compressed to the center of the aperture and
finally combined into two hot spots (w = 10 nm) just like the
bowtie aperture. As to the |E,] component, the two hot spots
fuse into one with decreasing bridge width w, and the near-field
amplitude is substantially enhanced. Simulation results give an
electric field intensity enhancement of 124 for w = 10 nm. To
further demonstrate the impact of the bridge width w on the
near-field distribution, the electric fields along two cutlines as
shown in Figure 2e are analyzed. The |E_| magnitude on cutline
1 along the aperture edge and the |E,| magnitude on cutline 2
across the bridge are extracted from the experimental data and
compared in Figure 2fg. Field sizes of 68 and 45 nm (fwhm)
are achieved respectively on cutline 1 and 2 for the bridge width
of 10 nm. Apparently, a narrow metal bridge is critical to
produce a highly enhanced and localized electric field for the
BBA antenna. Considering the phase distribution (the
rightmost column of Figure 2d), a phase jump of 7 is observed
in the @, plot across the central line of the BBA antenna in
simulation, because surface charges accumulating at the two
sides of the bridge have opposite signs and act like an electric
dipole.”® The experimental results also show a 7 phase shift
across the central line. As to the in-plane component ¢,, it is
continuous across the bridge, as seen in both simulation and
experimental results.

To further analyze the electric near-field enhancement and
localization of the BBA antenna, the influence of the metal
bridge thickness h is varied as shown in Figure 3a. The bridge
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width w is fixed as 10 nm. With decreasing h, the ability of the
metal bridge to carry surface current is weakened and the gap
load becomes more capacitive. As a result, more charges are
gathered at the aperture edges and compressed toward the
center of the aperture, leading to a more enhanced and
confined near-field distribution, which is clearly demonstrated
in the cutline curves in Figure 3b,c. The definition of the
cutlines is the same as that in Figure 2e. With an ultrathin
bridge (h = 10 nm), field sizes of 38 and 41 nm (fwhm) are
realized respectively on cutlines 1 and 2 extracted from the
experimental data, which are comparable to that of 31 and 37
nm for the bowtie aperture (h = 0). The electric field intensity
enhancement of 132 is achieved based on simulations. Note
that the BBA antenna with a bridge thickness of 10 nm is not
excited resonantly at 1550 nm, and thus the enhancement of
132 can be further increased by adjusting the excitation laser to
resonance wavelength.

Experimental Measurements and Numerical Simula-
tions of the Magnetic Near-Field Distribution. Mapping
the magnetic near-field distribution at the nanoscale has long
been challenging, especially for the plasmonic structures such as
BBA antennas, which can produce a magnetic field with a size
of less than 50 nm. Vector-resolved electric near-field
measurement using s-SNOM can be used to figure out the
magnetic field distribution based on Maxwell’s equation,® >’
but the process of data acquisition and data interpretation can
be quite complex and difficult. Aperture-type near-field imaging
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Figure 4. (a) Schematic of the electromagnetic complementary relationship between the BBA antenna and the NDA antenna based on Babinet’s
principle (inset: the magnified image of the notch). (b) Magnetic and electric field distribution of the BBA antenna compared with the electric and
magnetic field distribution of NDA plotted at 4 nm above the antennas at 1560 nm (a = 210 nm, g = 20 nm, w = h = 10 nm). (c) SEM image of an
NDA antenna. (d) AFM image of an NDA antenna. (Scale bar in c—e is 100 nm.)

can also probe the magnetic field,”**' but its spatial resolution
cannot resolve the highly confined magnetic field generated by
the BBA antenna. Moreover, specially prepared probes and
numerical modeling are required for these methods. As an
alternative, Babinet’s principle provides a means to determine
the magnetic field of an optical antenna."*** Originating from
the classical optics, Babinet’s principle has been extended as an
approximation for metamaterials with a finite thickness over a
broad spectrum (from RF to IR),**** providing a theoretical
link between the electric (magnetic) field of an electromagnetic
structure and the magnetic (electric) field of its complementary
structure. Figure 4a shows the relationship between the BBA
antenna and its electromagnetic complement, a notched
diabolo antenna (NDA) with a notch at its center. Although
the structures of the BBA and NDA do not completely fulfill
the requirements of Babinet’s principle due to their quasi-3D
structure, the magnetic and electric field distributions of the
BBA antenna are similar to the electric and magnetic field
distributions of the NDA, respectively, as shown in Figure 4b.
Thus, Babinet’s principle can be applied as an approximation
for such a quasi-3D plasmonic structure in the near-IR
spectrum. Based on this, the magnetic field distribution of the
BBA antenna can be derived from the electric field distribution
of the NDA, which can be visualized using s-SNOM. The
fabrication process of the NDA sample is described in the
Methods section. The SEM image and AFM image of a NDA
sample are shown in Figure 4¢,d.

As discussed before, the gap load of the BBA antenna
becomes more capacitive with decreasing bridge width w, and
the total current funneling through the bridge is accordingly
reduced. Meanwhile, the cross section of the bridge is also
decreased, leading to a more confined induced current. The
impact of these two factors on the magnetic field intensity is
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competing, and the effect of the shrinking cross section is
dominant. Thus, the BBA antenna with a narrower bridge
produces a more enhanced and confined magnetic field as
shown in Figure Sa. Such a localized magnetic field is
azimuthally polarized around the bridge, which is clearly
supported by its phase information in Figure Sa. As its
electromagnetic complement, the NDA has a similar electric
field distribution to the magnetic field distribution of the BBA
antenna, and their dependence on the width w is identical. But
for the bowtie aperture antenna with no bridge (w = 0 nm), the
magnetic field is distributed in the two arms with no field
localization. Corresponding to the bowtie aperture, the diabolo
antenna with no notch (w = 0 nm) produces a dispersed
electric field. The experimental results of the NDA using s-
SNOM agree well with the simulations as shown in Figure Sa.
One hot spot is observed for the E, component, with a
continuous phase signal across the notch. For the E,
component, two adjacent hot spots on each side of the notch
are observed with a phase jump of about 7. Besides, its electric
field is more enhanced and confined with a reduced notch
width w, which is apparently present in the cutline curves in
Figure 5b,c. The cutline is extracted from the experimental data
along the y direction across the center of the bridge. Field sizes
of 15.5 and 15.1 nm are achieved respectively for the E, and E,
component at w = 10 nm. Simulation results give a magnetic
field intensity enhancement of 90 for w = 10 nm. According to
Babinet’s principle, the BBA antenna can produce an enhanced
and confined magnetic hot spot at its central area. Note that the
electric field pattern of the diabolo antenna without a notch is
mainly attributed to the imperfections of the sample.
Optimization of Structural Parameters of the BBA
Antenna. In order to optimize structural parameters of the
BBA antenna, the magnetic near field is monitored 4 nm above
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Figure S. (a) Calculated magnetic near-field distribution of the BBA antenna together with the calculated and experimental electric near-field
distribution of the corresponding NDA antenna with different width w (a = 210 nm, g = 20 nm, 4 = 10 nm). (Image size of the AFM image and the
electric/magnetic field images: 390 nm X 390 nm.) (b, ¢) |E,| and |E,| distributions along the cutline extracted from (a).

the center of the metal bridge with different bridge length g,
bridge width w, and bridge thickness h. For a bowtie aperture,
more charges accumulate at the two sides of the air gap for a
smaller gap size g.*° Then if a metal bridge is established, more
charges will flow through the bridge correspondingly,
producing a more enhanced magnetic near field as shown in
Figure 6a. As to the bridge width w and bridge thickness h, the
decrease of the two parameters will intensify the magnetic field
as a result of shrinking cross section, which has been discussed
before. However, this kind of dependence is reversed as the two
parameters decrease below 10 nm, because the electromagnetic
field penetrates completely into the metal bridge and then the
dissipation effect starts to take over."” With optimized structural
parameters (g = S nm, w = 10 nm, h = 10 nm), a magnetic field
enhancement of 118 is achieved together with an electric field
enhancement of 209 at 4 nm above the bridge at the resonant
wavelength 1612 nm. The magnetic and electric near-field
distributions on the xz plane are depicted in Figure 6d,e. The
maximum magnetic field enhancement of 5880 is obtained 2
nm below the metal bridge, where the electric field enhance-
ment is 8100. Although the electromagnetic near field at this
position is difficult to experimentally detect, it can be applied
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for chemical and biosensing and nonlinear optics. The electric
and magnetic field enhancement can be further improved by
adding periodic grooves around the BBA antenna, which is
described in the Supporting Information.

Compared to the existing nanostructures, which can produce
an electromagnetic hot spot, the BBA antenna has apparent
advantages. For the broken diabolo nanoantenna,'’ its field
enhancement is much lower (1200 for the magnetic field and
1700 for the electric field). As to the broken-nanoring
structure,’’ the field enhancement is also much smaller (180
for magnetic field and 280 for electric field), the excitation
source is not common, and the structure composition is
relatively complex. As for the capped nanoantenna,” its field
enhancement is relatively lower (3000 for magnetic field and
1.6 X 10" for electric field) and its fabrication is quite complex
and difficult.

B CONCLUSION

In summary, we present the bridged bowtie aperture antenna,
which can produce an electromagnetic hot spot. The optical
nanocircuit theory is discussed to reveal its underlying
mechanism. The BBA antenna samples with varied structural
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parameters are fabricated, and their electric near fields are
visualized using s-SNOM. The magnetic near field of the BBA
antenna is obtained based on Babinet’s principle: its electro-
magnetic complement notched diabolo antenna is fabricated
and the electric field of the NDA is measured using s-SNOM.
This is the first work to experimentally verify the generation of
such an electromagnetic hot spot. The BBA antenna shows
apparent advantages over the existing nanostructures producing
electromagnetic hot spots, which promise wide applications in
nonlinear optics, biochemical sensing, and metamaterials.

B METHODS

BBA Antenna Fabrication. The detailed fabrication
process of the BBA antenna is shown in Supplementary Figure
3a. A layer of SiO, (thickness: 2 ym) and a layer of Si;N,
(thickness: 300 nm) are deposited respectively on the two sides
of the Si wafer (thickness: 300 ym) using PECVD (Oxford
System 100). Then a window (300 zm X 300 pm) is patterned
by the photolithography system (SUSS MABAG), and the SiO,
film in the window is removed by reactive ion etching (Oxford
NGP80). After that, the bulk Si in the window is removed by
inductively coupled plasma etching (Oxford ICP380) and
KOH wet etching. Then a gold film (thickness: 60 nm) is
deposited on the Si;N, film by an e-beam evaporator (Lesker
LABI18). After that, the BBA antenna is perforated on the Si;N,
film using a focused ion beam (FEI Helios Nanolab 650, 30KV,
1.1pA) with a fabrication resolution of 2 nm. Structural
parameters of the antenna are controlled using ion scan path
and ion dose as shown in Supplementary Figure 3b.

NDA Fabrication. The detailed fabrication process of the
NDA is shown in Supplementary Figure 4a. A layer of electron
resist poly(methyl methacrylate) (PMMA) is spin-coated on a
SiO, substrate with a speed 4000 rpm to have a thickness of
400 nm and then baked at 180 °C for 5 min. Then a layer of 20
nm conducting resin is coated on the PMMA layer to solve the
problem of charge accumulation during exposure. Then PMMA

573

is patterned using electron beam lithography (JEOL6300, 100
pA) and developed. A layer of gold (thickness: 60 nm) is then
deposited using an e-beam evaporator. After that, the sample is
immersed in acetone to lift off the unwanted area. Finally, the
fabricated diabolo antenna sample is milled at its central area
using focused ion beam (FIB) (FEI Helios Nanolab 650, 30 kV,
1.1 pA). Before FIB milling, a S nm layer of carbon is deposited
on the sample to improve its conductivity. This layer is
removed using reactive ion etching after the FIB milling. SEM
images of the diabolo antenna and the NDA are shown in
Supplementary Figure 4b—e.

Numerical Simulations. Numerical simulations in this
work are conducted using commercial finite difference time
domain software (Lumerical FDTD Solutions). Optical proper-
ties of gold are taken from Johnson and Christy."® A broadband
plane wave with an electric component of 1 V/m and magnetic
component of 0.00253 A/m is utilized. A1 nm X 1 nm X 1 nm
mesh size is used to maintain the simulation accuracy.

Transmission-Mode s-SNOM for Near-Field Mapping.
As shown in Supplementary Figure 6, the transmission-mode s-
SNOM (Neaspec s-SNOM) is based on an AFM working in
tapping mode. An excitation laser at 1550 nm is incident
upward on the sample with proper polarization. The near field
scattered by the dielectric Si tip is collected and directed to a
photodetector. The tip we use is a commercial Si probe
(Arrow-NCR, Nanoworld) to avoid plasmonic coupling
between the tip and the sample.”’ The radius of the tip apex
is 10 nm to achieve high resolution, and the oscillation
amplitude is 60 nm in our experiments. Higher harmonic
demodulation and a pseudoheterodyne interferometer are used
to extract the amplitude and phase signal from the background.
By adjusting the half-wave plate in the interferometric path and
the polarizer in front of the detector, we can obtain the near-
field distribution of two orthogonal components E, and E,
which respectively are related to E, and E, in our experiments.
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