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We demonstrate the design, fabrication and characterization of a near-field plasmonic nanofocusing
probe with a hybrid tip-plus-aperture design. By combining template stripping with focused ion beam
lithography, a variety of aperture-based near-field probes can be fabricated with high optical performance.
In particular, the combination of large transmission through a C-shaped aperture aligned to the sharp apex
(,10 nm radius) of a template-stripped metallic pyramid allows the efficient delivery of light—via the
C-shaped aperture—while providing a nanometric hotspot determined by the sharpness of the tip itself.

M
etallic nanostructures that support surface plasmons1,2— an electromagnetic wave that is confined to the
metallic interface — allow deep sub-wavelength control of light. This near-field manipulation of light
offers many unique applications in the emerging field of plasmonics3–9. In particular, plasmonic nano-

focusing has shown great promise by enabling, for example, nanoscale light sources, tip-enhanced Raman
spectroscopy, and unprecedented optical imaging resolution10–15. All nanoscale metallic tips exhibit local electric
field enhancements due to an electrostatic lightning rod effect. However, stronger field enhancements and tighter
confinements can be achieved by launching surface plasmons towards a tip, which enables an efficient delivery of
optical energy into a nanoscale volume at the apex10,12,14,16,17. As the lateral dimensions of the metallic structure
become smaller, the propagating surface plasmon is effectively squeezed into the localized surface plasmon at the
tip. The final spatial extent of the surface plasmon can be effectively determined by the sharpness of the tip itself
and is associated with large field enhancements.

When a surface plasmon waveguide is tapered adiabatically12, i.e. slowly compared to the plasmon wavelength,
reflections are minimized and the plasmon freely propagates towards the tip. However, as the field becomes more
localized within the metal, dissipation increases substantially. Furthermore, if the taper angle is on the order of a
few degrees, the taper length will be quite long, also increasing dissipation. Conversely, non-adiabatic schemes use
a relatively large taper angle in an effort to minimize propagative losses. Unfortunately, significant reflections may
result, decreasing the delivery of energy to the tip. With these two competing effects, it may be possible to design a
structure with an optimal taper angle18. In either case, plasmonic nanofocusing at the apex of a sharp metallic tip
requires precise control and design of the delivery scheme. If possible, it is beneficial to allow the optical energy to
propagate in a low-loss dielectric medium until diffractive effects dominate. Waiting until that point before
conversion to a surface plasmon waveguide and nanofocusing tip structure will minimize overall losses. Most
metallic tips and tapers are fabricated with metal deposition, the metallization of fibers, or with electrochemical
etching19–21. Electron-beam induced deposition has also been used22,23. Often, the devices are then patterned with
focused ion beam (FIB) milling. Unfortunately, the surface roughness of as-deposited metals can be detrimental
to any desired nanofocusing effect. This motivates the use of a template-stripping method to produce smoothly
patterned interfaces and sharp tips20,24,25.

Previously, to launch surface plasmons towards a sharp gold tip, gratings have been milled into the side of an
electrochemically etched gold wire13. Likewise, the use of nanohole gratings next to a region with a laterally
tapered thin gold film have also been demonstrated14. In a different scheme, curved slits26–28 or holes29 focus
plasmons to an in-plane bright spot. Full three-dimensional nanofocusing is also possible, with, for example,
radially polarized plasmons propagating along a circularly symmetric tapered waveguide30. The use of radial
polarization is necessary since as the plasmons travel towards the tip, the fields on opposing sides of the waveguide
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should interfere constructively. This results in a longitudinal electric
field at the tip, i.e. along the tip axis. Illumination with linearly
polarized light at normal incidence does not have the necessary field
symmetry, and requires illumination at a large tilt angle31, or the use
of an asymmetric tip11. Alternatively, the edges of tightly focused
Gaussian beams are able to excite the longitudinal mode of the
tip32. Previously, we demonstrated a three-dimensional plasmonic
nanofocusing pyramid with asymmetric patterning that can be
excited with normally incident linearly polarized light25. With unpat-
terned pyramids and radially polarized light, we have also shown that
template-stripped pyramids incorporated into a near-field scanning
optical microscope (NSOM) give large (.2003) enhancements in
the detected single-molecule fluorescence signal with ,20 nm spa-
tial imaging resolution33. However, backside or internal illumination
schemes are also beneficial, opening up a wider variety of sample
probing geometries and the use of opaque samples. Since the illu-
mination is internal to the tip, background light is minimized. While
aperture NSOM tips are well established34, the ultimate spatial reso-
lution is determined by the size of the aperture. Unfortunately, small
(,100 nm) apertures have limited optical throughput and the skin
depth of real metals effectively increases the size of the aperture.
While throughput can be increased by exploiting enhanced trans-
mission effects35, the spatial resolution is still limited. To improve the
spatial resolution while keeping the low-background noise, a tip-on-
aperture design has been used whereby a small opening illuminates
a protruding metallic tip36. Other hybrid designs such as coaxial
tips37 or metal-insulator-metal (MIM) waveguides38 have also been
considered.

In this paper, we show a new device fabricated via template strip-
ping and precision FIB milling for backside, high-intensity plasmo-
nic nanofocusing. We combine the smooth interfaces and sharp tips
produced via template stripping with the efficient delivery of optical
energy via a high-transmission C-shaped aperture. It is known that
changing the shape of a subwavelength aperture can dramatically
change its transmission properties39,40. Our design integrates a tip-
on-aperture device36,41, with a high-transmission C-shaped aper-
ture42,43. The asymmetry of the C-shape allows internal illumination
with normal-incidence, linearly polarized light, with efficient deliv-
ery of the optical energy to a sharp (,10 nm radius) template-
stripped pyramidal tip.

Results
To fabricate our silver pyramids, we used template-stripping tech-
niques24,44 that take advantage of the poor adhesion of silver to sil-
icon. When silver is deposited onto a silicon wafer, it is easily peeled
off and removed with an adhesive backing layer. Using established
micro-fabrication techniques, the silicon wafer is easily patterned,
producing a negative replica template for the silver film. With aniso-
tropic etching of silicon with potassium hydroxide (KOH), template
stripping can thus produce sharp metallic tips24 suitable for plasmo-
nic nanofocusing25 and near-field imaging33. Likewise, template
stripping can produce apertures either as part of the template24,45,46

or with backside FIB milling, as shown here. To fabricate our struc-
tures, we first created a silicon template (figure 1a) and then depos-
ited a 200 nm-thick layer of silver (figure 1b). FIB milling then
defined openings through the silver film (figure 1c). On this side of
the film, FIB exposure and any implanted ions or induced roughness
is not critical, and FIB milling through the backside of a metallic film
has been shown to reduce unwanted edge rounding of the aperture47.
Finally, the silver film was glued to a glass microscope slide
(figure 1d) and removed from the template (figure 1e). The final
pyramid is hollow—i.e. filled with transparent optical-grade
epoxy—and retains a sharp tip, untouched by the FIB (figure 1f),
and the smooth template-stripped surface.

Figure 2 shows scanning electron micrographs (SEMs) of the fab-
ricated devices. The C-shaped aperture is situated around the sharp

tip of the silver pyramid. Angled SEMs in figure 2b and 2d show the
three-dimensional nature of the device. The three legs of the C-
shaped aperture have a width of 100 nm and cover a 400-by-
400 nm area. Multiple devices can be fabricated (figure 2c) and each
tip can be stored in the silicon template for extended periods (.1
year) and used ‘‘on-demand’’ for NSOM imaging33. Standard circular
aperture structures (diameter 125 nm) can also be fabricated with
this method, shown in figures 2e and 2f. With this hybrid C-shaped
aperture plus sharp pyramidal tip design, the sharp metallic tip is
positioned away from the C-shaped slits, allowing the dual benefits of
both high transmission just below the tip and tight field confinement
at the tip. Furthermore, the relatively large taper angle of our pyr-
amids (70.5u) — determined by the crystalline facets of the silicon
template — allows easy optical access to the tip and aperture region
from the backside. A long and narrow tapered structure, for example,
could not be illuminated internally since light would not propagate
all the way to the aperture due to waveguide cut-off19, and a solid wire
would require precise butt-end coupling48. Previously, planar C-
apertures have been shown to offer large resonant transmission
effects43, and have been suggested as an efficient near-field probe
candidate49. Our structures, while resembling the C-aperture design,
have a distinct three-dimensional shape where the metallic ‘‘tongue’’
of the C is lifted vertically and incorporated into the sharp tip of the
square pyramids, as with a tip-on aperture device. The tip itself is not
fabricated via FIB or exposed to any processing. This keeps the tip
sharp (,10 nm radius) and free from roughness and contamination.
As will be discussed below, it is the asymmetric arrangement of the
three segments of the C around the tip that allows the efficient
generation of surface plasmons that propagate and focus at the tip.

Discussion
To reveal the expected behavior of the C-shaped slits, full three-
dimensional finite-difference time-domain (FDTD) simulations
were performed. The pyramid tip points in the 1z axis, and the
tongue of the C-shaped aperture is aligned along the x-axis. These
results are shown in figure 3. Two scenarios were simulated: a full

Figure 1 | Processing schematic. (a) A silicon template is patterned with

anisotropic KOH etching with an SiO2 etch mask. (b) A thin metal layer is

deposited. (c) FIB milling is used to define the tip aperture shape. (d) An

optical epoxy layer is applied. (e) The pyramid with an integrated aperture

is stripped from the template on demand. (f) The final hollow tip retains an

ultrasharp tip untouched by the FIB.
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Figure 2 | Scanning electron micrographs (SEMs) of the pyramid and aperture structures. (a) Top-down SEM of a C-shaped aperture placed right at the

apex. (b) Angled view of the same pyramid. (c) Multiple pyramids can be fabricated by aligned FIB milling. (d) Side-view SEM of the structure, showing

the metallic tip above the aperture. (e) With this method, circular apertures are also possible. (f) Angled view of a ,130 nm diameter circular aperture.

Figure 3 | Finite-difference time-domain (FDTD) simulations of the C-shaped aperture. (a) Spectral response of the z-component of the electric field at

the tip showing a large resonant peak at 530 nm. Transmission through a single slit—the C-shaped aperture has three slits—is shown to be much weaker.

The light was x-polarized (horizontally with respect to the inset schematics as shown on the axes). (b) SEM of a C-aperture device illustrating the

coordinate axes used. (c) Steady-state maps of the electric field intensity of a C-shaped aperture device at the resonant wavelength. Illuminating from

below with x-polarized light generates plasmons at the apex. The color scale represents the log of the field intensity enhancement. (d) For a device

comprising only a single slit, the field intensity enhancement at the apex is much less. (e) For y-polarized light, the fields from opposite arms of the

C-shaped aperture interfere destructively at the tip. Note that in this panel, the cross-section is along the y-axis. (f) For y-polarized light illuminating a

single slit, there is negligible transmission through the slit and plasmons are not generated.

www.nature.com/scientificreports
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C-shaped aperture and a single-slit aperture on one face of the pyr-
amid. These two designs are shown in the inset of figure 3a, as are the
coordinate axes used (also shown for reference in figure 3b). The
spectral behaviors are shown in the plot of figure 3a, where the z-
component of the electric field directly above the apex of the pyramid
was Fourier-transformed from a time-pulsed input beam. The
incident light was x-polarized. As is seen, the single slit aperture does
transmit and generate surface plasmons that converge at the tip.
However, the field intensity is low. The C-shaped slit arrangement,
however, displays a large peak at 530 nm, signifying the resonant
behavior of the device. Steady-state x-z cross-sectional field maps
at 530 nm illumination are shown in figure 3c. The electric field
intensity enhancement at the tip, normalized to the intensity just
below the aperture inside the pyramid, is .5003. In contrast, the
field intensity enhancement of the single-slit aperture (figure 3d) is
only ,303. While surface plasmons are generated and launched
from the single slit, clearly the unique geometry of the C-shaped slit
arrangement is critical for high transmission43. Additionally, the
asymmetry of the C-shaped slit aperture is critical for achieving
plasmonic nanofocusing with normally incident, linearly polarized
light. Indeed, large field intensity enhancements at the tip are only
seen when the incident light is x-polarized along the tongue of the C-
shaped slit aperture. Figure 3e shows a cross-sectional field map of
the pyramid with y-polarized illumination. In this case, there is an
intensity null at the tip, since surface plasmons launched from both
sides — i.e. from each ‘‘arm’’ of the C — arrive out-of-phase, pro-
ducing destructive interference at the apex25. Finally, changing the
polarization for a single slit aperture also results in negligible intens-
ity at the tip (figure 3f).

The optical behavior of slits—similar to figure 3d—located on the
face of a pyramid is studied in figure 4. Here, an array of slits was

situated 4.5 mm from the tip of the pyramid (measured along the
face). Figure 4a shows an SEM of the device before template stripping
but after patterning the slits via FIB milling. Figure 4b shows the
device after template stripping. With laser illumination from below
(633 nm), light is seen to transmit through the slits but also to scatter
from the tip region. By changing the polarization (figure 4d), the
transmission through the slits is minimized, and no light is seen at
the tip. These experiments suggest that plasmons are indeed excited
by the slits and travel upwards towards the apex of the pyramid, as
demonstrated computationally in figure 3d.

For experimental characterization of the fabricated aperture
devices, the transmission spectra of two flat aperture designs are
shown in figure 5. Figure 5a shows a single nanohole milled through
a flat 200 nm thick silver film as well as a C-shaped aperture milled
on the same substrate. These apertures were fabricated with backside
FIB milling and template stripping as before. Figure 5b shows the
large transmission of the C-shaped aperture as compared to the
single nanohole. The low transmission of a single nanohole aperture
placed on a pyramidal tip—a standard NSOM probe and shown in
figures 2e,f—is a significant drawback. By instead using a C-shaped
aperture, more transmission is seen. The transmission is also shown
to be dependent on the incident polarization.

Figure 6 demonstrates the far-field optical transmission through
C-shaped apertures placed on pyramids. Figure 6a shows a micro-
scope image with illumination from the top and bottom (internal)
sides of both a nanohole aperture and a C-shaped aperture. The
transmission through the C-shaped aperture is significantly brighter
than the transmission from the single-hole apertures. Figure 6b

Figure 4 | Pyramid with slit apertures. (a) SEM of a 200 nm thick silver

pyramid sample before template stripping but after FIB milling. The axes

shown are consistent with the FDTD models of figure 3. (b) SEM after

template stripping. (c) The slits are used to launch surface plasmons up the

face of the pyramid where they scatter from the tip and are collected by the

microscope. Note that the microscope image is in the same orientation as

the SEM image in panel (a). (d) By changing the incident polarization (to

y-polarized), plasmons are no longer generated in the device.

Figure 5 | Optical transmission measurements of apertures through a flat
template-stripped Ag film. (a) SEM of a single nanohole and of a C-

shaped aperture. (b) The single nanohole weakly transmits blue light, while

the C-shaped aperture strongly transmits red light with a polarization

dependence. Light polarized along the tongue of the C (in the x-direction)

transmits most efficiently.

www.nature.com/scientificreports
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shows an experimental far-field transmission spectrum (averaged
from several devices) along with FDTD calculations. The shift in
the FDTD peak position compared to experiment could be from
the exact manner in which the epoxy fills the apertures or from the
rounding of the aperture edges from the FIB. The broad transmission
peak near 600 nm shows the large far-field transmission. The flat
aperture spectra of figure 5 can also help identify how the three-
dimensional nature of the pyramid tip affects an aperture’s prop-
erties. The nanohole aperture has similar spectral behavior (peak at
,450 nm) on both a flat substrate and at the apex of the pyramid.
The C-shaped aperture, however, has a distinct shift (,700 nm flat
to ,600 nm on the pyramid). We believe shift this is due to the
three-dimensional shape (figure 2) that the C-shaped aperture
acquires when placed at the apex of the pyramid. Finally, it should
be noted that the near-field behavior is inaccessible in these experi-
ments but has been elucidated via FDTD in figure 3.

In conclusion, we have demonstrated a unique design for a high-
intensity near-field aperture probe based on the placement of a C-
shaped aperture around the tip of a sharp (10 nm) template-stripped
pyramid. The tip offers polarization-dependent control and illu-
mination with linearly polarized, normally incident light. This makes
our tip more forgiving to misalignment compared to illumination
with a radially polarized beam since the light is effectively ‘‘chan-
neled’’ by the underside of the converging pyramid towards the
aperture. As shown by our FDTD simulation results, these tips dis-
play large field intensity enhancements and could offer several
advantages where high optical throughput, high resolution, and
low background noise are needed, such as in NSOM and tip-
enhanced Raman spectroscopy.

Methods
To fabricate our structures, we first created a silicon template with anisotropic KOH
etching. Standard optical lithography was used to pattern 8 mm square openings in a
100 nm thick thermally grown SiO2 layer. The wafer was then etched in 20% KOH at
60uC for 90 minutes and the oxide was removed via wet etching in buffered oxide
etchant for. Next, a 200 nm-thick layer of silver was deposited via e-beam deposition
at an initial rate of 0.1 Å/s ramping to a rate of 1 Å/s at the end. After this, FIB milling
(30 kV, 10 pA) defined the openings through the silver film. The backsides of the
pyramids were briefly imaged with the FIB and the beam shifted to obtain precise
alignment. Finally, the silver film was glued (Norland Products, NOA61) to a
standard glass microscope slide and stripped from the silicon template.

Computer simulations used a commercial FDTD package (FullWAVE, RSoft
Design Group). The dielectric function of the silver was fit with a Drude/Lorentz
model to experimental ellipsometry data of a flat template stripped film.

A non-uniform grid was used that was 6 nm in the bulk and tapered to 2 nm at the tip
in the x and y directions and 1 nm in the z direction. The tip had a radius of 10 nm
and the refractive index of the epoxy was taken to be 1.56. Perfectly matched layers
were used to prevent reflections from the 1.6 mm 3 1.6 mm 3 2 mm simulation
volume boundaries. A pulsed x-polarized wave was incident from the bottom-side of
the pyramid. The z-component of the electric field was then Gaussian transformed to
determine the spectral response of the tip. Steady-state field maps were then created
with continuous wave illumination at the desired wavelength.

Experimental optical transmission spectra and images were recorded with an
inverted microscope (Nikon Eclipse, 1003 objective, NA 5 0.9) coupled to an
imaging spectrometer (Newport MS 257) with a deep-cooled CCD camera (Princeton
Instruments, Pixis). The light was linearly polarized and the transmission spectra of
the different devices were normalized to the spectrum of the illumination lamp.
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