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Obtaining super resolution light spot using surface plasmon assisted
sharp ridge nanoaperture
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Finite difference time domain computations is used to study surface plagmpaxcitation around

C- and H-shaped ridge nanoapertures made in silver film. The SP enhances optical transmission, in
addition to the transmission mechanism of the waveguide propagation mode and Fabry-Pérot-like
resonance. However, the near-field collimation of ridge aperture is found completely destroyed. On
the other hand, using a bowtie-shaped aperture with sharp ridges made in silver, the loss of near-field
collimation can be recovered. A super resolution optical spot with full width half magnitude as small
as 12 nmx 16 nm is achieved due to the resonant SP excitation localized at the tips of bowtie. Much
higher field enhancement is also obtained compared to the bowtie aperture made in chromium.
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Recently, many efforts have been made to improve transat visible wavelengths. The resonant SP is a localized mode
mission efficiency through subwavelength apertures and olmenly confined at the tips of bowtie, which contributes to both
tain sub-diffraction-limited light spots. A small circular or the near-field collimation and extreme high field intensity. As
square aperture suffers from low througHpdtie to wave- a comparison, the bowtie aperture made in a chromium film
guide cutoff. By surrounding a circular aperture with a peri-shows a relative lower but still intense field intensity due to
odic structuré, the emerging light can be enhanced andthe lightening rod effect instead of SP excitation.
beamed rather than diffracted, benefiting from the interfer-  First, we consider an H-shaped aperture in a metal film
ence of a composite diffracted evanescent wg@DEW) deposited on a quartz substrdtkelectric constant= 2.25
which includes a surface plasmon component at the metal-awith the geometry shown in the inset of Figal. Chromium
interfacé.3 However, the spatial resolution is limited by the and silver are compared to show the effect of SP. The
period of the surrounding structure which is comparable toy-polarized illumination at 436 nm from substrate side is em-
the wavelengtfi. Recent computational studies show thatployed since the transmission through H-shaped aperture
both transmission enhancement and smaller spatial resolwith x-polarized illumination is low and no near-field colli-
tion can be achieved using €= 1-,° or H-? and bowti€ ®  mation exhibit€ The experimental datéat visible wave-
shaped ridge apertures. The collimation of transmitted lightengthg of complex dielectric constants of chromitiand
through a C-shaped aperture has been confirmed by the negifver® are approximated using the Drude model’
field optical microscopfNSOM) measuremenit: The ridge  FDTD' calculations are conducted to show the near-field
aperture adopts the concept of ridge waveguide in microdistributions inside and in the vicinity of the aperture by
wave engineering, and has two common featuf&sopen  solving the Maxwell's equations of the differential form with
arms which provides longer cutoff wavelength therefore alg 2x 2x 2 spatial resolution. The thickness of metal film is
lows light propagating through the aperture d@Ha narrow  chosen to be 84 nm in order to maximize the transmission
gap which collimates the transmitted light to a nanometegjue to the Fabry-Pérot-like resonance effe@®It is also
scale region. The high cutoff wavelength enables ridgenuch larger than the skin depth so that the background light
nanoapertures to achieve nanoscale resolution using readifyansmitted through the film is suppressed.
available infrared, ViSibIe, and ultraviolet laser sources, al- Similar calculations on H_Shaped apertures can be found
lowing many promising applications in NSOM imaging, from earlier work® but the emphasis here is to analyze the
nanolithography or nanopatterning, ultrahigh density opticaklectric field component and the effect of SP. In Fig&) 1
data storage and thermal-assisted magnetic recording. and 1b), we ploty andz components of the electric field in

The transmission enhancement through a properlyhe gap region of the chromium aperture on jtzeplane at
designed ridge aperture is associated with the,JBave-  x=0. we see that the field in the gap region is dominated by
guide propagatlogl?odb, and the Fabry-Pérot-like wave- they component as expected. Thepolarized incident elec-
guide resonancé*** enhances the transmission further. Inic field is efficiently coupled into the aperture and well
this letter, we conduct finite difference time dom&@DTD)  constrained between the ridges, showing the characteristics
computations to show that surface plasm8P) excited  of the TE,,mode. On the other hand, it is seen from Figh)1
around C- and H-shaped ridge apertures in a silver film cagat the field has a comparabiecomponent on both the
provide even higher transmission, but the ridge aperturegnirance and exit planes of the aperture. Computations show
lose the near-field collimation function completely. On thenat similar field pattern of the component can also be
other hand, for a bowtie aperture in silver, we find that a,ng on the aperture in a perfect conductor, indicating that
collimated near-field spot can be obtained in the event ofyis ; component pattern partly results from scattering at the
resonant SP excitation by calculating its spectrum responsgerture edgebLater we will show that SP excitation con-
tributes to much higher field strength around the edges of the
@Electronic mail: xxu@ecn.purdue.edu aperture in a silver film. The field distribution in Fig. 1 can
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FIG. 1. Decibel scale near-field distri-
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chromium film, and(c) y component
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the yz plane atx=0. The inset of(a)
shows the geometry of the ridge aper-
ture. Y-polarized illumination at
436 nm is normally incident from sub-
strate side with electric field strength
of unity in air.
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also be understood by analyzing the aperture response to theles in silver, which is induced by the tunneling effect
light. Surface current is induced on the ridges by the incidenthrough the subwavelength holes and interference of
photons at the entrance side, flows along the walls of the gafiDEWS’ or SP$%? in the periodic structures. In an
and reaches the exit side. When terminated by the gap, thd-shaped aperture, both the waveguide mode and SP excita-
surface current deposits electric charges at the two ridggon provide the transmission enhancement. However, the
edges on both entrance and exit planes. The charges oscilldteshaped aperture loses its near-field collimation function
periodically in time and give the radiation field beyond the completely as the transmitted light spreads around the aper-
aperture together with the Tfwaveguide mode. Since tlze  ture instead of focusing within the gap due to the excited SP
field component has similar field strength compared to thaas shown in Fig. @). From our calculations, this happens to
of the waveguide mode at the exit plane and decays transx C-shaped aperture as wétot shown here
versely, the output near-field spot is broadened slightly. Also evaluated is the effect of SP on field enhancement
The field patterns ofy and z components in a silver and near-field collimation in a bowtie aperture. The bowtie
aperture are shown in Figs(cl and 1d), respectively. The aperture to be considered has a 90° bow angle and a narrow
field strength of both thg andz components is found much gap of 4 nmx4 nm [see the inset of Fig. (8] in a
higher at the edges than those in the gap region, and the pe&R-nm-thick silver film. Fine grids of 1 nid1 nmx1 nm
field intensity at the ridge corners in silver can reach moreare employed in the FDTD calculations to represent an ac-
than 400 times of the incident field as compared to less thapurate bowtie shape. An incident pulse containing frequency
36 times in chromium. The strong field strength/intensity iscomponents in the visible range is used to determine the
associated with the SP excitation due to the facts that thepectral response of the bowtie aperture by calculating the
bulk plasma frequency of silver is in the visible range andnormalized Fourier transform of a probe field at the bowtie
the ratio of real to imaginary parts of the dielectric constantapex. Steady-state calculations are then conducted with a
of silver has a large value at the excitation wavelerjrétlm
addition, the field pattern on the entrance pléie quartz—
silver interface in Fig. 2(a) clearly shows SP excitation
around the aperture. Similar to the local excitation of SP Ag
around a subwavelength protrusion on silver fif? here
the SP is generated by scattering from the rims of the aper; ‘
ture (a topological defect on flat surface ; ;
Figures 1c) and Xd) also show that the SP moves into bﬁf
the aperture along the walls of the gap, in the same directior
as the Tky waveguide mode. When the propagating mode
and SP reach the exit plane of the aperture, the excitation o
SP occurs a-'t the exit side around the apgrtqre, indicated b IG. 2. Decibel scale near-field distribution in the vicinity of the H-shaped
the 3”0”9 field strength. The total t'rarjsm|s.3|on. through th idge aperture in silver dg) entrance planésilver—quartz interfageand (b)
aperture is therefore enhanced. This is quite different fromyit plane(silver—air interfac The incident electric field ig polarized with

the transmission mechanism in an array of subwavelengthtrength of unity in air.
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FIG. 3. Normalized field intensity|E,|?/|Eo?) distribution at a distance
5 nm below a bowtie aperture i@ 60 nm silver film with 505 nm excita-
tion, (b) 60 nm silver film with 462 nm excitation; ar{d) 60 nm chromium

film with 436 nm excitation. The insets shqa) the geometry of the bowtie

tips and(b) the spectrum response of the bowtie aperture in silver.
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the H apertures the field enhancement is not as high as in
silver, and is a combined result of the waveguide propagation
mode and the lightning rod or tip effett.

In summary, it has been explained that in addition to the
waveguide mode and Fabry-Pérot-like resonance transmis-
sion mechanisms, SP can also contribute to the transmission
enhancement in a ridge aperture in silver, but has a negative
effect on the near-field collimation for C- and H-shaped ap-
ertures. A bowtie aperture with sharp ridges would be a bet-
ter choice to achieve higher optical resolution. Benefiting
from the tip effect, a bowtie aperture in chromium has been
demonstrated to provide an optical spot with FWHM as
small as 16 nnx 14 nm. The bowtie aperture in silver pro-
vides comparable spot size but higher field intensity due to

single plane wave illumination at 505 and 462 nm, respec

tively [a peak and a valley in the spectrum response curve

shown in the inset of Fig.(®)] to illustrate the bowtie aper-

ture performance at these two wavelengths, i.e., resonance

versus off-resonance. Support of this work by the National Science Foundation
At the 505 nm resonance, the field intensity at thejs gratefully acknowledged.
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