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Figure 3. Representative TEM images of Ag nanoprisms prepared by illu-
mination of Ag seeds with green (left) and red (red2, right) LEDs.
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Fig. 2. (A) SEM image of a nanodot focusing array coupled to a 250-nm-wide Ag strip guide. (B)
NSOM image of the SP intensity showing subwavelength focusing. [Adapted from (15]]
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indicates corresponding eigenmode or scattered wave in given geometry. (b) (Media 1) The
amplitude distribution of the magnetic field (H,) of the floating dielectric slab interconne ction;
With 1 =150 nm, 1g=250 nm, Loonep=000 nm, and Ly =5 1o respectively.
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Sub-wavelength confinement and long-range
propagation

Hybrid waveguide:

dielectric cylindrical nanowire

£.=12.25,d 0w s— O s
dielectric gap n_=2.25, h '\ \\_z,’ Em —1oim |
metallic half-space Ag A A\ i [
Results: E 7 I M—

tightly confined field ’ e

o jrm)

in the vicinity of the

gap,low-loss light
transport
Explanation:

Hybridization of the fundamental mode of a dielectric cylinder
with the SPP of a dielectric-metal interface.
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Fig. 1. Waveguide simulation schematic showing the pos-

sible orientations for a 90° bend in a C-aperture waveguide,
as well as the cross-sectional dimensions of the simulated

structures.
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Design of a subwavelength bent C-aperture wavequide,
Paul Hansen et al, OPTICS LETTERS,12,1737 (2007).
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Figure 1. (a) Overview of the sfructures consisting of a series of SU-8
waveguides coupled to Au stripes. The radius of curvature of the SLU-8
waveguides is 1 mm. (b} Cross-sectional view of a coupler. Except for the
thickness { of the BCB laver, the coupler dimensions are Kept constant throughout
this study and the couplers are alwavs positioned 3.3 pm above the Si0-
substrate. The Au stripe has a width of 4.6 pem, a thickness of 36 nm, and is
separated from the SU-8 waveguide bv a gap of 2.5 pum. The average width and
thickness of the SU-8 waveguide are 2 um and 1.5 pm. At A= 1.35 um, the
permittivity of Auis —132+ 12.651 [22] and the refractive indices of 510,, BCB
and SU-¥ are, respectively, 1.444 [20], 1.535 [21] and 1.57+ 8e — 51. Note that
we have added an imaginary part to the refractive index of SU-8 so as to fit
the losses of our real waveguides. These losses were determined with cut-back
measurements.
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Directional coupling between dielectric and long-range plasmon wavequides ,
Aloyse Degiron et al, New Journal of Physics 11 (2009)
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Comparisons

Photonic crystals:

spatially periodic dielectric structures

Photonic band gaps with a period ~ wavelength

To transmit and reflect light within specific frequencies
Properties tunable by the periodicity or refraction index

Polaritonic crystals: (periodical metallic nanostructure)
periodic arrangement of defects on a metal-dielectric interface
SPP band gaps with surface structure —~ wavelength of SPP
Scattering of SPP into SPP or SPP into light

(Extraordinary transmission from visible to microwave)
Properties tunable by the surface features
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Dispersion relations

Photonic crystals:

Polaritonic crystals:
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Ebbesen Group’s work

Extraordinary transmission though subwavelength hole array

T.W. Ebbesen er al., Nature (London) 391, 667 (1998).

H.F. Ghaemi er al., Phys. Rev. B 58, 6779 (1998): T.J Experiments
Kim et al.,, Opt. Lett. 24. 256 (1999): D.E. Grupp et al.
Adv. Mater. 11, 860 (1999),

L. Martin-Moreno, et al, PRL 86 1114 (2001) Theory

Beaming light from a subwavelength aperture
H J Lezec; et al,Science, 297 (5582) , 820 (2002)

Hole array + aperture, Hole array + molecular, SPP guiding

PRL 90, 167401 (2003)
PRL 90, 213901 (2003)

PRL 92,107401(2004)
PRB 71,035424 (2005)
PRL 95,046802(2005)

Review Article
Nature 424,824 (2003)
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Extraordinary optical transmission

through sub-wavelength hole arrays

Crensity (%)

Bottleneck: low light transmittivity of aperture
smaller than the wavelength of incident photo

s |

nﬁﬁsl 8]
T T

Tral
(%)
-— 5

Hole arrays in silver film: f |
metal film thickness t s T
. . . avelen nm
Periodicity of holes a0 Hesena
Figure 1 Zero-order transmission spectrum of an Ag array (g, =0.9pm,
Scale of holes d d = 160 nm, ¢ = 200 nm).

Results:

Extraordinary transmission
Maximum at )./d~10
Influence of t (in APL)

Transmission intensity {a.u.}

Explanation:
Coupling of light and plasmons

T. W, Ebbesen, H. J. Lezec, H. F. Ghaemi, T. Thio, and P A. Walff, Nature | Wavelength/period
| London i 391, 667 11998,



Energy (eV)

Dispersion relations

FIG. 1. Focused ion beam image of a two-dimensional hole
array in a polyerystalline silver film, with film thickness =200 nm,

hole diameter o= 150 nm. and period a =900 nm.
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Box 3
Surface plasmon bandgaps

Periodic texturing of the metal surface can lead to the formation of
an SP photonic bandgap when the period, a, is equal to half the
wavelength of the SP, as shown in the dispersion diagram (a). Just
as for electron waves in crystalline solids, there are two SP standing
wave solutions, each with the same wavelength but, owing to their
different field and surface charge distributions, they are of different
frequencies. The upper frequency solution, w, . is of higher energy
because of the greater distance between the surface charges and
the greater distortion of the field, as shown schematically in b. SP
modes with frequencies between the two band edges, w, and w_,
cannot propagate, and so this frequency interval is known as a stop
gap. By providing periodic texture in two dimensions, SP propagation
in all in-plane directions can be blocked, leading to the full bandgap
for SPs. At the band edges the density of SP states is high, and
there is a significant increase in the associated field enhancement.

Review Article
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Theory of Extraordinary Optical transmission

surface impedance boundary condition A= L= d

Theory agrees experiments well, parameters are reasonable

Enhanced transmission is due to tunneling through surface plasmons.

For small thickness h, the photon then goes back and forth several times
inside the hole, building up coherent constructive interference in the
forward direction much as would occur in electron resonant tunneling.

For larger h, the photon can make fewer round-trips inside the hole
before being radiated to infinity, and the concept of plasmon molecule
becomes less well defined.

For even larger h, the process is more like sequential tunneling, where the
incoming photon gets trapped in a SP, tunnels to the SP at the other
interface, and then couples to the outgoing radiative mode and exits.
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Effects of hole depth on light transmission

| _ amh [[ £, |
I(h.hp.d)> exp| — , \ | | — 1.

1.7d |

For shallow holes, two SPs modes
couple as the resonant passage of
light through the array.

For deeper holes, the uncoupled SP
modes therefore transmission falls
exponentially as the film gets thicker.

00 500 600 700 800 900
Wavelength (nm)

FIG. 1. Zero-order transmission spectra at normal mcidence for square ar-
ravs of cylindrical holes (¢=300 nm, P=600 nm) for a range of hole
depths /1, as mdicated on each curve.
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Beaming light from a subwavelength aperture

Fig. 1. (A) FIB micro-
graph image of a bull's
eye structure surround-
ing a cylindrical hole in
a suspended Ag Ffilm
(groove periodicity, S00
nm; groove depth, 60
nm; hole diameter, 250
nmy; film thickness, 300
nm). (B) Transmission
spectra recorded at vari-
ous collection angles for
a bull's eye structure on
both sides of a suspend-
ed Ag film (groowve peri-
odicity, 600 nm; groowve
depth, 60 nm; hole di-
ameter, 300nm; film
thickness, 300 nm). The
tail abowe 800 rmim is an
artifact of the spectral
measurement. The struc-
ture is illuminated at
normal incidence with
unpolarized collimated
light. The spectra were
measured using a Nikon
TE200 micoscope cou-
pled to an Acton mono-
chromator and a Prince-
ton Instruments CCD
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(charge-coupled device) camera. (C) Optical image of the sample of (A) illuminated from the back at its

wavelength of peak transmission (A
intensity distribution derived from the spectra of (B) at A
the beam divergence and directionality of the transmitt

= 660 nm) using a S0-nm band-pass filter. (D) Angular transmission-
. (Inset) Schematic diagram of the structure arnd
light at A___, in the far field.

Science 297,820 (2002,ebbesen)



Highly Directional Emission from a Single Subwavelength
Aperture Surrounded by Surface Corrugations

FIG. 1. (a) Schematic picture for the system analyzed: single
slit surrounded in the exit surface by a finite array of grooves.
In this paper all indentations have width a. and grooves have
depth h. (b) Focused-ion-beam image of the exit surface of a
slit in a Ag film., with & = 10 grooves at each side., and
nominal values ¢ = 40 nm. 4 = 500 nm, and /# = 100 nm.

PRL 90, 167401 (2003,ebbesen)
PRL 90, 213901 (2003)(subwavelength slit)
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FIG. 2 {color). Calculated angular transmission distribution,
Iy (8), for =N grooves surrounding a central slit. Geometrical
parameters as in Fig. b {a) A = 560 nm: (b) A = 800 nm.
Insets show the comparison between measured and calculated
AZ(E) = Sa(8. N = 10)/8: (8. N = 0). (L) ASD) vs A (R
AS(#) at maximum forward beaming (A™° = 560 nm, A9 =
575 nm). Inset to (b AS(#) for A = 800 nm.



Role of SPP in subwavelength hole arrrys

140 T T —T
@i kK /Zzr=D0D03pm

' Ier-:-'-:-rder '

Transmittance maxima are associated
with both reflectance minima
and absorption maxima

Refleztanoe, Transmittanc e, Absorbanoe

(1) Incident light couples to an SPP mode supported by
the surface facing the incident light. The enhanced field
associated with an SPP mode increases the probability of
transmission through the holes. where 1t 1s again scattered
by the periodic array to produce light. (11) Incident light
cannot couple to an SPP mode on the incident side.
instead matching conditions allow light that 15 weakly
transmitted through the array to couple to an SPP mode
on the far side; the enhanced electric field associated with
the SPP mode increases the probability of transmission.
and subsequent scattering again results in transmitted
light. (111) Matching conditions allow processes (1) and
(11) to take place simultaneously.

Ralbctance, Taremidane, Asotoncg

Wawved ergth inm)
FIG. 4. Transmitiance, rellectance, and infermed absorbance
spectm for p-polanzad incident light at in-plane wave vectors
of (08 gema ' (a and (15 em b Dbl
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Sambles Group’s work
Full Photonic Band Gap for Surface Modes in the Visible

PRL 77,2670(96) 94 experiment
PRB 54 6227(96) 96 theory and a good review

Influence of depth of grating on band gaps

PRL 79, 3978 (97)
PRL 80, 5667 (98)
PRB 65,125415(02) theory and experiment

Extraodinary transmission in microwave region

APL 77,2789 (00)
PRL 89,063901 (02)
APL 84,849 (04)

Other works

60



Full Photonic Band Gap for Surface Modes in the Visible
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FIG. 1. A scanning electron micrograph of the hexagonal
array of dots. The dots are composed of photoresist on a glass
substrate. The surface has been coated with a thin film of silver

to support the propagation of SPPs.

Period 300nm
Dot radius 100nm
Silver film 40nm
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Other several works

Transition from localized surface plasmon resonance to
extended surface plasmon-polariton as metallic nanoparticles
merge to form a periodic hole array

Main results

For individual metallic nanoparticals,

Localized SPPs dominate.
.‘g : t. =calz
'ﬁ' ‘ . "‘ For adjacent metallic nanoparticals,
’i ‘ . A small gap appears.
' ZaLal
{ 0.0 0‘02
0 .n.n . . For a continues metallic thin films,
1pm Extended SPPs dominate.

PRB 69,165407(04,barnes) -



Transmission of Light through a Single Rectangular Hole
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FIG. 1. Diagram of a single rectangular hole of sides a2, and a,
perforated on a metal film of thickness k. The structure is

illuminated by a p-polarized plane wave with its angle of
incidence with respect to the normal being 6.

Nomaliredio-ares trmanamittanca
o

u M 1 1 1
“r —————— d T T 0.6 0.8 18 12 14 18
35 = f. L]
[ o Wavelength (in units of & }
sa| o~
E 25| : . : -
L FIG. 2 (color online). Normalized-to-area transmittance (T
g 20r versus wavelength (in units of the cutoff wavelength, A, =
3 151 2a.), for a normal incident plane wave impinging on a rectan-
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FIG. 3 (color onling). T for a normal incident plane wavwve
versus wavelength for a rectangular hole with a, /a, = 10 and

different values of & inside the hole. Metal thickness is h =
a, /3. Dashed and dotted lines show the behavior of Egs. (5) and

(6), respectively. Inset: enhancement of the E-field intensity
obtained for the previous cases; black curve renders Eq. (7). Theory 63
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