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Figure 7.28. (a) Power transferred past the coupling region vs. wavelength and transverse
taper position. Both the fundamental and the first-order mode are shown in data cuts (b).
Reprinted with permission from [Maier et al., 2005]. Copyright 2005, American Institute of
Physics.

curve moves closer to the silica light line), the point of phase-matching shows
a red-shift. A look at the dispersion diagram of Fig. 7.27a confirms that this
is only the case for coupling to the zone-folded upper band. The maximum
power transfer efficiency demonstrated experimentally using this geometry is
about 75% (Fig. 7.29b).

Figure 7.29. (a) Spectral position of the phase matching point vs. taper position as the taper is
moved along the waveguide axis, demonstrating the contra-directional nature of the coupling.
(b) Power transmitted past the coupling region for the condition of optimum coupling, demon-
strating transfer efficiencies of about 75%. The inset shows the evolution of the coupling profile
as the gap between the taper and the waveguide is descreased. Reprinted with permission from
[Maier et al., 2005]. Copyright 2005, American Institute of Physics.
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These low-loss metal nanoparticle waveguides could be employed in ap-
plications for coupling radiation transmitted through optical fibers into two-
dimensional SPP modes with high efficiency. After the coupling region, guid-
ing to desired structures on a chip for sensing is possible, perhaps after inter-
facing with higher-confinement waveguides for field focusing.

7.7 Overcoming Losses Using Gain Media
We have already discussed in chapter 5 the possibility of overcoming the

inherent attenuation losses (due to Ohmic heating) in metallic structures by
embedding them into media with optical gain. For particles, optical gain re-
sults in an increase of the magnitude of the polarization (5.7) and a concomitant
decrease in the linewidth of the resonant mode, limited by gain saturation. Ap-
plied to waveguides, an analytical study of particle chains (akin to the nanopar-
ticle plasmon waveguides discussed in the preceding section) embedded in a
gain medium suggests that the accompanying increase in interparticle coupling
strength can lead to greatly enhanced propagation distances, particularly for
confined transverse modes close to the light line [Citrin, 2005a].

In the wider context of waveguiding using propagating SPPs at flat inter-
faces, one can therefore expect that the presence of gain media will result
in an increase of the propagation length L. More surprisingly, it can also
easily be shown that the localization of the fields to the interface will be in-
creased [Avrutsky, 2004], contrary to the trade-off between confinement and
loss present in the absence of gain. To demonstrate this, one can define the
effective index of the SPP at an interface between a metal and a dielectric via
the dispersion relation (2.14) as

neff =
√

εεd

ε + εd

, (7.3)

where εd is the permittivity of the insulating layer. As in the discussion of
localized plasmons, we see that in the resonant limit of surface plasmons, de-
fined by Re [ε] = −εd , the effective index and thus the amount of localization
is limited by the non-vanishing imaginary part of ε due to attenuation. How-
ever, in analogue to the discussion in chapter 5, the presence of gain can lead
to a complete vanishing of the denominator of (7.3), and thus a large effective
index (limited only by gain saturation).

While the effect of this increase in neff on SPP propagation in waveguides
has not been analyzed in detail up to this point, various analytical and numer-
ical studies have focused on the increase in propagation length offered, both
for metal stripe [Nezhad et al., 2004] and gap waveguides [Maier, 2006a]. For
both geometries with excitation at near-infrared frequencies, the gain coeffi-
cients required for lossless propagation are at the boundary of what is cur-
rently achievable using quantum-well or quantum-dot media. Taking a simple
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Figure 7.30. Evolution of the imaginary part of the propagation constant Im
[
β
]

of a
gold/dielectric/gold waveguide with decreasing core size for cores consisting of air (broken
gray line), a semiconductor material (n = 3.4) with zero gain (broken black line), and gain co-
efficients γ = 1625 cm−1 (gray line) and γ = 4830 cm−1 (black line), respectively. The insets
show the energy propagation length of the mode. As the critical gain for which Im

[
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] = 0 is

approached, L → ∞ (inset). Reprinted from publication [Maier, 2006a], copyright 2006, with
permission from Elsevier.

one-dimensional gold-semiconductor-gold gap waveguide as an example, loss-
less propagation at λ0 = 1500 nm for a core size of only 50 nm is expected
for a gain coefficient γ = 4830 cm−1 in a core layer with n = 3.4. This is
demonstrated in Fig. 7.30, which shows the evolution of the imaginary part of
the propagation constant Im

[
β
]

with decreasing core size for waveguides with
cores consisting of air (broken gray line) or a semiconductor material (n = 3.4)
with zero gain (broken black line), or gain coefficients γ = 1625 cm−1 (gray
line) or γ = 4830 cm−1 (black line), respectively. Note that Im

[
β
]

< 0 im-
plies an exponential increase of the energy of the guided wave. As expected,
the propagation distance increases with the amount of gain present, shown in
the inset.

After these promising theoretical studies, it remains to be seen if the large
gain coefficients necessary for low-loss or even lossless propagation are indeed
achievable in close vicinity of metallic guiding structures.



Chapter 8

TRANSMISSION OF RADIATION THROUGH
APERTURES AND FILMS

Up to this point, our discussion of surface plasmon polaritons has focused
on their excitation and guiding along a planar interface. In the previous chap-
ter, we have seen how control over the propagation of these two-dimensional
waves for waveguiding applications can be achieved by surface patterning.
Here, we move in the perpendicular direction and take a look at the transmis-
sion of electromagnetic energy through thin metallic films, aided by near-field
effects. If the film is patterned with a regular array of holes, or surface corru-
gations surrounding a single hole, phenomena such as enhanced transmission
and directional beaming can occur, which have triggered an enormous amount
of interest ever since their first description in 1998.

To lay the foundations for the discussion of these effects, we begin by re-
viewing the basic physics of the transmission of light through a sub-wavelength
circular hole in a thin conductive screen. Subsequent chapters treat the trans-
mission enhancement encountered in hole arrays and the directional control
over the transmitted beam via surface corrugations at the exit side of the in-
terface. The role of SPPs and localized plasmons in the transmission of light
through a single hole surrounded by regular corrugations is also addressed. The
chapter closes with a look at first applications of these effects and a discussion
of light transmission through unperforated films mediated by coupled SPPs.

8.1 Theory of Diffraction by Sub-Wavelength Apertures
The physics of the transmission of light through a single hole in an opaque

screen, also called an aperture, has been a topic of intense research for well
more than a hundred years. Due to the wave nature of light, its transmission
through an aperture is accompanied by diffraction. Therefore, this process,
which even in the simplest of geometries is very complex, can be described us-
ing various approximations developed in classical diffraction theory. A review
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2r
θ

Figure 8.1. Transmission of light through a circular aperture or radius r in an infinitely thin
opaque screen.

of different aspects of this theory can be found in basic textbooks on electro-
dynamics such as [Jackson, 1999], and (from the point of view of the trans-
mission problem presented in this chapter) in the review article by Bouwkamp
[Bouwkamp, 1954]. A geometry that has received particular attention in these
treatments, due to its relative easy tractability, is that of a circular aperture of
radius r in an infinitely thin, perfectly conducting screen (Fig. 8.1).

For an aperture with a radius r significantly larger than the wavelength of
the impinging radiation (r � λ0), this problem can be treated quite success-
fully using the Huygens-Fresnel principle and its mathematical formulation,
the scalar diffraction theory by Kirchhoff [Jackson, 1999]. Since this theory
is based on the scalar wave equation, it does not take into account effects due
to the polarization of light. For normally-incident plane-wave light, it can be
shown that the transmitted intensity per unit solid angle in the far field (known
as the limit of Fraunhofer diffraction) is given by

I (θ) ∼= I0
k2r2

4π

∣∣∣∣2J1 (kr sin θ)

kr sin θ

∣∣∣∣
2

, (8.1)

where I0 is the total intensity impinging on the aperture area πr2, k = 2π/λ0

the wavenumber, θ the angle between the aperture normal and the direction of
the re-emitted radiation, and J1 (kr sin θ) the Bessel function of the first kind.
The functional form described by (8.1) is that of the well-known Airy pattern
of a central bright spot surrounded by concentric rings of decreasing intensity,
caused by angle-dependent destructive and constructive interference of rays
originating from inside the aperture. The ratio of the total transmitted intensity
to I0, given by

T =
∫

I (θ) d�

I0
, (8.2)



Theory of Diffraction by Sub-Wavelength Apertures 143

is called the transmission coefficient. For apertures with r � λ0, in which
case the treatment outlined here is valid, T ≈ 1. In this regime, more exact
calculations of the diffraction problem give semi-quantitatively essentially the
same result as (8.1).

Since we are interested in the influence of surface waves such as SPPs on
the transmission process, the regime of sub-wavelength apertures r � λ0 is
much more interesting, because near-field effects are expected to dominate
the response (due to the absence of propagating modes in apertures in films
of finite thickness). However, even an approximate analysis of an infinitely
thin perfectly conducting screen requires an approach using the full vector-
ial description via Maxwell’s equations. The basic assumption of Kirchhoff’s
method is that the electromagnetic field in the aperture is the same as if the
opaque screen were not present, which does not fulfill the boundary condition
of zero tangential electric field on the screen. For large holes, this basic failure
is less severe, since the diffracted fields are relatively small compared to the
directly-transmitted field. For sub-wavelength apertures on the other hand, this
approximation is inadequate even as a first-order treatment of the problem.

Assuming that the incident light intensity I0 is constant over the area of the
aperture, Bethe and Bouwkamp arrived at an exact analytical solution for light
transmission through a sub-wavelength circular hole in a perfectly conducting,
infinitely thin screen [Bethe, 1944, Bouwkamp, 1950a, Bouwkamp, 1950b].
For normal incidence, the aperture can be described as a small magnetic dipole
located in the plane of the hole. The transmission coefficient for an incident
plane wave is then given by

T = 64

27π2
(kr)4 ∝

(
r

λ0

)4

. (8.3)

The scaling with (r/λ0)
4 implies very weak total transmission (smaller by

an amount of the order of (r/λ0)
2 compared to Kirchhoff theory) for a sub-

wavelength aperture, as can intuitively be expected. Also, the scaling T ∝ λ−4
0

is in agreement with Rayleigh’s theory of the scattering by small objects. We
note that (8.3) is valid for normally-incident radiation both in TE and TM po-
larization. For radiation impinging on the aperture at an angle, an additional
electric dipole in the normal direction is needed to describe the transmission
process. In this case, more radiation is transmitted for TM than for TE polar-
ization [Bethe, 1944].

The Bethe-Bouwkamp description of transmission through a circular aper-
ture in a screen relies on two major approximations. The thickness of the con-
ducting screen is assumed to be infinitely thin, yet the screen is still perfectly
opaque due to the infinite conductivity. Relaxing the first assumption and thus
treating screens of finite thickness h requires numerical simulations for solving
of the problem. Two regimes have to be considered, depending on whether the
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waveguide defined by the sub-wavelength aperture allows a propagating mode
to exist or not. The Bethe-Bouwkamp model is only applicable to apertures
which allow only decaying modes. For a circular (square) hole of diameter d

in a perfect screen, this condition is fulfilled in the regime where d � 0.3λ0

(d ≤ λ0/2), which can be calculated via a boundary analysis at the rim of the
aperture waveguide. The transmission coefficient T then decreases exponen-
tially with h [Roberts, 1987]. This is of course the behavior characteristic of a
tunneling process. For sub-wavelength apertures allowing propagating modes,
the theory outlined here is not applicable and T is much higher due to the
waveguide behavior of the aperture. Prominent examples of such waveguide
apertures are circular holes with diameters above the cut-off [de Abajo, 2002],
the well-known one-dimensional slit (which has a TEM mode without cut-off),
annular-shaped apertures [Baida and van Labeke, 2002], and apertures in the
form of a C-shape [Shi et al., 2003].

Apart from the finite screen thickness, when discussing the transmission
properties of real apertures the finite conductivity of the metal screen should
be taken into account. For optically thin films, the screen is thus not perfectly
opaque, and comparisons with the Bethe-Bouwkamp theory are not justified.
On the other hand, an optically thick film of a real metal satisfies the condition
of opacity if h is on the order of several skin depths, thus preventing radiation
tunnelling through the screen. For apertures fulfilling this condition, it has been
shown that localized surface plasmons significantly influence the transmission
process [Degiron et al., 2004]. This will be discussed in more detail in a later
section, after a description of the role of SPPs excited via phase-matching on
the input side of the screen in the tunneling process.

8.2 Extraordinary Transmission Through
Sub-Wavelength Apertures

The transmission of light through a sub-wavelength aperture of a geometry
such as a circle or a square that does not allow a propagating mode can be
dramatically enhanced by structuring the screen with a regular, periodic lattice.
This way, SPPs can be excited due to grating coupling, leading to an enhanced
light field on top of the aperture. After tunneling through the aperture, the
energy in the SPP field is scattered into the far field on the other side.

The phase-matching condition imposed by the grating leads to a well-defined
structuring of the transmission spectrum T (λ0) of the system, with peaks at
the wavelengths where excitation of SPPs takes place. At these wavelengths,
T > 1 is possible - more light can tunnel through the aperture than incident
on its area, since light impinging on the metal screen is channeled through the
aperture via SPPs. This extraordinary transmission property was first demon-
strated by Ebbesen and co-workers for a square array of circular apertures in a
thin silver screen [Ebbesen et al., 1998].
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Figure 8.2. Normal-incidence transmission spectrum for a silver screen perforated with a
square array of holes of diameter d = 150 nm and lattice constant a0 = 900 nm. The thick-
ness of the screen is 200 nm. Reprinted by permission from Macmillan Publishers Ltd: Nature
[Ebbesen et al., 1998], copyright 1998.

As a typical example, Fig. 8.2 shows the transmission spectrum for normally-
incident light on a silver screen of thickness t = 200 nm perforated with an
array of circular holes of diameter d = 150 nm arranged on a square lattice
with period a0 = 900 nm. Apart from a sharp peak in the ultraviolet region
only observable for very thin films, the spectrum shows a number of distinct,
relatively broad peaks, two of which occur at wavelengths above the grating
constant a0. The origin of these peaks cannot be explained by a simple dif-
fraction analysis without assuming the contribution of surface modes, and the
fact that T > 1 suggests that the transmission is mediated via SPPs excited
via grating-coupling at the periodic aperture lattice: This way, also light im-
pinging on opaque regions between the apertures can be channeled to the other
side via propagating SPPs. We note however that experimentally the exact de-
termination of the transmission enhancement is difficult, due to the problem of
normalization: the transmission calculated using the Bethe formula (8.3) re-
quires a highly accurate determination of the aperture dimensions, due to the
strong dependence of T ∝ r4 on the aperture radius. We note that in the initial
studies, the normally-incident light was not polarized, and that in fact due to
the square symmetry of the aperture arrays identical transmission spectra occur
for TM and TE polarization [Barnes et al., 2004].

A study of the dependence of the peak positions on incidence angle of the
radiation allows the mapping of the dispersion relation of the waves involved in
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Figure 8.3. Dispersion relation of grating-coupled SPPs along the [10] direction of the aper-
ture array extracted from spectra such as Fig. 8.2 for different incidence angles (solid dots).
Reprinted by permission from Macmillan Publishers Ltd: Nature [Ebbesen et al., 1998], copy-
right 1998.

the transmission process. An example is shown in Fig. 8.3. The typical form of
the SPP dispersion relation (2.14), displaced by the grating vector G = 2π/a0,
can be clearly discerned. The crossing of the dispersion curves with the kx = 0-
axis defines the points of phase-matching for normal-incidence of the exciting
light beam, and thus the position of the transmission maxima in Fig. 8.2.

The observed structure of T (λ) can therefore be explained by assuming that
grating coupling to SPPs takes place, with the phase matching condition

β = kx ± nGx ± mGy = k0 sin θ ± (n + m)
2π

a0
, (8.4)

where β is the SPP propagation constant. For phase-matching via a square
lattice, it can easily be shown by combining (8.4) and (2.14) that for normally-
incident light the transmission maxima occur at wavelengths fulfilling the con-
dition [Ghaemi et al., 1998]

λSPP (n, m) = nSPPa0√
n2 + m2

. (8.5)

nSPP = βc/ω is the effective index of the SPP, which is for the single inter-
face between a metal and a dielectric calculated using (2.14). This simplified
description often serves as a good first approximation.

Since phase-matching of the incident radiation to SPPs is crucial for trans-
mission enhancement via SPP tunneling, the same process should occur for a
single hole surrounded by a regular array of opaque surface corrugations. This
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was indeed confirmed in a follow-up study with only one aperture, where dim-
ples instead of holes in the screen served as the grating for coupling [Grupp
et al., 1999]. Apart from a two-dimensional square lattice of apertures or dim-
ples, concentric circles surrounding the aperture can also be used to achieve
phase-matching of the incident light beam with SPPs. Fig. 8.4 shows trans-
mission spectra for such a bull’s eye structure with sets of concentric rings
of different groove height h (A), and also for a two-dimensional dimple array
(B). Transmission enhancement compared to the values calculated using (8.3)
is present in both cases, and for the bull’s eye structure additionally T > 1
occurs at the wavelengths of phase-matching. It is apparent from Fig. 8.4a
that the height h of the undulations responsible for coupling determines the
efficiency of SPP coupling, and therefore the magnitude of the transmission
enhancement.

We now want to qualitatively describe the physics of the transmission process
in more detail. Similar to a single aperture in an unpatterned screen, transmis-
sion through an aperture in a regularly patterned surface occurs via tunneling,
leading to an approximately exponential dependence of the transmitted inten-
sity on the thickness t of the metal screen. However, if t is of the order of the
skin depth, coupling between SPPs at the front and back interface takes place

Figure 8.4. Transmission through a single circular aperture (d = 440 nm) surrounded by
concentric rings with sinusoidal cross section (A) or a square array of dimples (B) of height h

milled into a 430 nm thick Ag/NiAg screen. Reprinted with permission from [Thio et al., 2001].
Copyright 2001, Optical Society of America.
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Figure 8.5. Schematic of a single slit aperture cut into a perfectly conducting screen, with and
without a surrounding groove array on the input side. Courtesy of Francisco García-Vidal, Uni-
versidad Autónoma de Madrid. Figure similar to that in [García-Vidal et al., 2003a], Copyright
2003 by the American Physical Society.

if the adjacent dielectric media are equal, enabling phase-matching. Degiron
and co-workers have shown that this leads to a saturation of the transmission
coefficient for small screen thickness [Degiron et al., 2002]. A great number
of studies have since then either experimentally or numerically studied the in-
fluence of geometrical parameters such as metal film thickness [Shou et al.,
2005], hole size [van der Molen et al., 2004] or symmetry of the hole arrays
[Wang et al., 2005] on the transmission spectra. Crucially, a comprehensive,
polarization-resolved study of the angular dependence of the transmission, re-
flection and absorption of light by a metal film perforated with an array of sub-
wavelength holes has confirmed the role of SPPs, excited via diffraction of the
impinging light beam in the transmission process [Ghaemi et al., 1998, Barnes
et al., 2004].

The complexity of the transmission process significantly increases for aper-
tures allowing a propagating mode, such as an essentially one-dimensional
slit structure, where the fundamental TEM mode does not exhibit a cut-off
width. In this case, the transmission can be modulated via resonances of the
fundamental slit waveguide mode, controlled by the thickness of the metal
film. Transmission resonances have indeed been observed for arrays of paral-
lel, sub-wavelength slits [Porto et al., 1999]. In analogy with the discussion
of extraordinary transmission through apertures via tunneling, periodic surface
corrugations around a single slit, shown in Fig. 8.5, significantly increase the
transmission and allow T (λ) > 1 due to the excitation of SPPs.

The fact that even perfect metals can sustain surface waves in the form of
designer plasmons on patterned interfaces as described in chapter 6 leads to
enhanced transmission phenomena also in this limit. Using a modal expansion
technique similar to that presented in chapter 6 for describing designer SPPs at
low frequencies, García-Vidal and co-workers have shown that the transmis-
sion spectrum T (λ) for a slit aperture surrounded by parallel grooves is addi-
tionally influenced by the existence of coupled cavity modes in the grooves, the
frequencies of which are defined by their depth h. Also, in-phase re-emission
from the array, controlled via the period d, takes place [García-Vidal et al.,
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Figure 8.6. Normalized transmittance T (λ) of the slit structure depicted in Fig. 8.5 for a =
40 nm, d = 500 nm, w = 350 nm and groove depth h = 100 nm. The number of grooves
patterned either on the input side (a) or the exit side (b) is 2N . Transmission enhancement
is only present for patterning of the input side (a), and only a small number of grooves are
necessary to establish a significant enhancement, while patterning of the exit surface does not
lead to (b) nor significantly influence (inset in b) the magnitude of T (λ). Courtesy of Francisco
García-Vidal, Universidad Autónoma de Madrid. Figure similar to that in [García-Vidal et al.,
2003a], Copyright 2003 by the American Physical Society.

2003a, Marquier et al., 2005]. Fig. 8.6 shows theoretical calculations of the
dependence of T (λ) on the number of grooves based on this model (a), further
demonstrating that only surface patterning on the entrance side has significant
influence on the maxima in T (λ) (b).

For the geometrical parameters chosen in this calculations, the two trans-
mission maxima around 400 nm and 850 nm not influenced by the patterning
correspond to slit waveguide resonances, while the strong and sharp maxi-
mum at λ = 560 nm is due to the establishment of groove cavity modes and
in-phase groove reemission with increasing number of grooves, mediated by
designer surface plasmons. The main results of this study have been confirmed
independently by using a different approach based on scattering theory from
quantum mechanics [Borisov et al., 2005]. Furthermore, control of the phase
of the re-emitted radiation allows selective suppression of transmission, as has
been confirmed with suitable phase-gratings in the THz regime [Cao et al.,
2005]. A recent study has further shown that even a one-dimensional array
of sub-wavelength apertures exhibits many of the features present in the two-
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dimensional patterning studies [Bravo-Abad et al., 2004a]. We note that ex-
traordinary transmission via excitation of SPPs has not only been observed for
visible light using metallic screens, but also for highly doped semiconductors
and polymer films at THz frequencies [Matsui et al., 2006].

While the patterning of the input surface of the aperture screen determines
the spectral dependence T (λ) of the transmission process, structuring of the
exit surface allows control of the re-emission of the transferred radiation, which
will be discussed in the next section.

8.3 Directional Emission Via Exit Surface Patterning
We have seen above that the tunneling of light through a sub-wavelength

aperture below cut-off can be significantly enhanced by patterning the input
side of the screen to allow phase-matching to SPPs. In a similar fashion, the
emission on the exit side of the screen can be controlled via surface patterning
as well. While not increasing T (λ) (see Fig. 8.6b), imposing a regular grating

Figure 8.7. (a) Focused ion beam image of a bull’s eye structure surrounding a circular sub-
wavelength aperture in a 300 nm thick silver film. (b) Transmission spectra recorded at various
collection angles, demonstrating the small divergence of the emerging beam (groove periodicity
600 nm, groove depth 60 nm, aperture diameter 300 nm). (c) Optical image of the directional
emission at the wavelength of peak transmission. (d) Angular intensity distribution of the emit-
ted beam at the wavelength of maximum transmission. Reprinted with permission from [Lezec
et al., 2002]. Copyright 2002, AAAS.
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Figure 8.8. FIB image (A) and transmission spectrum for various collection angles (B) of a
single sub-wavelength slit surrounded by parallel grooves cut into a 300 nm thick silver film (slit
widh 40 nm, slit length 4400 nm, groove periodicity 500 nm, groove depth 60 nm). The inset
in (B) shows the dispersion curve of the periodic structure (black dots) as well as the position
of the spectral peaks (gray dots). (C) Optical image. (D) Angular intensity distribution of the
emission at two selected wavelengths. Reprinted with permission from [Lezec et al., 2002].
Copyright 2002, AAAS.

structure on this side can lead to a highly directional emission with narrow
beaming angle, first described by Lezec and co-workers [Lezec et al., 2002].
A patterning of both input and exit side of the screen can therefore lead to both
enhanced transmission and directional emission.

Figures 8.7 and 8.8 show examples of this phenomenon for both a circular
aperture surrounded by concentric grooves and a slit surrounded by a regular
array of parallel grooves. The patterns is present on both sides of the film.
While the position and amplitude of the transmission maxima T (λ0) are con-
trolled by the phase-matching condition imposed by the pattern on the input
side, the beam waist and direction of the emitted beam is governed by the exit
side pattern. Highly directional emission with a angular divergence of approx-
imately ±3◦ was observed. This phenomenon can be understood by assuming
a SPP traveling from the exit side of the aperture along the screen towards the
grooves and undergoing directional emission, defined by the groove period. In-
triguingly, as a consequence light of different wavelengths can be emitted un-
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Figure 8.9. Schematic (a) and FIB image (b) of the exit surface of a screen with a single
slit aperture surrounded by 10 parallel grooves on each side (slit width 40 nm, groove pe-
riod 500 nm, and groove height 100 nm). Courtesy of Francisco García-Vidal, Universidad
Autónoma de Madrid. Figure similar to that in [Martín-Moreno et al., 2003], Copyright 2003
by the American Physical Society.

der different angles (Fig. 8.8d), thus imposing a filtering property. In the study
presented in these two figures, the groove periodicity was d = 600 nm or d =
500 nm, respectively, and the groove depth h = 60 nm. Fabrication was carried
out using focused ion beam milling of a 300 nm thick free-standing silver film.

This intuitive picture of how the directional emission arises was corrobo-
rated by a theoretical analysis of the beaming profile for a slit aperture sur-
rounded by a parallel array of grooves akin to that depicted in Fig. 8.8. The

Figure 8.10. Theoretically predicted intensity profiles (angular intensity distribution) of the
beam transmitted in the forward direction for the slit geometry of Fig. 8.9 for varying number
2N of grooves and geometrical parameters similar to those of Fig. 8.8. The legend also shows
the angular divergence of the transmitted beam for each N . In the calculations, the groove
depth has been adjusted for varying N in order to obtain similar total transmitted intensities.
Courtesy of Francisco García-Vidal, Universidad Autónoma de Madrid. Figure similar to that
in [Martín-Moreno et al., 2003], Copyright 2003 by the American Physical Society.
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geometry of the system is defined in more detail in Fig. 8.9. Using a modal
expansion of the fields in the slit and groove regions akin to the treatment
described in chapter 6, Martín-Moreno and co-workers showed that beaming
arises from tight-binding-like coupling between localized groove modes and
the interference of their diffracted wave patterns [Martín-Moreno et al., 2003].
An example of the intensity profile I (θ) of the transmitted beam obtained using
this model is shown in Fig. 8.10. A similar calculation for the exact parameters
of the structure presented in Fig. 8.8 has demonstrated very good agreement be-
tween experiment and theory, both for the beam undergoing narrow transmis-
sion in the forward direction and the beam experiencing directional emission
at an angle. Additionally, the theoretical treatment confirmed that only a small
number of grooves N ≈10 is needed for establishing the narrow beam profile.

The angular intensity distribution can thus be arranged almost at will by
careful patterning of the exit surface of the screen, and it was even suggested
that focusing at well-defined wavelengths could occur, with the screen effec-
tively acting as a flat, wavelength-selective lens [García-Vidal et al., 2003b].

8.4 Localized Surface Plasmons and Light Transmission
Through Single Apertures

As pointed out in the discussion of the limitations of the Bethe-Bouwkamp
theory, even for an optically thick (and thus opaque) metal film the finite con-
ductivity of the real metal should be taken into account to correctly analyze the
transmission properties of a single aperture in a flat film. Penetration of the
incident field inside the screen enables the excitation of localized surface plas-
mons on the rim of the aperture [Degiron et al., 2004], akin to the description
in chapter 5 of localized modes in voids of a metallic film. One might expect
that also propagating SPPs can be excited by viewing the aperture as a local-
ized defect in the flat metal surface (see chapter 3). However, a detailed study
of SPP excitation by a single aperture defect is still awaiting demonstration.

The excitation of localized surface plasmons at a single sub-wavelength
aperture has two important consequences affecting the transmission T (λ). Not
surprisingly, due to the finite penetration of the fields into the rim of the aper-
ture, its effective diameter is increased. This in turn leads to a substantial
increase in the cut-off wavelength λmax of the fundamental waveguide mode,
compared to the physical diameter of the hole. Analytical and numerical stud-
ies have demonstrated an increase in λmax of up to 41% [Gordon and Brolo,
2005], which has to be taken into account when studying apertures with a di-
ameter just below the cut-off diameter for a perfectly-conducting screen, in
light of the problem of correct normalization of the transmission coefficient
mentioned earlier. Furthermore, theoretical studies of the transmission prob-
lem of a circular hole in a metal screen described by a free-electron dielectric
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Figure 8.11. Transmission of light through a single sub-wavelength hole milled into a free-
standing silver film (a). The transmission peak for small screen thickness h (b) is due to local-
ized surface plasmons. Reprinted from [Degiron et al., 2004], copyright 2004, with permission
from Elsevier.

function akin to (1.20) have suggested that a propagating mode exists below the
plasma frequency even for arbitrarily small hole size [Shin et al., 2005, Webb
and Li, 2006]. The influence of this mode on the transmission properties of
sub-wavelength circular apertures has yet to be clarified experimentally.

A second important point we have to consider is that the spectral posi-
tion of the localized surface plasmon mode will depend on the dimensions
and geometrical form of the aperture. By analogy to the discussion of local-
ized modes in metal nanoparticles and nanovoids in chapter 5, a significant
field-enhancement at the aperture rim can be expected, which will increase the
transmission at the wavelength where the localized mode is excited. It is only
recently that advancements in the fabrication of single holes in free-standing
metal films using focused ion beam milling have enabled careful studies of this
phenomenon. Using this technique, Degiron and co-workers confirmed the sig-
nature of a localized plasmon mode in a single circular hole in a free-standing
silver film (Fig. 8.11a) [Degiron et al., 2004]. For a relatively thin yet opaque
metal film where appreciable tunneling through the aperture can take place, a
peak in transmission was observed (Fig. 8.11b), and attributed to the excitation
of a localized mode. Furthermore, the spatial structure and spectral signature
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Figure 8.12. Electron-beam induced surface plasmon emission of light. (a) Cathodolumi-
nescence image for two different polarizations. (b) Corresponding spectrum. Reprinted from
[Degiron et al., 2004], copyright 2004, with permission from Elsevier.

of the localized plasmon mode could be established using excitation with a
high-energy electron beam. Fig. 8.12 shows the beam-induced light emission
(a) and corresponding spectrum (b), which shows good agreement with the
spectral dependency T (λ). Furthermore, the same study also presented first
evidence of narrow beaming-effects due to a localized mode at the exit side of
the screen.

(a) (b)

Figure 8.13. Transmission through a single rectangular aperture in a perfectly conducting
screen. (a) Sketch of the geometry. (b) Normalized transmittance T versus wavelength for
a normal incident plane wave impinging on apertures of different aspect ratio ay/ax . The thick-
ness of the metal is h = ay/3. The inset compares the transmission between a single square
and circular aperture. Courtesy of Francisco García-Vidal, Universidad Autónoma de Madrid.
Reprinted with permission from [García-Vidal et al., 2005b]. Copyright 2005 by the American
Physical Society.
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Figure 8.14. Enhancement of the electric field |E| with respect to the incident field for a rec-
tangular aperture of Fig. 8.13 with ay/ax = 3 and h = ay/3 at the resonant wavelength. The
top panel shows a cut through the center of the aperture, and the lower panel the field distri-
bution at the entrance surface. Reprinted with permission from [García-Vidal et al., 2005b].
Copyright 2005 by the American Physical Society.

A recent study has suggested that localized modes also play a role in the
transmission through periodic arrays of sub-wavelength apertures [Degiron and
Ebbesen, 2005]; however, compared to the importance of propagating SPPs
discussed above, the localized modes incur only minor changes [de Abajo
et al., 2006, Chang et al., 2005].

A related work by García-Vidal and colleagues analyzed the transmission
resonances occurring for a rectangular aperture of varying aspect ratios ay/ax

as depicted in Fig. 8.13a [García-Vidal et al., 2005b]. In an important differ-
ence to the experimental work [Degiron et al., 2004], the metal screen was
modeled as a perfect conductor. Thus, excitation of a localized surface plas-
mon mode was excluded by the boundary conditions along the rim of the hole,
just as in our discussion of perfect conductor modeling in the low frequency
regime presented in chapter 6. A modal analysis of the fields in the half spaces
above and below the screen, as well as in the aperture region of depth h, re-
vealed a resonance in T (λ) (Fig. 8.13b) near cut-off that increased in strength
with ay/ax and the amount of dielectric filling of the hole. As in the optical
study, this enhancement is due to a resonance, depicted in Fig. 8.14, which is
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however not of the nature of a surface plasmon. The rich physics of the trans-
mission process in the cross-over regime between decaying and propagating
modes has been revealed in a similar study [Bravo-Abad et al., 2004b].

To conclude this section, we want to point out that field tunneling through
a single aperture mediated via SPPs can be enhanced by strengthening the
coupling between the input and exit interfaces, for example by the introduction
of a multilayer structure into the metallic screen [Chan et al., 2006, Zayats
and Smolyaninov, 2006], or by filling the hole with a high-index dielectric
[Olkkonen et al., 2005].

8.5 Emerging Applications of Extraordinary Transmission
Frequency-selective enhanced light transmission (through aperture arrays

and even single apertures mediated by SPPs, localized surface plasmons or
aperture waveguide resonances) is of course not only intriguing from a funda-
mental standpoint, but also for use in practical applications. A number of the-
oretical and recently also experimental studies have exploited the associated
heightened fields at the maxima of T (λ) for applications in optical switching
using a suitable non-linear filling material [Porto et al., 2004], or for the en-
hancement of fluorescent emission from molecules located inside the aperture
[Rigneault et al., 2005]. The goal of the nonlinear work is the demonstration of
all-optical, electrical or thermal switching of the transmission. The physics of
emission enhancement in the near-field of metallic structures will be covered
in chapter 9.

A boost in the light transmission through nanoscale apertures is further
of immediate interest for applications in near-field optics. While the Bethe-
Bouwkamp treatment has recently been adapted to the conical geomtery of a
typical near-field optical probe [Drezet et al., 2001], it is up to now not clear
how lessons learned for a planar geometry can be applied to the design of more
efficient near-field probes.

Schouten and co-workers have recently demonstrated the consequences of
plasmon-assisted transmission on the classic Young’s experiment of diffraction
of light by a double slit [Schouten et al., 2005]. Another noteworthy exten-
sion of the principles presented here is the prediction of resonant transmission
of cold atoms through sub-wavelength apertures in a screen sustaining matter
waves [Moreno et al., 2005].

8.6 Transmission of Light Through a Film Without
Apertures

At the end of this chapter, we want to briefly touch on the subject of light
transmission mediated by surface plasmons through a metal film without holes.
Chapter 2 described how for a metal film of a thickness smaller than the skin
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depth, interaction between SPPs sustained at the top and bottom interface takes
place, leading to the establishment of coupled bound and leaky SPP modes.
For infinitely wide thin metal layers embedded in a symmetric dielectric host,
the two bound coupled modes are of distinct parities and have the opposite
behavior regarding field confinement with vanishing layer thickness. If both
surfaces are additionally modulated via a grating structure, SPPs can be excited
on one side of the interface by direct light illumination via grating coupling,
tunnel through the film, and be re-emitted on the other side if the period and
height of the gratings on both sides are equal. This form of light transmission
through a corrugated, unperforated metal film is accompanied by strong energy
localization in the grooves of the grating at the input and the exit side [Tan
et al., 2000].

While we might naively expect that the transmission efficiency monotoni-
cally increases with decreasing thickness of the metal film due to the increase
in overlap between the SPP modes at the two interfaces, for metal films situ-
ated on a high-index substrate such as a prism the transmission coefficient can
in fact show a maximum for a certain film thickness dcrit. This is due to the
competing effects of increased absorption and but also increased optical field
enhancement with increasing d: the reduction in leakage radiation into the
prism more than offsets the increase in absorption, which was demonstrated
using direct illumination with grating coupling [Giannattasio et al., 2004], and
local excitation using a superstrate doped with fluorescent dyes [Winter and
Barnes, 2006].

Hooper and Sambles demonstrated that a rich new physics evolves if the
gratings on both sides of the film are dissimilar [Hooper and Sambles, 2004a].
For certain conditions, extraordinary transmission similar to that occurring in
metal films perforated with apertures can take place, and applications to en-
hance the external quantum efficiency of (for example) organic light emitting
diodes have been suggested [Wedge et al., 2004]. Similar phenomena were
shown to appear in two-dimensionally corrugated metal films [Bonod et al.,
2003, Bai et al., 2005].

All these studies have effectively focused on coupled SPP modes in di-
electric/metal/dielectric three-layer structures. Enhanced transmission can also
take place via the bound mode in the opposite metal/dielectric/metal structure,
where a highly localized mode is excited in the gap between two metal sur-
faces. A recent study using near-field imaging has provided first confirmation
of these effects [Bakker et al., 2004]. We will return to the discussion of light
transmission through a flat metal film in a context of imaging in chapter 11.



Chapter 9

ENHANCEMENT OF EMISSIVE PROCESSES
AND NONLINEARITIES

One of the most spectacular applications of plasmonics to date is surface
enhanced Raman scattering (SERS), which exploits the generation of highly
localized light fields in the near-field of metallic nanostructures for enhancing
spontaneous Raman scattering of suitable molecules. Using chemically rough-
ened silver surfaces, Raman scattering events of single molecules have been
recorded [Kneipp et al., 1997, Nie and Emery, 1997], with estimated enhance-
ments of the scattering cross section by factors up to 1014. The majority of
this enhancement is believed to arise from the highly enhanced fields in metal
nanoparticle junctions due to localized surface plasmon resonances. Termed
hot spots, these highly confined fields also enable an increase of fluorescent
emission, albeit with more modest enhancement factors. A proper understand-
ing and control over the generation of these hot spots, for example in the form
of nanoscale plasmonic cavities, is currently one of the major driving forces
behind the design of nanoparticle ensembles with tuned optical properties.

This chapter will focus mainly on the fundamentals and geometries for
SERS due to localized plasmon modes in metal nanostructures. Theoretical
modeling based on scattering-type calculations will be reviewed, and addition-
ally a cavity model for SERS presented, which aims to provide a general de-
sign principle and scaling law for this light-matter interaction. The related en-
hancement of fluorescence from emitters placed into the near-field of metallic
nanostructures, as well as quenching processes due to non-radiative transitions,
are treated as well. Enhancement of the intrinsic luminescence of noble metal
nanoparticles and nonlinear processes are discussed at the end of this chapter.

9.1 SERS Fundamentals
The Raman effect (in the context of molecules) describes the inelastic scat-

tering process between a photon and a molecule, mediated by a fundamental
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vibrational or rotational mode of the latter, as depicted in Fig. 9.1a. Due to en-
ergy exchange between the scattering partners, the incoming photon of energy
hνL is shifted in energy by the characteristic energy of vibration hνM . These
shifts can be in both directions, depending on whether the molecule in question
is in its vibrational ground state or in an excited state. In the first case, the pho-
ton loses energy by excitation of a vibrational mode (Stokes scattering). In the
second case, additionally energy gains by de-excitation of such a mode (anti-
Stokes scattering) are possible. The frequencies of these two Raman bands are
therefore

νS = νL − νM (9.1a)

νaS = νL + νM. (9.1b)

Fig. 9.1b shows a comparison between a typical fluorescence and a Ra-
man spectrum. As can be seen, whereas the former spectrum is usually rel-
atively broad due to nonelastic electron relaxation to the lower edge of the
excited level (see schematic), Raman transitions are much sharper, thus en-
abling a detailed analysis of the molecule under study. In general, the pho-
tons involved in Raman transitions are not in resonance with the molecule,
and the excitation takes place via virtual levels. No absorption or emission
of photons is involved, and the transition is a pure scattering process. This
is true even in the case where the incoming photon is in resonance with an
electronic transition. This resonant Raman scattering is stronger than normal
Raman scattering, but its efficiency is still much weaker than that of fluo-
rescent transitions. Typical Raman scattering cross sections σRS are usually
more than ten orders of magnitude smaller than those of a fluorescent process:
10−31 cm2/molecule ≤ σRS ≤ 10−29 cm2/molecule, depending on whether the
scattering is non-resonant or resonant.

The Raman scattering described here is a spontaneous (as opposed to stim-
ulated) scattering event and thus a linear process: The total power of the in-
elastically scattered beam scales linearly with the intensity of the incoming ex-
citation beam. We will in the following discuss the Stokes process, for which
the power of the scattered beam can be expressed as

PS (νS) = NσRSI (νL) , (9.2)

where N is the number of Stokes-active scatterers within the excitation spot,
σRS is the scattering cross section, and I (νL) the intensity of the excitation
beam.

SERS describes the enhancement of this process, accomplished by placing
the Raman-active molecules within the near-field of a metallic nanostructure.
The nanostructure can consist of metal colloids, specifically designed nanopar-
ticle ensembles, or the topography of a roughened surface. The enhancement
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Figure 9.1. Schematic depiction of Raman scattering and fluorescence. (a) Generation of
Stokes and anti-Stokes radiation via scattering events. (b) Fluorescence and Raman scattering
in energy level pictures and representative spectra. Reprinted with permission from [Kneipp
et al., 2002]. Copyright 2002, Institute of Physics.

of PS is due to two effects. Firstly, the Raman cross section σRS is modified,
due to a change in environment of the molecule. This change to σSERS > σRS

is often called the chemical or electronic contribution to the Raman enhance-
ment. Theoretical modeling suggests that the maximum enhancement due to
the change in cross section is of the order of 100.

A much more important factor in the total enhancement of PS is the in-
creased electromagnetic field due to excitations of localized surface plasmons
and a crowding of the electric field lines (lightning rod effect) at the metal
interface [Kerker et al., 1980, Gersten and Nitzan, 1980, Weitz et al., 1983].
This leads to an enhancement of both the incoming and emitted light fields, ex-
pressed via L (ν) = |Eloc (ν)| / |E0|, where |Eloc| is the local field amplitude at
the Raman active site. L (ν) is called the electromagnetic enhancement factor.
The total power of the Stokes beam under SERS conditions is
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PS (νS) = NσSERSL (νL)2 L (νS)
2 I (νL) . (9.3)

Since the difference in frequency �ν = νL − νS between the incoming and
scattered photons is in general much smaller than the linewidth � of a localized
surface plasmon mode, |L (νL)| ≈ |L (νS)|, which brings us to the important
result that the electromagnetic contribution to the total SERS enhancement is
proportional to the fourth power of the field enhancement factor. The com-
monly used expression [Kerker et al., 1980] for the enhancement of the power
of the Stokes beam is therefore

R = |Eloc|4
|E0|4 . (9.4)

We will not expand upon this elementary discussion of SERS, but concentrate
on the field enhancement factor L (ν). The reader interested in a more detailed
and rigorous discussion of SERS is instead referred to appropriate review arti-
cles [Kneipp et al., 2002, Moskovits, 1985].

The physical basis of the electromagnetic enhancement consists of two main
contributions - the enhancement due to the resonant excitation of localized
surface plasmons in metallic nanostructures, and the lightning rod effect [Ger-
sten and Nitzan, 1980, Kerker et al., 1980, Liao and Wokaun, 1982]. Of the
two phenomena, only the plasmon resonance shows a strong frequency depen-
dence, while the lightning rod effect is due to the purely geometric phenom-
enon of field line crowding and the accompanying enhancement near sharp
metallic features. Thus, we can write that L (ν) = LSP (ν) LLR. This descrip-
tion can be applied to both Raman, resonant-Raman, and fluorescent enhance-
ment near metallic nanostructures.

The functional form of LSP is essentially that of the polarizability α of the
metallic nanostructure of a given geometrical shape. For a spherical nanopar-
ticle of sub-wavelength diameter, we can thus write by recollecting (5.7)

LSP (ω) ∝ ε (ω) − 1

ε (ω) + 2
. (9.5)

Similarly, for ellipsoidal particles the appropriate form of the polarizability
presented in chapter 5 has to be used, and LSP describes then the field en-
hancement averaged over the particle surface. In this case, the additional field
enhancement occurring at the tips of prolate ellipsoids due to the continuity of
the dielectric displacement field is described via the lightning rod factor LLR,
scaling with the ratio of the permittivities of the metal and the surrounding
dielectric (usually air). For more complex geometries, in general the enhance-
ment factors have to be calculated numerically.
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9.2 SERS in the Picture of Cavity Field Enhancement

A slightly different view of SERS describes the enhancement process via the
interaction between the molecule and an electromagnetic cavity mode. This
cavity can for example be formed by the junction between two closely spaced
metal nanoparticles, which is believed to be the site for hot-spots in experi-
ments where single-molecule SERS was observed [Kneipp et al., 1997, Nie
and Emery, 1997]. The enhancement of the electromagnetic field in such a
cavity can be expressed via its quality factor Q, describing the spectral mode
energy density, and its effective mode volume Veff, describing the spatial mode
energy density. We have seen in chapter 2 that SPPs propagating in a gap be-
tween two closely spaced metallic surfaces can show an effective mode length
smaller than the diffraction limit of the dielectric filling medium. The same
is true for the effective mode volume in plasmon cavities composed of such
structures, and for localized modes in metal nanoparticles.

Using the concept of waveguide-to-cavity coupling to analyze the enhance-
ment of an incoming beam by a metallic nanostructure [Maier, 2006b], a spon-
taneous Raman scattering process can be described by an incoming excita-
tion beam of intensity |Ei (ω0)|2/2η (η is the impedance of free space) and
frequency ω0, exciting a Raman active molecule in a cavity to emit Stokes
photons at frequency ω via a scattering event. As mentioned in the preced-
ing chapter, due to the small Stokes emission shift, one can assume equal en-
hancement of the exciting field and the outgoing Stokes field. In a context
of field enhancement in a cavity, we can therefore write Q(ω0)=Q(ω)=Q and
Veff(ω0)=Veff(ω)=Veff, assuming that both the incoming and the emitted pho-
tons are resonant with the cavity. In order to calculate the enhancement, we
want to obtain an expression for R, defined via (9.4), in terms of Q and Veff.

With |s+|2 = |Ei |2Ai/2η being the power carried by the incident beam
of cross section Ai , the evolution of the on-resonance mode amplitude u in-
side the cavity can be calculated using the relation u̇(t) = − γ

2 u(t) + κs+
[Haus, 1984], where u2 represents the total time-averaged energy in the cavity.
γ = γrad + γabs is the energy decay rate due to radiation (γrad) and absorption
(γabs), and κ is the coupling coefficient to the external input, which depends
on the size and shape of the excitation beam. κ can be expressed as κ = √

γi ,
where γi is the contribution of the excitation channel to the total radiative decay
rate [Haus, 1984]. For a symmetric two-sided cavity, in a first approximation
one can estimate γi = (γrad/2)(Ac/Ai), with Ac corresponding to an effective
radiation cross-section of the resonant cavity mode (its radiation field imaged
back into the near-field of the cavity). Note that Ai has been assumed to be
larger than Ac in the above relation, and that Ac can be no smaller than the
diffraction limited area Ad (Ad ≤ Ac ≤ Ai). Putting everything together, in
steady state the mode amplitude can be expressed as [Maier, 2006b]



164 Enhancement of Emissive Processes and Nonlinearities

u =
√

2γradAc/Ai |s+|
γrad + γabs

=
√

γradAc|Ei |√
η(γrad + γabs)

, (9.6)

which for fixed incoming power is maximum upon spatial mode matching
(Ac = Ai).

Due to the different contributions of radiative and absorptive damping, we
now have to distinguish between dielectric and metallic cavities. For a dielec-
tric cavity (γrad � γabs), u ∝ 1/

√
γrad ∝ √

Q, while for a metallic cavity
(γabs � γrad) u ∝ 1/γabs ∝ Q, explaining the different scaling laws for field
enhancement in dielectric [Spillane et al., 2002] and metallic [Klar et al., 1998]
resonators encountered in the literature.

Since the effective mode volume relates the local field to the total electric
field energy of the cavity (see the discussion of the effective mode length in
chapter 2), we can write the resonant mode amplitude as u = √

ε0|Eloc|√Veff.
Therefore, using (9.6) the enhancement of the incoming radiation in a metallic
cavity evaluates to

√
R = |Eloc|2

|Ei |2 = γradAc

4π2c2ηε0λ0

Q2

V̄eff
. (9.7)

A similar scaling law has been obtained for plasmonic energy localization
in fractal-like metal nanoparticle aggregates on metal surfaces [Shubin et al.,
1999].

We can now use this expression to estimate R for a crevice between two
silver nanoparticles separated by a nanoscale gap, a configuration which is be-
lieved to sustain SERS hot-spots with R ∼ 1011 upon resonance. The crevice
can be approximately modeled as a metal/air/metal heterostructure treated in
chapter 2, with the lateral widths fulfilling a Fabry-Perot-like resonance con-
dition: the fundamental resonance occurs when half the wavelength of the
coupled SPP mode fits inside the cavity. Its effective dimensions are thus
the effective mode length Lz of the gap structure, calculated using the pro-
cedure outlined in chapter 2, and Ly ∼ Lx=λSPP/2 = π/β. Using the sim-
plified analytical treatment of a one-dimensional silver/air/silver structure with
a 1 nm air gap for the calculation of β and Lz, Ac=Ad , and (Q, γrad) esti-
mated from FDTD calculations, (9.7) yields R ∼ 2.7 × 1010 for excitation at
λ0 = 400nm, in good agreement with full-field three-dimensional simulations
of the enhancement for this coupled particle geometry [Xu et al., 2000].

The total observable enhancement of the Stokes emission can be estimated
as the product of the field enhancement of the incoming radiation and the en-
hanced radiative decay rate at the Stokes frequency. As is well known, a dipole
oscillator placed inside a metallic cavity shows an increase in its total decay
rate γ /γ0 = (3/4π2)(Q/V̄eff)[Hinds, 1994].
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However, we have to note that the dominance of absorption over radiation
as loss channels has to be taken into account. For collection of light emission
outside the cavity, the overall cavity enhancement must therefore be weighted
with an extraction efficiency, Q/Qrad [Barnes, 1999, Vuckovic et al., 2000].
The emission enhancement at the peak emission frequency of the Stokes line
can then be written as (3/4π2)(Q2/V̄eff)(Q/Qrad). Incorporating the relation
for the enhancement of the excitation field (9.7), the overall enhancement is
estimated to be 1.5 × 1012 for the crevice example, similar to observed values
[Nie and Emery, 1997, Kneipp et al., 1997]. More details on this model can be
found in [Maier, 2006b].

9.3 SERS Geometries
In this section we will discuss a number of important geometries where large

enhancements of Raman scattering have been experimentally observed. Since
in order to achieve local field enhancement, a surface showing strong localized
plasmons is desirable, ensembles of metallic nanostructures with interstitial
gaps of the order of only a few nanometers are preferable. Furthermore, the
intrinsic response of the metal, expressed via its dielectric function ε (ω), has
to allow for the resonances to occur in the spectral regime of interest. Since
up to now most studies have been limited to gold and silver, SERS with high
enhancement factors is mostly reported for work in the visible regime of the
spectrum.

As already mentioned at a number of occasions, the highest enhancements
recorded to date have been achieved on roughened silver surfaces and are on
the order of 1014 [Kneipp et al., 1997, Nie and Emery, 1997]. It is believed
that the electromagnetic effect provides for a factor of up to 1012 to this total
enhancement. Taking the scaling of the Raman enhancement with the local
field amplitude (9.4) into account, the rough surface must therefore support
hot spots with field enhancement factors L (ν) on the order of 1000.

García-Vidal and Pendry modeled this geometry as a collection of closely
spaced semicylinders on a flat surface (Fig. 9.2, left) [García-Vidal and Pendry,
1996]. The SERS enhancement provided by this topography was calculated us-
ing a scattering analysis, which yielded R ≈ 108 for interstitial sites between
touching cylinders (Fig. 9.2, right). The highly localized field at such a site
is depicted in Fig. 9.3, and is seen to arise from a localized plasmon mode in
the gap region between the two metallic surfaces. The conduction electrons
in the two touching cylinders move as to create an opposite charge density
distribution on neighboring surfaces; thus, the mode is related to the coupled
SPP mode in a metal/air/metal heterostructure, described in chapter 2 and the
preceding section. The importance of localized gap-modes for SERS was fur-
ther corroborated in comprehensive numerical electromagnetic studies of inter-
stitial sites between metal nanoparticles, which confirmed that enhancements
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Figure 9.2. Sketch of a rough metal surface modeled via a chain of silver semicylinders placed
upon a flat silver surface (left) and the local enhancement evaluated at the crevices between the
semicylinders (right) for varying gap sizes. Reprinted with permission from [García-Vidal and
Pendry, 1996]. Copyright 1996 by the American Physical Society.

enabling single-molecule detection are possible [Xu et al., 2000]. These inves-
tigations have also confirmed enhanced optical forces polarizing the molecules
and attracting them into the gaps via the strong field gradient [Xu et al., 2002].

The realization that localized plasmons play a crucial role in the Raman
enhancement of molecules at a metal surface has triggered a great amount of

Figure 9.3. Distribution of the electric field (upper figure) and its divergence (lower figure) at
the junction between two semicylinders for the geometry depicted in Fig. 9.2. Reprinted with
permission from [García-Vidal and Pendry, 1996]. Copyright 1996 by the American Physical
Society.
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research into the design and fabrication of SERS substrates with controlled sur-
face structure optimized for field enhancement. Topographies based on closely
spaced nanoparticles (in a sense mimicking a surface with controlled, regular
roughness), specially shaped nanostructures or nanovoids have been analyzed
for their effectiveness as SERS substrates.

For example, SERS based on isolated metallic nanoparticles has been char-
acterized using far-field Raman spectroscopy of regular particle arrays situated
on a metal film substrate, where the localized surface plasmon resonance is
mediated by far-field coupling between the particles [Félidj et al., 2004, Lau-
rent et al., 2005a] as described in chapter 5. Studies of nanoparticles of various
shapes have confirmed the crucial role of localized surface plasmon modes
on the Raman enhancement [Grand et al., 2005], and multipolar excitations
in elongated particles have also been shown to contribute to SERS [Laurent
et al., 2005b]. Another promising particle geometry are metallic nanoshells
[Xu, 2004, Talley et al., 2005], which can show large field-enhancements due
to reduced plasmon linewidths at near-infrared frequencies. The field enhance-
ment due to localized surface plasmon resonances can further be increased by
placing the particles into a microcavity [Kim et al., 2005], or by coupling the
localized plasmon to propagating SPPs on a continuous metal film [Daniels
and Chumanov, 2005].

An example of a flat metal film structured with a nanovoid lattice is shown in
Fig. 9.4 [Baumberg et al., 2005]. In this case, the voids support localized plas-
mon resonances and further act as a lattice for phase-matching for the excita-
tion of SPPs (Fig. 9.4b). The plasmon is then Raman-scattered by the molecule
into a plasmon of lower frequency, which is subsequently scattered into a pho-
ton. However, in their current form the electromagnetic field enhancement of

Figure 9.4. SERS using a nanovoid metal film. (a) SEM of the structured flat surface. (b)
Schematic of the SERS process. (c) Example SERS spectrum. Reprinted with permission from
[Baumberg et al., 2005]. Copyright 2005, American Chemical Society.



168 Enhancement of Emissive Processes and Nonlinearities

 Nanoring 

Nanotips 

Laser 

Excitation 

Surface-enhanced 
Raman scattering 

Sharp Edge (scattering “hot site”) (a) 

(b) 

(c) 

   

Figure 9.5. Fabrication process of crescent moon structures (left) and electric field profile
(right) showing hot-spots at the tips of the moon structure. Reprinted with permission from [Lu
et al., 2005]. Copyright 2005, American Chemical Society.

these nanovoid-decorated flat films is lower than that of rough surfaces where
single-molecule Raman was observed.

In order to achieve an electromagnetic field enhancement of the order of
1000 necessary for single-molecule Raman with nanofabricated structures,
nanometric gaps between metallic surfaces akin to those naturally occuring on
rough surfaces have to be achieved. One strategy involves the fabrication of
metal nanoparticles in the form of a crescent moon with two sharp tips spaced
by only a small gap [Lu et al., 2005]. Lu and co-workers realized the fabri-
cation of such particles via angled metallization of nanospheres (Fig. 9.5 left).
Electromagnetic simulations show a high field-enhancement at the sharp tip
(Fig. 9.5 right), which is believed to be due to localized plasmon resonances
and the lightning rod effect. The field enhancement at the tips is in excess
of 100, leading to a Stokes enhancement of the order of 1010. Similar en-
hancements can be achieved in small gaps between opposing nanotriangles
[Sundaramurthy et al., 2005].

Another promising geometry for reliable SERS substrates are aligned, high-
aspect nanowires fabricated using a porous templating process. Fig. 9.6 shows
an example of a SERS spectrum and SEM of a silver nanowire array fabricated
using a porous alumina template [Sauer et al., 2005]. Also, the use of porous
silicon as a substrate for the generation of dentritic metal structures has been
demonstrated [Lin et al., 2004].

Most SERS studies using substrates with nanostructured topographies have
focused on the metals gold and silver, which show a localized plasmon reso-
nance in the visible or near-infrared regime (for elongated particles), and are
thus suitable for Raman in this spectral region. In order to extend SERS into
different frequency regimes, particularly the ultraviolet region, a number of
different metals have recently started to be investigated, amongst them nickel
[Sauer et al., 2006]. Additionally, rhodium and ruthenium seem to show partic-
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a)

b)

Figure 9.6. SERS spectra (a) and SEM image (b) of a gold nanowire array in a porous alu-
mina matrix. Reprinted with permission from [Sauer et al., 2005]. Copyright 2005, American
Institute of Physics.

ular promise for applications in the UV [Ren et al., 2003, Tian and Ren, 2004],
albeit with modest enhancement factors.

While metallic surfaces with a topography suitable for SERS show a high
promise as platforms for biological and chemical sensing, many applications
(especially in materials science) use Raman scattering to investigate, not sin-
gle molecules, but thin-film samples of semiconductors and adsorbed species.
In this case, spatially resolved Raman spectra are desirable, which are usually
generated by scanning the excitation beam over the film under study using an
optical microscope. To enable the enhancement of the Raman signal using
this geometry, tip-enhanced Raman scattering [Lu, 2005] is required. In this
case, a sharp metal tip is scanned over the surface using feedback akin either
to STM, AFM or tuning-fork feedback. The tip is illuminated from the outside
via a focused laser beam, thus creating an enhanced field at its apex due to lo-
calized resonances and the lightning rod effect. In order to observe a high field
enhancement at the apex of the tip, the illumination condition has to be chosen
such as to create a longitudinal dipolar charge distribution. Using illumina-
tion from the bottom, this requires highly focused Gaussian beams [Hayazawa
et al., 2004] or the use of Hermite-Gaussian beams, which show a strong lon-
gitudinal field component. We note that on metalized tips of conical shapes,
field enhancement can arise both from localized modes at the (spherical) apex,
as well as from surface modes sustained by the surface of cone. As an ex-
ample, Fig. 9.7 shows the electric field enhancement at a metal tip calculated
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Figure 9.7. FDTD calculations of the electric field enhancement at a silver cone of semiangle
30◦ terminated with a spherical apex of radius 20 nm. The upper row shows the field distribution
at the resonance frequency of the apex when the tip is situated 2 nm above a glass substrate. In
the pictures in the lower row the tip is illuminated at the surface plasmon resonance frequency
of the silver cone. (a) Frontal view from the glass substrate side. (b) Side-view cut through
the symmetry plane of the cone. Reprinted with permission from [Milner and Richards, 2001].
Copyright 2001, Blackwell Publishing.

using finite-difference time-domain modeling for illumination at an angle at
the frequency ωp/

√
3 of the localized apex mode (upper row), and for normal

illumination at the frequency ωp/
√

2 of the surface plasmon mode of the cone
surface (lower row) [Milner and Richards, 2001].

Apart from the intrinsic enhancement at the apex of a sharp metal tip dis-
cussed in the context of SPP focusing in chapter 7, it is currently believed
that the enhanced field in the tip-sample cavity contributes to the observed en-
hancements. These techniques have for example been applied to investigations
of nucleotides [Watanabe et al., 2004] and small carbon-based molecules [Pet-
tinger et al., 2004]. Resolution on the order of 25 nm has been demonstrated
for carbon nanotube substrates [Hartschuh et al., 2003].

9.4 Enhancement of Fluorescence
The heightened electromagnetic fields near metallic surfaces due to local-

ized plasmon resonances and propagating SPPs also enhance the emission of
fluorescent species placed in the near field. However, for molecules in contact
with the metallic surface, care has to be taken in order not to quench the flu-
orescence via non-radiative transitions. Thus, for the observation of enhanced
fluorescence, often a nanometer-thin dielectric spacer layer is required to pro-
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hibit non-radiative excitation transfer from the molecule to the metal. We have
already hinted at this point in chapter 4 when discussing fluorescence imaging
of SPP propagation.

Let us briefly illustrate the complexity of the interaction process by fo-
cusing on one particular investigation. Anger and co-workers performed a
comprehensive study of the enhancement and quenching of emission from a
single fluorescent molecule near a sub-wavelength gold sphere [Anger et al.,
2006]. Fluorescence results from excitation of the molecule by the incident
field - which can show significant enhancement due to a plasmon resonance of
the gold particle - and the subsequent emission of radiation by the molecule,
which is determined by the balance between radiative and non-radiative de-
cay processes. Since non-radiative energy transfer to the nanoparticle can take
place for small distances between the molecule and the sphere, a decrease in
emission probability can be expected, despite an increase in excitation rate due
to the enhanced local field.

For weak excitation, the fluorescence emission rate γem can be related to the
excitation rate γexc and the total decay rate γ = γr + γnr via

γem = γexc
γr

γ
, (9.8)

where γr is the radiative and γnr the non-radiative decay rate. The emission
probability qa = γr/γ is also called the quantum yield of the emission process.
The fluorescence process can then be treated by assuming a two-level model of
the molecular transition, and a description of the modified electromagnetic en-
vironment due to the presence of the gold nanoparticle using a Green’s function
approach. In this study, a profound difference was found for short separations
z between the emitter and the sphere between treatments of the particle as a
simple dipole, and a description involving multipolar orders. Fig. 9.8 shows
results for the quantum yield qa and the normalized excitation and fluorecent
emission rates γexc and γem as a function of the distance between the mole-
cule and gold spheres of different sub-wavelength sizes. Taking into account
higher order interactions (apart from simple dipolar coupling) confirms the ex-
perimentally observed emission quenching for small gaps between the emitter
and the metallic structure, due to non-radiative energy transfer (Fig. 9.8b). It is
interesting to note that since γnr is proportional to the amount of Ohmic heat-
ing, the maximum in fluorescence enhancement does not necessarily occur for
excitation at the plasmon resonance frequency.

An experimental setup suitable for the observation of the predicted distance
dependence of the fluorescent emission is shown in Fig. 9.9a. The gold sphere
is attached to the scanning tip of a near-field optical microscope to allow the
controlled variation of the distance to the molecule, which is placed on a planar
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Figure 9.8. Calculated quantum yield qa , excitation rate γexc and fluorescence rate γem for a
single molecule located in a distance z from a gold sphere of diameter 80 nm (a) or as indicated
in figure (b). Excitation takes place at λ = 650 nm, which was assumed to coincide with
the peak of the emission spectrum, and all rates are normalized to their respective free-space
values. The dashed lines correspond to a dipole model of the particle, and the continuous lines
to a model taking higher multipoles into account. Reprinted with permission from [Anger et al.,
2006]. Copyright 2006 by the American Physical Society.

substrate. Fig. 9.9b shows the calculated field distribution in the sphere-surface
cavity.

A study of the single molecule emission rate versus vertical position of the
tip revealed a functional dependence in agreement with the theoretical pre-

Figure 9.9. Experimental setup (a) and calculated field distribution for an emitter located on
a glass substrate at a distance z = 60 nm below a gold particle (b) for the study of single-
molecule fluorescence near a gold sphere. Reprinted with permission from [Anger et al., 2006].
Copyright 2006 by the American Physical Society.
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Figure 9.10. Experimentally determined emission rate (dots) and comparison with the theoret-
ical curve of Fig. 9.8b) (a) and near-field image (b) of a fluorescent molecule near a gold sphere.
A theoretical calculation of the emission intensity is shown in (c). Reprinted with permission
from [Anger et al., 2006]. Copyright 2006 by the American Physical Society.

diction (Fig. 9.10a). Experimentally observed and calculated pictures of the
single molecule emission are shown in panels b) and c) of this figure, and are
in good agreement with each other. It is interesting to note that the decrease in
quantum yield has not only been attributed to an increase in the non-radiative
decay rate, but also to phase-induced decreases of the radiative decay process
for small emitter-particle separations [Dulkeith et al., 2002]. While near-field
optical microscopy is a convenient means to investigate the enhancement and
quenching of fluorescent emission in a controlled fashion, also other promising
geometries are emerging, such as for example metallic tunnel junctions filled
with an organic layer with embedded molecules [Liu et al., 2006].

Xu and co-workers have shown that the enhancement of Raman scattering
and fluorescence near a metallic surface or nanoparticle can be described using
a unified treatment [Xu et al., 2004, Johannsson et al., 2005]. We will not
carry the description of fluorescence further, but instead use the remainder of
this chapter for a brief look at the enhancement of other emissive processes.

9.5 Luminescence of Metal Nanostructures
Photoluminescence from bulk noble metal samples was first observed by

Mooradian using gold and copper samples excited by a strong (2 W) cw argon-
ion laser beam [Mooradian, 1969]. The luminescence is due to the excitation
of d-electrons into the sp-conduction band and subsequent direct radiative re-
combination, resulting in the peak of the luminescence spectrum being cen-
tered around the interband absorption edge. However, due to the dominance
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of nonradiative relaxation processes, the quantum efficiency of this process is
very low, on the order of 10−10 for smooth metallic films.

Significant enhancements of the photoluminescence yield (up to 106) have
been achieved using rough metal films [Boyd, 2003] and metallic nanoparti-
cles [Link and El-Sayed, 2000, Wilcoxon and Martin, 1998, Dulkeith et al.,
2004], akin to similar enhancements observed for Raman scattering. The en-
hancement can be explained with the model of enhanced localized fields due
to plasmon excitation and the lightning rod effect, using the enhancement fac-
tor L (ν) introduced at the beginning of this chapter. Following the argument
leading to the scaling of the Raman enhancement (9.3), the increase of photo-
luminescence in the local field model is expected to scale as

Plum ∝ L (ωexc)
2L (ωem)2, (9.9)

where ωexc and ωem are the frequency of excitation and emission, respectively.
This model naturally explains the observation that the broad luminescence
band is significantly enhanced only at the spectral position of the spectrally
sharper plasmon resonance, as confirmed by Link and co-workers by studying
gold nanorods of different aspect ratios [Link and El-Sayed, 2000].

In the local field picture, the photoluminescence process is not inherently
altered from that on flat surfaces, in the sense that light emission is caused
by direct recombination between the sp and d bands, albeit in heightened lo-
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Figure 9.11. (a) Optical density (black line) and photoluminescence spectrum (gray line) for
gold nanoparticles of radius 6 nm. The dashed-dotted line shows an extinction spectrum cal-
culated using Mie theory. The inset shows the peak position of the optical density (triangles)
and photoluminescence spectra (circles) for gold nanoparticles of different radii in solution.
(b) Schematic of the plasmon-mediated photoluminescence process. After the initial excita-
tion, the holes in the d-band may either radiatively recombine with electrons in the sp band,
or non-radiatively via the creation of a particle plasmon, which decays either radiatively on
non-radiatively. Reprinted with permission from [Dulkeith et al., 2004]. Copyright 2004 by the
American Physical Society.
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cal fields. A different model for the enhancement process was recently pro-
posed by Dulkeith and co-workers in a study of the photoluminescence of gold
nanospheres [Dulkeith et al., 2004]. As in the earlier studies, their observed
luminescence spectrum closely followed that of the localized plasmon mode of
the nanospheres (Fig. 9.11a). However, the obtained efficiency of 10−6 could
not be explained using the local field model. Instead, a different model was
proposed whereby a significant portion of the excited sp electrons decay into
plasmons (Fig. 9.11b). The dominance of the plasmon decay channel was at-
tributed to the large polarizability of the particle plasmon mode, leading to a
greater radiative decay rate than that of a direct interband recombination. In
this picture, the radiative decay of the plasmon into photons gives rise to the
observed photoluminescence enhancement.

The luminescence processes discussed above are inherently linear or one-
photon processes. Significant enhancement can also be achieved by using
multi-photon absorption [Farrer et al., 2005], a description of which is how-
ever outside the scope of this book.

9.6 Enhancement of Nonlinear Processes
We want to conclude this chapter by presenting another category of emissive

processes enhanced due to plasmonic field localization, namely that of nonlin-
ear light generation. After the discussions above, it should come as no surprise
that also nonlinear processes such as second or third harmonic generation can
be strongly enhanced due to localized surface plasmons, as described by the
local field model.

In principle, two different configurations exist, depending on whether the
nonlinear effects are due to the intrinsic nonlinear susceptibility of the metal
nanostructure itself, or caused by a nonlinear surrounding host. Both nonlinear
processes are enhanced at frequencies within the lineshape of the localized
plasmon. We will focus here on a brief description of the former process in the
form of second harmonic generation from the metal nanostructures themselves.

The fact that metallic surfaces can emit second harmonic radiation in reflec-
tion despite the cubic symmetry of the metallic lattice is due to the breaking
of the symmetry at the surface [Bloembergen et al., 1968, Rudnick and Stern,
1971, Sipe et al., 1980]. This process can be enhanced by the coupling to sur-
face plasmons on flat films [Simon et al., 1974] or on films inscribed with a
grating [Coutaz et al., 1985]. In the latter study, an enhancement factor of 36
compared with the flat film case was found. As with luminescence, significant
enhancement of the second harmonic radiation can also be observed on rough
metal surfaces [Chen et al., 1983], explained by the local field model. In this
case, we expect the power PSH of the second harmonic radiation to scale as

PSH ∝ |L (2ω)|2 ∣∣L2 (ω)
∣∣2

. (9.10)
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For the calculation of the enhancement of a general, n-th order nonlinear
process, one must simply replace each field E (ω) in the calculation of the
nonlinear polarization by the local field Eloc (ω) = L (ω) E (ω), with an addi-
tional enhancement factor for the emitted radiation at frequency nω.

Rough metal films can be viewed as a specific example of the more general
case of composite optical materials with inherent randomness. The nonlinear
optical properties of these small-particle composites are generally described
within the framework of the Maxwell-Garnett model [Shalaev et al., 1996, Sipe
et al., 1980]. A discussion of this theory is beyond the bounds of this book, but
the interested reader is referred to the text by Shalaev on this topic [Shalaev,
2000].

Detailed studies of the enhanced second harmonic generation from rough
metal films using laser scanning optical microscopy have revealed that the
origin of the enhancement is indeed due to hot spots with high fields caused
by localized modes [Bozhevolnyi et al., 2003]. For metal nanoparticles, de-
tailed studies of the nonlinear properties have revealed important information
about the inherent plasmon lifetime [Heilweil and Hochstrasser, 1985, Lam-
precht et al., 1999] and the susceptibilities [Antoine et al., 1997, Ganeev et al.,
2004, Lippitz et al., 2005].



Chapter 10

SPECTROSCOPY AND SENSING

The main part of this chapter describes different techniques for spectro-
scopic investigations of localized plasmon resonances in single metal nanopar-
ticles, with a view to applications in sensing. The basic principle of single-
particle sensors is the exploitation of the fact that the spectral position of their
resonances depends on the dielectric environment within the electromagnetic
near field. Applied to biological sensing, adsorption of molecules on a func-
tionalized metal surface leads to spectral changes of the sustained plasmon
modes. Due to the very localized nature and therefore high energy concentra-
tion in the near field of surface plasmons, even molecular monolayers can lead
to discernible spectral changes. This high sensitivity has allowed surface plas-
mon sensors to become established as an analytical sensing technology over
the last two decades.

The most important challenge encountered in almost any biosensor design
is that of ensuring selectivity. In the case of surface-plasmon-based sensors,
this is achieved via functionalization of the metallic surface to ensure only se-
lective binding of the agent to be sensed. We will not focus on this aspect of
sensor design here, but only mention that the surface chemistry of gold de-
serves special attention due to the relative ease of establishing sulfur bonds be-
tween gold atoms and organic molecules. Therefore, gold has emerged as the
metal of choice for almost all practical optical sensing applications, including
those based on surface plasmons. An important consequence is that due to the
permittivity of gold, sensing is usually limited to the visible and near-infrared
part of the spectrum.

We provide an overview of different excitation geometries for the investiga-
tion of localized surface plasmons, which is related to the analogous discussion
of SPP excitation in chapter 3. The second part of this chapter aimes to give
a flavor for different aspects of sensors based on propagating SPPs, relying on
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changes to the dispersion relation and the condition of phase-matching upon
refractive index changes at flat metal interfaces. We will limit the discussion
to two prominent excitation geometries, based on prism coupling and coupling
using optical fibers coated with a metal film. However, we will not embark on
a discussion of sensor performance in terms of selectivity and sensitivity. As
a starting point for the exploration of important omitted aspects such as these,
the reader is referred to the review by Homola [Homola et al., 1999].

10.1 Single-Particle Spectroscopy
This section continues the discussion of excitation mechanisms, presented

in chapter 3 for propagating SPPs, by describing different excitation pathways
for localized plasmon resonances in metal nanoparticles. We have seen in the
description of the fundamentals of localized resonances in chapter 5 that the
frequencies of the resonant modes of regular particle ensembles can be deter-
mined using conventional far-field extinction spectroscopy. Upon resonance
the extinction cross sections of individual particles are resonantly enhanced,
and for a sufficient spacing the extinction peak of the ensembles coincides with
the localized plasmon frequency of an individual particle. However, due to
slight differences in particle shape, inhomogeneous broadening of the extinc-
tion line shape can occur. Spectroscopy of single nanoparticles requires more
sensitive detection techniques (due to the large background of radiation directly
passing from the source to the detector), which will be outlined in this section.

The investigation of plasmon resonances of single particles is not only rele-
vant from a fundamental point of view (e.g. the determination of the homoge-
neous linewidth �), but also potentially for practical applications in sensing. In
this context, single metal nanoparticle sensors operate via the detection of fre-
quency shifts of the dipolar plasmon resonance upon binding of molecules to
the nanoparticle surface, which can be detected using spectroscopic techniques
suitable for single-particle investigation.

Let us briefly review: for a spherical particle of a sub-wavelength diameter
d � λ0, the resonance frequency of the dipole mode for small damping is
given by the Fröhlich condition

ε
(
ωsp

) = −2εm. (10.1)

Here, ε (ω) is the dielectric function of the metal, and εm the dielectric con-
stant of the insulating host. Whereas the derivation of (10.1) in chapter 5 has
assumed an infinite extent of the surrounding host medium, the sub-wavelength
localization of the dipolar plasmon mode means that ωsp is only determined by
the dielectric environment within the tail of the evanescent near field of the
particle. Changes in εm, induced for example via adsorption of a molecular
monolayer on the particle surface, can then be detected via changes in the
dipolar resonance frequency ωsp.
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While sensing in this manner can be easily performed using far-field extinc-
tion spectroscopy if a large amount of particles arranged in a regular array is
used as the sensing template, sensors based on a single metallic nanostructure
are highly desirable. Firstly, interrogation of a single particle does not suf-
fer from the inhomogeneous broadening of the resonant line shape observed
in far-field spectroscopy. This, together with the fact that binding events are
monitored in a local manner, leads to an increased sensitivity, expressed via
observed peak-shift with quantity of agent binding. Also, sensors based on in-
dividual particles of submicron dimensions enable at least in principle a high
integration density of sensing sites for assay-like studies with high through-
put. However, for this vision to come true, a suitable, parallelized addressing
scheme for individual, closely spaced particles has first to be developed.

Proof-of-concept studies of single-particle sensors therefore rely on the spec-
troscopic determination of the plasmon resonance of an individual, sub-wave-
length metallic nanoparticle. In the following, we will present four prominent
optical excitation techniques suitable for this purpose - total internal reflection
spectroscopy, near-field microscopy and dark-field microscopy, and photother-
mal imaging of very small particles with dimensions below 10 nm.

In total internal reflection spectroscopy, metallic nanostructures are deposit-
ed on top of a prism, and excitation takes place using illumination under to-
tal internal reflection conditions. Similar to the excitation of SPPs on a flat
metal film described in chapter 3, the evanescent field above the prism acts
as a local excitation source for modes at the interface, leading to resonantly
enhanced scattering. This way, the frequency of spatially confined modes in

Figure 10.1. Setup for single-particle spectroscopy using evanescent excitation via total inter-
nal reflection at a prism and the monitoring of scattered light. Reprinted with permission from
[Sönnichsen et al., 2000]. Copyright 2000, American Institute of Physics.



180 Spectroscopy and Sensing

Figure 10.2. Shift of particle plasmon resonance detected using prism excitation. Reprinted
with permission from [Sönnichsen et al., 2000]. Copyright 2000, American Institute of Physics.

metal nanoparticles can be determined using white light illumination and de-
tection of the scattered light via far-field collection from the top (Fig. 10.1).

Examples of plasmon spectra of a single gold particle collected in this man-
ner are shown in Fig. 10.2. As expected from (10.1), the resonance peak of
the dipole plasmon mode red-shifts upon immersion of the particle into a high-
index environment such as water or oil. The expected spectral variation of the
collected intensity can in a first approximation be calculated via the formulae
for the cross sections of first-order Mie theory (5.13), using the appropriate di-
electric data ε(ω) for the metal. For a metal particle on a glass prism immersed
in an external medium, the effective dielectric constant of the host can often
simply be approximated as 1/2

(
εprism + εm

)
.

Single-particle spectroscopy can also be performed using near-field optical
microscopy, i.e. by placing an apertured fiber tip into the near field of the parti-
cle under study. In its simplest form, spectroscopic information is obtained by
monitoring the spectral intensity distribution of radiation collected in the far
field (either in transmission or reflection) ensuing from local illumination of
the particle with white light. This way, the resonance frequencies and homo-
geneous lineshapes of plasmon modes in single particles can be determined.
Pioneering spectroscopic studies of single particles have been performed using
both transmission near-field optical microscopy with near-field illumination
and far-field collection [Klar et al., 1998], and collection-mode near-field opti-
cal microscopy with prism-coupling illumination as described above, but with
near-field instead of far-field collection [Markel et al., 1999].

In a more recent study, Mikhailovsky and co-workers have shown that trans-
mission mode near-field optical microscopy with local white light illumination
through the sub-wavelength aperture enables a high sensitivity for determining
the plasmon resonance of an individual particle due to phase information en-
coded into the intensity collected in the far field [Mikhailovsky et al., 2004].
This is based on the fact that the light scattered by the particle in the forward
direction interferes either constructively or destructively with the light directly
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Figure 10.3. Sketch of excitation geometry (a) and experimental setup (b) for white-light illu-
mination mode near-field optical microscopy. (c) Spectrum of the white light supercontinuum
at the output of the fiber tip. Reprinted with permission from [Mikhailovsky et al., 2003]. Copy-
right 2003, Optical Society of America.

collected from the aperture [Batchelder and Taubenblatt, 1989]. Fig. 10.3
shows a sketch of the experimental setup and a spectra of a white light su-
percontinuum passing through an apertured tip. Typical examples of images
of both the topography and the optical near field of gold nanoparticles are pre-
sented in Fig. 10.4a.

An investigation of the scattering and absorption process using the model
of a driven damped harmonic oscillator predicts a contrast reversal of the near-
field image due to the transition from destructive to constructive interference
at ωsp (Fig. 10.4b). We recollect from chapter 5 that, in the vicinity of the
resonance, a phase shift φ between the driving field and the response of the
electrons of π occurs, with φ

(
ωsp

) = π/2. An analysis of near-field images
obtained at different frequencies therefore enables the determination of ωsp for
particles of various sizes (Fig. 10.4c).

While near-field optical extinction microscopy provides unprecedented spa-
tial resolution for local spectroscopy, the optical probe placed in the near field
of the particle poses a difficult constraint for practical sensing applications.
Agent binding is additionally often monitored in a liquid environment, which
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Figure 10.4. (a) Topography and near-field image of a 50 nm gold sphere. (b) Near-field
extinction spectrum (solid gray curve) compared with interference (black curve) and phase
(dashed curve) spectra for a single 50 nm gold particle calculated using a forced harmonic
oscillator model. (c) Dependence of resonance frequency on particle size inferred from the
spectra. Reprinted with permission from [Mikhailovsky et al., 2003]. Copyright 2003, Optical
Society of America.

poses serious stability problems for the probe movement. Moreover, since
near-field optical microscopy only allows the determination of optical prop-
erties near a surface, in situ measurements of metal nanoparticles within cell
bodies are generally not possible. A more suitable geometry for such purposes
is dark-field optical microscopy, which is a far-field technique where only light
scattered by the nanoparticle is collected. Here, use of a dark-field condenser
prevents the collection of the directly transmitted light. Therefore, in dark-field
images metal nanoparticles appear in bright colors, defined by the resonance
frequency ωsp of their scattering cross section (5.13). A typical dark-field im-
age of single gold nanoparticles is shown in Fig. 10.5c. We note that due to the
constraint of the diffraction limit for focusing of the illumination spot, single-
particle sensitivity can only be achieved for well-separated nanoparticles.

An example of the monitoring of a molecular binding event is shown in
Figs. 10.5 and 10.6 [Raschke et al., 2003]. The coating of a gold nanoparti-
cle with a BSA-complex leads to a slight red-shift of ωsp, which is increased
upon the selective binding of streptavidin molecules (Fig. 10.5b). The binding
can be monitored in real-time via a recording of the resonance shift with time
(Fig. 10.6), and saturation is achieved upon complete coating of the particle.
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Figure 10.5. (a) Principle of a single nanoparticle biosensor monitoring the selective bind-
ing of streptavidin on an BSA-decoared gold nanoparticle. (b) Mie-theory calculations of the
scattering spectra for the undecorated particle and the particle with BSA and BSA-streptavidin
coating, demonstrating red-shifts of the resonance with each coating layer. (c) Dark-field pic-
tures and sketch of the detection pathway. Reprinted with permission from [Raschke et al.,
2003]. Copyright 2003, American Chemical Society.

A similar study based on single silver nanoparticles demonstrated that a sensi-
tivity on the order of zeptomoles can be achieved, and first applications using
medically-relevant assay studies are emerging [Haes et al., 2004].

Figure 10.6. Resonance shift versus incubation time for streptavidin-BSA binding for differ-
ent streptavidin concentrations C added at t = 0, and control experiments. Reprinted with
permission from [Raschke et al., 2003]. Copyright 2003, American Chemical Society.
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Further improvements in sensitivity have been predicted for single-particle
sensors employing resonance line shape design, which can either be achieved
using metallic nanoshells [Raschke et al., 2004], designed particle arrays with
near-field coupling for hot spot generation [Enoch et al., 2004], or by using
a particle-on-extended film approach to couple the particle plasmon to propa-
gating SPPs [Chen et al., 2004]. Also, the use of elongated nanoparticles has
enabled polarization-sensitive orientation sensing [Sönnichsen and Alivisatos,
2005].

The good biocompatability and well-developed surface chemistry of gold
nanoparticles has further lead to their wide use in cellular imaging. In these
studies, the nanoparticles mainly serve as a labeling agent for the tracking of
single molecules or molecular complexes. Optical microscopy techniques such
as the aforementioned dark-field illumination, differential interference contrast
or total internal reflection illumination can be used for image acquisition. First
in vivo studies extracting spectroscopic information akin to the particle-based
studies outlined above are emerging [El-Sayed et al., 2005].

However, dark-field microscopy and other techniques relying on the detec-
tion of scattered light are not suitable for very small metal nanoparticles with
diameters d � 40 nm immersed in a background of scatters, such as for ex-
ample a biological cell. This is due to the fact that the scattering cross section
decreases as d6 with particle diameter as discussed in chapter 5. Thus, the scat-
tering signal of particles in this small size regime is usually completely over-
whelmed by larger scatterers. In order to optically pick out the signature of par-
ticles of these small sizes, a different microscopy method relying on absorption
instead of scattering is required. Since according to Mie theory the absorption
cross section scales with size only as d3, sub-10 nm particles can be picked out
of a background of bigger particles using a photothermal imaging technique
[Boyer et al., 2002]. Fig. 10.7 shows the optical setup used in this imaging
technique, consisting of a heating beam and a second, weaker probe beam
detecting the absorption-induced thermal changes around the metal nanoparti-
cles. The red probe beam is split in two parts of orthogonal polarization, and
both beams are subsequently focused onto the sample to diffraction-limited
spots spaced at a distance on the order of 1 μm from each other. The heating
beam only overlaps with one of the probe beams, resulting in a heat-induced
change in its polarization. Recombination of the two probe beams therefore
leads to an intensity modulation, and via a scanning system an image of the
sample under study can be constructed. In-vivo images acquired using this
technique are shown in Fig. 10.8, and compared with scattering and fluores-
cence images for biological cells with incorporated gold nanoparticles, demon-
strating the improved spatial resolution due to the detection of single particles.

Before moving on, we want to briefly mention another promising technique
for the spectroscopic investigation of localized surface plasmons, based on ex-
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Figure 10.7. Experimental setup for photothermal imaging of very small nanoparticles. For
a description see main text. Reprinted with permission from [Cognet et al., 2003]. Copyright
2003, National Academy of Sciences, U.S.A.

Figure 10.8. Scattering (A, D, G), fluorescence (B, E, H) and photothermal images (C, F, I)
of cells. All cells are transfected with gold nanoparticles functionalized to a membrane protein
(A-F in concentration 10 μg/l and for G-I the concentration is 0.5 μg/l). A-C show cells not
expressing this protein, and D-I cells expressing it and thus binding the particles. The resolution
is highest in pictures F and I obtained with photothermal imaging. Reprinted with permission
from [Cognet et al., 2003]. Copyright 2003, National Academy of Sciences, U.S.A.
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citation using electron impact. In cathodoluminescence, photon emission of
the metal nanostructure under investigation is induced via a high-energy elec-
tron beam, and collected using a suitable detection pathway [Yamamoto et al.,
2001]. As an example, Fig. 10.9 (upper part) shows the spectrum of a 140 nm
silver particle excited via grazing-incidence of a 200 keV electron beam, to-
gether with a comparison with theory. Due to the large size of the particle,
the signatures of both a quadrupolar and a dipolar mode are discernible. A
nice feature of this technique is that by scanning of the electron beam over the
particle surface, the spatial profile of the modes can be mapped out via light
collection at the respective peak wavelength (Fig. 10.9, lower part). The same
technique can also be used for the excitation and investigation of propagating
SPPs.

All the aforementioned single-particle spectroscopy techniques are based
on microscopy and thus generally not suitable for field-based sensing, e.g. in a
context of environmental monitoring. Sensors based on localized particle plas-
mon spectroscopy amenable for such applications have been developed in the
context of optical-fiber-based sensing. In a typical geometry, metal nanoparti-
cles are spatially fixed at the end facet of an optical fiber, and the reflected light
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Figure 10.9. Cathodoluminescence imaging and spectroscopy of localized surface plasmons.
Upper part: cathodoluminescence (CL) from a 140 nm silver particle induced by the passage
of 200 keV electrons in a grazing trajectory (barely touching the particle surface). Dipolar
and quadrupolar components can be separated in the spectrum. Lower part, from left to right:
SEM image of the particle under consideration; CL rate as a function of the position of the
electron beam, which is scanned over the particle, for an emission wavelength corresponding to
the dipolar feature of the spectrum; theoretical prediction for the latter. Figure courtesy of N.
Yamamoto and F. J. García de Abajo, personal communication.
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Figure 10.10. Optical setup for measuring the scattering of a single nanoparticle in various
solvents through an optical fiber. The inset shows a SEM image of a nanoparticle attached to
the fiber tip. Reprinted with permission from [Eah et al., 2005]. Copyright 2005, American
Institute of Physics.

upon white-light illumination collected through the fiber in reflection using an
inperfect splice and spectrally resolved [Mitsui et al., 2004]. Immersion of
the particle-decorated end facet into the environment under study then allows
refractive index sensing of gaseous or liquid agents.

Figure 10.11. (a) Normalized scattering spectra of a single gold nanoparticle in various sol-
vents measured through the fiber. (b) Dependence of the resonance position on the index of
refraction of the solvent. Reprinted with permission from [Eah et al., 2005]. Copyright 2005,
American Institute of Physics.
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Eah and co-workers have recently demonstrated single-particle sensitivity
using this technique [Eah et al., 2005]. Fig. 10.10 shown a schematic of the
optical setup. A single gold nanoparticle is fixed at the end facet of a sharp
fiber tip via direct pick-up from a flat surface covered with metal colloids. In
this study, external illumination was used via a second multimode fiber, and
the scattered signal collected via the fiber tip. Typical spectra for immersion in
a variety of solutions of different refractive index are shown in Fig. 10.11.

10.2 Surface-Plasmon-Polariton-Based Sensors
The vast majority of surface plasmon sensing work carried out so far has

not been based on the spectroscopic determination of the particle plasmon res-
onance, but on the interrogation of propagating SPP waves at a metal/air inter-
face. Using surface functionalization, agent-specific binding can be achieved,
changing the refractive index of the metal surface superstrate and thus the dis-
persion relation of the propagating SPPs. Binding events can then be monitored
by studying the changing phase-matching condition via either wavelength-
or angular interrogation. Historically, for sensing applications both prism-
coupling and grating-coupling techniques as described in chapter 3 have been
preferred for SPP excitation via light beams. A review of these techniques in
a sensing context was recently conducted by Homola and colleagues [Homola
et al., 1999].

Since both grating and prism coupling have been extensively discussed in
chapter 3, and due to the simplicity of their employment in sensing applia-
tions, we only want to comment here on a few extensions of these standard
techniques, with particular promise in terms of enhancement of sensing sen-
sitivity. In general, the performance of a SPP-based sensor increases with the
amount of field confinement, and also the magnitude of the attenuation length
L (note that an increase in one leads to a decrease in the other). As an ex-
ample of the use of structures with low SPP attenuation, multilayer geometries
have proved highly useful for sensing purposes, and enhanced sensitivity using
long-ranging modes excited via prism coupling geometries have been reported
[Nenninger et al., 2001].

A further improvement in sensitivity can be achieved by exploiting the fact
that in the prism coupling geometry, the phase of the reflected field changes as
the phase-matching condition for SPP excitation is transversed, in analogy to
the discussion of phase-sensitive near-field imaging of localized modes in the
previous section. Using an input consisting of both TE and TM beam compo-
nents, Hooper and Sambles demonstrated a highly sensitive device capable of
measuring refractive index changes of 2×10−7 [Hooper and Sambles, 2004b].
The experimental setup, based on polarization dithering of the input beam to
enable a differential detection of changes to the polarization ellipse, is shown in
Fig. 10.12. In this case, phase changes of the TM-polarized component of the
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Figure 10.12. Experimental setup for differential ellipsometric detection of refractive index
changes using SPPs on a metal film excited via prism coupling. Reprinted with permission
[Hooper and Sambles, 2004b]. Copyright 2004, American Institute of Physics.

input beam induced by changes in the refractive index of the superstrate mani-
fest themselves via polarization changes in the reflected light beam. Fig. 10.13
shows results on the obtained polarization rotation, depending upon the ratio
of two gases in a mixture.

While SPP excitation using prism or grating coupling is a convenient method
of choice for proof-of-concept demonstrations of SPP sensors, waveguide SPP
sensors employing phase-matching between a waveguide mode in a guiding

a) b)

Figure 10.13. (a) Polarization rotation for varying gas ratios. (b) Polarization rotation as a
function of refractive index. Reprinted with permission from [Hooper and Sambles, 2004b].
Copyright 2004, American Institute of Physics.
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(a)

(b)

Figure 10.14. SPP sensor based on a multimode optical fiber. (a) Sketch of the sensing system
consisting of side-polished sensing and reference fibers. (b) Sketch of the side-polished fibers.
Reprinted with permission from [Tsai et al., 2005]. Copyright 2005, Optical Society of America.

layer beneath the exposed metal surface are favorable from an integration point
of view. A particularly interesting device with possibilities for field-use is the
optical fiber SPP resonance sensor [Slavik et al., 1999]. In its usual form, such
a sensor consists of a (single- or multimode) optical fiber, one side of which has
been polished away to expose the core. The coating of this region with a thin
metal layer then allows the excitation of SPPs via the core-guided mode(s), and
their signature can be detected by monitoring the light guided past the interac-
tion region [Homola et al., 1997]. The simplicity of this approach has made
fiber excitation the method of choice for many SPP sensing studies.

A sketch of a typical sensing region cut into a multimode optical fiber is
shown in Fig. 10.14b. Exposure of the core can be accomplished via the
aforementioned polishing, or etching and also tapering techniques. Using a
white light illumination source and thus wavelength selectivity is a particu-
larly appealing approach, since modern sources such as fiber-based supercon-
tinuum sources allow for easy integration directly into the sensing fiber. In
order to improve the sensitivity, a combination of a reference and sensing fiber
(Fig. 10.14a) can be employed to enable either interferometric detection or
difference-signal analysis [Tsai et al., 2005].

In the example presented here, both the sensing and the reference fiber are
side-polished and metalized with a 40 nm gold layer. The reference fiber is
immersed into distilled water, and the sensing fiber in a liquid of different re-
fractive index. SPP spectra from both arms are recorded, and the difference
in light intensity versus wavelength determined (Fig. 10.15a). A difference
of zero corresponds to the crossing point between the two SPP curves, which
exhibits a strong dependence on the refractive index difference, as shown in
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Figure 10.15. (a) Difference in light intensity between the sensing and the reference arm vs.
optical wavelength using the SPP fiber sensor structure of Fig. 10.14. Here, the sensing arm
is immersed in alcohol, and the reference fiber in distilled water. (b) Experimental results for
the shift in crossing-point wavelength of the two SPP spectra versus refractive index. Reprinted
with permission from [Tsai et al., 2005]. Copyright 2005, Optical Society of America.

Fig. 10.15b. A high sensitivity for refractive index sensing on the order of
10−6 can be achieved. Improved designs of the geometry of the sensing re-
gion enabled by advancements in polishing [Zhang et al., 2005] and tapering
techniques [Kim et al., 2005] continuously push the obtained sensitivity limits,
placing SPP sensors at the forefront of optical sensing techniques.

SPPs can also be excited using optical fibers coated homogeneously with
a concentric metal layer. For thin tapers, this lead to the generation of hybrid
fiber-SPP modes with interesting properties [Al-Bader and Imtaar, 1993, Prade
and Vinet, 1994]. We cannot go into the details of these hybrid modes here,
but want to point out that they have indeed been recently observed [Diez et al.,
1999], and that applications as sensors have been demonstrated [Monzon-
Hernandez et al., 2004].



Chapter 11

METAMATERIALS AND IMAGING
WITH SURFACE PLASMON POLARITONS

The notion that the electromagnetic response of a material can be engineered
via periodic variations in structure and composition has been extensively inves-
tigated over the last two decades. A well-known example are photonic crystals,
dielectric materials with a periodic modulation of their (real) refractive index
n = √

ε, achieved via the inclusion of scattering elements such as holes of
different dielectric constant into the embedding host. This way, the dispersion
relation for electromagnetic waves propagating through the artificial crystal
can be engineered, and band gaps in frequency space established that inhibit
propagation. In photonic crystals, both the size and the periodicity of the in-
dex modulations are of the order of the wavelength λ in the material. We have
seen in chapter 7 that the SPP analogue of this concept, a metal surface with a
periodic lattice of surface protrusions, enables control over SPP propagation.

An equally intriguing possibility for designing artificial materials with a
controlled photonic response are metamaterials. In contrast to photonic crys-
tals, in this case both the size and the periodicity of the scattering elements
are significantly smaller than λ. Therefore, they can in a sense be viewed as
microscopic building blocks of an artificial material, in analogy to atoms in
conventional materials found in nature. Using the same reasoning applied to
the transitioning from the microscopic to the macroscopic form of Maxwell’s
equations, the electromagnetic response of a metamaterial can be described
via both an effective permittivity ε(ω) and permeability μ(ω). Since on the
sub-wavelength scale the electric and the magnetic fields are essentially de-
coupled, ε(ω) and μ(ω) can often be controlled independently by the use of
appropriately shaped scatterers.

The corrugated perfectly-conducting surfaces described in chapter 6 are an
example of a metamaterial with an engineered electric response ε(ω). We have
seen that such an interface can be described as an effective medium, with a
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plasma frequency ωp controlled by the geometry. In the first part of the current
chapter, we will briefly describe other prominent examples of metamaterials,
specifically focusing on how a magnetic response can be achieved using sub-
wavelength arrangements of non-magnetic constituents. Appropriate materials
design allows both ε(ω) and μ(ω) to be negative in a certain frequency range,
leading to a negative refractive index n = √

με1.
The rich physics of metamaterials and specifically those with a negative

refractive index will only be briefly discussed, with a view to the challenges of
creating n < 0 at optical frequencies. We will see that arrangements of metal
nanoparticles sustaining localized plasmon resonances are a promising route
for creating such structures. For a more detailed exploration of metamaterials,
we refer the reader to specialized reviews such as [Smith et al., 2004] as a
starting point.

One of the most intriguing possibilities of negative index materials is imag-
ing with sub-wavelength resolution, which has become known under the par-
adigm of the perfect lens. The second part of this chapter addresses efforts to
demonstrate this effect at optical frequencies via the use of SPP excitations in
thin metal films.

11.1 Metamaterials and Negative Index at Optical
Frequencies

The metamaterial concept of creating composites with desired electromag-
netic properties has already enabled new possibilities for the control of electro-
magnetic radiation in the THz and microwave region of the spectrum. We have
discussed in chapter 6 in detail how appropriate sub-wavelength structuring of
a metal surface can lead to a geometry-defined plasma frequency ωp in this
frequency region. Another prominent example of a metamaterial sustaining
low-frequency plasmons is a regular three-dimensional lattice of metal wires
with micron-size diameter [Pendry et al., 1996]. It can be shown that the elec-
tric response of such a structure can be viewed as that of an effective medium
with a free electron density determined by the fraction of space occupied by the
wires. As with the structures described in chapter 6, the effective ε(ω) of the
wire lattice is of the plasma form (1.20), with ωp lowered into the microwave
range for an appropriate mesh size. The dielectric response of the wire lattice
to microwave radiation is similar to that of a metal at optical frequencies.

One motivation of metamaterials design is therefore to shift electric reso-
nances of natural materials (particularly metals), expressed via ε(ω), to lower
frequencies. The other motivation is in the opposite direction: The creation

1It can be shown that the negative sign of the square root has to be chosen, since in such a material the phase
and group velocities of the transmitted radiation point in opposite directions.
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Figure 11.1. Sketch of a split ring resonator for engineering the magnetic permeability μ(ω)

of a metamaterial.

of magnetic resonances, described by μ(ω), at frequencies higher than those
present in naturally-occurring magnetic materials. More specifically, the re-
gion of interest lies between the THz and the visible parts of the spectrum.

Whereas the magnetism of inherently magnetic materials is caused by un-
paired electron spins [Kittel, 1996], the magnetism of metamaterials is en-
tirely due to geometry-induced resonances or plasmonic effects of their sub-
wavelength building blocks. A particularly useful geometry is that of the split
ring resonator, depicted in Fig. 11.1 in its most simple form. It consists of two
planar concentric conductive rings, each with a gap. Pendry and co-workers
have shown that a regular array of these structures, with both structure size
and lattice constant of dimensions much smaller than the wavelength region of
interest, can exhibit a magnetic response [Pendry et al., 1999].

In a simplified view, a time-varying magnetic field induces a magnetic mo-
ment in a split ring resonator via the induction of currents flowing in circu-
lar paths. This inherently weak response is magnified via a resonance: the
structure acts as a sub-wavelength LC circuit with inductance L and capac-
itance C. Therefore, the magnetic permeability μ exhibits a resonance at
ωLC = 1/

√
LC. Intriguingly, as is typical for a resonant process, for fre-

quencies right above ωLC, μ < 0. As will be discussed below, combined with
wire arrays this allows the creation of metamaterials exhibiting both negative
permittivity and permeability, and thus a negative refractive index as described
in the introduction.

Following initial demonstrations for microwave frequencies (reviewed in
[Smith et al., 2004]), metamaterials with a magnetic response engineered using
split ring resonators were demonstrated in the THz regime by Yen and co-
workers [Yen et al., 2004]. The effective permeability of the metamaterial
determined from measurements can be described using a Lorentz term

μ(ω) = 1 − Fω2

ω2 − ω2
LC + i�ω

, (11.1)
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where ωLC is the resonance frequency and F a geometrical factor. � describes
resistive losses in the split ring resonator. As for a typical resonance process,
for ω � ωLC the induced magnetic dipole is in phase with the excitation field.
In this region, the metamaterial therefore exhibits a paramagnetic response.
For increasing frequencies, the currents start to lag behind the driving field,
and for ω � ωLC the dipole response is completely out of phase with the
driving field. In this region, the metamaterial is diamagnetic (μ < 1). For
the frequency region just above ωLC, the permeability is negative (μ < 0).
We note that the magnetic dipole is an induced dipole only - no permanent
magnetic moment is present.

This discussion of metamaterials with an engineered electric or magnetic
response suggests that a material consisting of a lattice of both split ring res-
onators and metal wires or rods should exhibit a frequency region where both
ε < 0 and μ < 0, implying n < 0. Shelby and co-workers demonstrated such
a negative-index metamaterial at microwave frequencies [Shelby et al., 2001].
Using a wedge-shaped structure, negative refraction (a consequence of a nega-
tive refractive index) was confirmed [Smith et al., 2004]. While the metamater-
ial used in this study was of a three-dimensional nature, inherently planar struc-
tures consisting of split ring resonators and rods working at THz frequencies
have been successfully fabricated using microfabrication techniques [Moser
et al., 2005].

For microwave and THz frequencies, metamaterials such as the ones de-
scribed above consisting of conductive materials show a simple size scaling of
their resonance frequencies, i.e. ωLC ∝ 1/a, where a is the typical size of a
split ring resonator. However, this scaling breaks down for higher frequencies,
where the response of the metal becomes less and less ideal, and the kinetic
energy of the electrons needs to be taken into account. Theoretical investiga-
tions have suggested that this leads to a saturation of the increase of ωLC with
frequency for f > 100 THz (λ0 < 3 μm) [Zhou et al., 2005]. Using gold split
ring resonators of a minimum feature size of 35 nm, Klein and co-workers have
shown that the resonance in μ can be pushed down to a wavelength λ=900 nm
in the near-infrared. It is at this point not clear how much the resonance fre-
quency can be increased into the visible regime using this concept.

Apart from split ring resonators, rod-shaped structures can also be used to
create a material with negative refractive index in the near-infrared. Shalaev
and co-workers demonstrated n = −0.3 at λ = 1.5 μm using a metamater-
ial consisting of rod-shaped gold/insulator/gold sandwich structures [Shalaev
et al., 2005]. Fig. 11.2 shows a schematic and a SEM image of the compos-
ite rod structure and the metamaterial lattice. Each rod consists of a 50 nm
SiO2 layer sandwiched between two 50 nm gold layers. As in our discussion
of split ring resonators, the magnetic response can be thought to arise from
a resonance in the LC circuit consisting of the bottom and top gold layer, as
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Figure 11.2. (a) Schematic and (b) SEM image of a planar metamaterial consisting of pairs of
parallel gold nanorods. (c) Sketch of the unit cell of this structure. Reprinted with permission
from [Shalaev et al., 2005]. Copyright 2005, Optical Society of America.
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Figure 11.3. (a) Real and imaginary parts n′, n′′ of the refractive index for the metamaterial
of Fig. 11.2 determined using simulations. (b) Comparison between simulations (triangles) and
experimentally determined values (circles) of the real part of the refractive index. The inset
shows a magnified view of the region of negative refractive index. Copyright with permission
from [Shalaev et al., 2005]. Copyright 2005, Optical Society of America.
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symbolized in Fig. 11.2a. The metal rods provide the inductance, and the insu-
lating spacer layer the capacitance. The refractive index of this metamaterial
in the near-infrared range of the spectrum is shown in Fig. 11.3. Around the
telecommunication window at λ = 1500 nm, n < 0. We note that contrary to
the metamaterials discussed so far, the dimensions of the unit cell (Fig. 11.2c)
are of the order of the wavelength. Also, as with split ring resonators, a simple
linear scaling with size towards higher frequencies in the visible regime should
be prevented both by increasing losses and the importance of plasmonic effects.

In another study, a metamaterial with negative permeability in the visible
part of the spectrum was demonstrated by Grigorenko and co-workers. In
this case, the metamaterial consists of pairs of dome-shaped gold nanoparti-
cles [Grigorenko et al., 2005]. The pairs essentially act as small bar magnets,
and antisymmetric coupling of the localized plasmon resonances gives rise to
cancellation of the magnetic component of the incident field, thus yielding
μ < 0. Also, an approach has recently been suggested based on U-shaped
metal nanoparticles, making active use of the plasmonic response instead of
LC-effects, which should provide n < 0 at optical frequencies [Sarychev et al.,
2006]. Research in this field is going on at a breathtaking pace, and we can ex-
pect significant advances in the coming years.

11.2 The Perfect Lens, Imaging and Lithography
We want to finish this chapter by briefly discussing another fascinating con-

sequence of materials with a negative index of refraction, namely the possi-
bility of a perfect lens [Pendry, 2000, Smith et al., 2004]. In 2000, Pendry
showed that a slab of an ideal (lossless) material with n = −1 can reproduce
a perfect image of an object placed into the near-field on one side of the slab
at an equal distance on the other side. Due to the property of negative refrac-
tion, it can easily be shown that light from a point source on one side of the

Negative-indes slab

Object Image

Figure 11.4. Schematic of the planar negative-index lens. Light diverging from a point source
converges back towards a point in the negative-index medium due to negative refraction. On the
other side of the planar slab, another focus is formed.
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negative-index slab should come to a focus on the other side, as sketched in
Fig. 11.4. It is more suprising however that all Fourier components of the two-
dimensional object, not only those fulfilling the condition k2

x + k2
y < ω2/c2,

can be reproduced in the image plane. This is due to resonant amplification of
the evanescently decaying components of the image via surface modes of the
negative-index slab [Pendry, 2000].

At optical frequencies and for a slab thickness d � λ, the electrostatic
limit applies and the electric and magnetic fields are essentially decoupled. It
can be shown that in this case the requirement μ < 0 can be relaxed, and
sub-resolution imaging thus achieved using materials where only Re [ε] < 0,
namely metals. Note however that due to attenuation (Im [ε] > 0), some of the
high-resolution information is expected to get lost during the imaging process,
and the image will thus not be perfect anymore. It was suggested that this poor
man’s lens could be achieved with a thin film of silver.

Here, the evanescent components of the object fields are resonantly ampli-
fied via coupling to SPPs sustained by the silver film. An experimental setup
for demonstrating sub-wavelength imaging is shown in Fig. 11.5. In this study,
an image etched into a chrome mask is transferred onto a photoresist via a thin
silver layer [Fang et al., 2005]. Images demonstrating the achieved resolution
and results from a control experiment where the silver film was replaced by a
polymer layer are presented in Fig. 11.6. While the 40 nm width of the object
letters was not reproduced, a significant increase in resolution in the presence
of the silver layer is apparent. Additional studies of both single [Melville and

Figure 11.5. Schematic of an optical superlens. A 35 nm thin silver imaging layer is separated
from a chrome mask via a 40 nm polymer layer. Upon illumination of the chrome mask with
UV light, an image mediated by the silver layer is recorded in a thin photoresist film. Reprinted
with permission from [Fang et al., 2005]. Copyright 2005, AAAS.
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Figure 11.6. (a) FIB image of the object plane. The linewidth of the letters is about 40 nm.
(b,c) AFM image of the developed photoresist with the silver imaging layer (Fig. 11.5) present
(b) or replaced (c) by a PMMA layer. (d) Averaged cross section of the letter "A" with and
without the lens. Reprinted with permission from [Fang et al., 2005]. Copyright 2005, AAAS.

Blaikie, 2005] and double-layer [Melville and Blaikie, 2006] silver structures
have confirmed the resolution-enhancing properties.

It is anticipated that this concept could be of use for applications in litho-
graphy, where direct contact between the photoresist layer and the object mask
is often undesirable. However, given the resolution constraints imposed by the
conductive losses in the imaging layer, it is an open question whether this will
be viable in a technological context. As a last note, we want to point out that
also the design of masks with features sustaining localized plasmon resonances
[Srituravanich et al., 2004, Luo and Ishihara, 2004] has been suggested for
lithography beyond the classical resolution limit imposed by diffraction. In
this case, the enhanced near field due to the localized modes leads to enhanced
exposure of an adjacent resist layer.



Chapter 12

CONCLUDING REMARKS

Plasmonics is a fascinating and currently vastly expanding area of research,
and hopefully reading through this text has provided the interested reader not
only with an overview, but also with a solid foundation for own explorations.
Clearly, the diversity of emerging and potential applications of sub-wavelength
optics with metals together with successful proof-of-concept studies suggest
that interest in the field will be soaring for many years to come.

So where to go from here? For virtually all aspects of plasmonics described
in this book, specialized review articles exist within the scientific literature. Es-
pecially for areas such as sensing or metamaterials that could only be described
without going into a great amount of detail, the excellent reviews available
should be consulted. Apart from that, original publications such as the ones
cited in the reference section are an invaluable resource for further literature
studies.

I very much hope that this book will serve its purpose to educate and at-
tract people to this fascinating area of nanophotonics. Any suggestions for
improvements of this text are most welcome.
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absorption coefficient, 10, 12
anomalous skin effect, 13
antiStokes scattering, see Raman effect
aperture, 141

aperture array, 144–150
applications of extraordinary transmis-

sion, 157
bull’s eye, 147, 151
directional emission, 150–153
effective diameter, 153
localized plasmons, 153
rectangular aperture, 156
single aperture with grooves, 147
waveguide aperture, 144, 148, 151

attenuated total internal reflection, see prism
coupling

Beer’s law, 10
biosensor

design, 177
fiber-based, 186
functionalization, 177
phase-sensitive detection, 188
single-particle, 179
SPP sensors, 188–191
SPP waveguide, 189

cathodoluminescence, 155, 184
chemical interface damping, 76
collision frequency

of free electron gas, 11
conductivity, 8

dc, 12
relationship with dielectric function, 9

constitutive relations, 7–8
in Fourier domain, 9

cross section
absorption, 70
extinction, 71
scattering, 70

dark-field microscopy, 75, 78, 182
depolarization factor, 72
depolarization field, 74, 88
designer SPP, 93–101

one-dimensional groove array, 94–97
two-dimensional hole array, 97–99

dielectric function, 8
of free electron gas, 11–12
relationship with conductivity, 9

dielectric waveguide
diffraction limit, 125

diffraction, 141
diffraction limit, 34
diffuse light bands, 63
dipole fields, 69–70
dispersion

spatial, 8
temporal, 8

dispersion relation
generic, 10
of free electron gas, 15
of SPP at single interface, 26, 46
of three-layer system, 31
of volume plasmons, 17

Drude model, 14

edge coupling, 92, 102, 113
effective mode length, 36
effective mode volume, 36
electromagnetic energy density, 18

in dispersive medium, 19
electron diffraction, 40
electron loss spectroscopy, 40
end-fire coupling, 51, 120, 129
energy transfer

non-radiative, 57
extinction coefficient, 10
extinction microscopy, see far-field extinction

microscopy
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extraordinary transmission, see aperture

far-field extinction microscopy, 77
fiber taper coupling, 51
fluorescence, 157, 170

imaging of SPP fields, 57–58
quantum yield, 171
quenching, 57, 76

forbidden light, 48
Fröhlich condition, 68, 85
Fraunhofer diffraction, 142

geometrical factor, 72
gold

dielectric function, 13
grating coupling, 44

blazed grating, 63
efficiency of, 60
localized modes, 46
using hole array, 45

Helmholtz equation, 22
hot spots, 159, 176
Huygens-Fresnel principle, 142

insulator/metal/insulator heterostructure, 32,
116

interband transitions, 17–18, 74

Kirchhoff diffraction theory, 142
Kretschmann configuration, 43

labeling
molecular, 184

Landau damping, 16
leakage radiation, 43, 48, 59–62
light scattering

quantum efficiency, 76
lightning rod effect, see SERS
localized plasmon

at THz frequencies, 93
damping, 74
decay time, 75
dephasing time, 75
dipole mode, 68
far-field coupling, 84
homogeneous linewidth, 75
hybridization model, 86
in gain media, 87–88
in small particles, 76
nanovoid, 85
near-field coupling, 81–84, 131
particle ensembles, 80–85
quality factor, 75

low-lying energy loss, 40

Maxwell’s equations, 5–6

Maxwell-Garnett model, 176
metal/insulator/metal heterostructure, 33, 129
metamaterial, 94, 193

negative permeability, 195
negative refraction, 196
negative refractive index, 194
perfect lens, 198
split ring resonator, 195

near-field optical microscopy, 48, 78, 180
collection-mode, 53
illumination-mode, 56
probe, 54

negative refraction, see metameterial
nonlinear processes, 175–176

Otto configuration, 43

perfect lens, see metamaterial
permeability

of vacuum, 7
relative, 8

permittivity
of vacuum, 7
relative, see dielectric function

photoluminesence, 173–175
photon scanning tunneling microscopy, 53
photonic crystal, 193
photothermal microscopy, 184
plasma frequency, 11, 16, 89
plasmon, see volume plasmon
plasmon lithography, 200
plasmon waveguide

gap waveguides, 129
fiber-accessible, 51, 135
gap waveguide, 138
groove waveguide, 129
in gain media, 138
leaky, 61, 120
line defect in band gap structure, 115
long-ranging, 117
nanoparticle chain, 84, 131–138
nanowire, 125–128
routing via scattering, 110
stripe in homogeneous host, 117–120
stripe on substrate, 120–124
stripes, 116–124

polarizability
of core/shell sphere, 86
of core/shell sphere, quasi-static, 72
of ellipsoid, 79
of ellipsoid, quasi-static, 71
of nanovoid, 85
of sphere, 74
of sphere, quasi-static, 68

polarization conversion, 63
Poynting vector, 18
prism coupling, 43, 55, 59
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Purcell factor, 164

quasi-static approximation, 66

radiation damping, 74
Raman effect, 159
refractive index, 10
relaxation time

of free electron gas, 11

SERS
cavity model, 163–165
chemical contribution, 161
electromagnetic contribution, 161
electromagnetic enhancement factor, 162
electronic contribution, 161
lightning rod effect, 161
localized surface plasmon, 161
on metal nanovoid lattice, 167
on rough surface, 165
single-molecule sensitivity, 165
tip-enhanced, 169
with metal nanoparticles, 167
with nanowire arrays, 168

silver
dielectric function, 17

size parameter, 74
skin depth, 12
Sommerfeld wave, see Sommerfeld-Zenneck

wave
Sommerfeld-Zenneck wave, 28, 90
split ring resonator, see metamaterial
spoof SPP, see designer SPP
SPP

band gaps, 114
Bragg mirror, 110
defect scattering, 110
effective index, 123, 138
focusing, 111, 113
in highly doped semiconductor, 91
long-ranging, 33, 44, 51
mode confinement, 29
on metal wire, 93
phase-velocity modulation, 111
propagation length, 28, 56
radiative branch, 41
refraction, 111
superfocusing using conical structures,

128
THz, 92

Stokes scattering, see Raman effect
surface phonon polaritons, 101–104
surface plasmon, 28, 39
surface plasmon frequency, 28
susceptibility, 8

TE modes, 24
THz time-domain spectroscopy, 91
TM modes, 24
total internal reflection spectroscopy, 179
transmission coefficient

through sub-wavelength aperture, 143

volume plasmon, 16

wave equation, 10, 21

Zenneck wave, see Sommerfeld-Zenneck wave




