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Nanophotonics or Nano-optics is the study of:

à behavior of light at the nanometer scale
à interaction of nanometer-scale objects with light

What is nanophotonics?



n Introduction to Nanophotonics

n Plasmonic devices

q Surface plasmons (SPP): fundamentals & sensing
q Localized plasmons (LSP): fundamentals & sensing
q Applications to microscopy

n Dielectric waveguide-based devices 
q Photonic crystal slabs: fundamentals & sensing
q Applications to microscopy

Outline



Why nanophotonics?

Nanophotonics lies at the crossroad of electromagnetism, optics, 
quantum mechanics (and electronics), and material science, 

combining a wealth of scientific challenges with a large variety of 
near-term applications

n Nanophotonics: applications

§ communications technology
§ lasers
§ solid-state lighting
§ data storage
§ lithography
§ (bio-)sensors
§ optical computers
§ solar cells
§ displays
§ medical imaging
§ light-activated medical therapies 

Large interest
from industry in

fundamental research
on nanophotonics



Optical fibers: a revolution for telecommunications

core
cladding
shielding

The structure of a typical single-mode fiber:

1. Core: 8 µm diameter
2. Cladding: 125 µm dia.
3. Buffer: 250 µm dia.
4. Jacket: 400 µm dia.

n Optical fiber

Submarine cables are laid using special
cable layer ships, such as the modern
René Descartes, operated by Orange
Marine.

Optical fiber: long distance 
communication



Length scales in photonics

km

1 mm

10 µm

1 µm = λ

5 µm

126 Plasmon Waveguides
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Figure 7.17. Topography (a) and optical near-field intensity (b) of a 20 µm long gold nanowire
of width w = 200 nm excited at λ0 = 800 nm. The arrows mark the position of data-cut 1
shown in Fig. 7.18. Reproduced with permission from [Krenn et al., 2002]. Copyright 2002,
Institute of Physics.

of electromagnetic energy transfered along the wire axis. Fig. 7.18a shows a
cross-cut through the near-field intensity along the wire axis (solid line), which
can be fitted by an exponential decay with attenuation constant L = 2.5 µm
(dashed line). The deduced SPP propagation length is significantly shorter than
that of stripes with widths in excess of a couple of micrometers, in line with
the steep decline in propagation length observed in Fig. 7.13 [Lamprecht et al.,
2001]. If the length of the wire is shortened, an oscillation in near-field inten-
sity is established, indicative of standing waves due to reflection of the SPPs at
the end-facet (Fig. 7.18a, inset). In order to judge the transverse confinement,
Fig. 7.18b shows a cross-cut through the optical near-field intensity perpendic-
ular to the wire axis. As can be seen, the fields are essentially localized to the
physical extent of the wire.

It has to be pointed out that the apparent observation of SPP guiding in the
prism-excited leaky mode is in contradiction to the theoretical work by Zia and
co-workers (discussed in the previous section) that claimed that the fundamen-
tal leaky mode sustained by the stripe is cut off below a certain width. Since as
pointed out above their study showed remarkable agreement with near-field op-
tical investigations of stripes with w ≥ 1 µm, the nature of the mode observed
in the study by Krenn and colleagues requires further theoretical clarification.

In addition to the excitation of a leaky mode along a nanowire, a truly bound
mode outside the light cone of the substrate can be excited by changing the ex-
citation condition from prism-coupling to coupling using a high-NA objective.
Ditlbacher and co-workers have used this technique to excite a bound SPP
propagating along a 18.6 µm long silver wire with w = 120 nm [Ditlbacher

Photonic crystal
waveguide (λ-scale)

Plasmonic (gold) nanowire
(sub λ-scale)
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This “movie star”: the refractive index

⇒     

P = −Nex = Ne2 / m

ω0
2 −ω2 − iωγ


E

γ: damping coefficient for given material
k: restoring-force constant
N: density

à resonance frequency:

à assume E is varying harmonically, and also

ω0 = k / m
x = x0e

−iωt


P = −Nexn Simple model: Equation of motion of the electron


P = ε0χ


E = ε0 ε−1( )
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ε = n2



The refractive index of a dielectric
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Rainbow: why red outside, blue inside ?



…always ?



The refractive index of a metal

ε(ω) = ε∞ −
ωp
2

ω2 + iγω

ε(ω) = εDrude (ω)+
fj

ω j
2 −ω2 − iγ jωj

∑

For a metal with interband
transitions: add terms 

n Drude model: ω0=0

14 Electromagnetics of Metals
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Figure 1.1. Dielectric function ε(ω) (1.27) of the free electron gas (solid line) fitted to the
literature values of the dielectric data for gold [Johnson and Christy, 1972] (dots). Interband
transitions limit the validity of this model at visible and higher frequencies.

frequencies the applicability of the free-electron model breaks down due to
the occurrence of interband transitions, leading to an increase in ε2. This will
be discussed in more detail in section 1.4. The components of the complex
refractive index corresponding to the fits presented in Fig. 1.1 are shown in
Fig. 1.2.

It is instructive to link the dielectric function of the free electron plasma
(1.20) to the classical Drude model [Drude, 1900] for the AC conductivity
σ (ω) of metals. This can be achieved by recognizing that equation (1.16) can
be rewritten as

ṗ = −p
τ

− eE, (1.28)

where p = mẋ is the momentum of an individual free electron. Via the same
arguments presented above, we arrive at the following expression for the AC
conductivity σ = nep
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Figure 1.2. Complex refractive index corresponding to the free-electron dielectric function in
Fig. 1.1.

ε = n+ iκ( )2
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where p = mẋ is the momentum of an individual free electron. Via the same
arguments presented above, we arrive at the following expression for the AC
conductivity σ = nep

m
,

0.25

0.5

0.75

1

1.25

1.5

1.75

2

2

4

6

8

10

1.5 2 2.5 3 3.5 41

Energy [eV] Energy [eV]

0.5 1.5 2 2.5 3 3.5 410.5

n(
ω

)

κ(
ω

)

Figure 1.2. Complex refractive index corresponding to the free-electron dielectric function in
Fig. 1.1.

14 Electromagnetics of Metals

1 2 3 4 5 6

-25

-20

-15

-10

-5

0

5

1 2 3 4 5 6

1

2

3

4

5

6

7

Energy [eV] Energy [eV]

Re
[ε

(ω
)]

Im
[ε

(ω
)]

0 0

region of 
interband transitions

Figure 1.1. Dielectric function ε(ω) (1.27) of the free electron gas (solid line) fitted to the
literature values of the dielectric data for gold [Johnson and Christy, 1972] (dots). Interband
transitions limit the validity of this model at visible and higher frequencies.

frequencies the applicability of the free-electron model breaks down due to
the occurrence of interband transitions, leading to an increase in ε2. This will
be discussed in more detail in section 1.4. The components of the complex
refractive index corresponding to the fits presented in Fig. 1.1 are shown in
Fig. 1.2.

It is instructive to link the dielectric function of the free electron plasma
(1.20) to the classical Drude model [Drude, 1900] for the AC conductivity
σ (ω) of metals. This can be achieved by recognizing that equation (1.16) can
be rewritten as
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4.4 Damping mechanisms of particle plasmons

As discussed in Sec. 4.1 , important plasmon properties such as the amplitude of the
collective electron oscillation with respect to the driving amplitude, Q, and the width of
the particle plasmon resonance, Γ, depends on the amount of damping. In a quasi-particle
picture, damping is described as population decay. This decay can be either radiative,
i.e. by emission of a photon, or nonradiative (Fig. 4.5 ).

radiative
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Fig. 4.5: Particle plasmons decay either radiatively (left) or nonradiatively by creation of
electron-hole pairs (right). The electron is either excited within the conduction band (intraband)
or from the deeper lying d-band into the conduction band (interband).

In order to understand the nonradiative decay of the collective oscillation of the conduction
electrons further, it is instructive to treat the electrons independently as in the Drude-
Sommerfeld model for optical properties of metals (Sec. 2.2.1 ). The plasmon is then a
superposition of many such independent electron oscillations. Obviously such an approach
neglects many-body effects such as a collective scattering with phonons. Nevertheless, the
independent electron picture proves to be very useful.

The nonradiative damping is thus due to a dephasing of the oscillation of individual elec-
trons. In terms of the Drude-Sommerfeld model this is described by scattering events
with phonons, lattice ions, other conduction or core electrons, the metal surface, impuri-
ties, etc.. Because of the Pauli-exclusion principle, the electrons can only be excited into
empty states in the conduction band. These excitations can be divided into inter- and
intraband excitations by the origin of the electron either in the d-band or the conduction
band (Fig. 4.5 ). Effectively, the movement of the conduction electrons in the particle is a
(time dependent) current j⃗(t), which feels, of course, the (frequency dependent) resistance
of the metal. The frequency dependent conductivity σ(ω) is customarily described by the
imaginary part of the dielectric function ℑ(ε) = σ/ε0ω. The energy dissipated through
these nonradiative channels is transferred ultimatively into heat.

These decay mechanism are described by time constants τtot, τrad, and τnonrad (total, ra-
diative and nonradiative decay, respectively). They are connected with the cross-sections
discussed in the previous section by:

τrad ↔ Qsca, τnonrad ↔ Qabs, τtot ↔ Qext (4.3)



Light scattering from small resonant mettalic particules

Lycurgus cup (roman), 4th century
(now at the British Museum, London). The colors
originates from metal nanoparticles embedded in the
glass. At places, where light is transmitted through
the glass it appears red, at places where light is
scattered near the surface, the scattered light
appears greenish.

Color windows made by
Marc Chagall, St. Stephans
Church in Mainz (Germany)

7 Plasmonics

Highlights of this chapter: In this chapter we introduce the concept of surface
plasmon polaritons (SPP). We discuss various types of SPP and explain excitation
methods. Finally, diÆerent recent research topics and applications related to SPP
are introduced.

7.1 Introduction

Long before scientists have started to investigate the optical properties of metal
nanostructures, they have been used by artists to generate brilliant colors in glass
artefacts and artwork, where the inclusion of gold nanoparticles of diÆerent size
into the glass creates a multitude of colors. Famous examples are the Lycurgus
cup (Roman empire, 4th century AD), which has a green color when observing in
reflecting light, while it shines in red in transmitting light conditions, and church
window glasses.

Figure 172: Left: Lycurgus cup, right: color windows made by Marc Chagall, St. Stephans Church
in Mainz

Today, the electromagnetic properties of metal–dielectric interfaces undergo a steadily
increasing interest in science, dating back in the works of Gustav Mie (1908) and
Rufus Ritchie (1957) on small metal particles and flat surfaces. This is further moti-
vated by the development of improved nano-fabrication techniques, such as electron
beam lithographie or ion beam milling, and by modern characterization techniques,
such as near field microscopy. Todays applications of surface plasmonics include
the utilization of metal nanostructures used as nano-antennas for optical probes in
biology and chemistry, the implementation of sub-wavelength waveguides, or the
development of e±cient solar cells.

208

406 Surface plasmons

50 nm

Figure 12.20 Ancient Roman Lycurgus cup illuminated by a light source from
behind. Light absorption by the embedded gold/silver alloy particles (right) leads
to a red color of the transmitted light whereas scattering at the particles yields a
greenish color as indicated to the right. From D. J. Borber and I. C. Freestone,
Archeometry 32, 1 (1990), with permission.

Again, k is the wavevector in the surrounding medium. It turns out that σabs scales
with a3 whereas σscatt scales with a6. Consequently, for large particles extinction is
dominated by scattering whereas for small particles it is associated with absorption.
This effect can be used to detect extremely small metal particles down to 2.5 nm di-
ameter which are used as labels in biological samples [32]. The transition between
the two size regimes is characterized by a distinct color change. For example, small
gold particles absorb green and blue light and thus render a red color. On the other
hand, larger gold particles scatter predominantly in the green and hence render a
greenish color. A very nice illustration of these findings is colored glasses. The
famous Lycurgus cup shown in Fig. 12.20 was made by ancient Roman artists and
is today exhibited at the British Museum, London. When illuminated by a white
source from behind, the cup shows an amazingly rich shading of colors ranging
from deep green to bright red. For a long time it was not clear what causes these
colors. Today it is known that they are due to nanometer-sized gold particles em-
bedded in the glass. The colors are determined by an interplay of absorption and
scattering.

Local interactions with particle plasmons

The resonance condition of a particle plasmon depends sensitively on the dielec-
tric constant of the environment. Thus, similar to the case of a plane interface, a
gold or silver particle can be used as a sensing element since its resonance will

green

red



n Introduction to Nanophotonics

n Plasmonic devices

q Surface plasmons (SPP): fundamentals & sensing
q Localized plasmons (LSP): fundamentals & sensing
q Applications to microscopy

n Dielectric waveguide-based devices 
q Photonic crystal slabs: fundamentals & sensing
q Applications to microscopy

Outline



Surface plasmon polaritons (SPP)
n Wave equation at planar air/metal interface: TM wave equation

n SPP is not a transverse wave (Ex≠0)
n SPP as propagating hybrid modes (polaritons) at planar interfaces
n Confinement length δ=1/kz: air/Agà δd=180nm @λ=450 nm; δd=2.6µm @λ=1.5µm
n Penetration depth in the metal: δm~20 nm

∂2Hy

∂z2
= k0

2ε−β2( )Hy

Hy(z) =Ade
iβxe−kdz

Hy(z) =Ame
iβxekmz
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Figure 2.4. Dispersion relation of SPPs at a silver/air (gray curve) and silver/silica (black
curve) interface. Due to the damping, the wave vector of the bound SPPs approaches a finite
limit at the surface plasmon frequency.

taken from the data obtained by Johnson and Christy [Johnson and Christy,
1972]. Compared with the dispersion relation of completely undamped SPPs
depicted in Fig. 2.3, it can be seen that the bound SPPs approach now a maxi-
mum, finite wave vector at the the surface plasmon frequency ωsp of the system.
This limitation puts a lower bound both on the wavelength λsp = 2π/Re

!
β
"

of the surface plasmon and also on the amount of mode confinement perpen-
dicular to the interface, since the SPP fields in the dielectric fall off as e−|kz||z|

with kz =
#

β2 − ε2
$

ω
c

%2. Also, the quasibound, leaky part of the dispersion
relation between ωsp and ωp is now allowed, in contrast to the case of an ideal
conductor, where Re

!
β
"

= 0 in this regime (Fig. 2.3).
We finish this section by providing an example of the propagation length L

and the energy confinement (quantified by ẑ) in the dielectric. As is evident
from the dispersion relation, both show a strong dependence on frequency.
SPPs at frequencies close to ωsp exhibit large field confinement to the inter-
face and a subsequent small propagation distance due to increased damping.
Using the theoretical treatment outlined above, we see that SPPs at a silver/air
interface at λ0 = 450 nm for example have L ≈ 16 µm and ẑ ≈ 180 nm.
At λ0 ≈ 1.5 µm however, L ≈ 1080 µm and ẑ ≈ 2.6 µm. The better the
confinement, the lower the propagation length. This characteristic trade-off
between localization and loss is typical for plasmonics. We note that field-
confinement below the diffraction limit of half the wavelength in the dielectric
can be achieved close to ωsp. In the metal itself, the fields fall off over distances

n Real metals [Im(εm)≠0, β complex]

Losses: β <∞

δd > 0
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Figure 2.3. Dispersion relation of SPPs at the interface between a Drude metal with negligible
collision frequency and air (gray curves) and silica (black curves).

for z < 0. Continuity of Ey and Hx at the interface leads to the condition

A1 (k1 + k2) = 0. (2.17)

Since confinement to the surface requires Re [k1] > 0 and Re [k2] > 0, this
condition is only fulfilled if A1 = 0, so that also A2 = A1 = 0. Thus, no
surface modes exist for TE polarization. Surface plasmon polaritons only exist
for TM polarization.

We now want to examine the properties of SPPs by taking a closer look at
their dispersion relation. Fig. 2.3 shows plots of (2.14) for a metal with negli-
gible damping described by the real Drude dielectric function (1.22) for an air
(ε2 = 1) and a fused silica (ε2 = 2.25) interface. In this plot, the frequency ω is
normalized to the plasma frequency ωp, and both the real (continuous curves)
and the imaginary part (broken curves) of the wave vector β are shown. Due
to their bound nature, the SPP excitations correspond to the part of the dis-
persion curves lying to the right of the respective light lines of air and silica.
Thus, special phase-matching techniques such as grating or prism coupling are
required for their excitation via three-dimensional beams, which will be dis-
cussed in chapter 3. Radiation into the metal occurs in the transparency regime
ω > ωp as mentioned in chapter 1. Between the regime of the bound and
radiative modes, a frequency gap region with purely imaginary β prohibiting
propagation exists.

For small wave vectors corresponding to low (mid-infrared or lower) fre-
quencies, the SPP propagation constant is close to k0 at the light line, and the

n Ideal metals [Im(εm)=0, β real]

Surface plasmon: β→∞

δd → 0



SPP: light coupling

n Kretschmann configuration

Excitation Using Highly Focused Optical Beams 47

More generally, SPPs can also be excited on films in areas with random sur-
face roughness or manufactured localized scatterers. Momentum components
!kx are provided via scattering, so that the phase-matching condition

β = k sin θ ± !kx (3.3)

can be fulfilled. The efficiency of coupling can be assessed by for example
measuring the leakage radiation into a glass prism situated underneath the
metal film, which was demonstrated by Ditlbacher and co-workers for a flat
film with a small number of ridges to couple a normal-incidence beam to prop-
agating SPPs [Ditlbacher et al., 2002a]. We note that (3.3) implies that random
surface roughness also constitutes an additional loss channel for SPP propaga-
tion via coupling to radiation.

3.4 Excitation Using Highly Focused Optical Beams
As a variant of the traditional prism coupling technique described in section

3.2, a microscope objective of high numerical aperture can be used for SPP
excitation. Fig 3.9 shows a typical setup [Bouhelier and Wiederrecht, 2005].
An oil-immersion objective is brought into contact with the glass substrate (of
refractive index n) of a thin metal film via a layer of index-matched immersion
oil. The high numerical aperture of the objective ensures a large angular spread
of the focused excitation beam, including angles θ > θc greater than the critical
angle of total internal reflection at a glass/air interface.

This way, wave vectors kx = β are available for phase-matching to SPPs at
the metal/air interface at the corresponding angle θSPP = arcsin(β/nk0) > θc.
Off-axis entrance of the excitation beam into the objective can further ensure
an intensity distribution preferentially around θSPP, thus reducing the amount

Figure 3.9. Schematic of the excitation of a white-light continuum of SPPs and their observa-
tion via detection of the leakage radiation using an index-matched oil immersion lens. Reprinted
with permission from [Bouhelier and Wiederrecht, 2005]. Copyright 2005 by the Optical Soci-
ety of America.

n High N.A. microscope objective

7.3 Excitation of surface plasmon polaritons

As shown in the previous section, the SPP dispersion curve lies entirely below that
of free space light in the dielectric, such that Ø > k. Direct excitation of SPPs by
light beams is thus not possible unless special techniques to achieve phase matching
are employed. These will be discussed in this chapter.

7.3.1 Prism coupling

This coupling scheme, also known as attenuated total internal reflection, involves the
coupling of the SPPs to the evanescent electro-magnetic field that is formed upon
total internal reflection of a light beam at a surface in an optically dense medium.
Two diÆerent geometries for prism coupling are possible, see figure 179.

(b)

Figure 179: Prism coupling: (a) Kretschmann, (b) Otto configuration. [From Zayats and Smolyani-
nov, J. Opt. A: Pure Appl. Opt. 5 (2003) S16S50]

In the Kretschmann configuration, the metal film is evaporated on top of a glass
prism. The film is illuminated through the dielectric prism at an angle of incidence
greater than the angle of total internal reflection. The wavevector of light is increased
in the optically dense medium. At a certain angle µ of incidence where the in-plane
component of the photon wavevector in the prism coincides with the SPP wavevector
on an air–metal surface, resonant light tunnelling through the metal film occurs and
light is coupled to the surface polaritons:

Ø =
!

c
p

≤
prism

sin µ

Under these resonant conditions, a sharp minimum is observed in the reflectivity
from the prism interface as light can be coupled to SPPs with almost 100% e±ciency.
With the increase in the metal film thickness the e±ciency of the SPP excitation
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for z < 0. Continuity of Ey and Hx at the interface leads to the condition

A1 (k1 + k2) = 0. (2.17)

Since confinement to the surface requires Re [k1] > 0 and Re [k2] > 0, this
condition is only fulfilled if A1 = 0, so that also A2 = A1 = 0. Thus, no
surface modes exist for TE polarization. Surface plasmon polaritons only exist
for TM polarization.

We now want to examine the properties of SPPs by taking a closer look at
their dispersion relation. Fig. 2.3 shows plots of (2.14) for a metal with negli-
gible damping described by the real Drude dielectric function (1.22) for an air
(ε2 = 1) and a fused silica (ε2 = 2.25) interface. In this plot, the frequency ω is
normalized to the plasma frequency ωp, and both the real (continuous curves)
and the imaginary part (broken curves) of the wave vector β are shown. Due
to their bound nature, the SPP excitations correspond to the part of the dis-
persion curves lying to the right of the respective light lines of air and silica.
Thus, special phase-matching techniques such as grating or prism coupling are
required for their excitation via three-dimensional beams, which will be dis-
cussed in chapter 3. Radiation into the metal occurs in the transparency regime
ω > ωp as mentioned in chapter 1. Between the regime of the bound and
radiative modes, a frequency gap region with purely imaginary β prohibiting
propagation exists.

For small wave vectors corresponding to low (mid-infrared or lower) fre-
quencies, the SPP propagation constant is close to k0 at the light line, and the

β=(2π/λ) nSiO2 sin(θsp)



Refractive index sensing with SPPs

n SPR sensor: converts a « measurand » (n) to an optical « output »

β =
ω
c

εn2

ε+ n2

dλSPR
dn

=
−2ε '2

n3dε '/ dλ
~ 3000nm / RIU

Bulk sensitivity: dλSRP/dn

n SPR bio-sensor: SPR sensors with molecular biorecognition

Bioreceptor

Metal

Target ADN Antigen Streptavidin Toxin

Bioreceptor ODN Antibody Biotin Aptamer

J. Homola,
Surface 
Plasmon 
Resonance 
Based 
Sensors, 
Springer 2006

Index change due to binding

Δnb = Δn e
−2d/d − e−2(d+b)/d( )

e−2z/d

z=d

z=d+b

Svedendahl, 
NanoLett 2009



nSRP for sensing label-free molecular interactions in real-time
nApplications in life science, electrochemistry, food & environment,…
nNearly every SPR sensor operates in Kretschmann configuration
n Interaction between free analyte molecules in solution and
immobilized probe molecules linked to the surface (antibodies)
nComercially available sensors

SPR bio-sensors



n Introduction to Nanophotonics

n Plasmonic devices

q Surface plasmons (SPP): fundamentals & sensing
q Localized plasmons (LSP): fundamentals & sensing
q Applications to microscopy

n Dielectric waveguide-based devices 
q Photonic crystal slabs: fundamentals & sensing
q Applications to microscopy
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Localized surface plasmons (LSP)

p = 4πR3 ε−εd
ε+ 2εd

ε0εd

E0

n The nanoparticle can be considered as a dipole: the negative charges are
displaced from the positive ones

n Metallic nano-sphere placed in E-field: quasi-static approximation

∇2φ = 0,

E = −


∇φ

Electric polarizability of a sphere:

ε = ε’ (ω)+i ε’’(ω) = 
dielectric const. of 
the metal particle

εd = dielectric 
const. 
of the medium

α = 4πR3 ε−εd
ε+ 2εd

Re ε(ω)[ ] = −2εd

n Resonance condition (Fröhlich condition):
Ag



LSP: size effects

n Dependence on nanoparticule size

76 Localized Surface Plasmons
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Figure 5.5. Linewidth of plasmon resonances of gold (a) and silver (b) nanospheres measured
using dark-field microscopy, compared with predictions from Mie theory [Sönnichsen et al.,
2002a]. Copyright 2002, Institute of Physics.

ing of fluorescence of molecules in the vicinity of the metal nanostructures are
to be avoided. In this case, the radiative decay pathway should dominate. In
order to achieve this, Sönnichsen and co-workers performed a study aimed at
maximizing the radiative contribution T1,r to the total decay time over the non-
radiative contribution T1,nr in gold nanorods of different aspect ratios [Sön-
nichsen et al., 2002b]. This corresponds to the maximization of the quantum
efficiency η for resonant light scattering, given by

η = T −1
1,r

T −1
1

= T −1
1,r

T −1
1,r + T −1

1,nr

. (5.22)

In this study, the decay time of nanorods approached a limiting value T2 ≈
18 fs for a rod aspect ratio of 3:1, which is significantly larger than the dephas-
ing time of gold nanospheres of similar volume (see Fig. 5.5). This is mainly
due to a decrease in non-radiative damping caused by the change from the
spherical to the spheroidal geometry: the long-axis mode shifts towards lower
energies, thus limiting the influence of interband transitions.

We now turn the attention to the regime of very small metallic particles. For
gold and silver particles of radius a < 10 nm, an additional damping process,
loosely termed chemical interface damping, must be considered. Here, the rate
of dephasing of the coherent oscillation is increased due to elastic scattering at
the particle surface, since the size of the particle is substantially smaller than
the electron mean free path (of the order of 30-50 nm). This could explain the
observed decrease in decay time for small silver particles presented in Fig. 5.5.
Empirically, the associated broadening of the experimentally observed plas-
mon linewidth "obs can be modeled via [Kreibig and Vollmer, 1995]

"obs (R) = "0 + AvF

R
. (5.23)

α = 4πR3 ε−εd
ε+ 2εd

Quasi-static: : no dependence on R

Mie theory: beyond quasi-staticà retardation effects
Expansion in power series of x=πR/λ

Au Ag



12.3 Surface plasmons in nano-optics 405
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Figure 12.19 Plots of the scattering cross-section of spherical gold and silver
particles in different environments normalized by a6, with a denoting the particle
radius. Solid line: vacuum (n = 1). Dashed line: water (n = 1.33). Dash-dotted
line: glass (n = 1.5).

with k being the wavevector in the surrounding medium. Notice that the polariz-
ability (12.48) violates the optical theorem in the dipole limit, i.e. scattering is not
accounted for. This inconsistency can be corrected by allowing the particle to in-
teract with itself (radiation reaction). As discussed in Problem 8.5, the inclusion of
radiation reaction introduces an additional term to (12.48). See also Problem 15.4.

Figure 12.19 shows plots of the normalized scattering cross-section of gold and
silver particles in different media. Note that the resonance for the silver particles
is in the ultraviolet spectral range while for gold the maximum scattering occurs
around 530 nm. A redshift of the resonance is observed if the dielectric constant of
the environment is increased.

The power removed from the incident beam due to the presence of a particle
is not only due to scattering but also due to absorption. The sum of absorption
and scattering is called extinction. Therefore, we also need to calculate the power
that is dissipated inside the particle. Using Poynting’s theorem we know that the
power dissipated by a point dipole is determined as Pabs = (ω/2) Im

!
µ · E∗

0

"
.

Using µ = ε2αE0, with ε2 being real, and the expression for the intensity of the
exciting plane wave in the surrounding medium, we find for the absortion cross-
section

σabs = k
ε0

Im [α(ω)] . (12.50)

LSP: light scattering & absorption

n Scattering and absorption cross sections

σscatt =
8π
3
k4R6 ε−εd

ε+ 2εd

2

σabs = 4πkR
3 Im ε−εd

ε+ 2εd

%

&
'

(

)
*

dλLSPR
dn

=
2ε '

ndε '/ dλ
~ 200nm / RIU

Bulk sensitivity: dλLSRP/dn

nBulk sensitivity of LSPR (200 nm/RIU): 10 times smaller than SPR (3000 nm/RIU)
n… But sensing performance is similar due to small analyte thickness
ratioà ratio b/ld larger in LSPR

n LSPR bio-sensors

glass

air

water



Experimental measurement of particle plasmons

Scanning near-field microscopy(SNOM)

Total internal reflection microscopy(TIRM)Dark-field microscopy in reflection

Dark-field microscopy in transmission

SNOM images gold nanodisks

SEM image

633 nm

550 nm

measurement

Experimental measurements of LSP particle plasmons

92 8. Particle plasmon damping

8.4 Gold nanorods

It is well known that the particle shape has a strong influence on particle plasmons.
Chemically produced nanorods are an ideal system to study this influence. The advantage
over lithographically produced “nanowires” is their smooth surface and monocrystallinity.
Also, the production method yields very inhomogeneous ensembles with many different
aspect ratios, i.e. ratio of length to width. For ensemble measurements this poses a
problem; for single particle measurements, however, this is an advantage as the effect of
the shape within only one sample can be easily studied . In addition, presently great
interest in the optical properties of such nanorods exists because the chemical production
method for nanorods is relatively new.

The experiments presented in this section shows very interesting and surprising effects,
namely extremely long dephasing times and at the same time large scattering efficiencies,
which not only allow to deduce fundamental properties of the plasmon dephasing process
but also makes them very promising candidates for optical applications.
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Fig. 8.10: a) Dark-field microscope setup with 100× oil im-
mersion objective with adjustable aperture b) comparison of
ensemble and single particle spectra c) true color dark-field
photograph of a sample of nanorods.

single nanorods presented in
this section are obtained with
basically the same configura-
tion of the dark-field setup
used to measure gold and sil-
ver nanospheres. It is fur-
ther optimized by using a
high N.A. oil immersion mi-
croscope objective with an
adjustable aperture.
This allows the abandonment
of the top cover slip which fur-
ther improves the dark-field
contrast and collection effi-
ciency (Fig. 8.10 a).
An example of a true-color
photograph taken with the
microscope setup is shown in
Fig. 8.10 c. It is quite an ac-
curate reproduction of the in-
tensity and contrast observ-
able with the naked eye through the microscope eye-piece. Already from the many
different colors of the nanorods in this picture it is clear that nanorods have a much
larger inhomogeneous broadening in the spectral positions of their plasmon resonances
than nanospheres. This is confirmed by looking at an ensemble extinction spectrum in
comparison to a single particle spectrum (Fig. 8.10 b). The linewidth of the single par-
ticle spectrum is only a small fraction of the ensemble linewidth which highlights the
importance of single particle spectroscopy.

Single particle spectroscopy gives another very interesting possibility: to change the po-

n Dark field microscopy (transmission)Experimental measurement of particle plasmons

Scanning near-field microscopy(SNOM)

Total internal reflection microscopy(TIRM)Dark-field microscopy in reflection

Dark-field microscopy in transmission

SNOM images gold nanodisks

SEM image

633 nm

550 nm

measurement

Experimental measurement of particle plasmons

Scanning near-field microscopy(SNOM)

Total internal reflection microscopy(TIRM)Dark-field microscopy in reflection

Dark-field microscopy in transmission

SNOM images gold nanodisks

SEM image

633 nm

550 nm

measurement

n Total internal reflection microscopy (TIRM)



nPeriodic array of gold nanoantennas
nDetection of Streptavidin 0.32 nM (Thiol chemistry)
nDetection of Cancer Markers at 10 fM
n The system offers parallel and real-time detection (PDMS Chamber)

n Latest advances in plasmonics, nanofabrication, microfluidics, and surface
chemistry

State of the art LSPR bio-sensors

LSPR Chip for Parallel, Rapid, and Sensitive Detection of Cancer 
Markers in Serum
Acimovic et al. Nano Lett. 2014, 14, 2636−2641
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n Dielectric waveguide-based devices 
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q Applications to microscopy
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nFlat silver thin films
nDetection of cell membrane proteins
n5-6 fold fluorescence enhancement

n Surface Plasmon Mediated Fluorescence Microscopy (SPMFM)

1. SPR enhanced TIRM

Abstract • Introduction • Technology

Abstract: 
Total Internal Reflection Fluorescence
microscopy (TIRFM) is a powerful technique
for imaging dynamic membrane events in
living cells.
However the information gained from TIRFM may be limited by
the intensity of the florescence signal and by background noise
emanating from the inner part of the cell. Here we describe how
Surface Plasmon Mediated Fluorescence Microscopy (SPMFM) can
enhance TIRFM by increasing the fluorescence signal 5-6 fold and
by reducing background noise dramatically. The imaging
configuration is that for TIRFM except that the coverglass is
coated on one side with a nanometre film of silver. For SPMFM
(as in TIRFM), a high numerical aperture (N.A.) objective is
essential for achieving required illumination angles

Introduction
TIRFM is used widely to study dynamic events close to the
membrane of living cells. As with all fluorescence imaging
techniques, information may be limited by the intensity of the
fluorescence signal and /or background noise.  

In TIRFM a laser beam passes through a high numerical aperture
(N.A.) objective and undergoes total internal reflection when
reflected from a high-refractive medium (e.g., glass) into a low-
refractive medium (e.g. cell/water). By using a high N.A. objective,
the laser beam can leave the front optical plane of the objective at
a supercritical angle to result in total internal reflection. This
produces an electromagnetic evanescent wave which penetrates
the cell membrane adjacent to the coverglass and excites
fluorophores within an ultra thin optical section of ~100 nm,
thereby reducing background noise from out-of-focus fluorescence.
However, because of a partial loss of light confinement due to
light scattering in the cell, excited fluorophores in the inner part of
the cell may contribute to background noise and compromise
sensitivity. Here we describe how the fluorescence signal in TIRFM
can be enhanced, and the background noise simultaneously
reduced, with a new technique known as Surface Plasmon-
Mediated Fluorescence Microscopy (SPMFM)1.

Technology
Surface plasmons are oscillations of free electrons at the surface
of a metal film, which propagate along the surface creating an
associated evanescent electromagnetic field. Surface plasmons
cannot be excited directly with incident light from the same side.
However it is possible to excite surface plasmons propagating on
the opposite side efficiently with plane polarized light. To achieve
this, light must be directed at the metal from the medium with
the higher refractive index and at a precise angle (the surface
plasmon angle). Strong coupling occurs when the phase velocity
of the plane polarised light matches that of the surface plasmon
(the Kretschmann-Raether configuration). Surface plasmon
excitation is associated with a sharp decrease in the reflected
light, a phenomenon commonly used in Surface Plasmon
Resonance (SPR) biosensors. The evanescent electromagnetic field
associated with the surface plasmon on the sample side is very

similar to that created in TIRFM. It has the same penetration depth
for the same incident angle. However, the intensity of this field can
be much greater in the presence of a metallic thin film when
excited at the correct angle. In the case of a 40 nm-thick silver thin
film excited at 532 nm, intensity is increased 13 fold.  Fluorophores
near the metallic surface consequently receive much more light. 

The metallic thin film also changes fluorophore emission
dramatically and, hence, the ability to detect emitted photons.
Collection efficiency varies with fluorophore-metal distance. For
very short distances (<10 nm), fluorescence is quenched. For larger
distances (>150 nm), most of the emitted fluorescence is reflected
by the metal (>90%). The detection efficiency is high for
intermediate distances only (10-50 nm) and can reach values as
high as 50 % of the whole fluorescence emission (for silver thin
film). The mechanism is similar to that for excitation; near-field
components of the fluorophore emission couple to the surface
plasmon to be converted to light on the glass side of the metal
film.  The molecular detection efficiency at large distances is,
therefore, low and is useful in reducing background fluorescent
noise from the inner part of the cell. The presence of the metallic
thin film acts as a strong distance-dependent filter at the detection
level, effectively selecting fluorophores at the correct distance for
live membrane observation. Indeed, the basal membrane cell is
estimated to lie within this range. The quenching of fluorescence
at very short distances is also an advantage as it reduces noise from
fluorescent molecules adhering to the glass surface. 

When comparing the overall yield in suface plasmon-enhanced
TIRFM compared with standard TIRFM, SPMFM provides a 5-6 fold
signal at a fluorophore surface distance of 20 nm in the case of a
45 nm thick silver thin film (for isotropically distributed flurophores
with a typical fluorescence yield).

Figure 1: SPMFM on a standard objective-based TIRF microscope.
The excitation laser beam passes through a beam expander (lenses L1 and
L2). Light is then directed (mirror M1) and focused (lens L3) on the back
focal plane (BFP) of a Nikon Eclipse Ti inverted microscope. The mirror and
focusing lens are mounted on a computer controlled micro-translation
stage to tune the excitation beam incident angle. A sensitive EMCCD
camera is used for fluorescence detection. 

The incident p-polarized light reaches the sample plane with an adjustable
angle (insert image). When this angle is equal to the surface plasmon
angle, an intense evanescent field is created on the sample side. 

Applications • Conclusion • Acknowledgements

Copyright © Nikon Corporation. All Rights Reserved. 

Figure 2: HEK cells transfected
with mCherry on silver thin
film (upper) and on a
standard glass slide (lower) at
a subcritical excitation angle
(left) and at a supercritical
angle corresponding to
surface plasmon excitation
of the silver (right). 

Applications
SPMFM can be used to enhance the sensitivity of TIRFM applications
(such as the observation of endo- and exocytosis, protein dynamics,
cell-substrate interactions and signalling events). Figure 2 shows
images of live Human Embryonic Kidney (HEK) cells transfected with
mCherry (excitation at 530 nm; emission 580 nm). The images
compare silver-coated glass (upper) and a standard glass slide (lower)
using epi-fluorescence imaging at a subcritical incident angle (left)
and a supercritical angle for surface plasmon excitation (right).

All images were captured under identical experimental conditions
(exposure time, gain, laser power etc.) and no brightness or
contrast correction was applied. The epi-fluorescence image with a
silver thin film (top left) is darker than glass alone (lower left)
because of low light transmission through the film. The SPMFM
image appears very bright when the surface plasmon angle is
achieved. This provides a straightforward way of adjusting and
optimising the excitation light beam (difficult in standard TIRFM).
The SPMFM image has clearly reduced background noise with
high lateral resolution. 

Conclusion:
SPMFM is a powerful technique with which to obtain highly
sensitive, real time images of membrane events in living cells.
The fluorescence signal is enhanced and background noise reduced
dramatically in SPMFM compared with standard TIRFM. 

Acknowledgements:
The authors would like to deeply acknowledge Yannick Goulam,
Alexandre Roland, Viviane Devauges and Sandrine Lévêque-Fort
for their decisive contribution in the results presented in this note. 

Endnote: 
The authors welcome email enquiries for metal coated slides for
anyone wishing to try this new imaging approach. 

Nikon note: http://www.nikon.com/products/microscope-solutions/bioscience-
applications/application-notes/pdf/nikon_note_12_lr.pdf



nFRET using molecule-SPP
nFluorescence lifetime can be mapped into
distance to metallic film with nm resolution
nLarge localization range: 100 nm
nProfiling the basal lipid membrane of living cells

n Metal induced energy transfer for live cell nanoscopy

2. Living cell microscopy with increased axial resolution

Metal-induced energy transfer for live
cell nanoscopy
Alexey I. Chizhik1*, Jan Rother2, Ingo Gregor1, Andreas Janshoff2 and Jörg Enderlein1*

The discovery of Förster resonance energy transfer (FRET)1 has
revolutionized our ability to measure inter- and intramolecular
distances on the nanometre scale using fluorescence imaging.
The phenomenon is based on electromagnetic-field-mediated
energy transfer from an optically excited donor to an acceptor.
We replace the acceptor molecule with a metallic film and use
the measured energy transfer efficiency from donor molecules
to metal surface plasmons2 to accurately deduce the distance
between the molecules and metal. Like FRET, this makes it
possible to localize emitters with nanometre accuracy, but the
distance range over which efficient energy transfer takes
place is an order of magnitude larger than for conventional
FRET. This creates a new way to localize fluorescent entities
on a molecular scale, over a distance range of more than
100 nm. We demonstrate the power of this method by profiling
the basal lipid membrane of living cells.

In 1948, Theodor Förster published his first paper1, in which he
described the mechanism of resonant energy transfer (later named
after him) between a fluorescent donor molecule and an absorbing
acceptor molecule. He deduced that the transfer efficiency depends
on the sixth power of the distance between donor and acceptor. This
strong dependence between transfer efficiency and distance made
Förster resonant energy transfer (FRET) one of the most powerful
fluorescence-based methods in biophysical and physicochemical
research for measuring distances on a molecular scale. Although
recent years have seen a burst of new super-resolution methods in
fluorescence microscopy3–6, their resolving power is typically still
one order of magnitude less than that achievable with FRET. A
limitation of FRET is that the distance range for which it is appli-
cable is typically limited to up to !10 nm. Another complication
is the nontrivial dependence of the FRET efficiency on the mutual
orientations of donor and acceptor molecules, which makes a quan-
titative conversion of FRET efficiency into accurate distance challen-
ging as soon as the donor and acceptor molecules do not rotate
freely and rapidly (compared to the fluorescence lifetime).

It has long been known that placing a fluorescent molecule in the
vicinity of a metal quenches its fluorescence emission and decreases
its fluorescence lifetime. This was first predicted by Edward Purcell
in a seminal short note in 1946 (ref. 7). From a physics point of view,
the mechanism behind this phenomenon is similar to that of FRET:
energy from the excited molecule is transferred, via electromagnetic
coupling, into plasmons of the metal, where energy is either dissi-
pated or re-radiated as light. This fluorophore–metal interaction
was extensively studied in the 1970s and 1980s (ref. 2), and a quan-
titative theory developed on the basis of semiclassical quantum
optics8,9. The achieved quantitative agreement between experimen-
tal measurement and theoretical prediction was excellent.

Here, we show that the metal-induced energy transfer (MIET)
can be used to localize fluorescent molecules along one dimension
with nanometre accuracy. A first proof-of-principle study was

given in ref. 10, but the general idea has found little attention to
date. The core idea is that the MIET accelerates the return of
excited fluorescent molecules to their ground state, which manifests
itself as a shortening of their fluorescence lifetime11–13. Owing to the
fact that the energy transfer rate is dependent on the distance of a
molecule from the metal layer, the fluorescence lifetime can be
directly converted into a distance value (Fig. 1a). The theoretical
basis for the success of this conversion is the perfect quantitative
understanding of MIET12,14. It is important to emphasize that the
energy transfer from the molecule to the metal is dominated by
the interaction of the molecule’s near-field with the metal and is
thus a thoroughly near-field effect, similar to FRET. However, due
to the planar geometry of the metal film, which acts as the acceptor,
the distance dependency of the energy transfer efficiency is much
weaker than the sixth power of the distance, which leads to a mono-
tonous relation between lifetime and distance over a size range
between zero and 100–200 nm above the surface.

We demonstrate the power of MIET by mapping the basal mem-
brane of living cells with nanometre accuracy. The method does not
require any hardware modification to a conventional fluorescence-
lifetime imaging microscope (FLIM)15,16, thus preserving its full
lateral resolution. As a biological model system we chose three
adherent cell lines: MDA-MB-231 human mammary gland adeno-
carcinoma cells and A549 human lung carcinoma cells, which are
able to form metastasis in vivo models, and MDCK II from
canine kidney tissue as a benign epithelial cell line. MIET imaging
also allows cell motility to be monitored using time-elapsed
imaging of the cell–substrate distance. In this way we can follow
the motion of MDA-MB-231 cells over the surface with an axial res-
olution of 3 nm. We also monitored the spread of single MDCK-II
cells by visualizing the various stages of adhesion from initial
contact to the formation of lamellipodia. Knowledge of the precise
cell–substrate distance as a function of time and location with
unprecedented resolution provides a new means with which to
quantify cellular adhesion and locomotion, as is required for a
deeper understanding of fundamental biological processes such as
cell differentiation, tumour metastasis and cell migration.

Figure 1b illustrates the experimental set-up, which comprises a
conventional confocal microscope equipped with an objective lens
(numerical aperture, 1.49), a pulsed excitation light source (20 MHz
repetition rate, 50 ps pulse width, wavelength range 450–800 nm,
1 mW average power per nm; Fianium) and a time-correlated
single-photon counting (TCSPC) module (HydraHarp, PicoQuant).
The only additional requirement for MIET, when compared to con-
ventional FLIM, is the presence of a thin semitransparent 20 nm
gold film deposited on the glass cover slide supporting the sample.
See Supplementary section ‘Experimental set-up’ for further details.

We applied MIET to map the cell–substrate distance of living
cells. The cells were stained with a membrane-staining fluorophore
(Cell Mask Deep Red plasma membrane stain, Invitrogen), which

1III. Institute of Physics, Georg August University, 37077 Göttingen, Germany, 2Institute of Physical Chemistry, University of Göttingen, Tammannstrasse 6,
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images shown in Fig. 2. The local cell–substrate distance varies
between 50 and 100 nm, whereby at the edges the cells exhibit a
higher distance from the surface. The average cell–substrate distance
is in very good agreement with the recently reported results of
Wegener and colleagues, who reported 27 nm for MDCK-II and
87 nm for NIH 3T3 fibroblasts. Differences in cell–substrate dis-
tance for different cell types can occur due to variations in adhesion
strength and in the secretion of extracellular matrix proteins by the
cells themselves. To follow the temporal dynamics of the cell–sub-
strate distance, we recorded a time-lapse series of fluorescence life-
time and intensity images at 5 min intervals. Figure 3a–d shows
every second image of the series (see Supplementary section ‘Full
series of images’ for the full series). The three-dimensional maps
allow the cell motion to be followed over time with 200 nm lateral
(as defined by the confocal microscope) and 3 nm axial resolution
(see below). Although the cell–substrate distance at each lateral pos-
ition changes over time, the average distance remains the same over
the full measurement time. We found that the tumour cells display a
larger cell–substrate distance in the periphery compared to the
centre, where they firmly adhere to the gold surface.

A comparison of the three cell lines (MDA-MB-231, A549 and
MDCK-II) with respect to the average distance of the basal mem-
brane from the gold surface, as well as example MIET images, are
provided in Fig. 4. We found excellent agreement with data obtained
previously using FLIC microscopy, which showed that MDCK-II
cells are extremely close to the surface (near 27 nm) (ref. 19).
Note that MDCK-II cells are benign epithelial cells, whereas the
other cell lines are cancerous and show a higher invasiveness/
motility. This might be inferred from the higher cell–substrate
distances of 54+8 nm (MDA-MB-231) and 67+7 nm (A549).
We also investigated the spreading behaviour of MDCK-II cells
(Supplementary section ‘Spreading of MDCK-II cells’). Generally,
the spreading process of adherent cells can be divided into three dis-
tinct temporal phases. The first phase is characterized by the for-
mation of initial bonds between adhesion molecules and
molecules of the extracellular matrix (ECM). This process of tether-
ing is followed by the second phase, which comprises the initial cell
spreading, which is driven by actin polymerization that forces the
cell surface area to increase by drawing membrane from a reservoir
of folded regions and blebs. The third phase encompasses recruit-
ment of additional plasma membrane from the internally stored
membrane buffer and extension of lamellipodia to occupy a larger
area. By using MIET imaging we could monitor the individual
phases by visualizing the cell–substrate distance as a function of
time (Supplementary Figs 5 and 6). The MIET imaging shows
that the initial contact of the cell is characterized by concentric
areas, with alternating distance from the surface. The occupied
area increases with time and, eventually, lamellipodia occur at the
border of the cells that have close contact with the gold surface.

To estimate the resolution of the recorded images, we calculated
the standard deviation of cell–substrate distance. For the acquired
series of images, the resolution of the axial distance (determined
with MIET) varies between 3 nm (at nearly 10 × 103 to 15 ×
103 counts per pixel) and 4 nm (at nearly 5 × 103 to 10 ×
103 counts per pixel), depending on the local signal-to-noise ratio.
This substantially exceeds the precision of most existing techniques
currently used for axial imaging. To prevent fast photobleaching of
the sample, we used a moderate excitation power and acquisition
time. However, as the resolution is determined by the signal-to-
noise ratio of the recorded fluorescence decay curves, a further
increase in precision can be achieved by collecting more fluor-
escence signal. A detailed analysis of the influence of photon stat-
istics on axial resolution can be found in the Supplementary
Information. With our current instrument, the MIET image acqui-
sition speed is limited by the scan speed of our TCSPC confocal
scanning microscope, which was sufficient to follow the relatively
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Figure 4 | Comparison of three cell lines. a, Average distance of basal
membrane from the gold surface for MDA-MB-231, A549 and MDCK-II cell
lines. Solid curves show the fit to the experimental data with a Gaussian
function. b–d, Exemplary three-dimensional reconstructions of the basal
membrane of the MDCK-II (b), MDA-MB-231 (c) and A549 (d) cells. Scale
bars, 20mm. For a better comparison, all images are normalized to the
same scale.
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Figure 3 | Three-dimensional reconstruction of the basal cell membrane.
Three-dimensional profiles computed from fluorescence lifetime images
recorded over 40 min. See Supplementary section ‘Full series of images’ for
full series of images.
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n Spatially resolved affinity dynamics

3. SPR Microscopy

nSPR + microscopy
nLabel free molecular interactions
n In vitro cell membrane proteins
nDrug target kinetics
nVirus & bacteria binding activity
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q Surface plasmons (SPP): Fundamentals & sensing
q Localized plasmons (LSP): Fundamentals & sensing
q Applications to microscopy

n Dielectric waveguide-based devices 
q Photonic crystal slabs: fundamentals & sensing
q Applications to microscopy
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Dielectric waveguides (WGs)
n Wave equation in a dielectric slab: both TE and TM modes
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n WG modes: confined modes in z, propagating in x,y
n Confinement length δ=1/kz: δd∼100nm in the visible
n Low absorptionà low loss: high Q resonances!

8.1 Eigenmodes of Uniform Slabs 177
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Fig. 8.2. Dispersion curves of the lowest four guided modes in a uniform slab
with refractive index 2.86, which is the spatially averaged refractive index of the
structure shown in Fig. 8.3. The ordinate is the normalized frequency, where d
denotes the thickness of the dielectric slab. The abscissa denotes the normalized
in-plane wave number. Solid lines represent the dispersion relations of modes with
σz = 1 whose in-plane components of the electric field are symmetric about the x-y
plane, whereas broken lines represent those of modes with σz = −1 whose in-plane
electric fields are antisymmetric. The dash-dotted line is referred to as the light line
and shows the dispersion relation in free space. (After [81])

From the continuity of the tangential components of the electric and magnetic
fields at z = d/2, we have
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As for the continuity of the normal component of the magnetic induction,
it does not give an independent boundary condition for this problem. The
determinant of coefficients should vanish so that these two equations, (8.7)
and (8.8), may have a non-trivial solution:2
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= 0 (TE, σz = 1). (8.9)

The solution of this equation gives the dispersion relation for the symmetric
TE modes. The dispersion curve consists of an infinite number of branches.
The lowest one is shown in Fig. 8.2.

For the eigenmodes to be localized on the slab, κ must be real and positive.
Thus, the limiting case is given by κ = 0. For this case, from (8.5) we have
2 σz represents the eigenvalue of %σz.

TE modes:
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Photonic crystal slabs
n Dielectric slabs with periodic variationof refractive index

2.2 Photonic crystal slabs 15

and S. John [2] addressed 3D structures, which also offer light manipulation in all spatial
directions.
As discussed in the previous section, 3D photonic crystals are technologically challenging
structures. A photonic crystal showing a less complex structure is desirable, not only for
cost reasons, but also due to simpler integration to already existing production processes.
Integrated optical circuits, for instance, are constructed, similar to the microelectronic
circuits, on flat substrates in various manufacturing steps layer by layer (bottom-up).
The integration of 3D photonic crystals, which should be additionally built up out of the
plane, represents a major challenge.

A very good compromise in terms of structure simplicity and light manipulation in all
spatial directions are photonic crystal slabs (PCSs) [49, 50]. Such hybrid crystals consist
of a dielectric layer with a higher refractive index relative to its environment, which
exhibits a periodic structure [51]. A PCS can either be a free standing slab in air called
air-bridge PCS or be realized on a substrate. The latter is mechanically more stable and
easier to fabricate.

Linear
Quadratic

Triangular

xy

z

Figure 2.4: Schematic representation of linear, quadratic and triangular photonic crystal slabs
(PCSs).

Depending on the periodicity of PCSs, these structures can be classified into groups. In
Fig. 2.4 the three most important groups, which have been treated in this study, are
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Complete band gap

• Very different behavior as compared to the reference ideal 1D system: 
no complete band gap, TE/TM splitting

• Gap maps for PhC slabs must consider both the modes below and above
the light line. Important for the design of structures with defect modes

d/a=0.4 d/a=0.4

Gap maps in 1D PhC slabs

D. Gerace and LCA, Phys. Rev. E  69, 056603 (2004)

SOI photonic crystal slabs: fabrication procedure
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n Example: 1D PhC slab

Triangular lattice with triangular holes
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Phys. Rev. B 73, 235114 (2006)

Dielectric mirror in a membrane: 1D PhC slab
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Dielectric mirror in a membrane: 1D PhC slab
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Band gap opening
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ω(k)à photonic bands

(like electrons in crystals)



Light confinement in 2D Photonic Crystal slabs

Dispersion relation: k = k(ω, q)

Defect-like 
µ-cavities 

States inside the band-
gap= band-gap 

confinement 

State-of-the-art:
Q=λ/δλFWHM>106

See, e.g., B. S. Song et al., Nat. Mater. 4, 207 (2005); E. Kuramochi et al., APL 88 041112 (2006)

Band-edge 
resonators

2D PhC-slab

vg=dω/dk=0 Slow Bloch mode= lateral 
confinement based on 

low group velocity

E

See, e.g., S. Fan, PRB 65 235112 (2002) 

Nice for sensing!

Nice for 
microscopy!



Photonic crystal nanocavity sensor

dλPhC
dn

~ λ
n
~ 500nm / RIU

Bulk sensitivity: dλPhC/dn

Figure of merit (FoM):
dλPhC
dn

δλFWHM
~ Q
n
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[ Silicon waveguide photonic crystal structure ]

[ Photonic crystal heterostructure cavity ]

[ Photonic-crystal sensor device ]

Micrograph of photonic crystal heterostructure cavity formed 
by etching high- aspect-ratio pillars into an amorphous silicon 
layer deposited on silica. An outer “wall” region around the 
square core of the photonic crystal has an almost impercepti-
bly increased lattice constant outwards from the core.

Micrograph of area of silicon waveguide photonic crystal 
structure with a cavity being formed forming a single hole of 
reduced diameter in the row of holes between the input and 
output photonic-wire waveguides.

A conceptual diagram of a photonic-crystal sensor device 
taken with permission from the website for the P3SENS 
project. The input light is split up and directed along a number 
of parallel waveguide channels, each of which is coupled 
laterally to a succession of high Q-factor resonant cavities. 
The resonant behavior of each cavity is modified when the 
molecules of interest (orange diamonds) bind specifically 
on to the probe molecules (black Ys). The diamonds might 
represent a specific antigen in the sample fluid, while the 
black Ys would refer to the relevant antibody for that antigen. 

periodicity of the photonic crystal structure implies that it will 
exhibit stop-band behavior. The exact spectral positions of the 
stop-band edges depend strongly on the refractive indices of the 
materials from which the photonic crystal structure is realized. 

Close to photonic band-edges, phenomena such as “slow” 
propagation (i.e., reduced group velocity) and strong disper-
sion effects, such as enhanced beam-steering, may occur. A 
solid thin membrane waveguide that is perforated by a regular 
periodic array of holes has emerged as the starting point for 
remarkably high quality factor (Q-factor) resonances, which 
are obtained in a structure that is routinely called a microcav-
ity or even a nano-cavity.

Almost any localized deformation of a perfectly regular 
lattice has the nature of a resonant cavity. The quality-factor 
values of the cavity resonances and their frequencies depend 
strongly on the detailed geometry of the deformation. In a 
hole-based photonic-crystal structure, one simple and direct 
way to form a microcavity is to remove—i.e., to fill in—one 
or more of the holes forming the lattice. 

This approach certainly works, and it has been explored by 
a number of researchers. However, strategies that involve com-
binations of removing holes and moving others have turned 
out to be more desirable, producing remarkably sharp reso-
nances with corresponding Q-factor values of several million. 
Such cavities can be regarded as combining a very short section 
of channel waveguide and two very-high-reflectivity mirrors. 
The behavior is like that of a Fabry-Pérot cavity in which the 
mirrors are about 0.1 percent away from perfect reflection.

In 2004, Chow and co-workers at Agilent Labs in Califor-
nia published an article that described their use of a microcav-
ity configuration within a planar photonic crystal environment 
specifically targeted at biosensing. The title of the article 
stresses a key aspect of the photonic-crystal approach—the 
very localized nature of the sensing element.

The top figure to the left shows a top view of the planar 
photonic crystal region realized in a silicon-on-insulator (SOI) 
waveguide. The resonant microcavity was generated simply by 
reducing the diameter of one of the circular holes in the pho-
tonic crystal region between the input waveguide (toward the 
bottom of the micrograph) and the output waveguide (toward 
the top of the micrograph). The cavity resonance was observed 
as a wavelength-dependent transmission peak that changed 
due to modifications of the fluid environment pervading the 
photonic crystal microcavity. 

Matching fluids with refractive indices around 1.45 were used 
to fill the holes and upper cladding region of a relatively large 
sample area. Resonances with a Q-factor of 400 enabled detec-
tion of a change of Dn = 0.002 in the refractive index of the fluid 
via a shift in the peak wavelength of 0.4 nm, at a wavelength of 
1,500 nm. When used as a sensor, the index change could be 
produced by biological material in the fluid, and the fluid could 
be delivered and removed at will using microfluidic techniques. 

The above sensitivity estimate relies on an accurate plot of 
the full peak shape as it changes under the influence of the 

E. Chow et al.  Opt. Lett. 29(10),1093-5 (2004).

T. Xu et al. Opt. Express 18(6), 5420-5 (2010).

Y: antibody

u: antigen

✔ Low loss + PhC engineering:
high Q resonances (Q>106)
✔ FoMPhC~105, 10000× FoMSPR

✔ Compactness, scallability,
small footprint

☹ Input light coupling

☹ Stability

a~λ/n~ 300 nm

(@ 1500 nm)



n Introduction to Nanophotonics

n Plasmonic devices
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(*) L. C. Estrada, O. E. Martinez, M. Brunstein, S. Bouchoule, L. Le-Gratiet, A. Talneau, I. Sagnes, P. Monnier, J. A. Levenson, and A. M. 
Yacomotti, “Small volume excitation and enhancement of dye fluorescence on a 2D photonic crystal surface”, Opt. Express 18, 3693-3699 
(2010). 

q Photonic Crystal modes: light normally incident is
coupled into a waveguided mode through diffraction.
Direct transmission is weak à only the evanescent field
penetrates into the fluorescent medium

Photonic Crystals as substrates for fluorescence microscopy

q The evanescent field is enhanced resonantly: the excitation
beam must be in-resonance with the photonic mode
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Compatibility of cell culture with PhC surfaces demonstrated!! 

634 µm 155 µm

Happy cell 
inside PhC
coupling 
region

Happy cell

Unhappy cell

Cultured cells on a SiN PhC surface (@Gratton’s group, UCI) 

n Culture of breast cancer cells expressing m-Cherry

Transmission confocal images (excitation @ 514.5 nm, 20X Obj.):

Happy 
cell



Conclusions

n SPR sensing: good compromise (high sensitivity, easy light coupling,
simple structure –metallic coatings)à commercially available

Room for development in microscopy and bio-imaging

n State of the art: functionalization, microfluidic circuitry, nanofabrication

n LSPR: similar to SPR with tighter confinement + better performance for
parallel sensing, small molecules and low concentrations
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[ Silicon waveguide photonic crystal structure ]

[ Photonic crystal heterostructure cavity ]

[ Photonic-crystal sensor device ]

Micrograph of photonic crystal heterostructure cavity formed 
by etching high- aspect-ratio pillars into an amorphous silicon 
layer deposited on silica. An outer “wall” region around the 
square core of the photonic crystal has an almost impercepti-
bly increased lattice constant outwards from the core.

Micrograph of area of silicon waveguide photonic crystal 
structure with a cavity being formed forming a single hole of 
reduced diameter in the row of holes between the input and 
output photonic-wire waveguides.

A conceptual diagram of a photonic-crystal sensor device 
taken with permission from the website for the P3SENS 
project. The input light is split up and directed along a number 
of parallel waveguide channels, each of which is coupled 
laterally to a succession of high Q-factor resonant cavities. 
The resonant behavior of each cavity is modified when the 
molecules of interest (orange diamonds) bind specifically 
on to the probe molecules (black Ys). The diamonds might 
represent a specific antigen in the sample fluid, while the 
black Ys would refer to the relevant antibody for that antigen. 

periodicity of the photonic crystal structure implies that it will 
exhibit stop-band behavior. The exact spectral positions of the 
stop-band edges depend strongly on the refractive indices of the 
materials from which the photonic crystal structure is realized. 

Close to photonic band-edges, phenomena such as “slow” 
propagation (i.e., reduced group velocity) and strong disper-
sion effects, such as enhanced beam-steering, may occur. A 
solid thin membrane waveguide that is perforated by a regular 
periodic array of holes has emerged as the starting point for 
remarkably high quality factor (Q-factor) resonances, which 
are obtained in a structure that is routinely called a microcav-
ity or even a nano-cavity.

Almost any localized deformation of a perfectly regular 
lattice has the nature of a resonant cavity. The quality-factor 
values of the cavity resonances and their frequencies depend 
strongly on the detailed geometry of the deformation. In a 
hole-based photonic-crystal structure, one simple and direct 
way to form a microcavity is to remove—i.e., to fill in—one 
or more of the holes forming the lattice. 

This approach certainly works, and it has been explored by 
a number of researchers. However, strategies that involve com-
binations of removing holes and moving others have turned 
out to be more desirable, producing remarkably sharp reso-
nances with corresponding Q-factor values of several million. 
Such cavities can be regarded as combining a very short section 
of channel waveguide and two very-high-reflectivity mirrors. 
The behavior is like that of a Fabry-Pérot cavity in which the 
mirrors are about 0.1 percent away from perfect reflection.

In 2004, Chow and co-workers at Agilent Labs in Califor-
nia published an article that described their use of a microcav-
ity configuration within a planar photonic crystal environment 
specifically targeted at biosensing. The title of the article 
stresses a key aspect of the photonic-crystal approach—the 
very localized nature of the sensing element.

The top figure to the left shows a top view of the planar 
photonic crystal region realized in a silicon-on-insulator (SOI) 
waveguide. The resonant microcavity was generated simply by 
reducing the diameter of one of the circular holes in the pho-
tonic crystal region between the input waveguide (toward the 
bottom of the micrograph) and the output waveguide (toward 
the top of the micrograph). The cavity resonance was observed 
as a wavelength-dependent transmission peak that changed 
due to modifications of the fluid environment pervading the 
photonic crystal microcavity. 

Matching fluids with refractive indices around 1.45 were used 
to fill the holes and upper cladding region of a relatively large 
sample area. Resonances with a Q-factor of 400 enabled detec-
tion of a change of Dn = 0.002 in the refractive index of the fluid 
via a shift in the peak wavelength of 0.4 nm, at a wavelength of 
1,500 nm. When used as a sensor, the index change could be 
produced by biological material in the fluid, and the fluid could 
be delivered and removed at will using microfluidic techniques. 

The above sensitivity estimate relies on an accurate plot of 
the full peak shape as it changes under the influence of the 

E. Chow et al.  Opt. Lett. 29(10),1093-5 (2004).

T. Xu et al. Opt. Express 18(6), 5420-5 (2010).

n Photonic crystals: narrower resonances, better figure of merit

n Metallic nanostructures à high field confinement + high index sensitivity
à optical sensing: real time, label free
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