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Fluorescence spectroscopy is widely used in biological research. Until recently, essentially
all fluorescence experiments were performed using optical energy which has radiated to
the far-field. By far-field we mean at least several wavelengths from the fluorophore, but
propagating far-field radiation is usually detected at larger macroscopic distances from
the sample. In recent years there has been a growing interest in the interactions of
fluorophores with metallic surfaces or particles. Near-field interactions are those occurring
within a wavelength distance of an excited fluorophore. The spectral properties of
fluorophores can be dramatically altered by near-field interactions with the electron
clouds present in metals. These interactions modify the emission in ways not seen in
classical fluorescence experiments. In this review we provide an intuitive description of
the complex physics of plasmons and near-field interactions. Additionally, we summarize
the recent work on metal-fluorophore interactions and suggest how these effects will
result in new classes of experimental procedures, novel probes, bioassays and devices.

Introduction

During the past several years we have
studied the effects of metallic particles
and surfaces with fluorophores. These
studies have revealed a number of valuable
effects, such as increases in photosta-
bility and fluorescence resonance energy
transfer (FRET) near metal particles and
directional emission near planar metallic
surfaces. We believe these effects will result
in a new generation of methods, probes
and devices for the use of fluorescence in
the biosciences. Because of the importance
of these phenomena we have attempted
to provide a summary of these effects to
stimulate further research on this topic.
A second reason for writing this review is
the complexity of fluorophore-metal in-
teractions. These effects can be described
using classical electrodynamic theory, but
theory reformulated for sub-wavelength
dimensions and near-field interactions.
In classical fluorescence, all emission is
detected as radiation propagating to the
far-field. In contrast to far-field optics,
the near-field effects are the results less
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known and less intuitive than the far-field
effects. Coming from the standpoint of
classical fluorescence it can be difficult to
understand the terminology and complex
physics of surface plasmons and near-
field optics. To provide an overview of
fluorophore—metal interactions we have
summarized the essential features of the
theory and experimental results. This ar-
ticle is intended to provide an overview
of fluorophore-metal interactions, rather
than an exhaustive review, and we

apologize to authors for not citing all their
publications.

Jablonski diagram for
fluorophore-metal interactions

At present, almost all uses of fluorescence
depend on the spontaneous emission of
photons occurring nearly isotropically in
all directions (Fig. 1). Since the emission
is mostly isotropic the spectral observ-
ables are usually not dependent on the
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Fig. 1 Free-space emission and Jablonski diagram.
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observation direction and collection op-
tics for the measurements. Information
about the sample is obtained mostly from
changes in the non-radiative decay rates
k.., such as collisions of fluorophores with
quenchers k, and fluorescence resonance
energy transfer kr (FRET). Changes in
k, or k; result in changes in intensity
and lifetime, both changing in the same
direction. The brightness and lifetime of
a fluorophore also depends on the ra-
diative decay rate I" of the fluorophore.
However, the rates of spontaneous emis-
sion of fluorophores are determined by
their extinction coefficients' and are not
significantly changed in most experi-
ments.

The novel properties of fluorophore—
metal interactions can be understood
from Fig. 2. Metal colloids can interact
strongly with incident light. The optical
cross-sections or extinction coefficients of
metal colloids can be 10° larger than a
fluorophore,>* which is illustrated by the
incident electric field lines bending into
the colloid. While the high optical cross-
sections make the metal colloids valuable
as scattering probes, the scattered light
from both the colloid and the sample
occur at the same wavelength as the in-
cident light. Because of their large opti-
cal cross-sections, metal colloids can be
seen using wide-field optics in samples
where the observation volume is defined
by the optics and near the diffraction
limit.*® These large optical cross-sections
make metallic colloids valuable probes
for biological imaging and sensing.®” The
statements that metal colloids are orders
of magnitude brighter than a typical flu-
orophore is true but their observation

requires spatially-limited observation vol-
umes. When the comparison of colloids
and fluorophores is made on the basis
of optical density, the fluorescence and
scattering intensities are approximately
equal.® Thus, advantages of high optical
cross-sections for light scattering by col-
loids is partially offset by the absence of
a wavelength shift as occurs with fluores-
cence.

The use of fluorophores near metal
particles offers the opportunity to utilize
the larger effective extinction coefficient
of metal particles and the Stokes’ shift
of fluorescence. When exposed to incident
light the electric fields are concentrated
around the colloid. These local fields
can result in increased excitation of fluo-
rophores near the metals (Fig. 2), which
takes advantage of the large extinction
coefficients of the colloids. However, there
is another potentially more important
effect. An excited-state fluorophore can
interact with a nearby metal colloid to
create plasmons. The fluorophore-induced
plasmons can radiate to the far-field and
create observable emission.’ This emission
occurs rapidly which is the origin of the de-
creased lifetimes. The emission retains the
same spectrum of the fluorophore, so it is
perhaps best to think of the fluorophore—
metal complex as the emitting species.

Because the emission spectra remain the
same it is often unclear which species is
emitting. Since the lifetimes are decreased,
and plasmon decay rates are rapid, typ-
ically near 50 fs,'®! it seems that the
metal is emitting. However, the emission
spectrum is the same as that of the fluo-
rophore, suggesting that the fluorophore
is the emitting species. In our opinion

Fig. 2 Interaction of a metal colloid with incident light. The lines show the direction of light
propagation. Also shown is a fluorophore in the near-field around the colloid.

it is best to think of the fluorophore—
metal complex as the emitting species.
This emission has properties of both the
fluorophore and the metal. For this reason
we refer to the emitting species as a
plasmophore or a fluoron. Both names in-
dicate the combined nature of the emitting
species.

While we believe that the emission is due
to the plasmophore, the effect of metals
can be described from the perspective
of the fluorophore. The usefulness of an
increase in the radiative decay rate can be
understood by considering the definitions
of the quantum yield (Q,) and lifetimes
(7o). The lifetime and quantum yield of a
fluorophore are given by

r
0= M
Ty = (F + knr)7l (2)

In classical fluorescence experiments the
changes in quantum yields and lifetimes
are due to changes in the non-radiative
decay rates k,, which result from changes
in a fluorophore’s environment, quenching
or FRET (Fig. 1). The values of Q, and
7, either both increase or both decrease,
but do not change in opposite direc-
tions. Unique spectral changes are possi-
ble for fluorophores near metal particles or
surfaces.'>"3 Suppose this radiative decay
rate near the metal is increased and is given
by I + I, when I, is the additional rate
due to the metal (Fig. 3). The quantum
yield Q,, and lifetime 7, near the metal
become:

0 = I'+1I' 3
"L+l +k, )
Tn'l = (F + rn'l + knr)il (4)

The physics of fluorophores interacting
with metals is a complex topic and it is not
possible to present the complete electro-
magnetic theory. There are several classic
reviews which provide summaries of the
theory and early experimental results.'*
These theories will only consider electro-
magnetic interactions of the fluorophore.
We are not considering chemical or other
effects occurring upon direct fluorophore—
metal contact. Fortunately, many of the
effects of metals on fluorescence are due to
through-space interactions. Consider an
oscillating dipole near a metallic surface
(Fig. 4). The ratio of the decay rates in the
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Fig. 3 Modified Jablonski diagram which includes metal-fluorophore interactions. The
thicker arrows represent increased rates of excitation and emission.
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Fig. 4 Fluorophore near a metallic surface.

absence (b, = 1/1,) and presence (b =1/7)
of a metal is given by

2
i=i=1+3‘17”131m(ﬁk) )
b, 7, 24k,

where ¢ is the quantum yield, n, is the
refractive index surrounding the dipole,
k, is the wavevector for frequency @ in
medium 1 surrounding the fluorophore
and Im(£Ey) is the reflective field at the
dipole. Eqn (5) can be used to calculate the
relative decay rate for dipoles parallel (||)
or perpendicular (L) to the metal surface.
These expressions are

0

b 37
b—” =1 +qumj [(1 — )R +RLJ
0 (6)
X exp [—2llk1d]lﬁ du
1

and

% 3
LI équJ‘R” exp[-21k d]E-du (7)

b, 2 I,
where R' and R' are the reflection coef-
ficients of the parallel and perpendicular
components of the fields, respectively. The
values of /; are given by [, = —i(¢; /¢, — ,uz)%
where ¢; and ¢, are the dielectric constants
surrounding the fluorophore or the second

s ®

A

medium, respectively. For a fluorophore
in front of the metal the total decay rate
is given by b = b, + 2b, Please see refs
16-18 for a complete definition of these
equations. Our purpose in describing these
equations is to gain some intuition about
enhanced fluorescence or quenching due
to metals.

From eqns (5)—(7) it is difficult to un-
derstand what factors determine whether
the system radiates or is quenched. Some
intuitive understanding is gained if we
consider the far-field. The integral is real
when sinf < 1. This real part describes
the energy radiating away from the system.
When sin6 > 1 this portion of the integral
is imaginary and describes the decaying
evanescent field in medium 1, just as a
totally internally reflective beam creates
an evanescent field in the distal medium.
These plasmons are trapped and dissi-
pate rapidly. We believe the radiating and
evanescent parts of the fields are related
to enhanced fluorescence and quenching,
respectively.””

The physics literature often uses the
term ‘wavevector matching’ to describe
when optical energy can and cannot
pass across an interface and propagate
to the far-field. Wavevector matching is
described in more detail below, but the
basic concept is continuity of the electric

fields across an interface. If the fields are
continuous the wavevectors are matched
in both media and the light can pass
through the interface. If the fields are
not continuous the wavevectors are not
matched and light cannot pass into the
medium with a lower dielectric constant.
The beam is reflected but there is an
evanescent field in the distal medium. In
eqns (6) and (7) wavevector matching is
possible when sin6 < 1, and is not possible
when sinf > 1.

Classical electrodynamic theory has
been used to calculate the radiative decay
rates of oscillating dipoles near metallic
spheres and ellipsoids.??* Fig. 5 shows the
radiative decay rates calculated for a point
dipole near a silver ellipsoid. Depending
on the distance from the surface and
dipole orientation the decay rates can
be increased or decreased. Overall, the
decay rates are increased and the effect
can be dramatic, up to 100 000-fold. Such
an increase in the radiative decay rate
should result in quantum yields near unity
and very short lifetimes [eqns (3) and
(4)]. Additionally, the shorter lifetimes
can improve photostability because the
molecules spend less time in the excited
state per excitation cycle. Additionally,
the fluorophores will be less prone to
optical saturation and can emit more
photons per second than an equivalent
fluorophore with a longer lifetime. Large
increases in the radiative decay rates have
been observed experimentally,”** which
supports the validity of the theoretical cal-
culations. While we have electrodynamic
theory describing fluorophore-metal in-
teractions there are still many questions.
For instance, plasmons on metal particles
are known to have short decay times near
50 fs.2%*” The plasmon decay times can
be changed by changing the geometry of
the particles. However, we do not know
if shorter or longer plasmon decay times
are preferred for metal-enhanced fluores-
cence. Shorter plasmon decay times may
allow more radiation prior to the loss
of energy as heat. Alternatively, a plas-
mophore may have a longer decay time
and the emission enhanced by allowing
more time to radiate.

Classes of metal-enhanced fluorescence

While all metal-fluorophore interactions
are based on the same physics, the effects
can be different based on the geometry
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Fig. 5 Radiative decay rates for a fluorophore near a metal colloid. Top: geometry of the
colloid. Bottom: relative radiative decay rate of an atomic dipole with orientation of the
moment along the y-axis and placed near a silver nanoellipsoid [¢ = —15,37 + 0,231 (A =
632.8 nm)] as a function of the atom’s position in the x = 0 plane: (a) b/c = 0.6, a/c = 0.105;
(b) b/c = 0.6, a/c = 0.046. The arrow indicates the orientation of the dipole momentum. Bar
is in the logarithmic scale. (Reprinted with permission from ref. 22. Copyright 2005, Elsevier.)

of the metal structure. Three possibilities
are shown in Fig. 6, which shows a fluo-
rophore interacting with silver particles, a
smooth metal surface and a metal surface
with a regular pattern. Metal particles can
be typically used to increase the fluores-
cence intensities. This increase occurs by
a combination of enhanced fields around
the metal and rapid and efficient plas-
mophore emission. These effects are usu-
ally called metal-enhanced fluorescence
(MEF, top), and typically result in in-
creased intensities and decreased lifetimes.

The lower left panel shows a fluo-
rophore interacting with a smooth metal
film, typically about 40 nm thick silver
or gold. In this case the fluorophore
creates plasmons which radiate at a
defined angle into the substrate. Typi-
cally the intensities and lifetimes are not
dramatically changed. We refer to this
phenomenon as surface plasmon-coupled
emission (SPCE). We use the term SPCE
because the emission spectrum is the same
as the fluorophore but the polarization
properties indicate that the plasmon is
radiating.

And finally, the lower right panel of
Fig. 6 shows a fluorophore above concen-
tric nano-rings. In this case the emission

at certain wavelengths is expected to show
well-defined beaming into the substrate,
while other wavelengths are deflected from
the normal. These effects are due to a com-
bination of interactions with a smooth

MEF
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Fig. 6 Schematic of MEF, SPCE, and PCE.

surface (middle) and with the sub-
wavelength features (left). We refer to this
more general effect as plasmon-controlled
fluorescence (PCF). At first one may ask
why use three terms to describe the same
phenomenon. We find that it is easier to
understand the diverse experiments and
the goals of the experiments by using the
terms MEF, SPCE and PCF.

Simulations of metals and
fluorophore-metal interactions

At present we do not have read-
ily available theory and programs to
describe fluorophore-metal interactions.
These theories and programs will be de-
veloped within the framework of meth-
ods currently being used to describe the
optical and electrodynamic properties of
metallic particles and surfaces. At present
these calculations are limited to three ap-
proaches: Mie theory, the discrete-dipole
approximation (DDA) and the finite-
difference time-domain (FDTD) method.
Mie theory is based on the solution
of Maxwell’s equations. The DDA and
FDTD methods are numerical methods
which describe the interactions of light
with the particles.

Mie theory and metallic particles

Mie theory does not describe fluoro-
phore-metal interactions but can be
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used to calculate the optical properties
of metal particles. Mie theory provides
an analytical solution for the extinction,
absorption and scattering properties for
spheres of any kind.***' However, Mie
theory is limited to spheres, and the exten-
sions to shells for a few other structures
are less frequently used.?**® If the metal
particles are spherical then Mie theory
provides an exact solution of their optical
properties. The extinction (ext), scattering
(sca) and absorption (abs) cross-sections
(o) of metal nanoparticles when excited
by electromagnetic radiation can be calcu-
lated by series expansions of the involved
fields into partial waves of different spher-
ical symmetries. Following the notation of
Bohren and Huffman,* the optical cross-
sections are given by:

mzz—’i (2L +1)Re{a, +b,} (8)
k| 45
o

= L) (laf +[p,[)  ©)
k| =

Oabs = Oext — Osca (10)

where @, and b, are the ‘Mie coefficients’
following from the appropriate boundary
conditions and can be described as:

_my, (mx)y;] (x) -y (mx)y, (x)

A AS R ACH I I

’

_ vy, (mx)y] (x)—my; (mx)y, (x)
V. (mx)nZ (x)—mvfl (’”x)fh (x) (12)

bL

with m = n/n,, where n denotes the
complex index of refraction of the particle
and n,, the real index of refraction of the
surrounding medium; k is the wavevector
and x = |k|R the size parameter, and
. (x) and n,(x) are Riccati-Bessel cylin-
drical functions. The prime indicates dif-
ferentiation with respect to the argument
in parentheses. The summation index L
gives the order of the partial wave, where
L =1 for a dipole and L = 2 for a
quadrapole and L = 3 for an octapole.

The coefficients a; and b; can be used to
calculate the optical cross-sections of the
particles. The cross-sections for absorp-
tion and extinction are given by:

csm:fjfg(znﬂ)(aﬁbf) (13

., =%Z(2n+l)Re(

L=1

b

+

a)’l

n

) (14)

The cross-section for absorption (C,,) can
be calculated from C, = Cys + Ciea.

The expressions for calculation of the
cross-sections are rather complex. For this
reason we use a commercially available
program, MieCalc.* Fig. 7 shows calcu-
lations of the cross-sections for two silver
particles. For the smaller particle at least
half of the total extinction is mostly due
to absorption. We interpret the absorp-
tion as oscillations for which wavevector
matching is not possible and the energy
is lost as heat. For the larger particle the
extinction is mostly due to scatter. In this
case, wavevector matching can occur at the
metal interface and the energy radiates to
the far-field. We believe that the difference
between the extinction and scattering of
the different size particles is the reason that
small metal particles often have no effect
or quench fluorescence and larger metal
particles can enhance fluorescence.”

Discrete-dipole approximation (DDA)

As the metal shapes become more com-
plex it is not practical to solve Maxwell’s

equations to obtain analytical solutions
for the optical properties. Fortunately, it is
now possible to study the electrodynam-
ics of complex systems using numerical
simulations. One widely used numerical
method is the discrete-dipole approxima-
tion (DDA). The DDA method is an iter-
ative calculation starting with some initial
charge distribution. Then the charge at
each point is allowed to interact with
all the surrounding charges. The distribu-
tion of charges is calculated interactively
until the system converges to the final
distribution. The DDA algorithm works
by replacing the solid particle (target) of
interest of volume ¥ by an array of N
point dipoles of polarizability ¢, located
at positions r,. The lattice spacing d of a
target of volume ¥V described by N dipoles
is represented as:

d:(Vv/]\’)l/3 (15)

Each dipole has an oscillating polarization
in response to both the incident wave E,,;
and the electric field due to all of the other
N — 1 dipoles in the array. The solution to
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Fig. 7 Extinction, scattering and absorption cross-section of 80 nm Ag colloid (top) and
320 nm Ag colloid (bottom) calculated using Mie theory.
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the dipole polarizations can be obtained as
the solution to a set of N coupled complex

vector equations of the form:*-’

P, zai[Eloc,i _ZAUP/J (16)

J#i

where E,.; is the electric field at position
r; due to the incident plane-wave with
amplitude E, and wavevector k and is
represented as:

Eie; = Eyexpli(k-r; — o1)] 17

and the polarizability o is related to
the dielectric constant of the target (e)
and that of the embedding medium (&)
through a factor ¢, = (¢;/¢&) according to
the following expression:*’

3d° \(e, -1
Awl= @

In eqn (16), the term —A,;P; represents the
contribution to the electric field at position
r; that is due to the dipole P, at location r;.
Each element A; is a 3 x 3 matrix defined
by:

expikr, ) | K, % (5, x P/)J“szrl‘/)
i 3 v
: |:rif2Pf -3 (r,.j PJ):|

(19)
where r; =1, — 1, and k = |k||. Defining
A; = o' helps to reduce the extinction
problem to finding the polarizations P;
that satisfy a system of N inhomogeneous
linear complex vector equations:

N
zAngj = Eloa,i (20)
j=1

Once the above equation is solved for the
unknown polarizations P;, the extinction
C., absorption C,,, and scattering cross-
sections C,, are evaluated from the optical
theorem to give:

N

Coo = 7N Im(EL,,-R) @)

k-
)

(22)

P

i

N
Cpp= 2K Z{Im[l’, o) ]2k
E| 43 3

The scattering cross-section Cy, = Coy —
C. can be directly evaluated once the
polarizations P; are computed. Exam-
ples of DDA calculations are shown in
Fig. 8. These calculations are for a sphere
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Fig. 8 Optical spectra of silver particles calculated using the DDA. For the sphere the radius
is 50 nm. The ellipse area was the same as the sphere. The axial ratio was 3 to 1. (Reprinted
with permission from ref. 36. Copyright 2003, American Chemical Society.)

or an ellipse which have the same cross-
sectional areas. In the sphere the extinc-
tion is due mostly to scattering, which is
reasonable for a 100 nm diameter metal
particle. In the ellipsoid the extinction
coefficient shifts to nearly 700 nm. As for
Mie theory, the DDA calculations provide
the values of the cross-sections, here listed
as Qg, Oa, and Qs. The absorption compo-
nent is dominant for the spherical colloid,
and the scattering component is larger and
at longer wavelengths for the elongated
particle. This suggests to us that the elon-
gated particle should be more effective
for MEF. This result agrees with our
data showing that larger particles, non-
spherical or aggregated particles are more
effective in MEF.® Similarly, aggregates
of particles or non-spherical particles are
known to be more effective for SERS.**#

In Fig. 7 and Fig. 8 we showed the use
of Mie theory or the DDA method to
calculate the cross-section of metal parti-
cles. The cross-sections are far-field optical
properties of the particles. However, fluo-
rophores undergo near-field interactions
with the particles. The near-fields can be
created by the incident light or induced
by an excited fluorophore. Mie theory
can also be used to calculate the near-
fields around metal particles induced by
far-field illumination.*~* The expressions

to calculate the near-fields appear to be
more complex and less widely used than
eqns (8)—(14), which are used to calculate
the far-field optical cross-sections. Fig. 9
shows such calculations for a silver colloid
with a radius of 100 nm. The values of Q
can be thought of as the efficiency with
which the incident field is converted to
the various fields. The near-fields can be
larger because these have distance (r) de-
pendence of 13, while the far-fields decay
as r'. The optical cross-sections in Fig. 9
show the complexity of fluorophore-metal
interactions. Which of these fields should
we consider for fluorophore-metal in-
teractions? It seems likely that metal-
enhanced excitation is dependent on the
near-fields and the far-field emission will
depend on some combination of the scat-
tering and absorption cross-sections.

The near-fields induced around colloids
by far-field illumination can also be cal-
culated using the DDA method. Fig. 10
shows DDA calculations for colloids with
far-field plane-wave illumination.’ For
the smaller 60 nm colloid (left) the electric
field is concentrated near the top and
bottom of the colloid. This result is to
be expected because the light wavelength
is larger than the colloid and the system
is in the electrostatic limit. For the small
colloid one can imagine it acting as a

This journal is © The Royal Society of Chemistry 2008
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Fig. 9 Extinction, far-field scattering, and absorption efficiency (scale on the left side)
compared with the near-field scattering efficiency (scale on the right side) for spheres with
a = 100 nm immersed in water. (Reprinted with permission from ref. 41. Copyright 1981,

American Physical Society.)

Fig. 10 Total electric field intensity near 60 nm (left) and 120 nm (right) diameter colloids
calculated by the DDA method.* The light is propagating from left to right. (Reprinted with
permission from ref. 35. Copyright 2003, American Chemical Society.)

small radiating dipole, analogous to a
fluorophore, with the light being scattered
uniformly around the vertical z-axis. For
the larger 120 nm colloid the field is not
uniform along the z-axis, but is strongest
towards the incident light. In some sense
this result is consistent with Mie theory
which predicts a non-symmetrical distri-
bution of scattered light by larger particles.
However, Mie theory predicts the light to
be scattered more strongly in the forward
direction, away from the incident source.
This difference between the location of the
near- and far-field energy reveals one of
the complexities of near-field effects. It is
difficult to understand the linkage between
the near-fields around a particle and the
far-field spatial distribution of the energy.
This linkage may be clarified as a result
of the growing interest in near-field optics
and nanophotonics.*-¢

Finite-difference time-domain (FDTD)
method

An alternative to Mie theory or the
DDA method is the finite-difference time-
domain (FDTD) method. The FDTD
method can provide the near-field and
far-field properties for objects of any size
or shape, and can even provide the time-
response of the system. In our opinion
the finite-difference time-domain (TDTD)
method is well suited for calculations
on metallic nanostructures. The FDTD
method is basically a numerical solution
of Maxwell’s equations.>** For the case of
plane-wave illumination the program cal-
culates the progression of the electric field
moving towards and interacting with the
particle. To provide the system response
the program uses time steps which are
short compared to the light frequency and

a grid size which is small compared to
the wavelength. The FDTD method is not
an approximation but provides an exact
solution of Maxwell’s equations limited
only by the time step intervals and grid size
used in the calculations. For visible light
these parameters are typically 0.005 fs and
4 nm.

There are several advantages in us-
ing FDTD for the simulation of optical
properties of plasmonic nanostructures in
biomedical applications. They are:

(1) FDTD avoids the difficulties asso-
ciated with large matrix manipulation and
inversion and can be adapted easily for
larger structures.

(2) Since FDTD is a time-domain tech-
nique, it directly calculates the impulse
response of an electromagnetic system.
Hence a single FDTD simulation can pro-
vide the temporal response, steady-state
equilibrium response, frequency response,
as well as any non-linear response of a
system.

(3) With FDTD, generating structures
of various sizes is reduced to a problem
of mesh generation, thus overcoming the
complex problems of reformulating inte-
gral equations for different structures such
as Green’s functions.

(4) Both far-field and near-field simula-
tions can be performed in the chosen grid
area for the target providing that appropri-
ate boundary conditions are established
for the far-field.

(5) FDTD can handle dispersive ma-
terials including noble metals which are
critical for plasmonic applications.

(6) The basic algorithm of the compu-
tational domain can be broken down into
smaller sub-spaces to allow for parallel
computations.

(7) FDTD can support finite or
infinitely-periodic structures. This makes
it important for the simulation of plas-
monic structures made up of metal nano-
hole arrays and gratings.

(8) FDTD can handle input of pulsed,
CW or impulse waveforms.

(9) FDTD can be used to calculate the
field, intensity or Pointing vectors at or
near targets arranged in arbitrary spatial
arrangements.

(10) FDTD can handle point-source,
plane-wave or mode-profile  wave-
fronts.

(11) The FDTD method is well suited
for computation of objects with sub-
wavelength features.
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FDTD, however, has several disadvan-
tages. Among them are that the simula-
tions are only as accurate as the grid-
spacing. High frequency responses require
many time steps which again increase
the need for computing power. A final
disadvantage is that at every time step,
the entire grid must be updated and this
requires a good deal of computing power.
The combined effect of these factors is
that for many 3-D structures of interest in
plasmonics/nanophotonics applications,
a complete 3-D simulation of high ac-
curacy and precision is computationally
intensive. Fortunately, there are several
commercially available software packages
for these calculations.**¢

The flexibility of the FDTD method
can be used to illustrate the complexity of
fluorophore-metal interactions. Fig. 11
(top) shows our FDTD calculations of
the electric field distribution induced
by 580 nm plane-wave illumination of
an 80 nm diameter silver colloid.”” The

Plane wave g

y (nm)

-100 -50

induced fields are mostly along the z-
axis, similar to that shown in Fig. 10
using the DDA method. A dramatically
different result is obtained for the fields
induced by a dipole in the near-field.
When a 620 nm point dipole is positioned
near the colloid there is a complex field
pattern (bottom). The different fields in-
duced from the far-field and the near-
field illustrate the complexities of metal—
fluorophore interactions.

Metallic particles can also affect the
spatial distribution of far-field radiation.
This effect can be seen from our FDTD
calculations of the distribution of light
scattered from silver colloids or radiated
from a fluorophore near silver colloids
(Fig. 12). The left panel shows the x—y
plane distribution of light when silver coll-
oids are exposed to plane-wave illumina-
tion at 420 nm.” For the small 20 and
80 nm colloids the scattered light is dis-
tributed equally in the x—y plane, which
is consistent with fields calculated above

2.5

fing along x-axis

50 100

X (nm)

y (nm)

X (nm)

Fig.11 Interaction of incident light with a colloid. Our FDTD calculations of the electric field
around a 80 nm diameter silver colloid with 580 nm plane-wave illumination (top). Interaction
of a 620 nm dipole fluorophore with a 80 nm colloid (bottom).

(Fig. 10) for the smaller colloid. For the
larger 320 nm colloid the light is scattered
mostly in the forward direction, which is
consistent with the results of Mie theory.

Dramatically different results are found
when the colloid is placed near a point
dipole (Fig. 12, right). The point dipole
alone, when oriented along the z-axis,
radiates equally in all directions in the
x—y plane. A similar result is found for
the fluorophore near a 20 nm diameter
colloid. However, if the fluorophore is near
the 80 nm colloid the energy is radiated
predominantly in the back-direction to the
dipole, which is opposite to Mie theory.
This effect does not appear to be a simple
reflection because the 80 nm colloid is
smaller than the free-space wavelength.
Additionally, a complex spatial distribu-
tion, different from the Mie theory re-
sult, was seen for the fluorophore near a
320 nm silver colloid. The results shown in
Fig. 11 and Fig. 12 show that there are a
number of complex interactions between
fluorophores and metals that will affect
the observed spectral parameters.

Experimental studies of
fluorophore-metal interactions

Prior to 2000 there were a limited number
of publications on the effects of metals
on fluorescence, designed mostly from the
standpoint of optical physics.®**® Since
that time there has been rapid growth in
the number of such publications. In the
following paragraphs we describe primar-
ily experimental results from this labora-
tory which were designed to determine
the usefulness of fluorophore-metal inter-
actions in the biological applications of
fluorescence. We acknowledge the large
number of interesting results from other
laboratories on this topic.

Metal-enhanced fluorescence with
silver, gold and aluminium

The general usefulness of MEF sensing
can be expanded if MEF occurs with met-
als other than silver. Gold is an attractive
MEF substrate because of the high chemi-
cal stability of gold and its well-developed
and facile surface chemistry. However, it
is widely recognized that gold is an effec-
tive quencher of fluorescence,** so MEF
with gold particles may not be expected.
Nonetheless, we have shown that gold
particles can cause substantial MEF with
longer wavelength fluorophores.” Slides
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Fig. 12 FDTD calculations of the x—y plane spatial distribution of light from silver nanoparticles with vertically polarized plane-wave
illumination (left) and for a vertically oriented oscillating dipole near silver nanoparticles (right). The incident and dipole wavelengths are both
420 nm. (Reprinted with permission from ref. 9. Copyright 2007, Optical Society of America.)

coated with gold particles were prepared
by vapor deposition. The absorption spec-
tra showed that there were gold particles
on the surface, and not a continuous gold
film (not shown). Fig. 13 shows over six-
fold increased intensities for Alexa Fluor
555®-labeled IgG. We believe that we
observed MEF rather than quenching for
two reasons. The gold particles on the
surface were probably larger than used
in the reports on quenching,*® so that
our particles have more scattering than
absorption in the optical extinction. Ad-
ditionally, we separated the labeled IgG
from the gold surfaces by a 5 nm coating
of silica. It appears that quenching by
gold may occur at shorter distances and
enhancement at larger distances above
several nm. It is important to note that
5 nm silica is similar to the thickness of a
monolayer of albumin or IgG, and that
gold MEF occurs at distances that are
useful in surface-bound assays.
Aluminium is also thought to quench
fluorescence, but there are few reports
on this effect.”” Aluminium surfaces are
highly reactive and bare aluminium sur-
faces are quickly coated with an oxide.
However, this process is self-limiting and
does not continue after the oxide coating
is formed. We tested aluminium particles
to see if they could provide MEF. Slides
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Fig. 13 Emission spectra of Alexa Fluor 555®-labeled anti-rabbit IgG on varying thickness
gold films upon excitation at 514 nm. The inset represents the dependence of the enhancement
factor on the thickness of the gold film. The intensities and spectra are similar for 20 and
70 nm thick gold and for 30 and 50 nm thick gold. All gold films were coated by 5 nm silica.
(Reprinted with permission from ref. 70. Copyright 2007, Optical Society of America.)

were coated with aluminium by vapor
deposition. The particle size depended
on the amount of aluminium on these
surfaces. When the average thickness of
Al was 2 nm the particles were about
100 nm in size. For 10 nm of Al the
particles were about 800 nm, and the Al
surface started to become continuous for
an average thickness of 80 nm (Fig. 14). An
important optical property of Al is that

it does not have an intrinsic absorption
until about 280 nm, which suggested to
us that it may provide MEF for UV
fluorophores. We found substantial MEF
using aluminium™ for 2-aminopurine
(2-AP) and 7-hydroxycoumarin (7-HC)
(Fig. 15). These results with aluminium,
and the previous results with gold,
show that MEF can be used with a
wide range of fluorophores from the
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Fig. 14 SEM images of evaporated Al
films: (a) 2 nm, (b) 10 nm, and (c)
80 nm. (Reprinted with permission from
ref. 72. Copyright 2007, American Chemical
Society.)

UV to the NIR regions of the spec-
trum.

MEF occurs with quantum dots,
phycobiliproteins and lanthanides

Organic fluorophores are the mainstay of
fluorescence sensing and imaging. How-
ever, MEF will become more useful if
it occurs with fluorophores other than
small organic molecules. Among these
alternative probes the lanthanides are use-
ful because their long lifetimes allow off-
gating of the interfering autofluorescence.
We have observed increased intensities and
decreased lifetimes for lanthanides near
silver particles (not shown).”*™ Quan-
tum dots (Qdots) and phycobiliproteins
(PBPs) are of interest because they can
be 10-100-fold brighter than organic flu-
orophores. Remarkably, they can be made
still brighter by proximity to silver parti-
cles. Fig. 16 shows the emission spectra
of CdTe Qdots on glass and silver island
films (SIFs), showing an approximate five-
fold increase in intensity and a decrease
in lifetime.” These spectral changes sug-
gest an increase in the radiative rate of
the Qdots, which has been observed in
other laboratories.””” MEF has also been
observed for phycobiliproteins.” Fig. 17
(top) shows emission spectra of phyco-
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Fig. 15 Emission spectra of 2-AP and 7-HC on slides coated with aluminium particles.
(Reprinted with permission from ref. 72. Copyright 2007, American Chemical Society.)
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Fig. 16 (A) Fluorescence spectra of CdTe on glass and SIF. Inset shows the normalized
emission spectra. (B) Intensity time decay of CdTe on glass and SIF. The instrument response
function (IRF) is also included. (Reprinted with permission from ref. 75. Copyright 2006,

-
o
w
T

Time (nsec)

erythrin (PE) on glass and silver particles
(middle). The increase in PE brightness is
apparent from the real-color photographs
on glass and silver particles. As is typical
for MEF the lifetimes are decreased. These

results show that MEF occurs with all
types of fluorophores, making MEF appli-
cable to many types of assays. The fact that
MEF occurs with all types of fluorophores
is because MEF is due to a through-space
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Fig.17 Emission spectra (top), lifetimes (bottom) and photograph of phycoerythrin (middle),
on glass and silver island films. The instrument response function (IRF) is also included
(bottom). (Reprinted with permission from ref. 78. Copyright 2007, American Chemical

Society.)

interaction between the excited-state
dipole moment of the fluorophore and the
metal surface. This is similar to FRET
which is also due to a through-space near-
field interaction, and FRET also occurs
with all types of fluorophores.

Biomolecule association measured using
proximity to metal particles

Since the early days of biochemical flu-
orescence there has been continued use
of fluorophores which display spectral
changes in response to a change in the
local environment. Perhaps the most well-
known probe of this type is 1-anilino-8-
naphthalenesulfonic acid (ANS) and its
derivatives.”®" These probes are weakly
fluorescent in water but become highly flu-
orescent when bound to proteins or mem-

branes. Similar probes exist for DNA,
such as ethidium bromide, its dimers,
and probes of the TOTO-YOYO series.

Lo ——ds FI-DNA-SH
on SIFs

30k ss Fl-DNA
in solution
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These probes are weakly- or non-
fluorescent in water and become highly
fluorescent when bound to double heli-
cal DNA.#* In many applications it is
desirable to have the brightest possible
probes which are covalently linked to the
molecule of interest. Typical probes of
this type are the rhodamines, cyanines
and Alexa probes. While these probes
are bright they usually do not display
significant changes in intensity in response
to changes in their local environment.
For instance, an Alexa-labeled protein
may not change intensity upon binding to
another protein, or a Cy5-labeled single
strain of DNA may not change intensity
upon hybridization with its complemen-
tary strand. Hence such probes are useful
for tracking the biomolecules, but are less
useful for studies of functions.

Metal-enhanced fluorescence provides
an opportunity to obtain changes in inten-
sity upon a binding interaction for almost
any fluorophore. The basic idea is to
couple the binding reaction to proximity
to a metal particle. One example is binding
of a fluorescein-labeled DNA oligomer
binding to a complementary strand.® This
strand is bound to silver particles via an
SH group (Fig. 18). When the fluorescein-
labeled DNA binds near the metal its in-
tensity is increased, not by hybridization,
but by proximity to the silver particles. As
described above, all types of fluorophores
display MEF. Hence, MEF-based binding
assays can be used to measure a large range
of surface-bound assays.

Single molecule detection (SMD)

Single molecule detection (SMD) is a
powerful tool to study the properties of
individual fluorophores and the dynamics
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Fig. 18 Emission spectra and time-dependent intensity of a fluorescein-labeled oligomer upon
binding to a complementary oligomer bound exclusively to an SIF. (Reprinted from ref. 85.

Copyright 2003, with permission from Elsevier.)
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of biomolecules. SMD is valuable because
the measurements bypass the ensemble
averaging that occurs in traditional flu-
orescence measurements. Single molecule
detection becomes even more valuable for
studies of fluorophore-metal interactions.
In contrast to homogeneous solutions the
samples used for PCF are inherently het-
erogeneous. This heterogeneity arises from
a variety of sources. For planar metallic
structures the fluorophores can be at var-
ious distances and orientations relative to
the surface. Distance and orientation also
play a role when fluorophores are near par-
ticles. For silver island films there is a range
of particles sizes and shapes, and the fluo-
rophore may be localized on the metal or
on the glass. Metal colloids in suspension
can have a distribution of sizes, which can
also contribute to sample heterogeneity.
All of these effects are hidden in ensemble
measurements when the observed spectral
parameters represent a weighted average
of all the fluorophores in the sample. When
using SMD each observed molecule rep-
resents one of the possible environments.
The distribution of environments can be
determined by observing a number of
individual molecules. It is not trivial to
synthesize metal-fluorophore structures
with precisely defined spatial parameters,
and a large number of such structures
would need to be synthesized to iden-
tify the preferred structure for brightness,
photostability, or other desired properties.
Single molecule experiments can show
what is possible in the best structures
by finding several of these fluorophores
among the observed population.

In order to observe single fluorophores
the incident intensities must be high to ob-
tain high rates of excitation and emission.
As a result, single fluorophores can be ob-
served for only a short period of time, typ-
ically seconds, prior to photobleaching.
Additionally, observation of single fluo-
rophores is usually accomplished using
diffraction-limited volumes. Otherwise the
single molecule emission is overwhelmed
from background due to autofluorescence
or Raman scatter.’* MEF can thus be
useful in SMD by increasing the photo-
stability and brightness of fluorophores.
These effects are shown in Fig. 19 and
Fig. 20.5788

Fig. 19 shows images of single Cy5-
labeled DNA molecules on a glass surface
or on a SIF. When examined under the
same conditions the Cy5-DNA molecules

Fig. 19 Single molecule fluorescence images of Cy5-DNA on glass (left) and on a SIF (right).
On SIF the Cy5-DNA is separated from the silver surface by a layer of BSA-biotin/avidin.
The laser intensities on the left (ca. 700 nW) and right (ca. 30 nW), the incident intensity is
23-fold less for the SIF. (Reprinted with permission from ref. 88. Copyright 2006, American

Chemical Society.)
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Fig. 20 Top: single molecule Cy5-DNA fluorescence separated from the metal by 10 nm.
Note the incident intensity is 25-fold less for the silver particles. Bottom: intensity histograms
for over 100 Cy5-DNA molecules. (Reprinted with permission from ref. 88. Copyright 2006,

American Chemical Society.)

cannot be seen on glass but are easily
observed on the SIF. We examined a large
number of Cy5-DNA molecules on both
surfaces (Fig. 20). The representative time
traces show the higher intensity and in-
creased photostability of Cy5-DNA near
the silver particles. In this sample the Cy5-
DNA molecules were bound uniformly
over the glass and silver regions of the
sample, so that there is a range of envi-
ronments. The intensity histograms show
a large shift to higher intensities on the
SIF as opposed to glass. In ensemble mea-
surements we typically observed ten-fold

enhancements on SIFs. The SMD experi-
ments show that this increase is probably
due to a fraction of the molecules which
display enhancements of over 100-fold. In
fact over 35% of the molecules displayed
this large enhancement. This result sug-
gests that it will be possible to synthesize
fluorophore-metal complexes in which all
the fluorophores are enhanced more than
100-fold. The fact that a large fraction of
the molecules is enhanced over 100-fold
also suggest that the geometric features do
not need to be precise to obtain structures
which display large enhancements.
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For some types of experiments silver
colloids are superior to silver island films.
Suspension of silver colloids can be made
with well-defined sizes and low hetero-
geneity. This allows experiments which
show the effects of particle size upon flu-
orescence. One such experiment is shown
in Fig. 21. The Cy5-DNA molecules were
bound to silver colloids via a sulfhydryl
group. The single molecule traces show
that the intensity and photostability are
strongly dependent on colloid size. Such
data can be interpreted with analytical
solutions of Maxwell’s equations for such
symmetrical systems.'?! However, it is
useful to have an intuitive explanation
of the effects. It seems logical that the
5 nm particle has no effect because
smaller colloids may not display plasmons
and/or the plasmon resonance wavelength
is much shorter than the spectra of Cy5
(Fig. 22). As the particle size increases
the resonance shifts to longer wavelengths.
However, it seems that the overlap is
stronger with the 100 nm particle, not the
50 or 70 nm particle size, which results
in the brightest Cy5 emission. This lack
of correspondence is probably due to the
differences in the near- and far-fields. The
extinction spectra reflect the interaction
of far-field light with the particle. The
CyS5 intensities reflect the near-field inte-

5 nm
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Fig. 22 Emission spectra of Cy5 and extinction spectra of various size silver colloids.
(Reprinted with permission from ref. 89. Copyright 2008, American Chemical Society.)

ractions of the fluorophore with parti-
cles. These interactions may be optimal
with the smaller particles because of the
larger wavevector (shorter effective wave-
lengths) in the near-field of the fluo-
rophore.

Another approach to obtaining locally
high fields is to use clusters of particles.
It is well known that the local fields
induced by incident light can become very
large for closely spaced particles, in some
cases up to a factor of 10".°%°! Hence
it is of interest to determine the effects
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Fig. 21 Effects of silver particle size on single molecules of Cy5-DNA. Thiolated DNA was
used to bind to the colloids. (Reprinted with permission from ref. 89. Copyright 2008, American

Chemical Society.)

of localizing a fluorophore between two
colloids.”> This was accomplished using
Cy5-labeled DNA (Fig. 23). We found
that the intensity for Cy5 between two
silver particles was increased above the
intensity when bound to a single silver
particle (Fig. 24). This result suggests that
biomolecule binding assays can be based
upon clustering of metal particles near
fluorophores.

Single molecule FRET

Another opportunity using metal-
fluorophore interactions is to increase
the distances for energy transfer. The
distances for FRET are rarely more than
6 nm, which is smaller than the dimensions
of an IgG antibody. Since immunoassays
are often performed in a sandwich
format (Fig. 25) the distances between
donors and acceptors are too large for
useful amounts of FRET. As a result,
FRET is infrequently used for sandwich
immunoassays.” We have observed nearly
two-fold increases in the Forster distance
(Ry), in both ensemble measurements
and in single molecule measurements.****
The single molecule experiments were
performed using spherical particles,
but much larger increases in FRET are
expected for elongated particles.®*® The
importance of a larger effective R, for
immunoassays can be seen from a specific
example. Suppose the assay is a sandwich
assay with two IgG molecules and a
relatively small antigen like the cardiac
marker myoglobin with a molecular
weight of 25000.°'°" If the donor D and
acceptor A are located near the center
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Fig. 23 Schematic of Cy5-DNA localized between two silver colloids and the local fields
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from a large number of individual Cy5 molecules. (Reprinted with permission from ref. 92.
Copyright 2007, American Chemical Society.)

of the IgG molecules they will be about
12 nm apart (Fig. 25). Typical Forster
distances R, are rarely larger than 6 nm.
As a result the transfer efficiency will be
about 0.015, which is essentially unde-
tectable. Now suppose a metal particle
increases the Forster distance by two-fold
to 12 nm. Now the transfer efficiency
increases to 50% and is readily detectable.
These considerations show that metal-
enhanced FRET can be used to develop
FRET immunoassays of large molecular
weight antigens.

Single molecule FRET experiments can
be used to determine the transfer efficiency
of donor-acceptor pairs and the amount
of FRET near metal particles.”>*1 We
prepared a donor- and acceptor-labeled
oligomer which contained a central amino
group for binding to the colloid. The
length of the oligomers was chosen so
that there was less than 10% transfer in
the absence of the particle (Fig. 26). The
transfer efficiency increased dramatically
upon binding to the 15 nm colloid, and
increased more with increasing particle
size. The increase in transfer efficiency
is consistent with a 1.7-fold increase in
the Forster distance. Assuming the R,
value in the absence of metal is 60 A, the
effective R, on the 80 nm particle is 102 A,
which is possibly one of the highest R,
values that has been observed. In future
studies these effects will be analyzed using
the available analytical theory’**® or by
numerical FDTD simulations.

To date we have only examined the
effects of spherical particles on FRET. The
theory predicts much higher rates of en-
ergy transfer when the donor-acceptor
pairs are close to elongated particles.”s®®
Such long-range energy transfer may find
uses in cell biology. It is known that
cellular function can be affected by protein
association in the external cell membrane,
such as the receptors of the epidermal
growth factor (EGF). Suppose the EGF
receptors are labeled with donors and
acceptors, by using either labeled EGF or
labeled antibodies to the receptor. Upon
receptor association there will be minimal
FRET because of the large size of the
proteins. Now suppose one of the labeled
proteins is bound to an ellipsoidal silver
colloid about 100 nm long. Then it is
possible that the colloid will facilitate
FRET over this distance and detect re-
ceptor association. It may not be possible
to measure the exact donor-to-acceptor
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Copyright 2007, American Chemical Society.)

distance using metal particles, but it may
be possible to detect proximity over dis-
tances ranging from 10 to 100 nm. At
present it is difficult to measure distances
in this range. Electron microscopy requires
fixed samples and the resolution of optical
microscopy is limited to about 300 nm.
Enhanced FRET by metal particles may
allow measurement over this range of
distances.

While we have experimentally shown
increases in FRET near metal particles
the detailed mechanisms are not yet

understood. For example, the transfer
efficiency E is known to depend on the
rate of energy transfer.

ky

= 23
7, +k, (23)

At first glance an increase in the transfer
rate may be expected to increase the
transfer efficiency. However, if the decay
rate of the donor 7, increases by the same
amount then the transfer efficiency will
remain the same. In fact, the equations
to calculate the transfer rate in the ab-

sence of metals contain the ratio of the
quantum yield of the donor Qp to the
donor lifetime 7y,. This ratio is equal to this
radiative decay rate of the donor. Hence
for classical Forster transfer the transfer
rates are always proportional to the radia-
tive decay rate of the donor. This is the
reason the FRET efficiencies and Forster
distances are the same for organic fluo-
rophores, metal-ligand complexes and the
lanthanides, which have decay times of
nano-, micro- and milli-seconds, respec-
tively. Our studies of metal-ligand com-
plexes and lanthanides near metals sup-
ports the notion that the increases in the
rates of radiative decay are proportional
to the spontaneous decay rates. From this
perspective the FRET efficiencies are not
expected to change near metal particles,
but we do not know if the radiative rates
and transfer rates are always increased
by the same relative amounts. Additional
experimentation and theory are needed to
clarify this apparent conflict.

Plasmon-coupled fluorescent probes
(PCFP)

Plasmon-controlled fluorescence provides
an opportunity to create ultra-bright
probes based on complexes of metal par-
ticles with fluorophores. The basic idea
is to create metal-fluorophore complexes
in which the metal particle increases the
brightness of the bound fluorophores.
This can be accomplished by trapping
the fluorophores in metal shells or by
coating metal particles with fluorophores.
Theory has predicted that fluorophores
in metal shells can be 100-fold brighter
than the isolated fluorophore, even after
consideration of the transfer efficiency of
incident light into the shell and radia-
tion out of the shell.'*'™ We have found
increased intensities for fluorophores in
metal shells and for metal colloids coated
with fluorophores.'”® Such probes may
have the advantage over quantum dots
because of the low toxicity of silver par-
ticles, even if the silver surface is com-
pletely exposed. In contrast, quantum
dots require a surface coating to avoid
exposure of the toxic metal cadmium. One
example of a PCFP is shown in Fig. 27. In
this case we trapped Ru(bpy);** in silica
nanoparticles.'® These particles were then
coated with silver shells of increasing
thickness. The silver-coated particles dis-
play increasing intensity with increasing
shell thickness. Additionally, the emission
spectra became narrower, as predicted by
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Fig. 27 Emission spectra of a silica bead containing Ru(bpy);** alone and coated with an
increasing thickness of a silver shell. (Reprinted with permission from ref. 105. Copyright 2006,

American Chemical Society.)
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theory. Our results agree with theoretical
predictions that a single fluorophore in a
metal shell can be 100-fold brighter and
the emission spectra of the particle will
become narrower.'1%

We have also observed increased bright-
ness when silver colloids are coated with
fluorophores.’®!%” In this case the fluo-
rophores were bound to the silver par-
ticles by a surface coating of silica. In-
creased intensities were observed for both
a europium chelate and rhodamine 800
(Fig. 28). The development of plasmon-
coupled fluorescent probes is in its infancy,
and the present stage of development is
comparable to the first observations of
emission from colloidal semiconductor
particles, when the particles displayed low
quantum yields and a large diversity of
sizes. At first these particles did not appear
to be promising probes. However, these

particles evolved into quantum dots which
now have narrow emission spectra, high
quantum yields and low toxicity.'** We
anticipate similar advances in the devel-
opment of plasmon-coupled fluorescent
probes.

Surface plasmon-coupled
emission (SPCE)

In the previous sections we discussed
the effects of metallic particles on flu-
orophores. We now consider the inter-
actions of fluorophores with continuous
metal films. The underlying electrodynam-
ics mechanisms must be the same for the
interactions of fluorophores with metal
particles or surfaces. However, the effects
on fluorescence are very different. These
differences arise from the defined geom-
etry of a metal film and from the differ-

ent nature of surface plasmons on sub-
wavelength size particles and on planar
surfaces. Before describing the complex
physics of surface plasmons it is informa-
tive to describe the final result. Suppose an
excited fluorophore is located above a thin
metal film. The substrates used for SPCE
are typically 40 nm-thick silver or gold
films on a glass substrate (Fig. 29). A typi-
cal configuration for an SPCE experiment
is shown in Fig. 30. The fluorophores are
excited from the air side of the sample and
the emission is observed on the distal glass
side of the substrate. The result is rather
remarkable. For typical three-dimensional
samples, not on a metal film, the emission
is mostly the same in all directions. In
contrast, the fluorophores above the metal
film yield a cone of emission into the
substrate (Fig. 31). This means that almost
all the emission into the substrate occurs
at a defined angle 6 relative to the normal
axis. This result is even more remarkable
when considering the optical properties of
the metal films (Fig. 32). These films are
highly reflective and are visually almost
opaque. SPCE is also observed with gold
(Fig. 31) which is surprising because gold
is known to strongly quench fluorescence.
We now know the origin of the angu-
lar emission. Excited fluorophores in the
near-field create plasmons in the metal
film, and these plasmons in turn radiate
into the substrate.''''? Analytical theories
have now been published for SPCE 13114
However, an intuitive understanding of
SPCE can be obtained from the principles
of surface plasmon resonance (SPR).

Principles of surface plasmon resonance
(SPR)

Surface plasmon resonance is widely
used to study bioaffinity reactions on
surfaces.!*™ In SPR a thin metal film
is illuminated through a prism, which
is called the Kretschman (KR) config-
uration (Fig. 33). The films are highly
reflective except at a specific angle called
the surface plasmon angle 6 (Fig. 34).
At this angle of incidence 6, the film
adsorbs essentially all the incident light.
This absorption is due to the creation
of surface plasmons on the air side of
the metal film. Because the plasmons are
on the air or sample side of the metal
they are affected by the refractive index
above the film, which is the basis of SPR
instruments. Binding of biomolecules to
the metal surface causes a small change in
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Fig. 29 Surface plasmon-coupled emission. F is a fluorophore. (Reprinted with permission
from ref. 111. Copyright 2004, Elsevier.)
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(Reprinted with permission from ref. 111. Copyright 2004, Elsevier.)
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Fig. 32 Photograph of silver (left) and gold films (right) used for SPCE.

the refractive index, which in turn causes a

Surface plasmon resonance can be un-
change in the surface plasmon resonance derstood from the unique optical prop-
angle. erties of the metals and by the need for

the continuity of electric fields across an
interface. If an electrical field E, is incident
on a dielectric material the field within
the material is £ = ¢E, where ¢ is the
dielectric constant. In a dielectric all the
electrons are bound to the nuclei and are
not freely mobile. In a metal some of
the electrons are free and can respond
to an incident field. At low frequencies
the metal is a conductor and the dielec-
tric constant is large and negative. At
higher frequencies in the visible region
the electrons cannot completely follow the
incident field and ¢ becomes dependent on
wavelength (Fig. 35). While the electrons
in a metal are highly mobile, they are not
infinitely fast.>!?""1* The electrons respond
to the incident field but cannot keep up
completely at the higher frequencies. As
a result the optical and reflective prop-
erties of silver and gold depend on the
interplay of incident frequency, electron
mobility, and bound electrons, as well as
underlying absorption bands not related
to electron oscillations. This interplay of
electron mobility and incident frequency
results in complex and imaginary optical
constants.

The refractive index and dielectric con-
stants of a metal (m) are given by

n, =n_+in_ =.|€_ (24)

Em = & + Iy (2%5)

wherei= v-1 , and subscripts indicate the
real (r) and imaginary (im) components.
Both of these constants are wavelength
(frequency) dependent. Some intuition
about the physical meaning of these terms
can be obtained from examining specific
examples for gold and silver (Fig. 395).
The real part of the dielectric constant be-
comes negative at longer wavelengths due
to the conductive properties of the metal.
As the incident frequency decreases, &,
becomes more negative, which indicates
the mobile electrons are closely following
the incident field with a 180° phase shift.
The optical constants for metals reveal
the relaxation properties of the electron
oscillations. Because relaxation is rapid,
direct measurements have only recently
become possible. These experiments are
showing that the plasmon relaxation rates
depend on the size and shape of the
metal structure.?¢12512” The imaginary part
of the dielectric constant represents the
absorption of light by the metal.
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Wavevector matching in surface
plasmon resonance

In optics the concept of continuity of
an electric field across an interface is
called wavevector matching. The wavevec-
tor describes the rate at which the electric
field of a propagating wave changes with
distance. Shorter wavelengths have more
rapidly changing electric fields and thus
larger wavevectors. An electromagnetic
wave propagating in space can be de-
scribed by

E(7,1) = Eexp(iot — ik - 7)
where the bars indicate vector quantities,
7 is a unit vector in the direction of
propagation,  is the frequency in rad s,
J-1 , and - indicates the dot product.

The term k is the wavevector and is given
by

(26)

=

@7

SGold film

Evanescent field

=200 nm

Typical configuration for surface plasmon resonance analysis. The incident beam is

where 1 = Ay/n is the wavelength, A4,
is the wavelength in a vacuum, » is the
refractive index of the medium and k, is
the propagation constant of the wave in a
vacuum. It is understood that the physical
values are given by the real part of eqn
(25). Hence the electric field is described
by

E(r,1) = Eyexp(coswr — k - 7) (28)

For SPR we need to consider the electric
field along the x-axis, the metal-water

interface. This component is given by

E(x,t) = E) exp(coswt — k.x) (29)

To satisfy Maxwell’s equations the electric
fields have to be continuous across the
interface, which requires &, to be equal at
the surface in both media.

The phenomenon of SPR can be un-
derstood by considering the propagation
constant of the electromagnetic wave in
the metal along the x-axis. In the metal
film the field is described by eqn (28) and
eqn (29) with k, = k, + ik, being the
complex wavevector along the x-axis. For
a metal the wavevector for the surface

plasmon is given by
1/2 172
0] E_E E_E
ksp — [ m—s ] — ko[ m—s ] (30)
C €|'|'| + 85 8“1 + 85

where ¢, and ¢, are the dielectric con-
stant of the metal (m) and sample (s),
respectively. The parameter ¢, refers to the
effective dielectric constant in the region
of the evanescent field. Because the real
part of &, is larger than the imaginary
part the propagation constant can be
approximated by
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Fig. 35 Complex dielectric constants for silver (top) and gold (bottom): &, (—), & (—), Osp
(=—). (Reprinted with permission from ref. 111. Copyright 2004, Elsevier.)
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The incident light can excite a surface plas-
mon when its x-axis component equals the
propagation constant for the surface plas-
mon (Fig. 36). The propagation constant
for the incident light in the prism (p) is
given by

k, = kon, (32)

and the component along the x-axis is
equal to

k, = kyn,siné, (33)

where 6, is the incidence angle 6; in
the prism. Hence the conditions for SPR
absorption are satisfied when

ksp = k, = kon,sinBsp (34)

where O is the angle of incidence in
the metal for surface plasmon resonance
to occur. These considerations show that
surface plasmon resonance occurs when-
ever the x-axis component of the incident
wavevector equals that obtained from eqn
(31).

Detailed consideration of eqn (31)
yields some interesting insights. Suppose
light is incident on the metal from a
vacuum or air (z = 1.0). The maximum
value of k, is given when the incident light
is parallel to the interface, yielding k, = k.
Examination of Fig. 35 shows that the real
parts of ¢, are negative and much greater
than unity. These real parts dominate the
ratio in eqn (29) so that kg is always
larger than the free-space wavevector k.
For this reason, surface plasmons cannot

be excited with light incident from the
air or a medium with a lower dielectric
constant. In order to obtain SPR the
magnitude of k, must be increased to equal
or exceed kg. This can be accomplished
using the configuration shown in Fig. 33.
This approach uses a prism to increase the
wavevector to k, = n,k,. The x-component
is then matched by ‘attenuation’ of the x-
component by a factor sinf, by chang-
ing the incident angle to O (Fig. 36).
When measuring or discussing SPR one
can assume that the incident beam is p-
polarized. Only p-polarized incident light
gives the reflectivity curves seen in Fig. 34.
P-polarization is when the electric field
of the incident light is perpendicular to
the surface and s-polarization is when the
electric field is parallel to the surface. An
s-polarized beam will not excite surface
plasmons and will not show decreased
reflectivity at some angle of incidence.

SPR compared with surface
plasmon-coupled emission

The background information on SPR
provided above facilitates a description
of SPCE. If an incident beam couples
with the surface plasmons to create an
evanescent field, it seems reasonable to
expect that an excited fluorophore at near-
field distances will couple with plasmons
that radiate into the substrate (Fig. 29).
Suppose the sample is excited from the
side opposite the prism, which is the

reverse Kretschmann (RK) configuration
(Fig. 30). An excited fluorophore near
the metal film would not know how it
was excited, that is, the emission should
be the same whether the fluorophore is
excited by an evanescent SPR field or
from a light source not coupled to the
surface plasmons. Excited fluorophores,
which are close to the metal surface (less
than 100 nm), are expected to couple with
the metal film resulting in radiation into
the substrate. The occurrence of SPCE is
not obvious because the SPCE plasmons
must be created from the sample side
of the metal, and plasmons cannot be
created by light incident on this side of
the metal. In fact, free-space emission
from fluorophores which impinges on the
metal surface will not excite plasmons, but
will be reflected. Plasmons are created by
near-field interactions between the fluo-
rophores and the metal. The near-fields
around fluorophores have larger k-vectors,
and are thus able to create plasmons
which have a similarly large k-vector. This
process must be strongly dependent on
distance and orientation. This reasoning
also suggests that the emission will be
directional with a sharply defined angle
(6r). These angles would be different from
Osp because the wavelengths are different.
The dependence of 6 on the wavelength
suggests that different fluorophores will
display directional emission at different
angles determined by the emission max-
ima. If SPCE displays the same charac-
teristics as SPR, then fluorophores near
the metal film will emit into the prism at
angles defined by the emission wavelength
and by the optical properties of the metal
at the emission wavelength. Based on the
wavelength dependence seen in Fig. 34
we expect the longer wavelength Stokes’
shifted emission to occur at smaller angles
from the z-axis. This separation of wave-
length has been observed for fluorophores
on silver films (Fig. 37). This result shows
that a simple metal film can be used to
create directional emission and to sepa-
rate different wavelengths (Fig. 38, top).
There has been some confusion about
this wavelength dependence on angle. The
wavelength dependence of SPR and SPCE
results from the wavelength dependence
of the optical constants of the metals (see
below).

Plasmon-coupled emission displays in-
teresting polarization properties. Recall
that SPR only occurs for the p-polarized
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Fig. 37 Photograph of SPCE from the
mixture of fluorophores using RK excita-
tion and a hemispherical prism, 532 nm
excitation. (Reprinted with permission from
ref. 112. Copyright 2004, Elsevier.)

component of the incident light because
the projected wavevector of this compo-
nent on the metal plane depends on the
incident angle. Hence, SPCE is expected
to be p-polarized at all angles around the
cone, independently of the mode of excita-

tion (Fig. 38). The p-polarization of SPR
and SPCE leads to the impression that
only dipole measurements perpendicular
to the metal surface will couple with the
metal and cause SPCE. From the far-field,
the dipoles oriented perpendicular will
result in p-polarized fields on the metal.
However, the situation may be different for
near-field interactions of the fluorophore
with the metal surface, and we can expect
to see coupling of fluorophores, parallel to
the metal surface.

There are a number of publications
on the theoretical aspects of fluorophores
interacting with smooth metallic surfaces
or mirrors. %1231 Thig theory mostly
describes fluorophores on or near thick
metal films or mirrors. According to these
papers there appears to be three possible
processes for fluorophores near a smooth
metal surface. The fluorophore can be
quenched, can couple to surface plasmons
or can emit into free-space. If the flu-
orophore is close to the surface (d <
10 nm) there is a high rate for radiationless
deactivation and the emission appears to
be quenched. At longer distances the re-
flected field interferes constructively or de-
structively, resulting in the oscillatory be-
havior reported for fluorophores in front
of mirrors." At distances from 20-100 nm
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Fig. 38 Color distribution and polarization expected for SPCE. (Reprinted with permission

from ref. 111. Copyright 2004, Elsevier.)

the dominant decay rate is expected to be
into the surface plasmons. The coupling of
fluorophores over these longer distances
explains why gold films can also be used
to couple emission into the prism. Forster
transfer to the gold surface is likely to be
minimal at distances above 10 nm where
SPCE is still efficient. This is important
for the applications of SPCE because cou-
pling will occur over a significant volume
in the sample allowing detection of lower
overall analyte concentrations. In addi-
tion, larger depths for SPCE allows for
construction of bioassays with multiple
layers of proteins or the use of a separation
layer to protect the metallic layer against
corrosion and adverse chemical reactions.

It is of interest to reconsider the ob-
servations that fluorophores are quenched
within 10 nm of metal films. These ob-
servations can be traced to the early
work showing decreased intensities of
fluorophores close to mirrors or metal
films near 100 nm thick." This decrease
in intensity is often described as due to
lossy surface waves. However, we believe
that the decreased intensities can be in-
terpreted in a different way. At short
distances, fluorophores induce plasmons
on the metal surface. If the metal is thick
the plasmons are trapped. Wavevector
matching prevents them from radiating
out of the metal into free-space. Since the
metal is thick the plasmons cannot radiate
into the glass substrate, and hence the
optical energy is lost as heat. However,
if the metal film is thin then plasmons
can radiate into the substrate and be
observed as SPCE. Hence at least part of
the quenching seen on mirrors is due to
an indirect mechanism whereby the flu-
orophore crates the plasmon, which may
(SPCE) or may not (quenching) radiate
into the substrate.

Optical properties of surface plasmons

From the standpoint of fluorescence spec-
troscopy the absorption properties of sur-
face plasmons can be confusing. The
absorption spectral properties of fluo-
rophores and small metal colloids are
similar, but plasmons on surfaces dis-
play some unique features. Consider light
incident on a fluorophore or a silver
colloid (Fig. 39). These species display
the familiar absorption spectra which
are determined by the size and struc-
ture of the fluorophore or colloid. For a
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Fig. 39 Comparison of the absorption properties of fluorophores, metal colloids and a thin

metal film.

spherical colloid the amount of absorp-
tion is completely independent of the
angle of incidence on the sample. Except
for oriented systems the absorption of
fluorophores is also independent of the
angle of incidence. Now consider the re-
flectance spectra for the thin gold film
shown in Fig. 34. The absorption is the
same at 633, 700, 750 and 850 nm. The
absorption of a thin metal film is mostly
independent of wavelength and does not
show a wavelength-dependent resonance
comparable to fluorophores and colloids
(Fig. 39). In contrast to a fluorophore,
the absorption of a thin film depends on
the angle of incidence. The reason for
these different optical properties is that
the wavelength of a surface plasmon is
not completely determined by the film,
but rather by the wavelength of the inci-
dent light. At long wavelength where the
optical constants are relatively constant
the wavelength of the induced plasmon is
directly related to the incident wavelength
[eqn (30)].

The different characteristics of fluo-
rophore and surface plasmon absorption

are further illustrated in Fig. 40. Suppose
two wavelengths are incident on the fluo-
rophore, and A, is absorbed and A, is not
absorbed. A different result is obtained if
these same two wavelengths are incident
on a metal film. If the incidence angle
is the surface plasmon angle then both

Absorption

hv

wavelengths are absorbed. The wavelength
of the surface plasmon is changed to
match the incident wavelength. In the case
of the fluorophore this shift is analogous
to a shift in the absorption spectrum to
match the incident wavelength.

The relationship between the surface
plasmon wavelength Ag and the incident
wavelength A, is shown in Fig. 41. If the
optical properties of the metal are inde-
pendent of wavelength then for silver Agp
is equal to about 75% of Ay, Asp = 0.754,.
In this case the surface plasmon angle
is independent of wavelength (Fig. 42).
This result shows that the surface plas-
mon wavelength depends directly on the
incident wavelength. However, the optical
constants are dependent on wavelength,
especially at shorter wavelengths. This
dependence results in the dependence of
Ase and Bgp on the incident wavelength
(Fig. 41 and Fig. 42). This is the reason
for the angle-dependent wavelengths seen
in Fig. 34 and Fig. 37.

Experimental studies of surface
plasmon-coupled emission

During the past several years there have
been an increased number of publications
on SPCE to develop both a basic un-
derstanding of the phenomenon and to
use SPCE for sensing applications.’ % In
the following paragraphs we have selected
examples which illustrate the general fea-
tures of SPCE and its applications. An
important feature of SPCE is the distances
over which the fluorophores can couple to
surface plasmons. This dependence can be
studied by localizing fluorophores above

A2

Ko

A

Fig. 40 Effects of changing wavelengths on the absorption by fluorophores and metal films.
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the metal using methods such as layer-
by-layer assembly or Langmuir-Blodgett
films.’3¢37 Fig. 43 shows the SPCE and
free-space emission from the cyanine dye
Dil at various distances over a silver
film. By free-space emission we mean the
emission into the air above the metal film.
As the fluorophores become more distant
from the metal these couple with lower
efficiency and there is an increase in the
free-space intensity. The free-space emis-
sion decreases rapidly as the fluorophores
move closer to the metal. Almost all the
free-space emission is eliminated below a
distance of 20 nm, which is the distance for
the largest SPCE intensity. The angular

SPCE distribution agrees well with the
theoretical predictions (Fig. 44), which
has been true for most of the published
SPCE data. However there was some un-
certainty in the efficiency of fluorophore
coupling to the metal film. In all our
experiments for fluorophores within about
20 nm from the metal surface, we observed
most of the emission to occur at the SPCE
angle with only a small fraction appearing
as free-space emission (Fig. 44, left). Sub-
sequently, a theory paper suggested that
such high coupling efficiencies were not
possible.’*® However, the calculations have
been revised using the exact conditions of
our experiment and there is now agree-

ment that most of the energy is coupled
into the plasmons.”®” At present the reason
for the discrepancies is not known, but
it appears that surface roughness and
multiple dielectric layers may contribute
to higher coupling efficiencies.

The high efficiency of coupling to metal
films can be seen from the ability to
image single molecules (Fig. 45). The
single molecule intensities were found to
be similar to those on glass alone, even
though both the excitation and emis-
sion must pass across the silver film."
In fact, other laboratories have reported
increased single molecule intensities for
probes above metal films."**"*! In single
molecule detection (SMD) there is a direct
comparison between the single molecule
photon count rates. Hence, the SMD
measurements prove the high sensitivity
of SPCE measurements.

The high efficiency of SPCE and the
localized coupling efficiency suggests its
use for bioassays. Because the coupling is
optimal at a distance near 20 nm from the
surface it is practical to design surface-
bound assays. Fig. 46 shows the emis-
sion spectra of an Alexa-labeled antibody
bound to a capture antibody on a silver
surface.® The Alexa emission can be
detected even in whole blood with only a
three-fold decrease in intensity compared
to the buffer control. The sensitivity of
SPCE can increase by the use of metal
particles above the surface. Fig. 47 shows
various smooth metal surfaces with silver
particles above the substrate. Silver parti-
cles above silver and gold films provide the
highest intensities."® A unique feature of
this result is that the emission intensities
were measured from the sample side, not
through the glass substrate. Normally we
would refer to the sample side emission as
free-space emission. However, the metal
particles act as high k-vector sources
which increases the coupling efficiency
of light both into and out of the metal.
As we will describe shortly the control
of k-vectors near metal surfaces provides
numerous opportunities for new types of
devices for fluorescence sensing.

As an introduction to the use of metallic
nanostructures to control fluorescence we
describe waveguide effects in SPCE. These
effects occur when the dielectric sample
thickens on the metal becomes compara-
ble to the incident wavelength.'** When
this occurs there are multiple rings of
SPCE, and the rings display alternating
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tangential and radial polarization
(Fig. 48). The origin of these effects is that
the thick dielectric film allows additional
plasmon modes to exist on the metal
and these modes can radiate into the
substrate. This result shows that the single
rings of SPCE represent only the simplest
example of coupling fluorophores to
metal surfaces. By controlling the
dielectric thickness the SPCE angle and
polarization can be controlled.

Plasmon-controlled fluorescence and
metallic nanostructures

In the previous sections we described
two types of metallic structures: metal
particles for MEF and continuous thin
metal films for SPCE. Metal particles and
surfaces represent only a small fraction
of the types of metallic structures which
can be used to modify fluorescence. Many
additional possibilities are available using

metallic nanostructures with defined fea-
tures. The underlying concept is to de-
sign the structure to provide wavevectors
matching for the desired excitation and
emission wavelengths. The structures can
be designed to provide specific geometric
and wavelength conditions for wavevector
matching. Perhaps the simplest example
of such a structure is a metallic grating
(Fig. 49), The presence of a periodic struc-
ture changes the conditions for wavevector
matching. Suppose the sample is on an
opaque silver grating with a pitch of
Ag = 600 nm. The condition for plasmon
resonance is now given by

kosinOsp = tkgp + nG (35)

where 7 is an integer and G is the prop-
agation constant of the grating, G =
21/ A.1%61% The presence of the additional
term * nG has a dramatic effect on the
surface plasmon coupling angles. Assume
that the grating is silver and 6 for a
similar planar surface is 50°. One can
readily calculate that 8, for 500 nm is near
3.8° for the grating (Fig. 36). Emission
at 600 and 700 nm will appear at 13.5
and 23.6° from the normal, respectively.
The angular dispersion could be increased
or decreased by changes in the pitch
of the grating. Hence one could readily
collect an emission spectrum with an array
detector. The angular wavelength disper-
sion is somewhat different than diffrac-
tion. Diffraction is a far-field effect which
depends on interference of propagating
waves. The phenomenon described by eqn
(35) depends both on grating pitch and the
complex dielectric constant of the metal.
The metal can be either thin (near 40 nm)
or thick (near 200 nm). If the metal is
thick the grating allows the radiation to
couple out into the air or sample side
of the structure. If the metal is thin the
emission can couple out in either direc-
tion. In Fig. 37 we showed wavelength
separation using SPCE. In this case the
separation depended upon the intrinsic
optical properties of the metal and there
was little opportunity to modify the effect.
By using a grating structure we can obtain
the desired separation by controlling the
dimensions of the grating.

The use of gratings for plasmon-
controlled fluorescence (PCF) can go be-
yond wavelength resolution. Metal grat-
ings are being used to increase the light
output of LEDs."**! If the grating is
two-dimensional then the emission tends
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Fig. 46 Fluorescence spectra (SPCE) of the Alexa Fluor 647®-labeled anti-rabbit antibodies
bound to the rabbit IgG immobilized on a 50 nm silver mirror surface observed in buffer,
human serum, and human whole blood (KR configuration), a.u. = arbitrary units. (Reprinted
with permission from ref. 142. Copyright 2005, Elsevier.)

to beam away normal to the surface,
with some angular separation of wave-
lengths. Additionally, gratings have been
shown to be effective substrates for metal-
enhanced fluorescence (MEF).’:152 The
enhancements depend on the wavelength
of the fluorophore and the period of the
grating. It seems likely that one- and
two-dimensional gratings will soon find
use in surface-bound fluorescence assays.
The sensitivities can be increased by a
combination of MEF due to the patterned
structure and by directing more of the
emission towards the detector.

Novel devices for fluorescence can be
designed using the unique transmission
properties of nano-hole arrays. Thick
metal films with regular arrays of sub-
wavelength holes are known to display
optical transmission higher than expected
for a similar non-metallic film."* This
effect is shown in Fig. 50. The silver film
was 300 nm thick, which is opaque in the
absence of nano-holes. If the films con-
tained nano-holes of sub-wavelength size
there was efficient transmission through
the films. The transmitted wavelength
depended on the size and spacing of

the holes which can be seen from the
real color photographs of the films when
back-illuminated with white light. The
importance of this observation is that
a metallic nanostructure displays unique
optical properties distinct from those of a
geometrically similar non-metallic struc-
ture. The unique optical properties of
nano-hole arrays can potentially be used
to make inexpensive devices for fluores-
cence sensing. One example is shown in
Fig. 51 which consists of two nano-hole
arrays with different spacing between the
nano-holes. One array can be designed to
transmit shorter wavelength green light
for excitation, and the second array can
be designed to transmit the longer wave-
length red emission. At present, such a
device may seem too expensive given the
high cost of nanofabrication. However,
there is rapid progress in high-throughput
methods for nanofabrication. One exam-
ple is microcontact printing (MCP). This
method depends on nanofabrication of
a master structure.’**'>> This structure
can then be used to fabricate elastomer
replicas, typically in PDMS but other
harder polymers can also be used. These
replicate structures are then soaked in an
ink such as a decanethiol and then used
to print an image on a smooth metal
film. The organic layer can protect the
underlying metal from subsequent erosion
steps, or to activate the printed regions
by using a conjugatable thiol such as a
decanethiol with a carboxy group on the
opposite end. By the use of MCP or some
other high-throughput method, metallic
nanostructures can be made at very low
cost, probably pennies per structure.

The schematic shown in Fig. 51 uses a
nano-hole array as an optical filter. An
important property of optical filters is
their ability to selectively transmit or block
selected wavelengths. The present nano-
hole arrays have broad overlapping spec-
tra and are not able to provide the needed
wavelengths selectively. However, it is im-
portant to notice the remarkable progress
in thin-film technology and interference
filters. Twenty five years ago these filters
were only available with a single transmis-
sion wavelength and typically inefficient
transmission up to 20%. At present it is
possible to purchase interference filters
with almost any desired profile. Short and
long wavelength pass filters can have very
sharp cutoffs. Bandpass filters can have
narrow or wide transmission bands. It
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is even possible to obtain a single filter
with three transmission bands. It seems
reasonable to expect similar progress in
metal film filters and there is already on-
going work to control the optical proper-
ties of these structures. Nano-hole arrays
have already been developed which have
complete blockage of some wavelengths
and high transmission of light shifted by
100 nm from the blocked wavelength. %8
The transmission spectra can be con-
trolled using the spacing, shape of the

holes, and the dielectric constant of the
material filling the holes. The many vari-
ables which govern nano-hole transmis-
sion makes it complex to design nano-
hole optical filters, but also provides the
opportunity to use these parameters to
obtain the desired optical characteristics.

In addition to serving as optical fil-
ters, nano-hole arrays can display trans-
mission spectra which depend on the
polarization.’ %! Fig. 52 shows a nano-
hole array with elongated nano-holes.'

Also shown are photographs of the white
light back-illuminated arrays through
two polarizer orientations. The structure
transmits green light when viewed through
a polarizer illuminated along the short
axis of the holes. Red light is observed
when the polarizer is oriented along the
long axis of the holes. These polarization
properties of a nano-hole array may allow
fabrication of a fluorometer (Fig. 53).
Assume that the assay is based on DNA
molecules binding on the surface of the
array or in the nano-holes, which has
already been proposed.’ The array can
be illuminated with green light and the
transverse component will selectively cou-
ple to the structure. The emission will be
mostly depolarized due to motion of the
fluorophore or to a complex field polariza-
tion distribution in the nano-holes. The
longer wavelength depolarized emission
will selectively couple out of the distal side
of the array. It should also be noted that
the metal and glass have very different sur-
face chemistries, so that molecules can be
selectively bound to each surface. Hence
a simple nano-hole array can provide the
optical properties and chemical surfaces
for a disposable sensing device.

It seems likely that elongated nano-
hole arrays will be used for fluorescence
polarization immunoassays (FPIs). These
assays are widely used for monitoring
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Fig. 51 Possible configuration for a sensor based on nano-hole arrays.

of drugs and small molecule analytes.'*
A typical assay uses a labeled analyte

analogue as a competitive ligand for the
unlabeled analyte (Fig. 54). Suppose a

White light back illumination

Fig. 52 SEM image of a nano-hole array
and real color photographs of the arrays
through polarizers with white light back-
illumination. (Reprinted with permission
from ref. 159. Copyright 2006, Optical So-
ciety of America.)

capture antibody is bound to the metal
surface and that a thin layer of sample is on
top of the array. This sample will contain
both bound and unbound labeled analyte.
The polarization of this probe depends on
whether it is free in solution or bound
to the antibody. Suppose that the sample
is illuminated with light polarized along
an axis of the nano-holes. The emission
from the bound probe will be polarized
and have a larger parallel component
I, along the excitation polarization. The
emission from the unbound probe will
be unpolarized with a larger component
perpendicular to (7,) the incident polar-
ization. Since the transmission of the array
depends on polarization, the intensities
transmitted along each axis will reflect
the relative contributions of the free and
bound probes and the FPI instrument can
consist of an elongated nano-hole array.
Careful design of the nanostructure geom-
etry will be needed to obtain the requisite
selectivity to each polarized component of
the emission. 616!

Plasmon transport

Another useful property of surface plas-
mons is their ability to propagate moder-
ate distances across the metal surface. This
effect is shown by finite-difference time-
domain (FDTD) calculations for plas-
mons at an air-metal interface (Fig. 55).
Using a metal film on a simple glass
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Fig. 53 Schematic for a 200 nm thick fluorometer based on a nano-hole array.
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substrate the plasmons are seen to migrate
over 12 microns.'®* One of the limiting fac-
tors in plasmon migration is the radiative
loss of energy into the substrate. If the
substrate has regions with two different
dielectric constants then the plasmons can
migrate well over 20 microns. The plasmon
migration length is increased in the lower
panel because the additional dielectric &;
causes total internal reflection and sub-
sequent creation of additional plasmons.
Additionally, it is possible to design the
metal structures to obtain highly direc-
tional plasmons. One example consists of
a 300 nm-thick gold film which contains
a nanodot and several nanogrooves.'®®
When this structure is illuminated from
the back side the plasmons propagate al-
most exclusively in one direction (Fig. 56).
Structural features of the structure can
also be used to change the direction of

plasmon migration (Fig. 57). The struc-
ture consists of grooves in a smooth
metal film." The FDTD calculations
show the plasmons at different points in
time (Fig. 57). The important feature to
notice is that the plasmons are confined to
the groove and follow the groove through
sharp bends, similar to what is done using
electrical circuits.

There is an ongoing effort to create opti-
cal elements for plasmons such as mirrors
and beamsplitters.’”' When such de-
vices become available it will be possible to
treat the optical energy from fluorescence
like an electrical current. Fig. 58 shows an
example of a surface plasmon wavelength
demultiplexer.’® The device consists of a
nano-holearray in a 50 nm-thick gold film.
The plasmons are launched at a ridge in
the structure. The plasmons created with
two different wavelengths are deflected in

different directions by the nano-hole array.
These results show that optical energy in
the form of plasmons can be manipulated
in ways analogous to macroscopic optical
components.

While it will be useful to trap and
transport plasmons on surfaces, it will
be necessary to transform the plasmons
into free-space radiation for detection.
Transformation of plasmons into free-
space radiation can be accomplished using
periodic nanostructures. In addition to
converting the plasmons into free-space
radiation the periodic structures can be
designed to radiate the energy in a well-
defined direction.'”™"” One example of a
beaming structure is shown in Fig. 59.7° In
this case the structure consists of a nano-
hole surrounded by concentric rings of Al
and Ag. When illuminated from the far-
field the structure transforms the energy
into a well-defined beam which extends
out to 100 um (panel b). The spatial
distribution of the light is very sensitive
to the thickness of the dielectric above
the metal. The most strongly beaming
structure had a dielectric thickness of
100 nm. If the thickness is changed to 80
or 120 nm the radiation pattern is dramati-
cally altered (panels a and c, respectively).
Transmission of energy through a nano-
hole in a metal film is very different from
a nano-hole in an opaque dielectric. In
the latter case there would be no beaming
and the transmitted energy would be fully
diffracted into the distal half-space. It is
interesting to notice the high sensitivity
of the radiation pattern in Fig. 59 to
the dielectric thickness on the metal. A
typical layer of proteins such as albumin
and/or IgG is about 10 nm thick. This
suggests a new configuration for surface
plasmon resonance where protein binding
changes the dielectric constant over the
structure. Binding could be detected by
changes in the radiation pattern due to
protein binding.

In the previous paragraph we showed
that the optical energy from the far-field
can create radiating plasmons. However,
we are interested in the radiating plasmons
created by excited fluorophores.'”™ We
tested this possibility using FDTD calcu-
lations for a fluorophore near concentric
nano-rings (Fig. 60). We selected a metal-
to-fluorophore distance that is compara-
ble to the distance for a surface-bound
immunoassay. We found that the near-
field interactions of an oscillating dipole
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with the structure can create plasmons on
the distal side, and these plasmons radiate
to the far-field. An important feature of
these plasmons is that the direction of the
light depends on the dimensions of the

structure and the frequency of the dipole.
The energy from a 520 nm dipole radiates
normal to the surface. The energy from
shorter or longer wavelengths radiates at
an angle away from the normal axis. Hence

a nano-ring structure has the combined
properties of providing directional radia-
tion grating to direct the wavelength in the
desired directions.

It is interesting to consider how these
unique optical properties of metallic struc-
tures can be used in new format devices.
Two examples are shown in Fig. 61. In one
schematic (top) the excited fluorophores
create plasmons which radiate towards the
grating. The features near the excited fluo-
rophores can be designed so that plasmons
migrate in one direction. The trapped
plasmon can be forced to emit into the
substrate when it encounters lines in the
metal film. This periodic structure can also
separate the emission wavelengths. A sec-
ond example is shown in the lower panel.
In this case the incident light impinges
on the entire sample. The dimensions of
the nano-hole array can be chosen to
transport specific wavelengths. The device
can also contain concentric nano-ring
structures. In this case the emission will
radiate as a beam into the substrate. It
is important to note that these devices
consist only of structured metal films and
that the entire device can be less than
10 microns long.

In all the devices shown so far we
have considered the optical energy to be
detected in the far-field using photodetec-
tors, which transform the optical energy
into electrical current. In a sense, plas-
mons are electrical current and it would
be useful to detect the plasmons as current
or potential. However, the plasmons are
oscillating currents with no charge sepa-
ration in the metal except for the oscillat-
ing electrons. To the best of our knowl-
edge plasmons have not been detected
directly as an electrical signal. However,
there are now efforts to develop plasmon
detectors.'” One such device consists of a
metal film with a slit to allow the creation
of plasmons with illumination from the air
side of the device (Fig. 62, top). The other
part of the device is a p/n heterojunction
organic diode consisting of p-type and
n-type conductors. A charge separation
is created when a plasmon is absorbed
which generates an electrical current. This
device can be used as a plasmon detector.
The lower left panel of Fig. 62, (bottom)
shows a reflectance image of the silver part
of the device. Parts A and B are slits in
the metal which generate the plasmons.
The rectangle BS is cut into the metal
to block the plasmons. Area B in the
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Fig. 57 FDTD simulations of plasmon transport in a slit in a metal film. The panels show
the fields at z, £ + 0.4 x 107" s, and 7 + 0.8 x 107 s. (Reprinted with permission from ref. 166.

Copyright 2005, Optical Society of America.)

.

Fig. 58 Surface plasmon demultiplexer.
Top: image of structure. The middle and
bottom panels show the optical energy for
plasmons created with 750 and 800 nm
illumination, respectively. The inserts are
numerical simulations. (Reprinted with per-
mission from ref. 169. Copyright 2007,
American Chemical Society.)

lower right image is a map of the electrical
current as a diffraction-limited spot is
scanned across the metal surface. When
the incident beam encounters the slits A,
a current is generated. Illumination of B
generates fewer plasmons, and plasmons
launched by B are blocked by the rectan-
gle. The efficiency of this device is very
low, 10%. However, the important point
is that there are many proof-of-principle
experiments which demonstrate the pos-
sibility of a two-dimensional nano-scale
device that performs all the functions now
performed using lenses, filters, gratings
and photodetectors. The two-dimensional
nature of plasmon optics is similar to that
found in modern computer circuits. In
our opinion the basic technology exists

for two-dimensional fluorescence circuits
based on plasmon optics.

Observation of sub-wavelength volumes
using plasmonic structures

In classical far-field optics the resolution
is limited to about 400 nm across
a diffraction-limited spot and about
2000 nm along the optical axis, for a
volume of about 1 fl. In order to observe
single molecules their emission must be
detectable above the Raman scatter and
background emission from this volume.
As a result, single fluorophores can be
observed only if these have high quantum
yields and are contained in samples with
low background emission. Conversely, if
smaller volumes can be observed then it

x (um) x (um)

x (um)

20

0
z (um)

may become practical to detect single flu-
orophores with lower quantum yield fluo-
rophores or detection of single molecules
in samples like serum or blood with high
background emission. Metallic structures
provide several ways to reduce the ob-
served volumes. One approach is to use the
increased fields between pairs of particles.
There are many published calculations
of the fields between particle dimers.'7®"
However, these calculations do not di-
rectly reveal how these fields can be used
to obtain sub-wavelength observation vol-
umes. While the fields may be localized it
is still necessary to illuminate the structure
and the size of the incident beam is still
limited by diffraction.

We simulated the local fields induced
between particle dimers included by the
incident light (Fig. 63). The particles
were assumed to be silver cylinders on a
glass surface.”® The FDTD -calculations
show that for suitably spaced nanodots
the field is almost completely localized
in the gap between the particles (left,
linear scale). The degree of localization
is even stronger for a pair of triangles
(right). These latter intensities are shown
on a log scale. Remarkably, we calcu-
lated that even if the entire nanotrian-
gle area were coated with fluorophores,
about 25% of the emission would come
from the 16 x 16 nm gap region occu-
pying less than 1% of the area. The field

60 80 100

Fig. 59 Calculations of light transmission through a nano-hole surrounded by concentric
rings of Al and Ag. For these calculations the incident wavelength is 539 nm, /,, = 360 nm and
A = 380 nm. The thickness of the dielectric over the metal is 4, = 80 (a), 100 (b) and 120 (c)
nm. (Reprinted with permission from ref. 170. Copyright 2006, American Institute of Physics.)
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Fig. 60 Top right: concentric nano-rings fabricated using FIB. Top left: schematic of a
fluorophore on concentric nano-rings. Bottom: FDTD calculations of the plasmon emission
induced by the fluorophores at the end of the detection antibody. The emissive patterns depend

on wavelengths but not on the fluorophore-metal distance.
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Fig. 61 Top: potential clinical sensors based on directional plasmons and outcoupling with
nanogrooves. Bottom: potential devices with wavelength-selective nano-holes or nano-rings
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calculation suggests that if the triangle
pair is uniformly coated with fluorophores
a large fraction of the total emission will
come from those fluorophores between the
tips of the triangles. These calculations
suggest that particle clusters can be used
to obtain reduced volumes with typical
macroscopic optics used to illuminate par-
ticle clusters.

Another approach to obtaining small
volumes is to use the enhanced trans-
mission through nano-holes. When nano-

holes in metal films are illuminated there
is typically an enhanced field in the nano-
hole or above the nano-hole. This geom-
etry may be preferred because the metal
film is expected to block all the light so
that the excitation field only exists in or
above the nano-hole. However, it is known
that light incident on a single nano-hole
can induce plasmons on the distal side
of the film," so that completely localized
excitation may not always occur. Nonethe-
less, nano-holes are promising structures

for obtaining small volumes. Remarkably,
the intensities from single molecules are
enhanced several-fold compared to free
solution.’®*1% QOne example of enhanced
single molecule intensities and reduced
volumes is shown in Fig. 64. The 300 nm-
thick Au Flim is opaque and any observed
light must be transmitted through the
nano-hole. Even with this severe geometric
constraint the single molecule brightness
of Rh6G is six-fold larger than in solution.
The fluorescence correlation spectroscopy
(FCS) data show a dramatic reduction
in observed volume. In FCS the time
delay 7 = 0 intercept reflects the inverse
of number of observed molecules. The
concentrations of Rh6G in solution and in
the nano-hole were 20 and 600 nM, respec-
tively. Based on these concentrations the
intercept for the nano-hole is expected to
be 30-fold lower than for the solution, yet
it is three-fold higher. This result reflects a
90-fold reduction in the observed volume
for the nano-hole as compared to the
solution.

It should be noted that other methods
are being developed to obtain reduced
volumes. One approach not based on
plasmonics is to use sub-wavelength holes
in an opaque film."¥”'*® In this case only
an evanescent wave can partially enter the
nano-hole, and this evanescent wave serves
as the excitation source. Reduced volumes
can also be obtained using smooth metal
films and SPCE."™™ In this case the
primary advantage is localization of the
volume close to the metal surface rather
than restraining the volume in three di-
mensions. A promising approach to ob-
tain an extremely small volume is to use
tapered metallic waveguides."! Such struc-
tures can be used to obtain an optical field
localized to about 5 nm (Fig. 65). Small
optical apertures are used in near-field
scanning optical microscopy (NSOM) but
the spatial resolution is typically limited
to about 75 nm because of low trans-
mission through the aperture. It seems
likely that NSOM instruments will soon
be developed using tapered metal wave-
guides.

Sub-wavelength optical microscopy
using plasmonic nanostructure

As described above, the wavelengths of
surface plasmons are shorter than wave-
lengths in air or glass, and electric fields
can be localized near and between metal
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Fig. 62 Schematic of a surface plasmon detector (top), illumination scheme (middle), optical
image (lower left) and electrical current image (lower right). (Reprinted with permission from
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ref. 177. Copyright 2006, American Institute of Physics.)
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particles. These sub-wavelength sizes of
plasmons are being used in an attempt
to develop optical microscopy with spatial
resolution much greater than with present
diffraction-limited optics.”**** The basic
concept is shown in Fig. 66. In this case
a nano-hole array is illuminated to excite
sub-wavelength intensity spots on the dis-
tal side of the array. The nano-holes can
be over a wavelength apart so that they
do not interact and can be individually
observed with a wide-field microscope.
The array would scanned in-plane and
the total image reconstructed from the
individual images. Theoretical and experi-
mental studies have demonstrated the exis-
tence of such small spots above plasmonic
structures.”2% Fig. 67 shows an experi-
mental demonstration using photolithog-
raphy. The nano-holes were illuminated
from the bottom with a photoresist on the
top distal side. The resist was developed
revealing the spatial distribution of the
electric fields. Depending on the hole size
the spots can be as small as 100 nm
in diameter. The metal structure can be
designed to obtain even smaller spots.'”
Fig. 68 shows simulations of the fields
above a multi-layer structure. The electric
field is confined to dimensions as small as
A/20.

The previous structures use the fields
near nano-holes for sub-wavelength res-
olution. Another approach is to use the
short wavelength of surface plasmons
more directly?® In Fig. 41 we showed
that the surface plasmon wavelength can
be about two-fold shorter than the free-
space wavelengths. Surface plasmons can
be much shorter than A/2. Remarkably,
the plasmon wavelength can be as short
as 10 nm and the predicted spatial res-
olution is near 20 nm (Fig. 69). In this
example the spatial resolution is a result
of changing the incident wavelength. An-
other approach is to use interference be-
tween surface plasmons.*! This is shown
by simulations of the fields on a grating
structure (Fig. 70). The fields are seen to
have dimensions near 50 nm.*"

While these approaches to plasmonic
microscopy seem promising there is a large
technological barrier. The approaches
shown in Fig. 66-70 depend on using
the near-fields just above the metal sur-
face. This means that the object needs
to be in physical contact with the metal.
This problem also occurs for the so-
called perfect lens based on negative
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Fig. 64 Fluorophores in nano-holes in 300 nm thick Al film. Top: image of nano-hole and
schematic; middle: single molecule enhancement and effective volumes; bottom: FCS of 20 nM
Rh6G in solution and 600 nm Rh6G in the nano-hole. (Reprinted with permission from ref.
185. Copyright 2005, American Physical Society.)

materials.?>2* Recently we discovered an
approach to obtain sub-wavelength size
intensity distributions at micron distances
above a nano-hole array®® At the same
time similar reports appeared from other
laboratories, 2% and on a related effect
in two dimensions.*® We observed these
sub-wavelength size fields using near-field
scanning optical microscopy (NSOM). We
imaged the fields above a 4 X 4 nano-
hole array in a 200 nm-thick silver film
(Fig. 71). To our surprise we observed
images of the 4 x 4 array at large distances
of 20 microns or more above the array
(Fig. 72). At other distances we observed
more complex images and/or low inten-
sity. We recognized that these images were
related to the Talbot effect.?'**!* There are
two important aspects of this observation.

First, the fields can be confined to sub-
wavelength dimensions as can be seen for
the image appearing 11 microns above the
surface. Secondly, the location of the field
spots at these large distances shows that

Fig. 65 Calculation of plasmon migration
in a tapered 300 nm diameter gold wave. The
free-space wavelength is 532 nm. [Reprinted
with kind permission from ref. 191 (Fig. 2).
Copyright 2007, Springer Science + Busi-
ness Media.]

these fields can be used for cellular imag-
ing. Cells on cover slips are typically sev-
eral microns thick. One can readily imag-
ine the nano-hole array being scanned
below the cell (Fig. 66). Since the spots can
be microns apart the spots can be imaged
with classical optics and reconstruction
of the complete image from the partial
images. Additionally, it seems likely that
methods will be developed to move the
spots in the cell by changing the opti-
cal conditions for the nano-hole array,
rather than physical movement of the
array. Hence it seems likely that plasmonic

Excitation

Fig. 66 Schematic for a plasmon-based microscope with sub-wavelength resolution.
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UV illumination

Fig. 67 Photolithographic mapping of light intensity transmission through an aluminium
film. Panels (b)—(d) show the pattern in the SV-8 photoresist for hole diameters of 110, 200
and 360 nm. Panels (e)-(g) show the intensities calculated by the FDTD method. (Reprinted
with permission from ref. 198. Copyright 2005, American Chemical Society.)
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Fig. 68 Sub-wavelength excitation volumes using nano-apertures in layered metal films.
(Reprinted with permission from ref. 199. Copyright 2006, Optical Society of America.)
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structures will be used for a new class
of microscope, in some cases with sub-
wavelength resolution.

Perspective

Fluorescence has been studied for cen-
turies, with the first publications by Her-
schel and Stokes near 1850 AD. Flu-
orescence has been used widely in the
biosciences since the 1950s starting with
the pioneering work of G. Weber. During
these 150 years almost all fluorescence
experiments utilized far-field illumination
and observation. The use of plasmonic
nanostructures represents a fundamental
change in fluorescence. Instead of consid-
ering only the propagating radiation we
are using the near-fields created by metals
and excited fluorophores. Hence it is nec-
essary to consider near-field interactions
and nano-side optics. We need to under-
stand which types of structures cause flu-
orescence enhancements and which struc-
tures cause quenching. These effects are
somehow governed by the near- and far-
field optical properties of metal structures,
but at present a detailed understanding is
lacking.

While there are many complexities to
fluorophore-metal interactions there are
also many opportunities. In addition to
control of the chemical structure of the
fluorophore we can now control, to some
extent, the processes of excitation and
emission. Additionally, we will be able to
control the spatial distribution of fluores-
cence, not with macroscopic optics, but
with nearby metallic nanostructures.
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