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Abstract
Optical response of metal-dielectric inhomogeneous films is considered.
A Generalized Ohm’s Law is formulated to relate the electric and magnetic
fields outside to the currents inside the film. Computer simulations show that
the local electric and magnetic fields experience giant spatial fluctuations. The
fields are localized in small spatially separated peaks: electric and magnetic
hot spots. Optical transmittance through a periodically inhomogeneous metal-
lic film is strongly enhanced when the incident wave is in resonance with sur-
face plasmon polaritons excited in the film, and can be exploited for optical
switching. An analytical theory for extraordinary light transmittance through
an optically thick metallic film with subwavelength holes is developed. The
transmittance has sharp peaks due to the internal resonances in the holes. Ata
resonance, electric and magnetic fields are dramatically enhanced in the holes.
These resonances are proposed to circuit light over a metallic film for distances
on the nanometer length scale.
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1 Introduction

The last two decades have been a time of immense improvement in our understand-
ing of the optical properties of inhomogeneous materials. An important represen-
tative class of such materials is constituted by metal-dielectric composite materials
near the percolation threshold. Nanostructured materials of this class have attracted
attention because of their unique electromagnetic properties. Many fundamental
phenomenons, such as localization and delocalization of electrons and optical ex-
citations, play important roles in random materials. The light-induced plasmon
modes in metal-dielectric composite materials can result in dramatic enhancement
of optical responses over broad spectral ranges. In particular, percolating metal-
dielectric films can be employed for (i) surface-enhanced spectroscopy with un-
surpassed sensitivity and (ii) novel optical elements, such as optical switches and
efficient optical filters [1]-[3].

We consider the optical properties of random metal-dielectric films, also known
as semicontinuous metallic films, in this chapter. These films are usually produced
by either thermal evaporation or sputtering of a metal onto an insulating substrate.
During the growth process, small clusters of metallic grains are formed first; and,
eventually, a continuous conducting path appears between the ends of the sample
at a percolation threshold, indicating a metal-insulator transition in the system. At
high surface coverage, the film is mostly metallic with voids of irregular shapes;
and finally the film becomes uniformly metallic. Although these films have been
intensively studied both experimentally and theoretically for some time [4]-[19],
the important role of giant local-field fluctuations, resulting from plasmon local-
ization, was recognized only recently [20]-[38].

A two-dimensional inhomogeneous film is a thin layer within which the local
physical properties are not uniform. The response of such a inhomogeneous layer
to impinging plane electromagnetic waves crucially depends on (i) the spatial scale
of the inhomogeneity compared to the wavelength and (ii) the angle of incidence.
Usually, when the wavelength is smaller than the inhomogeneity length scale, the
incident wave is scattered in various directions. The total field scattered in a certain
direction is the sum of the elementary waves scattered in that direction by each
elementary scatterer on the surface. As each elementary wave is specified not only
by its amplitude, but also by its phase and direction of propagation, the sum of
the elementary waves is a vector sum. The scattered energy is then distributed in
various directions, though certain privileged directions may receive more energy
than others.

By contrast, when the inhomogeneity spatial scale is much smaller than the
wavelength, the resolution of the wave is too small in contrast to the nonuniformi-
ties. Therefore, the incident plane wave is then reflected specularly and transmitted
in a well-defined direction, as if the film were a homogeneous layer with bulk
effective physical properties (conductivity, permittivity, and permeability), as has
been studied for about two centuries [39] and is considered elsewhere in this book
[39]-[41]. The electromagnetic field is coupled to the inhomogeneities in such a
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way that irregular currents are excited on the surface of the layer. Strong distor-
tions of the field then appear near the surface, but they decay exponentially so that
the scattered field asserts a plane wave character when far away from the surface.

2 Generalized Ohm’s law approximation and giant fluctuations
‘of local electromagnetic fields

A new analytical approach to the calculation of optical properties of metal-
dielectric films, referred to as the Generalized Ohm’s Law (GOL), has recently
been proposed [1]. We restrict ourselves, for simplicity, to the case where all the
external fields are parallel to the plane of the film (i.e., when a plane wave is nor-
mally incident on a flat surface). The z axis is perpendicular to the metallic film
(with possible holes, voids, or other inhomogeneities) of thickness /. The external
electromagnetic wave is incident on the front interface z = —A/2, and the trans-
mitted wave is emitted from the back interface z = 4/2, as it is shown in Figure 1.
The typical spatial scale D of the metallic grains is supposed to be much smaller
than the free-space wavelength Ag; i.e., D < Ag.

We consider first the electric and magnetic fields in the close vicinity to the
film in the front reference plane z = —h/2 — a and in the back reference plane
z="h/2+a, as itis shown in Figure 1. The electric and magnetic fields considered
at distance a in front of the film are designated as

El(r) :E(ra _h/z——a)i Hl(r)=H(r7 _h/z_a)’ (1)
and those at a distance a behind the film are denoted by

Ex(r) =E@, h/2+a), Hy()=H(r, h/2+a). )

z=0

Figure 1 Electromagnetic wave of wavelength Ag impinges on a metal-dielectric film. It is
partially reflected and absorbed, and the remainder is transmitted through the film. Electric
and magnetic fields are considered in the plane z = —h/2 — a in front of the film and in the
plane z = 1/2 4 a behind the film.
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All the fields are monochromatic with the usual exp(—iwt) time-dependence. The
vectorr = {x, y} is a two-dimensional vector in the xy plane. In the case of laterally
inhomogeneous films, the average electric displacement

h/2+a h)2+a
D) = ko / D(r, 2)dz = ko f s(r, DE(r, 2) dz 3)
—h/2—a —h{2—a

and the average magnetic induction

h/24a h/2+a
B(r) = ko / B(r, 2) dz = ko f ue 0HE Ddz @)
—h/2—a —h/2—a

are functions of r, where ko = 27 /Ao = w/c is the free-space wavenumber. Vectors
D and B, introduced by (3) and (4), have the same dimension as electric displace-
ment and magnetic induction. We assume hereafter, for simplicity, that the permit-
tivity ¢ is a scalar and the permeability ;1 = 1. Note that Gaussian units are used in
this chapter.

In the GOL approximation, the local electromagnetic field is a superposition
of two plane waves propagating in +z and —z directions. This superposition is
different in different regions of the film. We neglect scattered and evanescent waves
that propagate in the xy plane since their amplitudes are proportional to (Ao/ D)2,
Thus, we use the two—plane-wave approximation when both E(r, z) and H(r, 2)
have components in the xy plane only. The, superposition of two plane waves is
determined by the fields E; and H; or E; and Hj, defined in the front or back
reference planes respectively [see (1), (2)]. Therefore, in the GOL approximation
the fields E(r, z) and H(r, z) are completely determined by either E; (r) and H;(r)
or E5(r) and Hy(r) or any two linear combinations of these fields.

Then, the Maxwell equations curlE(r,z) = ikoB(r,z) and curl H(r, z) =
—ikoD(r, 7), on integration from z = —h/2 —a to z=h/2 + a, yield

(nx[E1 () —E2(0)]} =iB(x), {nx[Hi(r)-H®}}=-iDE), ©)

where n= {0, 0, 1} is the unit normal to the xy plane. The fields Ej »(r) and
H; »(r) have components only in the xy plane, as their z-directed components van-
ish in the two-wave approximation; hence, these fields as functions of the vector r
are curl-free (otherwise they should have z components according to the Maxwell
equations).

It is convenient to introduce the linear combinations of the fields E; 2(r) and
H; »(r); namely the fields

E@) =E;(r) + Ex(r), H(r)=H;(r)+Ha(r) (6)
that are also curl-free:

curlH(r) =0,

curlE(r) =0,
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and also determine the fields inside the film. The continuity equations for the aver-
age “electric displacement” D(r) and the average “magnetic induction” B(r) in (5)
are obtained by integration of the local (3D) equations divD = 0, divB = 0 over
the coordinate “z” between the reference planes z =—h/2 —agand z =} /2+a,
which results in

divD(r)=0, divB(r)=0, (8)

where we take into account that the components D, =0 and B, =0 at the planes
z=—h/2—aandz=h/2+a.

Equations (5), (7) and (8) are the system of GOL equations that connect electric
and magnetic fields, determined in (2D) reference planes, to the average electric
displacement (electric current) and average magnetic induction (magnetic current)
flows in the film. Thus, the entire physics of 3D inhomogeneous film, which is
described by the full set of Maxwell equations, has been reduced to a set of quasi-
static equations (7) and (8). To solve these equations we just need the constitutive
equations connecting the fields E and H to the “currents” D and B,

Since the fields E and H can completely determine the fields inside the film
in the considered GOL (two-wave) approximation, the average (2D) electric dis-
placement D(r) and the average magnetic induction B(r) can be presented as lin-
ear combinations D = uE+g;H and B = vH-+gE, where u, v, g1, and gy are
dimensionless ohmic parameters. For simplicity, we consider films having mirror
symmetry with respect to reflection in the z = 0 plane. For such films, parameters
g1 =0and g =0[18-19], [22]. Therefore, we can write

D(r) =u(mE(), B(r)=v(r)H(r), ®

where dimensionless ohmic parameters u(r) and v(r) are expressed in terms of the
local refractive index n = Je(r) as

_ tan(Dko/4) + ntan(hkon/2)

1 —ntan(Dko/4) tan(hkon/2) (10
and
_ ntan(Dky/4) + tan(hkon/2) 1
’ T % tan(Dko/4) tan(hkon 2) (D

The refractive index n takes the values m = \/€n and ng = /€4 for the metallic
and the dielectric regions of the film. The distance to the reference planes is set
a=D/4in (10) and (11) [16], [19], [35]. Note that this choice of a is close to g —
2D/(37), which is obtained from comparison of GOL and exact results [42] for the
diffraction by a small aperture in a perfectly conducting screen. Equations (9) have
the form typical for constitutive equations in electromagnetism [43], but include
parameters # and v which incorporate local geometry of the film.
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In order to find the observable optical properties of the film, such as transmit-
tance and reflectance, we average (5) over the film plane and introduce the effective
film parameters u, and v,, by spatial averaging; thus,

ue(E) = (uE), v.(H)=(vH). (12)
Thereby, we obtain the relations

[nx((E2) — (E1)] =ive(H), [nx((Hz)— (Hi))]= —iu.(E),  (13)

which relate the spatially averaged fields on both sides of the film.

We suppose that the incident plane wave lies in the half-space z < 0, so
that its electric field depends on z as exp(ikoz) (see Figure 1). The incident
wave is partially reflected and partially transmitted through the film. The elec-
tric field amplitude in the half-space z < 0, away from the film, can be written
as E1(z) = Eolexpliko(z + h/2 + a)] + rexp[—iko(z + h/2 + a)]}, where r is
the reflection coefficient and Eq is the amplitude of the incident wave. Well be-
hind the film, the electric field acquires the form E, (z) =texpliko(z — h/2 — a)],
where 7 is the transmission coefficient. In the reference planes z = —h/2 — a
and z = h/2 + a, the average electric field equals (Eq) and (E), respectively;
therefore, (E1) = Ej(—=h/2 —a) = (1 + r)Ey and (Ep) = Ex(h/2 + a) = ¢E,.
The same matching for the magnetic fields gives (H;) = (1 — r)[n x Eg] and
(Hy) = t[n x Eg]. Substitution of these expressions for (E12) and (Hj ) in (6)
and then in (13) gives two linear equations for ¢ and r, whence

2 1+u.v,

(i Fue)i + ve)

Ir|2 _ ‘ (e — ve)
(+u) +ve)

2
R= =t]* = : (14)

3

Thus, the effective ohmic parameters u, and v, completely determine the observ-
able optical properties of inhomogeneous films.

Since the fields E(r) and H(r) are curl-free, they can be represented as gradi-
ents of certain scalar potentials as follows:

E=-Vyp, H=-Vy. (15)

By substituting these expressions, first in (9) and then in (8), we obtain the equa-
tions

V- [u(r)Ve()] =0,

V- Vy ()] =0,

(16)

which are solved independently for the potentials ¢ and v. These equations are
solved subject to the constraints

(=Vo)=E)=0+r+1)Ey, (—Vy)=MH)= (1 —r+1)[n xEg],
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where the spatially uniform field Eq is the amplitude of the incident wave plane
wave, and  and ¢ are reflection and transmission coefficient, respectively.

The local electromagnetic fields obtained from the numerical solution of (16)
are plotted in Figure 2 [35]. The maximums of the local fields are larger than the
intensity of the incident plane wave by 4 to 5 orders of magnitude. The giant field
fluctuations result in several new physical effects such as percolation-enhanced
Rayleigh scattering, nonlinear scattering, percolation-enhanced Raman scattering,
and huge enhancement of Keir as well as other optical nonlinearities [1-2].

3 Surface plasmon polaritons

We consider now electromagnetic waves propagating on the surface of a metallic
film. In the optical and infrared regimes, the collective excitation of the electron
density (which is coupled to the near field) results in a surface plasmon polariton
(SPP) (also known as a surface polariton [44-45]) traveling on the metal surface.
These surface waves are excited when the real part of the metallic permittivity &, =
g, + ey, is negative (i.e., g! < 0) and dissipation is small (i.e., k = el Jlen| K1),
which is typical for a metal in the optical regime. Let us denote &,, = —v?, where
v = —in is almost positive since the losses are small. At the metal—-air interface,
the SPP is an H wave, with its magnetic field parallel to the interface [45]. In the
direction perpendicular to the interface, SPPs exponentially decay on both sides of
the interface. The relation between the angular frequency  and the wavenumber
k, of the SPP can be found from the following consideration.

We assume that the SPP propagates in the x direction, with H parallel to the
y axis: H= {0, H, 0}. The half-space z > 0 is vacuous while the metal fills the
half-space z < 0. We seek solutions of the form

Hi = Hyexp(ikpx — A12), 2>0, (17)
H, = Hpexp(ikpx + A2z), z<0, (13)

B

3.0x104

15x104

0.0

Figure 2 Distribution of local field intensities |EP = |E1()[% and [H[? = [Hi () in sil-
ver-dielectric percolation film for wavelength Ao =1 um and thickness 2 = 50 nm; concen-
tration of silver particles is at the percolation threshold (silver surface concentration p ~ 0.5).
Average field amplitudes are normalized to unit magnitude (i.e., [(E1)| = [(H1)| = 1).
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where A} = (k% —k3)'/* and Ay = [k3 + (kov)?]'/. Thus, the boundary condition
on the continuity of the tangential component of the magnetic field is automatically
satisfied. The continuity of the tangential component of the electric field results in
the condition

0H; 1 0H, (19
8z v 3z : )
for z = 0. This equation yields the dispersion equation
K, = oY (20)
P vZ —1

for the SPP wavenumber k,. SPP propagation on the metal surface then requires
that |v| > 1.

There are two kinds of SPP modes in a metal film of finite thickness 7,
which correspond to symmetric and antisymmetric (with respect to reflection in
the plane z = 0) oscillations of the electron density on both interfaces. Here-
after, it is supposed that [v| > 1. With the assumption of a strong skin effect, i.e.,
exp[—hkoRe(v)] <« 1, the propagation of SPP is determined by the relation

202
k1,2 = kp 1+ —[1——1 eXp(—hkpU) s (21)
v —

where the wavenumbers k; and kp correspond to the symmetric and antisymmetric
modes, respectively, and &, is defined by (20). The phase velocities of the sym-
metric and antisymmetric SPPs are less than the speed of light ¢, and neither type
can be excited by an external electromagnetic wave, because that would violate the
principle of conservation of momentum. In a sense, the SPPs represent a hidden
reality that s invisible, since an SPP does not interact with impinging light.

4 Resonant transmission

The situation changes dramatically when the metallic film is periodically inhomo-
geneous. The permittivity modulation provides the momentum needed to compen-
sate for the difference between the momentums of the photon and the SPP. Hence,
an SPP can be excited by an incident plane wave regardless of film thickness. An
example of such spatial modulation is the square array of nanoholes punched into a
metallic film [46]-[49]. Another example of a regular modulation of the refractive
index, which we propose in Section 5, is light-induced modulation due to optical
Kerr nonlinearity.

As before, a plane wave of interest is incident normally on the film. Then,
the electromagnetic field inside the film is spatially modulated with the petiod L
because of the film inhomogeneity, whether specially fabricated or light-induced.‘
When the frequency of an incident wave is such that either of the SPP wavelengths
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A2 = 27/ k1,2 coincides with L, the corresponding SPPs are excited in the film. If
the film is optically thick, the SPP is excited initially on the front interface. Finally,
it spreads out on both sides of the film.

There is a straightforward analogy between the front and back SPP components
on the one hand and two identical oscillators coupled together on the other hand.
The coupling can be arbitrarily weak; nevertheless, if we push the first oscillator,
then after some time (which depends on the coupling) the second oscillator begins
to oscillate with the same amplitude as the first oscillator. By the same token, the
front and back SPP will eventually have the same amplitudes. When the SPP prop-
agates on the back interface, it interacts with the permittivity modulation and, as
a result, converts its energy back to a plane wave re-emitted from the film. There-
fore, at resonance, the film becomes almost transparent, regardless of its thickness;
however, the width of the transmittance resonance shrinks when the film thickness
increases.

The amplitude g ~ Ae/¢ of the permittivity modulation does not play any role
in this scenario. Although g could be arbitrarily small, the front and back SPPs
could be excited and the film would become transparent. Moreover, we do not need
nanoholes through the film for resonant transmission to occur. All that is required
is that both sides of the metal film are modulated with the same spatial period. The
minimum g needed for resonant transmission depends on the loss in the metal; but
the loss can be relatively small if the skin effect is strong. The transmittance maxi-
mum typically has a doublet structure corresponding to the excitation of symmetric
and antisymmetric SPPs, as we show next.

A periodic modulation can always be represented by a Fourier series. Resonant
transmission takes place when the wavelength of the impinged light is such that one
of the SPP wavenumbers k; , equals the wavenumber g of a spatial harmonic. The
resonant interaction of an SPP with the gth spatial harmonic results in enhanced
transmission. Since other spatial harmonics are nonresonant, we can consider light
interaction with gth harmonic only. We suppose that magnetic field H in the wave
normally impinging on the film has only a y component: H = {0, H, 0}. We have
to consider the interaction of the incident plane wave with a metal film whose
permittivity varies as

e(r) = —v2(1 + g cosgx), (22)

with g <« 1. _

The amplitude of a normally incident plane wave depends on z only. In the
course of the interaction with the periodic permittivity (22), an electromagnetic
harmonic varying as cosgx is generated. The amplitude of this harmonic is pro-
portional to g < 1. This harmonic, in turn, interacts with the film modulation and
thus generates a harmonic varying as cos2gx and other higher harmonics. Thus,
the whole spectrum of the electromagnetic wave is excited in the film when the in-
cident plane wave interacts with the permittivity modulation. The amplitudes of the
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cos pgx harmonics are proportional to g#, (p =1, 2, 3,...). Resonant transmis-
sion occurs when these harmonics are converted back to the plane wave transmitted
through the film.

We are interested in the electromagnetic harmonics that can be converted back
to the plane wave in such a way that this optical process is proportional to the lowest
power of the modulation amplitude g. Therefore, we restrict our attention to the
cosgx harmonic and write the magnetic field as Hr,2)=H@ + H,(z)cosgx,
where H(z) and H,(z) are two unknown functions. Substituting the field H =
{0, H(2) + H,(z) cos g x, 0} in the Maxwell equations, equating the terms that have
the same dependence on x [50], and neglecting the generation of higher harmonics,
we obtain the system of two differential equations that determine the fields inside
the film as follows:

d? d?
L H @) — kov?H — £ H,(2) =0,
dz? 2 dz?
(23)
d2 5 5 d2
Z{—;Hq(z) — [kov)?* + ¢*]Hy — gd—Z2H(z) =0.

The transmitted magnetic field H(z) = t exp(ikoz), (z > h/2), where T = 712 is
the transmittance. For the cosgx harmonic, we use the radiative boundary condi-

tions; namely,
. 2 2
Y3exp(— i\Jkg—q z), z<—h/2

Hy(z) = , 24)

Y4exp(i,/k§—q2z>, z>h/2

where Y3 and Y4 are constants.
We neglect nonresonant (direct) transmittance, which allows us to obtain a
rather simple expression for the resonant transmittance:

454
[(A— D+ @ +DUA+D)" + @ + 7)1

T(A) = (25)

This quantity depends on

2 VIV = m)* (vl + VP +2m)  Am(1+[vP)

(26)
8(1+ [v|?)¢ ¢ 2|y

A-g

3

which is the normalized detuning from the SPP frequency; and it also depends on
the renormalized modulation amplitude

5 Sl = m) o
21+ v2VT ’
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as well as the renormalized loss factor

(U + e
“= a0 =

where m = /|v|2 — 1, A =ko/q — m/|v|, and ¢ = exp(—h|v|q). Recall that we

wrote &n = —Vv2, and we also assumed small losses (i.e., k = el Jlen,| < 1) and

v| > 1.

| To analyze the resonant transmission, for simplicity, we set & = 0 in (25). Then,
for g < 1, it follows that T (A) has two maximums; namely, T(AD =T (4A) =1
for Ajp=£y/1— g*. Therefore, a lossless film becomes absolutely transparent at
resonances, regardless of its thickness.

It is instructive to consider how the transmittance changes when g increases.
The distance between the two maximums, given by A~1 — ANZ =2./1— g%, de-
creases with increasing 2. The film remains transparent at both resonances. Finally,
when g exceeds unity, the two maximums merge together; and the transmission
spectrum displays just one maximum, with transmittance T, = 4g*/(1 4 g%)? that
decreases with further increase of g, as shown in Figure 3. The reason is that in-
teraction with the permittivity modulation results in the radiative decay of the SPP
and its conversion to the emitted plane wave. The radiative losses, conveyed by
the 32 term in the denominator of (25), lead to a damping of the SPP. As a result,
resonant transmittance increases with a decreasing permittivity modulation g, and
vice versa.

Resonant transmittance of a silver film is shown in Figure 4. The plot holds
for k = 1.6 x 1073, which is realistic at cryogenic temperatures, when the electron
mean-free path is determined by the film thickness &. Clearly, the transmittance has
sharp two peaks corresponding to the SPP excitation, although the transmittance is
less than 100% due to losses. Outside the resonance regime, the transmittance is

* estimated as T ~ exp(—2|v]kod) ~ 107°. Thus, at resonance, the transmittance is

enhanced by five orders of magnitude.

Figure 3 Transmittance as a function of normalized detuning A for different modulations 2.




408 Andrey K. Sarychev and Vladimir M. Shalaev
T%

10.0 |

50F

: . A (pm )
0.530 0.531 0.532

Figure 4 Transmittance of a silver film of thickness d = 0.18 um, modulation g = 0.1, and
spatial period a =27/q = 0.5 um.

5 Light-induced resonant transmission

In Section 4, we assumed that the periodic permiitivity modulation to be fabri-
cated. Let us now consider the creation and control of this modulation by light
itself through optical nonlinearity of the Kerr type [51]. We first suppose that film
has a “seed” modulation go < 1 and then determine the increase in g due to the film
nonlinearity. Exactly at resonance, the transmitted intensity I; = T Ip is of the same
order of magnitude as the intensity o of the incident plane wave. The transmitted
wave is generated by the SPP which propagates on the front interface (z = —h/2)
because of interaction with the permittivity modulation. Therefore, the intensity
I, of the SPP is estimated as I, ~ It/ g>~ Iy/ g2 > I. At the back interface
(z = h/2), the SPP intensity is of the same order of magnitude. The electric field
E, of the SPPis spatially modulated with the resonance wavenumber k. Thus, the
field-induced modulation of the permittivity is estimated via g ~ 24w x®|E p|2,
where x® is the nonlinear susceptibility quantifying the Kerr effect. The induced
modulation of the permittivity increases the transmittance and, therefore, the n-
tensity of the SPP. This positive feedback may result in the bistability depicted in
Figure 5.
When dimensionless intensity of the impinging light I* becomes larger than
If =6 x 103, the transmittance 7 jumps from nearly zero to almost unity, and
the film suddenly becomes transparent. If * is reduced thereafter, the film remains
transparent even for I* <[ ;, since the SPP has been already excited in the film.
Transmission declines steeply for I* ~ Iy =~ 10~3 < I}. Thus, optical bistability
can occur in periodically nonhomogeneous metallic films. The susceptibility X s
rather large for noble metals (typically, x ® = 1078 esu [52-53]), and the intensity
Io required for the bistability can be easily achieved with conventional lasers. We
also note that the seed modulation go can be created by the interference of two
additional control laser beams that are incident on the surface from the different

sides with respect to the normal.
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Figure 5 Nonlinear transmittance as a function of the intensity Iy of the incident plane wave;
1% =2472Iyx P /e.

6 Extraordinary optical transmittance through nanoholes

Let us now apply the approach developed in Section 2.4 in order to investigate the
interaction of light with nanoholes punched in an otherwise optically thick metal
film. We show that the transmittance of a metal film with subwavelength-sized
holes has sharp resonances corresponding to the excitation of the localized surface
waves that are specific to a metal film with holes [54].

This extraordinary optical transmittance (EOT) phenomenon was discovered
by Ebbesen et al. [46], who also subjected it to intensive examination; see also
Sonnichsen et al. [55]. Various models—mostly numerical simulations—were sug-
gested to explain the EOT [35], [49], [56]-[60]. Despite the very sophisticated
simulation algorithms used, the physical nature of this phenomenon is not fully
understood. Here we use a GOL approximation to develop a physical model that
provides a simple qualitative picture.

Our objective is to find the transmittance of a metal film with subwavelength-
sized holes. The local electric and magnetic fields, E(r) and H(r), can be deter-
mined from the potentials involved in (16); and then the effective parameters u,
and v, can be obtained from the definitions (12). Since both E(r) and H(r) are
curl-free, while both D(r) and B(r) are divergence-free, the quasi-static approxi-
mation can be used [1], [35]. Therefore, many efficient analytical and numerical
methods, which were developed in quasi-static percolation theory, are at our dis-
posal for the calculation of the local fields and the effective parameters [1], [4].

Here we use the simplest approximation—the Maxwell Garnett (MG)
approach—that holds when the surface hole concentration p is small (i.e., p < 1).
In two dimensions, the MG approach leads to the following expressions:

2 2
Ep=—""F,, H,=—"—H,, (29)

where u,,, v, and vy, vy, are the ohmic parameters for the metal and holes, E,, and
H,, are electric and magnetic fields averaged over the metal, E, and Hj, are the
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fields averaged over the holes. From (12) and (29) we obtain the effective electric
parameter:

. (WE) (I = plumEp + pupEj
Ue = = . (30)
(E) (1—=p)Eyn+ pEp

Repeating the same procedure, we find the effective magnetic parameter

(vH) — (I = p)vp Hy + pupHy
(H) (1= p)Hpy + pHy

Ve =

BD
analogously.

Hereafter we consider films whose thickness 4 is much larger than the skin
depth ¢ in bulk metal (A > § = 1/Im[n]kp). This case corresponds to most of

the experiments with subwavelength holes reported so far. With the assumption of
strong skin effect, (10) and (11) readily yield

Uy, = —cot(aky), v, =tan(akp), (32)

so that u,, = —1/v,,. We substitute the parameters i, and v, in (14) to obtain the
transmittance

_ 16p% (A + upv)l?

T 2 ,
| 21 25]

(33)

Iy =up — pup+ 1+ p)(1 —iup)uym —i(1 — pu,

2 =0+ up)umvp — 1) + p(i — ttyy) (Upvp+1). (33)

In deriving (33), we assumed that (i) p < 1 and (ii) |u,,| > 1, which follows
from (32) when the hole diameter D ~ g < A.

The electric field Ej, in a hole tends towards infinity in the limit u,, — —uy if
there are no losses; see (29). By utilizing the relation u,, = —uy, in (33), we obtain
transmittance T = 4|u,,|/|1 + uil, which does not depend on the hole concen-
tration p and, therefore, remains finite even as p — 0. Similarly, when magnetic
resonance takes place (i.e., v, = —1/u,, = —vy,), the resonant transmittance also
remains finite as p — 0. Consequently, we conclude that the electric and magnetic
resonances in the holes can result in EOT.

Note, however, that a strong electric field in a hole could excite an SPP that
emerges from the hole. Then, the resonance would be damped due to radiative
losses. As radiative losses are ignored in the following analysis, the expressions for
the transmittance obtained in the remainder of this section should be considered as
merely estimates.
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7 Electric and magnetic resonances

To estimate the transmittance we should find ohmic parameters u; and vy, for
a hole. The parameters u, and v, depend on the field distribution inside the
hole. The internal field is a superposition of different eigenmodes for a subcriti-
cal waveguide that characterizes a hole. At the hole entrance, the internal field is
similar to a plane wave, even though its amplitude can be significantly different
from the amplitude of the incident wave. Deeper inside the hole, only the mode
with the least eigenvalue survives. To simplify further semiquantitative analysis,
we assume that the internal field is a plane wave near the entrance of the hole and
it matches the fundamental internal mode at a distance a from both ends of the
hole. We use for this matching the same distance a that we used earlier to match
local fields with the incident plane wave. As a result, we obtain

uy = vy, =tan[(a + h/2)ko] (36)

for h < 2a, and

ko tan(2ako) — 1/ k2 — k2 tanh[(h/2 — a),/k* — k7]

up = : : (37)
ko 4/ k2 — k3 tan(2ako) tanh[(h/2 — a)\/k* — kJ]
\J k% — k2 tan(2ako) + ko tanh[(h/2 — a),/k? — k{1

p = (38)

\J k% — k& — ko tan(2ako) tanh[(2/2 — a), /x> — k{]

for h > 2a. Here, k = 3.68/ D is the eigenvalue for the basic mode in a cylindrical
waveguide of diameter D [45, Ch. 92]. We denote the hole diameter and diameter
of a metal particle (see Section 2) by the same symbol D, since in both cases D
characterizes the typical size of an inhomogeneity.

Consider first shallow holes of depth & < 2a. By substituting (32) and (36)
into (33) and invoking the limit p < 1, we obtain

Aj (ko)
T (ko) = J , 39
(_ 0) j=§3 Aj(k()) + (4a + h)2 (kg — kj)2 S
where
A (ko) = 4p? sint [ 22~ (40)
JUR)I =3P da+h

jm p . dajm
kj = — sin .
da+h da+h da +h
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Clearly, the transmittance in (39) is the sum of the resonances located at ko =k;,
as shown in Figure 6. The transmittance T is almost a periodic function of ko for
p < 1, though the peak width depends on ko. A peak can disappear when the
corresponding numerator A j(k;) in (39) vanishes. The odd-numbered resonances
in (39) correspond to a high electric field, whereas the even-numbered resonances
indicate a high magnetic field in the holes of the film. This classification is shown
clearly in Figure 7.

For deep holes (% > 2a), we obtain the transmittance by substituting the ohmic
parameters from (32) and (38) into (33). The transmittance T is plotted in Figure 8
as a function of Dky. It follows from this plot that the ko-dependence of T can be
rather peculiar when the thickness of the film increases: the peaks corresponding to
high electric and high magnetic fields in the holes can move closer and even merge
together.

With the assumption of losslessness, the magnitude of the electric or magnetic
field in the holes tends toward infinity at a transmittance resonance. In any real
film, however, the resonant fields must remain of finite magnitudes by virtue of
losses. Impedance boundary conditions [45, Ch. 87] assist in the incorporation of
losses in the foregoing analyses. The transmittance thus obtained for a square array

0.75
0.5

0.25

Dko

1 3 5

Figure 6 Transmittance through a metallic film with shallow holes (k < 2a); a/D = 0.6,
h/D =0.8, p=0.1. The solid line is the resonance approximation (39), while the dots rep-
resent calculations with (33).

1E|}? 1E|?
10% p 105 p

A i

Dko " " Dko
1 3 5 1 3 5

(a) (b)

Figure 7 Magnitudes of the (a) electric field and (b) the magnetic field in a hole, when the
incident field amplitude equals unity. See Figure 6 for the system parameters.
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of nanoholes in a silver film is in qualitative agreement with experiments [46-47],
[62], as illustrated in Figure 9. Most peaks in the transmittance are due to excitation
of the SSP in the holes.

In calculating the transmittance presented in Figure 9, we also accounted for
the SPP, which is not localized in a hole but propagates over the entire surface of
the film. The propagating SPP is excited when the distance between adjacent holes
coincides with 27 / k1 2 [see (20) and (21)]. This results in a peak at Ag >~ 0.6 um in
Figure 9(a), as well as for a small change in amplitude of the peak at A9 22 0.8 um
in Figure 9(b).

8 Light circuiting in nanoholes

We have considered so far the uniform illumination of the metal films by a plane
wave. It is interesting to consider another possibility when only one of the holes

Dko
1 3 5

Figure 8 Transmittance through a film with deep holes (& > 2a); a/D = 0.6, h/D = 1.45,
p=0.1.

T T
0.15} 0.15
[l
"
0.120} 0.10
0.05} 0.05
Ao, pm Ao, pm

0.25 0.5 0.75 1 1.
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Figure 9 Figure 9: Extraordinary optical transmittance through a square array of nanoholes
in (a) silver film on a quartz substrate (D =0.15 um, h = 0.2 um, p = 0.049, a/D = 0.6),
and (b) free-standing silver film (D =0.28 um, h =0.32 um, p = 0.049, a/D = 0.6). The
dashed lines represent experimental data. The solid lines show theoretical results.
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is illuminated by a nanosized light source. This can be accomplished, for exam-
ple, with a nanometer-size probe of a near-field scanning optical microscope [61].
At resonance, the electric field (and/or the magnetic field) spreads out from the
illuminated hole toward other holes, because of interactions between the holes via
plasmons. Such holes can be arranged into any desired pattern to localize light
and circuit the propagation of the electromagnetic energy, as shown in Figure 10.
Thus, in Figures 10(c) and 10(d), we show how light circuiting depends on the
polarization of the source. When the electric field, which excites the central hole,
changes its polarization from parallel to “7"” stem [Figure 10(c)] to perpendicular
[Figure 10(d)], the light changes the direction of its propagation at a scale that is
much smaller than the wavelength of the guided light.

9 Concluding remarks

The observable optical properties of thin metal-dielectric films were reviewed in
this chapter. An approximation premised on the Generalized Ohm’s Law (GOL)
allows calculation of the field distributions in and the transmittances of inho-
mogeneous metal films. Computer simulations show giant electromagnetic field

Figure 10 Nanocircuits formed by a pattern of nancholes in a metallic film. (a) A line
waveguide, wherein the first left hole is excited; (b) a fork waveguide, wherein first left hole
is excited, (c) and (d) switch; center hole in top “T"” is excited by electric field E: (c) £ L top
T,(d) E || top T. Input parameters: D =0.15 um, 4 = 0.2 um, A =0.78 um, and distance
between the holes centers = 0.3 um.
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fluctuations in such films. Indeed, giant electric field fluctuations near the perco-
Jation threshold in metal-dielectric films have already been observed in the mi-
crowave [22] and optical [32-33], [37-38] regimes. These fluctuations result in a
huge enhancement of various optical effects. For example, surface enhancement
for Raman scattering is proportional to the fourth moment of the field [24], [26],
which is strongly enhanced. The same is valid for the Kerr nonlinearity, which is
also proportional to the fourth moment [25], [31].

The excitation of a surface plasmon polariton (SPP) in periodically modulated
metal films can result in resonant transmission, so that an optically thick film can
become transparent. The transmittance can be increased by factors of > 10° at the
resonance.

Resonant transmittance spectrums have a characteristic double-peak structure
due to the splitting of SPPs into symmetric and antisymmetric modes. The reso-
nance transmittance increases with decreasing losses in the system, which can be
achieved by cooling the film to cryogenic temperatures. Exactly at the resonance,
the amplitude of the excited SPP can be larger than the amplitude of the incident
wave by several orders of magnitude. Then, optical nonlinearity can be signifi-
cantly enhanced. We predicted that at sufficiently large intensities of the impinging
light, the film can manifest the optical bistability, a phenomenon that can be ex-
ploited for optical switching.

Extraordinary light transmittance through optically thick metallic films with
subwavelength-sized holes is possible. The transmittance has sharp resonances cor-
responding to the excitation of various surface waves. Some of these waves are
similar to SPP, while others are localized surface waves that are specific for a per-
forated metal and have not been discussed elsewhere. Nanoholes can be arranged
into any desired pattern to localize and circuit em energy. Such nanoengineered

-structures could be used as integrated elements in various optoelectronic and pho-

tonic devices, including most sophisticated ones such as optical computers.
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