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PREFACE

This volume combines two “hot” directions of current research in optics and
photonics. Plasmonic effects — collective oscillations of electrons in metals
coupled with electromagnetic waves (in optics, the waves of light) — play
a dominant role in confinement, guiding and strong local enhancement of
waves, which may be difficult or even impossible to achieve by any other
means. Metamaterials are artificial structures judiciously designed, on a
subwavelength scale, to control the propagation of electromagnetic waves
and to devise physical properties not available otherwise. One striking
example is artificial magnetism at high frequencies — a physical effect that
does not exist in nature.

This book is a collective effort of many leading researchers in plasmon-
ics, metamaterials and related areas. Fourteen chapters cover all aspects of
the problems involved: analysis, fabrication, simulation and applications
of various plasmonic structures and metamaterials. Reviews of recent
developments, as well as new advances, are presented.

In the Analysis section, Khurgin & Sun deal with the fundamental
questions of plasmon-enhanced absorption and emission of optical radiation:
how the optical properties of atoms, molecules or other quantum-size
objects are affected by plasmonic particles nearby. Khurgin & Sun develop
an analytical model for surface plasmon modes of the particle and estimate
the impact of these modes on the enhancement of optical radiation
absorbed or emitted by the optically active objects, electroluminescence,
and photoluminescence. Due to its analytical nature and relative simplicity,
Khurgin & Sun’s model opens up new avenues for optimization of optical
nanostructures.

In Chapter 2, Fung et al. investigate very rich and intriguing prop-
erties of chiral plasmonic media with twisted anisotropic elements. The
band structures and transmission properties of such media are analyzed.

xiii
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Interestingly, chirality offers a way to achieve negative refraction — light
bending the “wrong” way at material interfaces. (This happens when phase
and group velocities of the wave are at an obtuse angle to one another in
one of the materials.) Fung et al. show that chiral plasmonic media can
support both positive and negative refraction; criteria for achieving negative
refraction are established.

In Chapter 3, Petschulat et al. transfer the multipole analysis of
classical electrodynamics to the field of optical metamaterials. The authors
argue that artificial metamaterials “can be treated as ordinary matter but
featuring beyond the electric dipole interaction also second order multipole
interactions”. As an example, the near-field response of split-ring resonators
and other structures is used to reveal the multipolar contributions of the
“meta-molecules”. The review of classical multipole analysis and averaging
procedures is useful in its own right.

Experimental studies and applications — a major part of this book —
starts with Chapter 4 by De Leon and Berini, “Amplification and Lasing
with Surface Plasmon Polaritons”. Surface plasmon polaritons (SPPs)
are light waves coupled with electron oscillation in metals at metal-
dielectric interfaces. Losses in the metal, however, hamper many practical
applications of SPP; thus amplification of these waves is of great practical
interest. De Leon and Berini review major theoretical and experimen-
tal accomplishments in this field, in connection with amplified spontaneous
emission, stimulated emission, and lasing. This contribution belongs to the
general area of active plasmonics that is developing very rapidly.

Yu & Capasso, in Chapter 5, review recent work on plasmonic beam
shaping of mid-infrared and far-infrared quantum cascade lasers (QCL).
The reader unfamiliar with QCL will undoubtedly find an introductory
review in the chapter useful. The authors explain how “metal and semi-
conductor microstructures can effectively tailor the dispersion properties
of mid- and far-infrared surface plasmon polaritons”. Plasmonic Bragg
gratings, spoof surface plasmon polariton structures, and channel polariton
structures are discussed along with their various applications. Yu & Capasso
also identify future directions in wavefront engineering with plasmonics:
producing diffraction-free Bessel beams and beams with orbital angular
momentum that can be used to rotate small particles. New materials
and systems in the mid-IR and THz ranges are also identified — for
example, semiconductors for THz light and conductive oxides such as
indium tin oxide (ITO) and aluminum zinc oxide (AZO) for the near-
infrared wavelengths and beyond.
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Chapter 6 by Altug et al. is devoted to integrated plasmonic systems
for ultrasensitive infrared nanospectroscopy and biodetection. Infrared
spectroscopy has exceptional identification capabilities via vibrational
fingerprints of the bio- and chemical molecules in the mid-IR. Altug et al.
show that diffractively coupled plasmonic nanoantennas provide strong
plasmonic field enhancement leading to surface-enhanced spectroscopy
with zepto-mole level sensitivities. A low-cost fabrication technique for
high-throughput fabrication of infrared plasmonic antenna arrays is also
introduced. Finally, Altug et al. describe a novel biosensing system merging
nanoplasmonics and nanofluidics to overcome fundamental mass transport
limitations imposed by conventional microfluidic approaches.

We already mentioned surface plasmon polaritons (SPPs) in connection
with Chapter 4. Chapter 7 by Leosson and others deals with fabrication
and optical characterization of long-range SPP devices. The design involves
thin metal stripes or nanowires in a polymer matrix, and the devices include
thermo-optically controlled interferometers, compact extinction modulators
with low polarization-dependent loss and optically pumped plasmonic
amplifiers.

Chapter 8 by Lin et al. is, like Chapter 6, devoted to biosensing, more
specifically to highly sensitive label-free sensing. The high sensitivity is
afforded by 3D plasmonic crystals, and the team has been able to distinguish
surface sensitivity from bulk sensitivity. Plasmonic crystal structures that
support both surface plasmon polaritons and localized surface plasmons
can be used to provide complementary information about bulk and surface
properties at the same time, which could make label-free, multi-modal
readout systems possible for high throughput biodiagnostics.

Over the last decade, the curious and peculiar phenomenon of negative
refraction (already mentioned in connection with Chapter 2) has generated
unprecedented interest and excitement in applied physics, optics and
engineering. In Chapter 9, Xiao & Shalaev review and report significant
recent advancements that push the operational wavelengths of negative-
index metamaterials into the optical range, allow tunability, and alleviate
losses by introducing active media in the design. This research should
facilitate practical applications of negative-index materials.

Future computing systems will increasingly include optical intercon-
nections that can be expected to rely on the plasmonic confinement and
guidance of light. In Chapter 10, Feng & Fainman deal with the design
and fabrication of plasmonic chips capable of manipulating light from
nano- to microscale. The authors use standard micro- and nanofabrication
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tools to create complex geometries of composite metal-dielectric plasmonic
structures and to realize the integration of plasmonics with the CMOS-
compatible Silicon-On-Insulator (SOI) platform.

Integration of nanophotonic and electronics components on the
same chip is also a major goal pursued by Holmgaard & Bozhevolnyi
(Chapter 11). They consider modeling, design, and characterization of
dielectric-loaded plasmonic waveguide components at telecommunication
wavelengths. Holmgaard & Bozhevolnyi show that such waveguides may
allow propagation of a single surface plasmon polariton mode with sub-
wavelength confinement and low propagation loss. Coupling between two
parallel waveguides, as well as modulation and wavelength-separation of
signals are investigated.

Chapter 12 deals with an entirely different aspect of plasmonics: strong
field enhancement and confinement may lead to strong electrodynamic
forces acting on nanoparticles. Crozier et al. show in this chapter how
such forces can be used to propel and manipulate nanoparticles on surfaces.
The focus is on the applications to surface enhanced Raman spectroscopy.

The final part of this volume is devoted to methods of computer
simulation in plasmonics, metamaterials, and in related problems of
photonics. The numerical method described by Eremina et al. in Chapter 13
involves a superposition of fields due to discrete sources. Two illustrative
application examples of light scattering by nano-objects are considered.

Finally, in Chapter 14 Hafner et al. review key computational tech-
niques for electromagnetic problems, with a focus on plasmonics. Particular
attention is paid to various symmetries that may be exploited in practical
simulations. Several complicated problems are solved using the finite
element method (FEM) as well as the multiple multipole program (MMP)
developed by the authors.

*okk

We do hope that this book will prove useful to researchers and
developers in industry and academia, as well as to graduate and advanced
undergraduate students specializing in photonics, optics and related areas
of applied physics. Thoughtful comments and critique from these readers
will be greatly appreciated.

We thank World Scientific Publishing for all the effort and cooperation
on this volume. Zvi Ruder was instrumental in getting the book project off
the ground. Ryan Bong and Kostas Ikonomopoulos handled all aspects of
their editorial work quite patiently and tirelessly.
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Most of all, we are grateful to all the authors for their timely and
inspirational research that is advancing the fields of plasmonics and
metamaterials.

Gennady Shvets, the University of Texas at Austin
Igor Tsukerman, the University of Akron
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PLASMONIC ENHANCEMENT
OF OPTICAL PROPERTIES
BY ISOLATED AND COUPLED
METAL NANOPARTICLES

Greg Sunt and Jacob B. Khurgin*

t Department of Physics, University of Massachusetts, Boston, USA
greg.sun@umb.edu
*Department of Electrical and Computer Engineering,
Johns Hopkins University, USA
jakek@jhu.edu

In this chapter we present a simple and comprehensive explanation of
the mechanisms that can so dramatically modify the optical properties
of atoms, molecules, or other quantum-size objects placed in the vicinity
of metal nanoparticles. We develop a simple model that describes surface
plasmon modes supported by the metal nanoparticles and describes
them using just three key parameters — effective volume, Q-factor, and
radiative decay rate. We subsequently apply this model to the tasks of
estimating the enhancement of optical radiation, electroluminescence,
and photoluminescence absorbed or emitted by the optically active
objects in the presence of an isolated single nanoparticle. Using the
example of gold nanospheres embedded in GaN dielectric, we show that
enhancement for each case depends strongly on the nanoparticle size
enabling optimization for each combination of absorption cross section,
original radiative efficiency, and separation between the object and metal
sphere. We then expand the model for single metal nanoparticles to
coupled metal nanostructures. We show that complex structures can be
treated as coupled multipole modes with highest enhancements obtained
due to the superposition of these modes mainly in small particles. This
model allows for optimization of the structures for the largest possible
field enhancements, which depends on the quality factor @ of the metal
and can be as high as Q2 for two spherical particles. The “hot spot” can
occur either in the nano-gaps between the particles or near the smaller
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particles. We trace the optimal field enhancement mechanism to the fact
that the extended dipole modes of larger particles act as the efficient
antennas while the modes in the gaps or near the smaller particles
act as the compact sub-wavelength cavities. The physically-transparent,
comprehensive analytical approach developed in this chapter not only
offers a quick route for optimization but also can be conveniently
extended to incorporate large numbers of particles in various complex
arrangements.

1. Introduction

Nanometer-scale metallic structures have been used as a means of dramatic
modification of the optical properties of various optically active objects
of similar or smaller dimensions such as atoms, molecules, or quantum
dots (QDs)!™® (In this chapter we shall use the generic term “molecule”
to denote them all). This rather significant modification is conceptually
well understood as a product of the collective oscillations of free-electrons
in the metal called surface plasmons (SPs) that induce strong localized
electric fields near the surface of nanostructured metals? whose intensities
exceed that of the average fields impinging on the structure by orders of
magnitude. This phenomenon has been successfully used to demonstrate
spectacular enhancement of sensitivity in Raman sensing!® 14
in fluorescence measurements,'® '® and has been proposed as a method to
increase the efficiency of solar cells,'® detectors,? and various nonlinear
optical devices. Experimental studies have yielded many results and have
been supported and complemented by vigorous theoretical-computational
efforts of many research groups. But with all this massive effort no definite
guidelines for the experimentalists have yet emerged and quite often the
experimental work in the field still follows the trial and error pattern. This
state of affairs, in our view, is the direct consequence of preoccupation with
numerical models. These rather time-consuming numerical methods provide
accurate results for each particular metallic nanostructure, but more often
than not fail to present a broad picture and provide physical insight into
the nature of enhancement and its limits. That makes optimization of the

as well as

enhancement a daunting task. Over the last few years we have undertaken
the task of changing this situation and developing a set of tools that would
enable experimentalists to quickly ascertain the expected enhancement of
optical properties using metal nanostructures.

Thus, in this chapter, we present a simple, analytical theory that
not only provides a rigorous understanding of the origin of the optical



Plasmonics and Plasmonic Metamaterials Downloaded from www.worldscientific.com
by STANFORD UNIVERSITY on 09/03/14. For personal use only.

Plasmonic Enhancement of Optical Properties 3

enhancement by metal nanoparticles, but also paves a clear path for
optimization of the nanoparticle structure in order to maximize a given
effect. We begin with the electro-static model to describe the SP modes that
are supported by the metal nanospheres and their associated characteristics.
Based on the effective volume method pioneered by Maier,?! this model
adequately takes into account the radiative decay of the lower order SP
modes that is often neglected in the electrostatic approach. In addition
the model properly incorporates the nonradiative decay of the higher order
SP modes. At first we apply this model to calculate the enhancement of
optical properties of molecules placed in close proximity to a single isolated
metal nanoparticle, and study the enhancement of optical absorption and
emission including electroluminescence (EL) and photoluminescence (PL).
Besides proper consideration of higher order SP modes, the salient and
novel feature of our approach is the fact that it is self-consistent in the
sense that we properly include the changes imposed on the enhancement
by the active molecules themselves. Once the model for an isolated particle
has been developed, we use it to demonstrate the procedure for optimization
and establish limits on how much enhancement one can realistically obtain
for a given combination of molecule and metal in a surrounding dielectric
medium.

Based on the established model of the SP modes of isolated metal
nanospheres, we then proceed to expand this analytical description to
coupled metal nanoparticles. It has become clear that enhancement is
the largest in the so-called “hot spots”’2??23 occurring when the metal
is structured in a rather sophisticated way with sharp peaks or small
gaps. Maximum enhancement is limited by the metal loss. A single metal

24734 having a simple smooth shape (sphere, ellipsoid, or

nanoparticle
nanorod) usually provides the electric field enhancement no larger than
a Q-factor of the metal,3>3¢ where Q=¢"/¢’ is the ratio of real and
imaginary parts of dielectric function of the metal, and is no larger than
a factor of 10-20 in the visible and near IR. But far more significant
(up to three orders of magnitude) enhancement can occur in the intri-
cately structured and arranged nanoparticles when the field gradually
couples from the larger particles or regions serving as antennae into the
smaller regions that serve as field-concentrating hot spots.?” However, for
the most part, the theoretical description of the field enhancement in
the complex plasmonic nanostructures relies heavily on time-consuming
numerical simulations, thus the basic physics behind the enhancement tends
to become obscured making optimization rather difficult. With our fully
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analytical “coupled modes model” for plasmonic optical field enhancement
in complex metal nanostructures, we show that whether the enhancement
is achieved near the small feature (nanotip) or inside the nanogap, the
enhancement is proportional to @™ where m is the effective number of
sequential coupling transitions occurring between the light being coupled
into the structure and it being concentrated around or inside the smallest
surface feature.

This chapter is organized as follows. In Section 2, we provide a general
description of the SP modes associated with an isolated metal nanosphere
along with its effective mode volume, radiative and nonradiative decay
rates. We then apply this model to the enhancement of optical absorption,
EL and PL with examples of isolated Au nanosphere embedded in GaN
dielectric. In Section 3, we developed an analytical coupled-mode theory
for complex metal nanostructures by expanding the SP modes of single
isolated metal nanoparticle to include the coupling effect of closely spaced
metal nanospheres. We employ this theory to study the field enhancement in
the gaps of coupled metal nanospheres of different geometries and compare
it with that of optimized single isolated metal nanospheres. Finally, in
Section 4, we summarize our conclusions.

The theory can be adapted rather easily to the elliptical particles
of various eccentricities,3®3% but, other than the shift in the resonance
frequency the conclusions, at least qualitatively, will not change relative to
the spherical particle, while the simplicity will be lost. Therefore we shall
restrict ourselves to spherical particles and their combinations to present a
simple, analytical model.

2. Optical Enhancement due to Isolated Metal Nanospheres

This section is intended to establish an analytical description of the SP
modes around the metal nanospheres and bring together several optical
effects that can be enhanced by placing molecules in close proximity to iso-
lated metal nanoparticles including electric field (thus optical absorption),
EL, and PL.

2.1. Surface plasmon modes of an isolated metal sphere

The geometry of a single metal nanosphere with a radius a being placed
in a dielectric media with the dielectric constant £p is shown in Fig. 1
where the spherical polar coordinate system with the z-axis parallel to the



Plasmonics and Plasmonic Metamaterials Downloaded from www.worldscientific.com
by STANFORD UNIVERSITY on 09/03/14. For personal use only.

Plasmonic Enhancement of Optical Properties 5

ANZ

Dipole

polarization
e

Molecule

Fig. 1. Illustration of the spherical coordinate system used to describe the metal sphere
dipole polarized along z-axis with a radius a separated from a molecule by a distance d.

dipole polarization is used. In the absence of external fields and charges, the
electric potential of the eigenmodes under the electrostatic approximation
should satisfy the Laplace equation

V20 = 0. (1)

The solution for the I-th mode can be given as*°

1
C(g) Pi(cos ), r<a
®;, = 2
! a +1 ( )
— >
C(r) Pi(cosf), r>a

where Pj(cosf) is the Legendre polynomial and C is a normalization
constant. Obviously, spherical symmetry allows additional solutions of the
Laplace equation with angular dependence given by associated Legendre
polynomials, P/"(cosf),—l < m < [, but for as long as we consider
the situation of a single active molecule in the vicinity of the metal
nanosphere we can associate the polar axis with that molecule and then
consider only m = 0 modes, disregarding their 2/ + 1 degeneracy.

While the continuity of the tangential electric field Ey = —% at the
boundary r = a is automatically satisfied by the potential in Eq. (2), the
continuity of the normal component of the electrical displacement D, =
—6% requires that the dielectric functions of the metal ej/(w) and the
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dielectric ep(w) must be related as
lepp(w) + (14 Dep(w) =0 (3)

where wj is the resonance frequency of the [-th mode. Using the Drude
model

w2

emw)=1- —2— 4
W) =1- (4)
in which w,, is the plasma frequency and -y is the metal loss, and assuming
frequency-independent ep, we arrive at the mode frequency

l

I+ ({+1)ep’ (5)

wp = Wp
With the metal dispersion taken into account,*! Fig. 2 shows the mode
frequency that ranges from hw; = 1.967eV to hw,, = 2.262eV along with
its mode decay rate Ay due to metal loss that increases from 0.2 to 0.7eV
for Au nanosphere embedded in GaN. We shall refer to these solution as
multipoles with the lowest (I = 1) solution being a dipole solution e (w1 )+
2ep(w1) = 0. As the mode order increases, the multipole solutions gradually

2.3 — T T 1.0
-— 40.8
2.2+ -./_-
2 . {06 —
el .. >
3-" n 3
21} .
S IR o z
: \D \D \ {oz2
20}
=1 =2 =3
Ll L MR | L L R | 0'0
1 10 100

Mode index [

Fig. 2. Mode frequency hw; and mode decay rate due to metal loss Ay vs. mode index
for Au nanosphere embedded in GaN. Insert: illustration of the charge distribution on the
metal surface along with the dipole moment for three lower order SP modes (I = 1,2, 3).
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approach the resonance of the surface plasmon polariton (SPP) on the flat
metal-dielectric interface, e (woo) + £p(Woo) = 0 where wo, = wgpp is the
resonance SPP frequency.
The electric field of the [-th mode can now be obtained as
El (7", 0)
= -V

_ {Ein,l
Eout,l
T

-1 l .
Emax,l (a) [—mH(COS G)T +

1
sin 0

[Py+1(cos8) — cos 0P (cos 6’)]9] ,

r<a

+2
a
Emax,l (7)

T

Py(cos 0)7 + ﬁ[[t’prl(cos 0) — cos 0 Pj(cos 9)]67} ,
r>a

(6)

It reaches maximum Fryax,; = %(l + 1) just outside of the metal sphere at
r = a and @ = 0. The radial dependence of the electric field shows that as
the mode order increases the mode gets more and more “compressed” closer
to the surface of a nanoparticle. In fact for very large [ the dependence on
distance d from the surface can be approximated by an exponential one,
e~/ which is a characteristic of SPP. This effect is better described by
the parameter of effective mode volume Vig; that can be calculated as
follows.

The surface charge density for the I-th mode is related to the normal
component (7) of the electric field in Eq. (6) at r = a as

01(0) = eolem — 1) B}, 1(a,0) — eo(ep — 1) EL 1 (a,0)

2 +1 (1)
= I+1 €0Emax,lPl(COSH)>

where € is the permittivity of free space and we have used the relation
Eq. (3). The effective volume of the I-th mode can be now defined through
the mode energy?! which is an integral of ®;0;/2 over the sphere surface as

1 e
U, = ,@ ®,00d%r = 27ra2/ ®,0;a cos 0 sin 0df
2 0 (8)

1
2
= §€0€DEmaX,l

Verr 1
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to arrive at

4dra®

‘/eff,l = 4@ i 1)2€D’

(9)
which is always less than the volume of the nanosphere. As the mode order
index [ increases, the effective volume decreases with (I 4+ 1)~2 as the SP
energy gets concentrated in a very small volume close to the surface of the
nanosphere and is contained within a narrow angle around axis z.

The dipole moment evaluated as an integral of the surface charge
density [Eq. (7)] multiplied by its displacement acosf along z-axis over
the sphere surface vanishes for all higher order modes (I > 2)(Insert in
Fig. 2), except the | = 1 mode whose dipole

P = 27ra2/ o1(0)acosfsinfdf = 27ra3€oEmaX71. (10)
0

This dipole mode usually referred to as a localized SP mode of the
nanosphere is the only solution coupled to the external fields for as long as
the nanosphere diameter is much smaller than the wavelength, while all
higher order modes remain uncoupled to external radiation modes. As a
result, these higher order modes capable of compressing high intensity of
field near the metal surface cannot be exploited to achieve high energy
concentration for isolated symmetric spherical particles, at least in dipole
approximation, since external fields cannot be coupled into any of the higher
order modes. For the same reason, the dipole mode is also the only one
subjected to the radiative dumping. Using the standard expression for the
dipole radiating power in the dielectric with an index of refraction n = /e p,

dU n3wt
Poa=—(—] =—"=>—=pi 11
d < dt )rad 127T€0€D03p1’ ( )

where ¢ is the speed of light in free space, it is easy to show that the
radiative decay rate of the dipole mode

1 (dU 20 (2ma\’ 2w
Yad=— (= ] == (5] =58 (12)

Ui dt rad 3ep A 3ep
where w; is the dipole oscillating frequency, A; is the corresponding
wavelength in the dielectric, and xy = 2wa/\; is the normalized metal sphere

radius. Simultaneously, all the modes also experience nonradiative decay
due to the imaginary part of the metal dielectric function at roughly the
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same rate

Yorad,l = *Uil (dd[il)nrad ~ (13)
equal to the metal loss in the Drude model.

The latter fact can be rather easily understood from a rather straight-
forward argument. If all the relevant dimensions are significantly smaller
than wavelength, then according to Maxwell’s equations, it implies that
the magnetic field becomes vanishingly small as we approach the so-called
“electrostatic limit”. In this case, as we follow the evolution of the energy
contained in the medium, when the phase is 0 or 7 the energy is entirely
in the form of potential energy of charges and potentials, but when the
phase changes to 7/2 or 3w/2 the energy has nowhere to go but into the
kinetic energy of moving electrons, and the electrons in the metal do get
scattered by defects and phonons. Thus in a truly sub-wavelength structure
(or in a propagating plasmon with a large wavevector), about half of the
time all the energy is contained in the kinetic motion of electrons. Hence,
on average, the energy loss rate is about one half of the energy loss rate in
the metal 2, with little regard to any particular geometry. The decay rate
can be summarized for all modes as

Yrad +’77 =1
M= {7 >0 (14)

The only SP mode that has a nonzero radiative out-coupling efficiency is
the dipole mode

Yrad o 2@)(3

= = 15
e Yrad + Y 35D + 2@)(3 ( )
where the @-factor for the dipole mode
w1
Q=". 16
S (16)

Figure 3 shows the frequency dependence of the Q-factor for both Au and
Ag obtained with the actual dispersions for the two metals.*! Being a less
lossy metal, the @Q-factor of Ag is consistently greater than that of Au
over a wide frequency range. For an Ag sphere embedded in GaN with the
SP mode frequency ranging from Aw; = 2.341eV to hws, = 2.912¢€V, the
Q-factor is between 30 ~ 35. For an Au sphere in GaN with hw; = 1.967 eV
to hwee = 2.262eV, the Q-factor is only between 3 ~ 10.
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Fig. 3. The frequency dependence of the Q-factor for Au and Ag. The ranges of SP
mode energy for Ag and Au spheres embedded in GaN are highlighted.

The higher order modes with their energy concentrated in smaller mode
volumes and not subjected to radiative damping are capable of confining
high density of energy for the enhancement of optical processes, but
unfortunately, they simply produce none. In the case of optical absorption,
the energy of optical excitation does not get coupled into these higher order
modes because they are effectively decoupled from the radiation modes
with their vanishing dipole moments. For optical emission, the energy
from a nearby excited molecule gets coupled efficiently into these higher
order modes, but then becomes trapped in these modes because they do
not decay radiatively, and eventually dissipates due to metal loss. In the
latter case, the higher order modes actually present another energy loss
channel for the emission process that competes with the enhancement by
the dipole mode.

2.2. Absorption enhancement

We now apply the above established model for the SP modes to study
increased optical absorption that results when molecules are placed near
isolated metal nanoparticles. This issue is important for two reasons —
first of all it has been proposed to use metal nanoparticles to enhance

42,43 44,45

the efficiency of photo-detectors and solar panels, and second,

absorption is the first step in the photo-luminescence emission of PL sensors



Plasmonics and Plasmonic Metamaterials Downloaded from www.worldscientific.com
by STANFORD UNIVERSITY on 09/03/14. For personal use only.

Plasmonic Enhancement of Optical Properties 11

and thus enhanced absorption means improved sensitivity. We use the
example of Au nanosphere embedded in GaN dielectric to illustrate the
calculation procedure for obtaining enhancement of optical absorption that
takes into account all the radiative, nonradiative, and absorption losses.
Most importantly, we show how to optimize enhancement for a given
combination of metal and absorber characterized by its original absorption
strength.

The way to evaluate unambiguously the field enhancement is to
compare maximum field to that of a tightly focused light beam in the
absence of metal spheres. Therefore we consider now a Gaussian beam with
a numerical aperture characterized by a far field half angle 6, gets focused
onto a diffraction limited spot at the apex of the cone with a far-field solid
angle 2 whose radius at the waist

Aex

- o,

w (17)
where Aoy is the wavelength of the optical excitation in the dielectric at
the frequency wey as shown in Fig. 4 (The propagation direction has been
rotated by 7 /2 relative to Fig. 1).6 In the absence of the metal nanospheres,
the field at the focal spot Ej,. can be related to the power |sy|? carried by

Far field

0

Molecule W

Fig. 4. Illustration of a metal nanosphere placed at the apex of a focused Gaussian
beam with a numerical aperture characterized by the far-field half angle 6,. A molecule
is situated in the surrounding SP field of the nanosphere. In the absence of the metal
sphere, the beam will be focused onto a diffraction-limited spot with radius w at the
waist.
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the incident wave as

2
s = 57 (5) Bhe (18)
where Zj is the impedance of free space.

In the presence of a metal sphere, the incident light can be coupled
into the dipole mode but not the higher order modes because all [ > 2
modes with vanishing dipole moments are not coupled with external fields.
We therefore need only to include the dipole mode in the calculation of
enhancement of optical absorption by an isolated metal sphere.

The optical absorption can be described as a two-step process in the
presence of the SP modes supported by the metal sphere as illustrated
in Fig. 5. First, the energy from free space modes contained in the
focused beam gets coupled into the SP dipole mode with an in-coupling
coefficient kq. This is a process reciprocal to the radiative decay of the
dipole mode into the free space radiation modes that are contained within
the far field solid angle 2 which is characterized by the angle dependent
decay rate

Q
Tird = %ad/ £(0,0)dQ (19)
0
Optical
\\ }/excitation
Kg Wex
/ Radiative

—
——~—, Mmode

Yabs N Vrad

Molecule Ynrad

Phonons or other N
non-radiative states T~~~

Fig. 5. [Illustration of the enhancement process of optical absorption by a molecule
placed at distance d from the metal sphere.
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where the normalized angular dependence in the spherical system (Fig. 4) is

F(0, ) = 83(1 _ sin2 0 cos? ) (20)

0
Integrating (19) over small angles 6, we obtain

3
’Yr%d ~ g'}/radag; (21)

and then using the reciprocity discussed by Haus?’ that relates the
in-coupling coefficient kg from the light cone with the radiative decay rate
/5L, of the SP mode into the same cone, we obtain

/ 3Vra
kQ - ’Yrad ry d (22)

The second step of the optical absorption is that the energy in the dipole
mode actually gets absorbed by molecules with an absorption cross section
0, located at a distance d away from the metal sphere. The rate of decay
of the dipole mode due to absorption by the active molecules is

6
c N,og a
abs = — 23
T = Ve <a+d> (23)

where N, is the number of molecules per sphere. Now we arrive at the rate
equation for the amplitude A; = +/U; of the dipole mode
dA;
dt

The steady state solution of (24) yields

3 vV YradfaS
A]_ — e Fy ad + . . (25>
2 (’)/rad + “nrad + ’Yabs) + ]2((4)1 - ch)

Yrad + Ynrad + Yabs

5 Ar+kRSe (24)

= j(wex —w1)A1 —

Since the optical absorption strength is proportional to the electric field
intensity (thus field squared), using the relations Eqgs. (8) and (18), we
obtain the absorption enhancement factor for a molecule located at a
distance d (normalized x4 = 2wd/d1) from the metal sphere

2 6
a
(a+d)

w1 2 2 X 6
(2 () o
Wex [Q 1 + Qa + 2X5/3€D]2 + (sgx X + Xd

Emax,l
Efoc

Fa=|
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where we have introduced the absorption Q)-factor as

Qoo _ M X (X+Xd>6
¢ Yabs NaUaQﬂ-ED X

(27)

and the normalized excitation detuning dex = 2(1 — wex /w1 ). It should be
pointed out that the absorption enhancement depends on the absorption
cross section of the molecule — better absorbers receive less enhancement
as the absorption provides another channel for the SP energy to decay.

The result of absorption enhancement F4 at resonance (wex = wi)
is shown in Fig. 6 as a function of sphere radius a by fixing d = 5nm
for several values of the total absorption cross section N,o, with Q =~ 10
for Au nanosphere embedded in GaN. The origin of a strong dependence
of the absorption enhancement factor F4 on sphere radius lies in the
importance of a radiative decay term that is not taken account of in the
simple electrostatic calculations. It is clear that the absorption of the active
molecules becomes important when it approaches the loss in the metal —
this can be confirmed by optimizing Eq. (26) at resonance for small d~ 0.
Then we find the optimal enhancement factor

F = 2Q2
AP T T AQ(T N, 04 /302)1/2)2

(28)

at the normalized metal sphere radius xopt = (3me% Nyo, /X6, Thus
absorption in the active molecules themselves will become main limiting

50 - )
Na"f 0 nm
40 -
10

30+
S 20

10

0- ) 500

0 10 20 30 40 50 60 70
Sphere radius a [nm]

Fig. 6. Absorption enhancement as a function of sphere radius a for the Au/GaN system
wherein the absorbing molecules with a range of total absorption cross section are placed
at d = 5nm from the Au sphere.
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% ~ 40nm? for the Au/GaN system and would

not change substantially over the most of visible and near IR spectrum

factor when N,o, >

because an increase in wavelength would be balanced by a corresponding
increase in Q-factor as metals become less absorptive at longer wavelengths.
For a relatively small number of organic molecules, even with absorption
cross sections as high as 0.1nm? in the case of Rhodamine 6G*® the
absorption on active molecules will play no role in determining the limit
of field enhancement. At the same time, if one considers detectors based
on semiconductors, specifically semiconductor quantum dots, their cross
249 __ thus the factor N,o, can
easily approach 100nm? and absorption becomes more relevant. As one
can see from Fig. 6 for N,0, ~ 200nm? only a factor-of-few enhancement
is attainable and even then only for relatively small distance from the metal
surface.

To better emphasize the points made in this part we have performed
optimization of the field enhancement for a wide range of total absorption
cross section and spacing between the molecules and metal spheres. The
optimized results, shown in Fig. 7, clearly indicate that the strongest
absorption enhancement (by almost 2 orders of magnitude) is attainable
for the small number of weakly absorbing molecules placed close to the
metal spheres, while for the large number of strong absorbers spread out
only a dozen nm further away from the spheres the field enhancement is far
more modest if it exists at all.

sections are on the scale of a few nm

2.3. Electroluminescence enhancement

The study of EL enhancement in the presence of metal nanoparticles has
practical implications to improving the efficiency of light emitting devices.
Our investigation is aimed to provide a simple answer to this question:
for an emitter with radiative efficiency, what kind of enhancement can be
achieved with a given metal and what should be the optimal parameters of
the nanoparticles?

In the absence of metal, the original radiative decay rate 1/7.,q of an
electrically excited molecule emitting energy at the frequency wgr, competes
with its nonradiative decay rate 1/7yad, yielding an original radiative
efficiency

T
d
Thrad = —— = — - (29)
1 + 1
Trad Tarad
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) in the mode with a

(DOS
1
WEL

y

according to the Fermi Golden
whose polarization is lined up with the dipole of the molecule.

2
AEL

1
372

Prad(WEL)
, their DOS are high compared to those in radiation modes.

As a result, the energy transfer rate into the SP modes is enhanced by a
factor which is essentially the DOS ratio, known as the Purcell Factor.?® For

In the presence of the metal sphere, the molecule has an additional
the [-th order SP mode with the decay rate ~;,

channel to relax by transferring energy into the SP modes supported by the
metal sphere. Because SP modes are tightly confined with small effective

Fig. 7. Absorption enhancement in the Au/GaN system optimized for absorbing
molecules with a total absorption cross section Ngo, placed at a distance d from the Au

sphere.
rule, is proportional to the density of states

The energy transfer rate into radiation
wavelength Agr, in the dielectric

mode volumes
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we can obtain its effective

DOS through its normalized Lorentzian linewidth factor
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and effective mode volume Vg as

il d) = 2 (1 + d)_w (32)

Verr 1 a

at a distance d from the surface of the metal sphere. The Purcell factor can
then be evaluated as

_ plw,d) _ 3rep(l+1)*whi(w) (xf X )Zlﬂ. (33)
d

Fo(w) =
pt(w) Praa(w) 4x3

The EL enhancement can be treated as a two-step process as shown
in Fig. 8. First, the electrically excited molecule with the original radiative
decay rate 1/7paq relaxes by emitting energy at the frequency wgp, into
each of the SP modes at the rate of F),;/7raq, which is enhanced by the
Purcell factor F},; in Eq. (33). Simultaneously, the molecule also relaxes into
nonradiative modes at its original nonradiative rate of 1/7,a4. Second, the
energy transferred to SP modes needs to be coupled out into the radiation
continuum. Among them only the dipole mode (I = 1) will couple out
to radiation modes at the rate v,,4 while all higher order modes (I > 2)
dissipate nonradiatively.

The Purcell factors for various SP modes are shown in Fig. 9 where
the molecule is taken to be at resonance with the dipole mode wgp, =
w; — the only mode that couples out to radiation. For small molecule-
metal separation d, significant amount of energy is coupled into high order
modes (I > 2) in which it decay only nonradiatively. This phenomenon

Radiative mode

\_\n—
Molecule
— excited
Wegp Yrad electrically
-1
nrad

Phonons or other
non-radiative states Z———————

Fig. 8. Illustration of enhancement of EL from a molecule placed at a distance d from
the metal sphere.
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Fig. 9. Purcell factors associated with various SP modes for the molecule placed at
d = 2,5,10nm from the Au nanosphere with a radius of 20 nm in GaN.

is better illustrated with the cumulative effect of the higher order modes
known as the “luminescence quenching ratio”

fo= s P i mnLi(wn)(l + 1)

Fpr 2 8L+ xa/)7 2 o
N1<+%ad) Lo (1
4 v /1 +5l>2 I—2 (L4 xa/x)* 2
where some average detuning, 5122 = 2@z27¢) pag been taken for

these non-radiative modes in the Lorentzian linewidth L;(w;). The above
summation Eq. (34) can be approximated analytically to show a d—3
dependence of the quenching ratio for small separation d < a, that can
also be obtained in the vicinity of flat metal surface by the method of

image charges, f; ~ %(;‘d) (1+ %QX )H_%lgn. The result is shown in

Fig. 10 for EL quenching ratios vs. the molecule-sphere separation for a
range of metal sphere size. Clearly, in order to limit the quenching ratio,
the molecule cannot be placed too close to the metal nanoparticle.

Realizing that while energy of the emitting molecule can transfer into
all SP modes with the Purcell enhancement factor Fj,;, but only the dipole
mode (I = 1) couples out into radiation with the efficiency 74;, we can thus
write the EL efficiency in the presence of the metal sphere as

rad + F ad 77dp

- (35)
anad + ( + Zl:l p,l ) racli

Tlsp =
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Fig. 10. EL quenching ratios vs. molecule-metal sphere separation for an Au sphere of
different size.

Taking the ratio of ngp to the original radiative efficiency 7:aq in Eq. (29),
we arrive at the EL enhancement factor as

o s _ 1+ Fpanap
= — _ " "pllap
Trad 1'i‘F‘p,l

(36)

It is clear from Eq. (36) that the quenching effect of the higher order modes
reduces attainable enhancement, but even when it is negligibly small, the
out-coupling efficiency of the dipole mode must be greater than the original
radiative efficiency, n4p > Nrad, in order to enhance luminescence.

Using the example of an isolated Au sphere in GaN, we have calculated
the enhancement factor for a molecule emitting at the dipole mode reso-
nance w=w; with 7,4 =0.01 (Fig. 11). We can see that the enhancement
factor exhibits strong dependence not only upon the nano-sphere size but
also upon the separation between the molecule and sphere. The optimal
nano-sphere size occurs at the radius where it is small enough to yield
small effective mode volume for an enhanced Purcell factor, yet is still
sufficiently large to assure strong radiative out-coupling of the dipole mode.
If high order modes can be neglected, it is always better to have molecules
positioned as close as possible to the metal sphere in order to take advantage
of the large Purcell factor of the dipole mode. But with high order modes,
energy of those molecules placed too close to the metal sphere also gets
coupled into these nonradiative modes, and simply dissipates as metal loss.
As a result, an optimized separation can be located to allow for significant
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EL enhancement FL

Fig. 11. Enhancement dependence on the Au nano-sphere radius and on the molecule-
sphere separation for emitting at the dipole mode resonance wgr, = w1 with 7,4 = 0.01.

coupling into the dipole mode while adequately suppresses the luminescence
quenching by high order modes.

The optimized enhancement F7, o for a wide range of original radiative
efficiencies obtained at optimal nano-sphere size aopt and separation dopt
is shown in Fig. 12. It can be seen that for molecules with low original
radiative efficiencies the matter of most concern is to compete with the
high nonradiative decay rate of the molecule by transferring energy into
the dipole mode even at the expense of simultaneous coupling into high
order modes, which clearly favors small nano-spheres and close separations
with high Purcell factors. But for higher radiative efficiencies, the less
critical becomes the concern of transferring energy from the emitter into
the dipole mode, and accordingly the more important grows the concern for
the efficient energy transfer from the dipole mode into free-space radiation
modes and for the energy loss caused by coupling into the high order modes.
Obviously, this situation favours larger nanoparticles that have greater
radiative decay rate v;.q, as well as larger separations that reduce the energy
coupling into the high order modes.

Before embarking on the treatment of photoluminescence one cannot
help but notice a certain asymmetry in the way the higher order modes
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Fig. 12. Optimized enhancement, Au nano-sphere radius, and molecule-sphere separa-
tion over a range of original radiative efficiency.

influence emission and absorption. While the higher order modes act as
additional loss channels in the case of emission, they appear to play no role
at all in the case of absorption. In other words, while the luminescence gets
quenched by the higher order modes, especially when the emitter is close
to the nanoparticle, there is no equivalent effect of “absorption quenching”,
and one can, in principle place the absorber right next to the metal without
any detrimental effect on the absorption efficiency. This statement is, in
general, erroneous because in our treatment of absorption we have made
an assumption that once the energy has been transferred from the dipole
SP mode to the molecular excitation, it can no longer be transferred back
into the energy of higher order SP modes. Often this is indeed the case as
the SP-excited molecular excitation quickly decays into the lower energy
excitations and thermal modes at a time scale that is much faster than the
rate of emission into the SP mode. But in some cases, for instance in solar
cell, the excited electron-hole pairs have a long lifetime and can in principle
transfer their energy to higher order SP modes, thus effectively quenching
the absorption process. While consideration of the absorption quenching
in the specific materials is beyond the scope of this chapter, the reader
should pay attention to it and in general avoid getting too close to the
metal.
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2.4. Photoluminescence enhancement

The treatment of luminescence enhancement in the previous section is
adequate in estimating efficiency improvement for EL where the excitation
energy in the form of an electric dipole gets coupled directly into the
SP modes. But for PL, the situation is more complicated. There are
two enhancement mechanisms at work. One takes place during optical
excitation, and the other during light emission. In the absence of metal
nanoparticles, the optical excitation typically in the form of a focused
laser beam is being absorbed by the molecules. With an isolated metal
nanoparticle placed in the vicinity of the molecules, the beam can now
get coupled first into the confined SP dipole mode, concentrating the
optical energy near the molecule and thus enhancing its absorption rate.
The same SP modes (albeit at different frequency) can also enhance the
energy-emission efficiency of the excited molecules through the Purcell
effect. A proper estimate of PL enhancement by metal nanoparticles
therefore must include both energy absorption and emission processes
that are enhanced simultaneously by the SP modes. To make the matter
even more complicated, all of these processes depend on the frequency
relationships between the optical excitation, the molecule emission, and
the SP modes. A clear understanding of the enhancement mechanism
is obviously important for improving the performance of sensors relying
upon PL. With the models developed for optical absorption (Section 2.2)
and EL emission (Section 2.3) by metal nanoparticles, we can now calculate
how much total enhancement one can realistically obtain in a PL process
for a molecule placed near a given metal embedded in a given dielectric
medium. We once again can provide an analytical approach for optimizing
the metal nanostructure in order to achieve maximum enhancement.
The salient feature of our approach is that it shows the attainable PL
enhancement can be optimized for each particular molecule characterized
by the absorption cross section o,(wex) at the excitation frequency wey, the
radiative efficiency 7aq(wp1,) at the PL-emission frequency wpr,, and their
product — the PL cross section opr,(Wex, wpL) = 04 (Wex )Mrad (WpL)-

The enhancement of a PL process is illustrated in Fig. 13 which is
essentially the combination of optical absorption and EL emission processes
illustrated in Figs. 5 and 8, respectively. Optical excitation at the frequency
of wex in the form of a laser beam is focused into the region where a metal
nanosphere and a molecule separated by a distance d are located. The
excitation beam couples only into the dipole mode around the metal sphere
with an in-coupling coefficient kg. Energy inside the dipole mode is then
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Fig. 13. Illustration of the enhancement of a PL process by the in-coupling of the optical
excitation into the SP mode surrounding a metal sphere and by the out-coupling of the
SP mode into the radiative mode.

absorbed at the rate of 7,ps by the active molecule with an absorption
cross section o,. This process competes with radiative and nonradiative
decays of the SP mode with decay rates of vaq and ~yrad, respectively.
The optically excited molecule with the original radiative decay rate 1/7;aq
subsequently relaxes by emitting energy at the frequency wpy, into all SP
modes at the rate of F, ;/Tyaqa enhanced by the Purcell factor F), ;. Among
them only the dipole mode (I = 1) will couple out to radiation modes with
the efficiency 74, given in Eq. (15) while all higher order modes (I > 2)
dissipate nonradiatively. It is clear that strong PL enhancement occurs
when the frequencies of both optical excitation and emission are close to
the resonance of the dipole mode wy. It is thus optimal to have the frequency
relationship wex > w1 > wpr, for PL measurement.

Combining the two sequential enhancement processes given by Egs. (26)
and (36) we arrive at the resulting PL enhancement factor

Fpp, (Wex, wpr) = Fa(wex)Fr(wpL)- (37)

Once again, this factor reaches maximum at some optimized nanoparticle
size a. This fact can be traced to the two mutually exclusive roles that
the nanoparticle plays in enhancing the PL process — that of antenna for
efficient in- and out-coupling of energy and that of a nanocavity for energy
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concentration. An efficient antenna requires a large dipole, while a high
concentration of energy calls for a small nanocavity. Simultaneously, the
impact of higher order modes on the luminescence enhancement is such that
an optimal molecule-sphere separation maximizes the overall enhancement.
Therefore, for each combination of N,0g,Nrad, there exist optimum agpt
and dope that maximize PL enhancement.

Tt is easy to see from Eq. (37) that the best PL enhancement requires
both absorption and luminescence enhancement to be large, which calls
for a small number of molecules placed reasonably close to the metal
sphere, d < a, with a small absorption cross section, @), > @, and a
small original radiative efficiency such that F, 1(1+ f;)naa < 1, and both
excitation and PL frequencies are close to SP resonance, wey,wpy, ~ wi.
Under these favorable conditions, we obtain this simple expression for PL
enhancement

Fpy ~ 207 (1 +2Q1) ~ 4Q] (38)

where we have introduced the @-factor for the dipole mode which decays at
the rate v, as @1 = % = 7,-:11-4-7 < Q. For small metal spheres, v,,q < 7,
the maximum enhancement factor Fpr, max ~ 4Q* in line with what a
simple electrostatic analysis predicts. For an Au nanosphere embedded in
GaN (Q =~ 10), FpLmax ~ 4 x 10%. This is a huge enhancement, but in
reality, the PL enhancement is not nearly as significant when the finite
absorption cross section and original radiative efficiency of the molecules
that are spaced a finite distance away from the metal sphere are taken into
account.

Consider the example of InGaN QDs situated at d = 5nm away from
an Au sphere in GaN with N,0, = 1nm? and 7,,q = 0.01. The resulting
PL enhancement factor Fpr, along with its enhancement contributions
from absorption F4 and luminescence Fp, is shown in Fig. 14 where the
optical excitation and PL frequencies are very close to the resonance of
SP mode, weyx,wpr, ~ wi. There exists an optimized size of the metal
sphere for which maximum enhancement is achieved. Also, as one can see,
the two contributions are roughly of the same order. Similar to the EL

enhancement Fj which peaks at an optimal molecule-sphere separation
dopt, the PL enhancement can also be optimized with regard to this
separation. Figure 15(a) shows this dependence on the size of metal nano-
sphere and the molecule sphere separation from which we extract optimized
values of aopy = 27nm and dopy = 6.5nm for both excitation and PL
frequencies in resonance with the dipole mode, wey,wpr, ~ wi. With a
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Fig. 14. Absorption F4, emission Fp, and total enhancement factors Fpy, vs. metal
sphere radius for Au/GaN.
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Fig. 15. (a) PL enhancement vs. Au sphere radius a and molecule-sphere separation
d for Ngyog, = 1 nm? and Nrad = 0.01 near resonance wex,wpr, ~ w1, (b) PL enhancement
vs. frequency detuning ratio of the optical excitation wex/wo and PL emission wpr, /wo
at aopt = 27nm and dopt = 6.5nm — optimized values at wex,wpr, ~ wi1.

and d fixed at these values, Fig. 15(b) shows the PL enhancement as
a function of the detuning of optical excitation wex/wy and that of PL
emission wpy,/wy for the same example — which clearly suggests that it
is more critical to have the excitation frequency near resonance with the
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Fig. 16. PL enhancement near resonance wex,wpy, ~ w1, optimized at Au sphere radius
and molecule-sphere separation as a function of (a) absorption cross section Nqo, at fixed
Nrad = 0.01, and (b) original radiative efficiency 7;aq at fixed Nyog = 1 nm?2.

dipole mode, indicating that the matter of most concern is the transfer of
optical excitation into the system in order for the PL process to take place.

The dependence of PL enhancement optimized at aopt and dgpt on the
total absorption cross section N,o, Fig. 16(a) and on the original radia-
tive efficiency n.q Fig. 16(b) shows that PL enhancement is strong only
if the active molecules are both weak absorbers and inefficient emitters
being positioned in close proximity to the metal nanoparticles, dopt < Gopt-
Note that condition o,7n5q — 0 under which the maximum enhancement
is achieved is always satisfied for Raman scattering, which can be seen as
nothing but PL with a negligibly small cross section, hence Framan = FPL,max
as discussed above. Indeed the experimentally verified enhancement of
Raman scattering is always significantly larger than that for PL.10714

3. Enhancement due to Coupled Metal Nanoparticles

The enhancement results that we have obtained with the example of a
single Au sphere embedded in GaN are far from spectacular, especially
for molecules with not so small absorption cross sections and/or original
radiative efficiencies. The obstacle in achieving higher enhancement lies in
the fact that it requires the single metal nanoparticle to be both an efficient
antenna and resonator. We encountered this challenge while analyzing
single spherical nanoparticles and attempting to maximize the enhancement
by optimizing the nanoparticle size, because the large particles acted
as good antennae but poor resonators, and the small particles provided
excellent confinement but acted as very poor antennae.
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Can we use the different SP modes of the single metal nanosphere
to solve such a dilemma? The higher order modes with their energy
concentrated in smaller mode volumes and not subjected to radiative
damping should in principle provide an excellent confinement mechanism
for the enhancement of optical processes; unfortunately, these modes do
not couple well into radiating modes outside the nanoparticle because of
their vanishing dipole moments. At the same time, the [ = 1 dipole mode
does couple to the outside rather well, but its effective volume is relatively
large and thus the enhancement of optical processes cannot be all that
high. In other words, the [ = 1 mode acts as an efficient antenna, while
[ > 2 modes act as efficient resonators. But the different SP modes of an
isolated symmetric structure are orthogonal and thus decoupled from one
another. Thus, the higher order modes of isolated metal nanosphere cannot
be utilized to improve enhancement.

It is therefore only natural then to follow the techniques used in
microwave engineering, where no one ever dreams of combining antenna
and cavity into one element, but use two distinct elements, antenna and
resonator coupled to each other. Combining two or more nanoparticles
(Fig. 17) allows us to engineer the schemes in which efficient antennas are
coupled into the resonators with high confinement. One can think of two
ways of attaining this. In case of two spheres of equal dimensions the dipole
modes in both spheres act as antennae and the superposition of higher order

Fig. 17. Illustration of the geometry of two coupled metal spheres that are separated
by ro = r1 + r2.
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modes act as resonators allowing efficient coupling of the radiation into the
gap region. This is the dimer case considered in Ref. (51). In the case of
two extremely dissimilar spheres or nanolens®? where for the most part only
the dipole modes participate in energy concentration, the dipole mode of
the larger sphere acts as an antenna and the dipole mode of the smaller
particle acts as a resonator. Obviously when the spheres are of different
size but are still on the same scale, the field enhancement mechanism is a
combination of both aforementioned effects and all the higher order modes
should be taken into account.

In this section we explore this enhancement mechanism for a variety
of nanoparticle sizes and their relative placements by developing a fully
analytical “coupled modes model” for plasmonic optical field enhancement
in complex metal nanostructures. Using the model we show that whether
the enhancement is achieved near the small feature (nanotip) or inside the
nanogap, the enhancement is proportional to Q™ where m is the effective
number of sequential coupling transitions occurring between the light being
coupled into the structure and it being concentrated around or inside the
smallest surface feature that serve as field-concentrating hot spots.®? We
further develop the optimization routine for maximum field enhancement
which does not rely on extensive numerical computations and allows one to
quickly analyze a number of different structures.

3.1. Coupled mode theory

We now develop a theory for treating the coupling of two closely spaced
metal nanospheres whose SP modes are overlapping with each other. For
a fair comparison, we obtain the field enhancement relative to that of a
tightly focused Gaussian beam in the absence of metal spheres [Fig. 18(a)]
as has been done for the isolated metal spheres in Section 2.2. The energy
transfer process from external excitation to various SP modes of the coupled
spheres is illustrated in Fig. 18(b). First, the dipole mode of each sphere
acts as antenna allowing energy to be transferred in, it then gets coupled
into higher order modes of both spheres through their coupling with the
dipole mode of the different sphere.

The coupling energy between the two modes can be obtained as an

integral of the electric potential <I>l(11) of the l1-th mode of sphere 1 multiplied
(2)

l of the lo-th mode of 2 evaluated over

by the surface charge density o
the surface of the sphere 2,

12 1) (2 (12) (1) 4(2
U2 g‘iﬁ 3N oD ds® = _gr{12 4D AL (39)
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Fig. 18. Illustration of (a) the metal spheres placed at the apex of a focused Gaussian
beam with a numerical aperture characterized by the far-field half angle 6, and (b) the
coupling of optical excitation into the dipole modes of both spheres and their subsequent
coupling into the higher order modes.

where Al(i) is the amplitude of the I-th mode in the i-th sphere evaluated
as the square root of its energy Ul(i) as given in Eq. (8). Of all the coupling
coefficients kl(lli) we are mostly interested in the coupling between the dipole
mode (I; = 1) in one sphere and all the modes with index [ in the other
sphere kﬁm because they are the only ones associated with energy transfer.
The coupling between higher order modes in two spheres only shifts the
resonant frequencies of those modes by a small amount, typically smaller
than broadening v and can be neglected in this analysis.

Using Eq. (2) for the electric potential of one sphere and Eq. (7) for the
surface charge density of the other, we can carry out the integral Eq. (39)
analytically to obtain

R _ L1 fa 812 (g \ T2
v =5\ -

0 To
pen _ L1 (ap\¥? far) 2
u 2 To To

and between the dipole modes of twospheres, k1% = %2 = k;; = (9182)3/2,
Q
To determine the electric field in the gap between the particles we

(40)

follow the energy as it couples first from the incoming light and into the
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dipole mode of each spherical particle with the in-coupling coefficient kg,z)
obeying Eq. (22) for each sphere. Taking into account of the energy transfer
from the dipole mode of one sphere to all modes of the other, we can simply
modify Eq. (24) to obtain the energy balance equations for the dipole modes
of spheres 1 and 2 as

dA(l) 1
d; = j(w1 —w) _] § w lk(12)A 2) _ (1)A(1) + kg(zl)s
(41)
dA : 21) 1) 1 (@) 2
d; = j(wr —w)AP — E wik ( )A( 5% )A§)+k§z)5+

where wy; = /wiw;. We have neglected the absorption loss of the dipole
modes due to nearby absorbing molecules in Eq. (41), thus the dipole mode
decays radiatively and nonradiatively ’y( D= r(a)d +7v,2=1,2.

The subsequent transfer of energy from the dipole modes to higher

order modes [ > 2 can be treated similarly as

AWM
dd; — (= ) AD kD 4@ _ 7A1<1>
o , (42)
A 2
dd; — (= ) AD — jun k(1D 4D _ VAl<2>

where the decay of these modes is only nonradiative with the rate . It
should be pointed out that the coupling between the higher order modes of
the two different spheres is neglected because the overlaps of these modes
are small.

At steady state, Eq. (42) relates the electric field of the I-th higher
order mode of sphere 2 to that of dipole mode of sphere 1 as

(2) w1y 1+1)\2 ay 3/2 az ri/2 ay 8/2 (1)
Emaxl (wl _ Q.)) +]l 2 o o as Emax,l.
2

(43)

Let us take a quick
»51

A similar expression exists between EI(naX , and Emax 1-
look at Eq. (43) for two extreme cases. In the first case “symmetric dimer
we consider two spheres of equal radii as = a7 = a, with negligibly small gap

ro =~ 2a and neglect the detuning relative to broadening which immediately
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brings us to

2 ((+1)?
|E1(n;x,l| < Q 2[+3

0=

|E(1) )
Y

max,1

(44)

For the noble metals in the optical and near IR regions the value of @
ranges from 10 to 15 in case of Au and can be as high as 40 for bulk Ag,
although in the nanoparticles actual @ is always lower due to the surface
scattering.

If we define the cut-off mode as the one whose maximum field is equal
to 1/2 of the field of the dipole mode, we obtain that for realistic @’s of
less than 20 no more than 10 modes will get excited and once one takes
detuning and gap into account that number will become even less. In the
527 49 < aq only the larger sphere would act as
an antenna and for all the modes in the smaller sphere

2l < U () e (45)

max,l 9 ay max,l|*

case of “extreme nanolens

From Eq. (45) it immediately follows that in the “extreme nanolens” regime
only the | = 1 dipole mode gets excited since the term (as/a;)'~! is
essentially zero for all [ > 1 modes, and the field enhancement relative
to single sphere, in the limit of zero gap between the particles is about

2

max,1

(1)

max,1

1+ ~ (14 4Q*)1/? (46)

in general agreement with Ref. (52). For the symmetric dipole one can
perform summation of Eq. (44) to obtain the maximum enhancement
relative to single sphere with zero gap

00 2
Zl:2 Er(nix,l
e

max,1

271/2
()] .

where the factor of two in front comes from having two antennae and

21+ ~ 2

the factor of 9Q/8 comes from all higher order modes of the other
sphere, all added in phase. One cannot help referring to this phenomenon
as “spatial mode-locking”. So, from the most simple considerations the
“symmetric dimer” and “extreme nanolens” can provide roughly the
same field enhancement. For other cases, in order to optimize the field
enhancement one should obtain solutions for arbitrary radii ratio and also
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for finite gap size. Obviously for arbitrary radii ratio one must include all
the modes in the calculation.

3.2. Solution for the field enhancement

We proceed as follows. The total electric field at the location 1 = rg — 79
in the gap (Fig. 17) is the summation of all modes from both spheres as

E(r) = B +§: w”k&) L1 (a7 a2
! max;,1 (w —w) +]2 2 9 ro

=

@) (CL >3 [es} wuk l+ 1 <CL2 >3/2 <a1>l+1/2
Emax 1 + E : o o
T (W —w)+j% 3 2 1 r1

=
(48)

where the first term is the combination of the dipole mode of sphere 1 and
the higher order modes of sphere 2, and the energy of all these modes is
coupled in through the [ = 1 mode of sphere 1, and vice versa for the second
term.

Combining Egs. (41) and (42) at steady state and using Eqgs. (8) and
(18), we can relate

(1)
Emax 1 w FE)
_ 7M_1 < foc> 49
Er(r?zx,l \/i 2X2 Efoc ( )

where the elements in the 2 x 2 matrix Msyo are

12
w3 kD)2 1

mi =jlw-—w)+ ) ——5—=+m
Z (w—w)+3 2

1= 2

3/2
. a9 . as
miz = jwikr () = Jwi ()
ay To
3/2 3
. ai . ay
ma1 = jwikin () = jw ()
a3z To

00 w2 [k(Ql)]2 1

maz = j(w —w) ZZW+§V1

Finally, substituting Eq. (49) into Eq. (48) in conjunction with Eq. (40),
we arrive at the field enhancement factor which is defined as the ratio of
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the electric field in the presence of the metal spheres to that of the focusing
spot in the absence of the metal spheres

Fo ‘E(ﬁ)
Efoc
L w 1
V2 [Maxs|
3 1
a 1 asr wi (14 1)2 a2
X (mzz—mm)(l) 1+*§é . u ) ﬂ,( 2
r1 drgry = Jlwr —w) 4373 \rore
3 PN
az Lairs wi(l+1) aj
+ (ma1 —mar) (7"2) [ 1722 > @ —w)+52 \rort
(51)
Note the presence of different phases in the denominators — this is a

direct consequence of delay associated with the energy transfer from one
nanoparticle to another, i.e., the retardation effect. Therefore, this quasi-
electric-static model is valid for as long as the dimensions of each individual
particle are small compared to the wavelength, while the total size of the
system of nanoparticles can be of the order of wavelength and even larger.
We shall now simplify Eq. (51) by examining the field enhancement at
the mid gap position r = ro/2 of two equal spheres a = a1 = ag that are
excited at the dipole mode frequency w = w;. We use the fact that coupling
coefficients are small, [k:ﬁj)] ~ 0, Q7' > 2ki1, and in the limit of very
small metal spheres, @~ > y3 where x is the normalized radius defined in
Eq. (12). Next, we realize that the terms from higher order modes (I > 2)
in Eq. (51) are significant only for those lower indexes ! whose frequency
detuning from w; is small, we thus approximate Q! > 2(1 — w;/w;). In
the limit of zero gap, rg =~ 2a, we have

(52)

9Q| L 9V2
s‘ A

Fz2\f2Q‘1—j ~

In comparison with the field enhancement by a single metal sphere which
is proportional to ), we now have additional contributions from higher
order modes that have a relationship of Q2. In the other case of “extreme
nanolens” as < a1, when the field is focused in the vicinity of the smaller
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OO R

Once again in the limit of zero gap, 2 ~ a9, and ry ~ a1, we have F' =
V2Q(1+4Q%)'/? ~ 21/2Q?. As we have already noted above, both extremes
significantly overestimate the enhancement, and once detuning between

sphere, Eq. (27) reduces to

F ~2Q

the resonance frequencies of different modes and the presence of the gap
between the particles are taken into account, the actual enhancement will
be significantly less which is indeed the case as shown in the next section.

3.3. Enhancement results and discussion

We have applied this model to Au metal spheres embedded in GaN dielectric
with Q ~ 10 at the dipole frequency hw; = 1.967 eV (A\; = 630nm).*! While
it is not difficult to evaluate the field enhancement anywhere in the near field
of the two spheres, we shall present our results in the gap of the two spheres
since that is where the strongest enhancement occurs. We first calculate the
enhancement at the frequency of optical excitation in resonance with the
dipole frequency w = wy. For gaps less than 2 nm, the quantum effects such
as electron tunneling and screening significantly reduce the enhancement,®
we shall therefore limit our model to the coupled metal nanospheres with
their separation gap greater than 2nm. As has been demonstrated earlier
for isolated single spheres, the enhancement has a strong dependence on the
nanoparticle size, the enhancement in the coupled structure here shown in
Fig. 19 also depends quite sensitively on the sizes of both spheres. The
results in Fig. 19 are for enhancement at the mid gap between the two
spheres with two different gaps. For smaller gap (5nm), there are two
symmetrical peaks in Fig. 19(a) indicating that the maximum enhancement
is obtained with two unequal metal spheres, i.e., the “nanolens” case. In
this situation, the larger sphere primarily acts as an antenna for energy to
be coupled into the system while the smaller one behaves like a cavity for
energy to be concentrated. As the gap increases, the two peaks merge into
one as shown in Fig. 19(b) (10nm gap) calling for spheres of equal size.
This is easy to understand because at large distances the larger antenna
sphere cannot effectively excite the smaller sphere and it is preferable to
have both spheres of equal size.

Next we calculate the enhancement at the location that is fixed at
2nm from sphere 2 with the radius as as shown in Fig. 20. For smaller
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Fig. 19. Enhancement F' at mid gap of the two Au spheres embedded in GaN as a
function of their radii a1 and a2 with (a) 5nm and (b) 10 nm gap.

(@ (b)

Fig. 20. Enhancement F' at 2nm from sphere 2 in the gap of the two Au spheres
embedded in GaN as a function of their radii a1 and az with (a) 5nm and (b) 10 nm
gap.

gap of 5nm, the location of 2nm from sphere 2 is close to the mid gap,
similarly for the result in Fig. 18(a), two peaks emerge but this time they are
asymmetrical, but for larger gap of 10 nm, only one peak appears. In both
cases, since the position of enhancement is closer to sphere 2, it consistently
favors sphere 2 to be smaller for the field to be focused in its vicinity, i.e.,
the “nanolens” case.
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Fig. 21. Maximum field enhancement at (a) the mid gap and (b) 2nm away from
sphere 2 obtained by optimizing the radii of both spheres as a function of their separation

gap.

We can now perform optimization of nanoparticle sizes to obtain peak
enhancement Fy,y at mid gap [Fig. 21(a)] and at 2nm away from sphere 2
[Fig. 21(b)] for a range of gap. In comparison between the results obtained
for the two cases, it can be said that in general the optimal enhancement
is somewhat greater for the locations that are closer to one of the spheres
than at mid gap for the same gap. Except at very small gaps, the optimum
enhancement at mid gap is attained for two spheres whose dimensions are
not far apart. The maximum enhancement is in the order of a factor of 20
for the gaps of about 5 nm and approaches 30 for the 2nm gaps, while the
Egs. (52) and (53) predict enhancements as high as almost 300 for @ ~ 10
and zero gap. The discrepancy is easily explained by the presence of the
term in Eq. (53)

aq 3 a9 3 aq 3 a9 3
3 I 54
(7’0) (7”2) (a1+a2+6) (a2+5/2> 5
where 4 is the size of the gap, and a similar term is in Eq. (52). When the

relative size of the gap is rather small in comparison to the radii of the
spheres, one can see the fact that both parentheses in Eq. (54) appear in

cube causes significant reduction in the enhancement factor. For instance,
when both parentheses in Eq. (54) equal to 0.7 the field enhancement factor
gets reduced by tenfold.

Clearly, reduction in the gap size will increase the enhancement, but
then it is not clear whether one can get enough “working space” with small
gaps. Furthermore, we want to avoid tunneling between the nanospheres
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that can occur when fields are too high, hence, as mentioned above we are
not going to explore gaps that are less than 2 nm.

The above enhancement optimization at the dipole mode frequency w =
w1 can be further improved by optimizing the frequency. Indeed, the mode
coupling can shift the resonance, and in case of strong coupling, it splits
into two resonances which can be analyzed by examining the determinant
of the 2 x 2 matrix Mayo in Eq. (50) that is in the denominator of Eq. (51).
The two split frequencies at the two minima from the dipole resonance w
can be obtained as

w 1
—=x~1Fk l———— 55
w1 T ( 4k%1Q2> (55)

when coupling coefficient k17 > 1/2Q, i.e., the splitting must be greater
than the broadening of the dipole mode. The splitting will be further shifted
by the coupling with higher order modes. Figure 22 shows the frequency
dependence of the enhancement at several gaps with optimized metal sphere
radii given in Fig. 21, where the peak enhancement has clearly shifted
towards lower frequency w < wp. The curve for 5nm gap in Fig. 22(a)
and all those in Fig. 22(b) exhibit only one peak with no splitting because
their optimized radii are all unequal (a; # a2) (Fig. 21) which yield small
coupling coefficient k17 in the range of 0.023 ~ 0.038 less than 1/2Q ~ 0.05.
For the frequency dependence of 10 and 20 nm gaps in Fig. 22(a), the sizes of
two spheres are optimized at the same radius as shown in Fig. 21 (a1 = a2),
their coupling coefficients k17 = 0.084 for 10nm gap and ki; = 0.06 for

30
30}
Gap
20} 5nm—
5 % 291 10nm
L w® | 20n
10} w0l
o o sphere 2
08 09 10 11 12 08 09 1.0 114 1.2
0)/0)l o)/co1
(a) (b)

Fig. 22. Frequency dependence of the enhancement at (a) the mid gap and (b) 2nm
away from sphere 2 for a range of gap at optimized sphere radii given in Fig. 21.
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20nm gap are both greater than 1/2Q), as a result, a shoulder on the higher
frequency side w > w; can be resolved revealing the higher split of the dipole
resonance. The amount of splitting depends on the coupling strength which
is determined by the separation gap — the smaller the gap, the stronger
the coupling, and thus the greater the splitting. As the gap increases, the
enhancement decreases as a result of the reduced coupling between the
spheres.

Now let us compare these results with those of single spheres. To have
a fair comparison, we obtain optimal enhancement at the locations of equal
separation from metal surface for both cases. This means that for a single
sphere we are evaluating the field enhancement at a separation distance d
from its surface that is equal to either half the gap or 2nm, and we are
neglecting the absorption decay rate v,ps. The field enhancement factor for
a single isolated sphere is related to the absorption enhancement in Eq. (26)
at w = w; as,

) Ve x )
Fs(w1) = VFa(w1) = 1+2Qx3/3¢p <X+X¢i> 0

which, at the optimized radius Xopt = (3¢pxa/2Q)'/*, reaches its maximum
value

o V2Q
SoPt T 4 (2Q03/3ep) /A

The optimal enhancement Fg op¢ for a single Au sphere embedded in GaN is
shown in the insert of Fig. 23(a) for separations up to 10 nm corresponding
to 20nm gap which ensures the entire dimension of two spheres with gap
remains smaller than a quarter of the wavelength. The ratio of Fopi/Fs opt
versus the gap is shown in Fig. 23(a) for mid gap enhancement, and in
Fig. 23(b) for the case of 2 nm separation from the sphere. It can be stated
that the enhancement in the gaps of coupled spheres always outperforms
that of single spheres. The improvement over single sphere is about a factor
of 3 ~ 4. This factor is substantially smaller than the factor of 2QQ ~ 20
obtained in Egs. (46) and (47) in the limit of zero gap, but once again it

(57)

can be explained by the strong cubic dependence of the field enhancement
on the gap width.

For optical absorption and emission with properties directly propor-
tional to the energy density, i.e., electric field squared (E?), the improve-
ment is roughly a factor of 10. For the surface enhanced Raman scattering
(SERS) process whose intensity is proportional to E*, an additional factor
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Fig. 23. The ratio of maximum field enhancement by the coupled spheres to that by a
single sphere vs. the gap for the case of (a) mid gap and (b) 2 nm separation from one of
the spheres. Insert in (a): maximum enhancement by a single sphere vs. the separation
which is equal to half the gap between the two spheres.

of 10 can be recovered. Now, two orders of magnitude is substantial gain
and thus using coupled nanoparticles is definitely worthwhile.

4. Implications

In this chapter, we have established an analytical model based on the
effective-mode-volume method to predict the enhancement of optical
absorption, EL and PL by molecules placed in the vicinity of isolated and
coupled metal nanoparticles. The enhancement effect is the result of highly
localized SP mode that is supported by the metal nanoparticles. The theory
takes into account the radiative and nonradiative decays of the SP modes of
various orders as well as the perturbation of field in the presence of active
absorbing molecules. Using the example of Au nanospheres embedded in
GaN dielectric, we show that the degree of enhancement for each case
strongly depends on the size of the metal sphere enabling optimization
for combinations of molecular properties such as absorption cross section,
original radiative efficiency, and separation between the molecule and metal
sphere. For EL and PL, because of the luminescence quenching effect
induced by the high order modes, there exists an optimized molecule-metal
sphere separation that maximizes the enhancement. The general conclusion
is that the enhancement effect is the most significant for relatively weak and
diluted absorbers and rather inefficient emitters that are placed in close
proximity to the metal nanoparticles. Specifically for optical absorption,
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metal nanoparticles can dramatically improve the performance of optical
sensors in which the analyte molecules are few and their original absorption
is low. At the same time, when the original absorption is already significant,
as is the case of most optical detectors and photovoltaic devices, the
enhancement is weak or nonexistent due to metal loss. For EL, we must
conclude then that nanoparticles are excellent means of enhancing weak
optical emission while their ability to improve performance of relatively
efficient emitters, such as LEDs, is limited at best. The key conclusion for
PL is that metal nanoparticles provide large enhancement only for small
quantities of molecules with originally low PL cross section. Hence metal
nanoparticles can be indispensable in improving sensors but are of limited
use in other applications, where PL is already reasonably (a few percent)
efficient.

Building upon the model established for the single isolated metal
sphere, 104655 we have developed a rigorous analytical approach to the
field enhancement in complex systems of coupled metallic nanoparticles.
The main conclusion for this part of research is the definite evidence
that shows using systems of coupled nanoparticles allows one to achieve
larger field enhancements than the ones attainable with single particle.
The simple explanation of this effect is the fact that in order to achieve
large enhancement one needs to have both an efficient antenna to interact
with outside fields and a small effective volume. Single nanoparticles
cannot possibly satisfy these two requirements, although a certain degree
optimization is possible. But having more than a single nanoparticle
immediately opens a possibility of using a large dipole mode as an efficient
antenna and then transfer the energy into one or more tightly confined
modes in which the high energy concentration gets achieved. Using an
example of two coupled spherical nanoparticles we have shown that there
are two ways the concentration can be achieved. In the case of symmetric
dimer the superposition of quadrupole and higher order modes of both
spheres has high energy concentration in the gap between the spheres and
this combined “supermode” acts as a small cavity coupled to the dipole
antenna. In the case of highly asymmetric “nanolens” the smaller particle
acts a small cavity while the larger particle acts as a dipole antenna. Our
theoretical analysis has shown that for both “dimer” and “nanolens” the
electric-field enhancement of the order of Q2 near the metal surface can be
achieved versus @ in a simple particle.

With @ =~ 10 for Au in GaN, this enhancement would translate into
4 orders of magnitude enhancement of the absorption and up to 8 orders
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of magnitude for luminescence and Raman scattering. This maximum
enhancement is reduced, however, once the detuning between different
modes, the finite size of the gap, and the distance from the metal surface are
taken into account and the optimized field enhancement on the order of 30
appears to be a realistic maximum, which is larger than the enhancement
attainable with the single sphere by a factor of about 3 ~ 4 and can
be translated to about ten-fold improvement for the processes of optical
absorption and emission and about 100-fold for SERS.

Our analysis confirms the fact that more complex metallic nanos-
tructures do offer significant advantage over the single nanoparticles and
provides a simple “engineering” explanation in which the large enhancement
is achieved in a smaller “cavity” mode that is coupled to a larger
“antenna’ mode. While the systems of two and even three nanoparticles has
been previously studied numerically,®’*2 thus in this respect our analysis
only offers better physical insight and a more straightforward way to
optimization. The main contribution of our work, however, consists of
developing an analytical method that can be easily applied to far more
complex systems than dimers and trimers. Consider for example assembly
of 5 spherical nanoparticles in a cluster shown in Fig. 24. Numerical
analysis, let alone optimization of this cluster, requires a lot of effort.
However, using our method all one needs to do is to set up a system of
coupled linear equations, involving no more than a few modes per sphere
which is far less daunting task than a full numerical solution especially in
3-dimensional case.

Furthermore, our method allows one to make a rough estimate of the
field enhancement achievable in the nanocluster and its location without

Fig. 24. Complex cluster of 5 spherical nanoparticles and the steps leading to the field
enhancement in the hot spot inside the gap.
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performing any numerical calculations. Let us follow the progress of field
enhancement step by step in the system shown in Fig. 24. Clearly the large
spheres 1 and 5 act as dipole antenna and in the first step (a) the incident
light couples in the dipole modes of spheres 1 and 5. In the next step (b)
the energy gets coupled into the smaller spheres 2 and 4, then, in the third
step (c) the dipole mode of the sphere 3 gets excited from sphere 2. Finally,
in the last step (d) the higher order modes of spheres 3 and 4 get excited
by the dipole modes, just like in any dimer and a high field concentration is
achieved in the hot-spot inside the gap between these spheres. Ideally, then
given the four “enhancement steps” one can achieve the field enhancement
of the order of @Q*, i.e., 10* but given our experience with dimers it is
reasonable to expect maximum field enhancement in the range from (Q/3)*
to maybe (Q/2)* i.e., 100-600. The exact value of enhancement depends
on the exact radii and relative positions of nanoparticles, and thus should
vary widely within the above boundaries. Given the fact that the number
of steps is limited to no more than 3 ~ 4 given the fact that the largest
nanoparticles should be sub-wavelength and the smallest one cannot be
much less than a few nanometers, the actual maximum enhancement of
absorption of light is expected to be anywhere from 10* to 5 x 10° while
for Raman scattering the electromagnetic enhancement can be anywhere
between 10% and 10! — in line with experimental data.''* Note that
it was first demonstrated in®? that the enhancement does scale up as the
power of @ in case of nanolens — but here we have extended this result to
an arbitrary combination of nanospheres and gaps between them.

Thus, the coupled mode approach to the field enhancement by
complexes of metal nanoparticles developed in this chapter, provides the
scientific community with a powerful tool for understanding, estimating,
analyzing, and optimizing the metal nanostructures for a wide variety of
applications.
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We discuss the wave propagation inside a chiral metallic/plasmonic
medium defined by stacking and twisting an anisotropic medium in
one direction. An anisotropic transfer matrix method for calculating
the band structures and transmission properties of such a medium is
described. The optical properties of some dielectric media that have the
same kind of chiral structures are also discussed. When a bulk plasma
dielectric function is introduced to one of the axis of the anisotropic
medium, a W-shape band appears above the plasmonic bandgap.
Such a chiral metallic/plasmonic medium supports both positive and
negative refraction, and the criteria for achieving a negative refraction
is addressed.

1. Introduction

In the past decade, negative refraction and negative index materials!
and, in particular, their applications on imaging have attracted a lot of
attention.2”” There are multiple ways to achieve negative refraction. One
possible route is to achieve a negative refractive index using sub-wavelength
resonant structures to realize simultaneously negative permittivity and

*Present Address: Massachusetts Institute of Technology, 77 Massachusetts Avenue
3-365, Cambridge, MA 02139, USA.
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permeability.® 19 Another route is to achieve negative refraction for one
polarization by employing a chiral medium!* 2 with the magnitude of the
chiral parameter (or optical activity) » larger than |/zp,'? where & is defined

in the constitutive relations:26

B = eﬁ +m\/mﬁ

B = —ir\/EE + pH M

€ (e0) and p (po) are the relative (vacuum) electric permittivity and
magnetic permeability, respectively. In recent years, there has been a
significant progress in the research of chiral negative refraction in terms
of theoretical consideration and fabrication. A recent review with a lot of
references can be found for example in Ref. (11). This section gives a brief
introduction to some previously proposed ideas.

Natural materials do not have strong chiral electromagnetic properties.
However, strong chirality can be induced by chiral resonators embedded
in a host, or by dispersing dipole resonators into a chiral medium. In
principle, a chiral system that has a resonance gap can potentially give
negative refraction.'® For example, negative refraction can be realized in a
system with a non-zero x together with an effective resonant response in ¢,
which can be written in the characteristic form:

A
=14+ ——-.
e(w) + e

(2)

If the structure is non-chiral, i.e., k = 0, the band structure of the medium
with constitutive relations given by Egs. (1) and (2) shows a band gap
in the frequency regime where e(w) < 0 (i.e., wy < w < /A +w?) [see
Fig. 1(a)]. The dispersion in such non-chiral system is degenerate for the
two circular polarizations. If k # 0, the two circular polarizations are no
longer degenerate. The chirality splits the degenerate U-shaped band into
two bands, showing a W-shaped dispersion [see Fig. 1(b)]. The iso-frequency
contour near the bottom of the W-shaped band of this chiral medium
comprises two concentric circles (as the chiral medium is isotropic) and the
radius of the inner circle decreases as frequency increases. This shrinking
circle gives negative refraction.

In most of the previous theoretical studies, the chiral medium is
assumed to be homogeneous and isotropic. In some man-made chiral
media that are fabricated with techniques such as layer-by-layer top-down
methods, 22730 Jaser holographic lithography3! or two photon writing,32:33
the chiral medium is usually (bi-)anisotropic and the anisotropy may
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Fig. 1. (a) Band structure of a non-chiral medium with an electric resonance (k = 0).
Light does not propagate in the frequency regime wp < w < 1/ A + w? as e(w) is negative
in this regime. (b) Same as (a) except the medium is chiral (k # 0). The chirality of

the medium breaks the degeneracy of the two circular polarizations and gives rise to the
W-shaped group of bands.

introduce complication in realizing the negative refraction. Also, many
studies on the chirality based on using the empirical parameter « in Eq. (1)
did not explicitly specify the origins of the chirality.

In this chapter, we discuss the optical properties of chiral systems in
which the chirality is derived directly from the structure of the system.
Instead of assuming a phenomenological chiral parameter k, we consider
the wave propagation properties of a system in which the constituent
material is non-chiral, but the structure has some “twisting” in one direction
which gives rise to chirality. This brings the theoretical structure closer
to the systems that can be made using the aforementioned fabrication
technologies. We will also compare our systems with the isotropic chiral
medium discussed above. As our system is neither homogeneous nor
isotropic, its behavior is expected to differ somewhat from those described
by Eq. (1) and (2). In Section 2, we give a brief review of a transfer
matrix method that is known in the literature to be very useful for studying
this class of systems, and in Section 3, we give numerical results for some
specific chiral photonic and plasmonic crystals to illustrate their properties.
In Section 4, we give analytical results that help us to understand the
conditions required to achieve unusual dispersions in systems discussed in
Section 3.
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2. Transfer Matrix Method for Anisotropic Medium

We first give a brief description of the 4 x 4 transfer matrix method®*36 that
is useful for treating the chiral medium. The transmission spectrum as well
as the band structure of a periodic chiral medium can be obtained by this
method. For the sake of simplicity, we first consider a chiral medium that is
homogeneous in two of the dimensions, i.e., in the - and y-directions, and
the constitutive relations depend on frequency (w) and z only. We further
assume that the incident wave propagates in the x — z plane, i.e., there
is no y component in the wavevector of the incident wave. The Maxwell’s
equations give

d%?(z) =R R ), 3)
where
_ Ey(z)
FeO=| ame | )
—Z()Hw (Z)

where Zy = \/po/€0, and Eg(2), Ey(z), Hy(2), and Hy(z) are the z- and y-
(&mponents of the electric and associated magnetic fields. The 4 x 4 matrix
A (2) is given by

_ €31 cky 23 _ €32 ) Cka
€33 w H33 €33 w
0 _ P13 cke
<Z> P33 w
(Z) - e _ E13E31 c __ E13€32
11 £33 12 €33
2
_ E23€31 _ e23832 _ 1 (ckg
€21 cas C22 €33 33 ( w )
2
_ pespss 1 (ckg P23l
H22 H33 €33 ( w ) H33 H21
Bi13p32 _ Hi3ps1
H33 H12 K11 33 5
_£13 cke 0 » (5)
€33 W

pa2 _ €23 ) cke __ k31 cke
H33 €33 w M3z w
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where €;; and u;; are the components of the relative electric permittivity
tensor,

e11(z,w) e12(z,w) e13(z,w)
e(z,w) = | e21(z,w) e92(z,w) e23(z,w) |, (6)
e31(z,w) e32(2,w) e33(z,w)

and the relative magnetic permeability tensor,

pi(z,w)  piz(z,w)  pis(z,w)
wz,w) = | p21(z,w)  p2a(z,w) pes(zw) |, (7)
w31 (z,w)  psa(z,w)  pss(z,w)

and k, is the component of wave vector parallel to the layer interface.
Equation (3) can be solved with a transfer matrix method when the ¢;;
and p;; are piecewise constant in z. If €;; and p;; are functions that change
continuously, we can approximate each continuous function by a piecewise-
constant function and we can take the intervals to be as small as we please.
In that case, the transfer matrix method gives approximate solutions to
Eq. (3) by assuming ¢;; and p;; to be piecewise constant in z.

For given piecewise constant functions e;;(z) and p;;(z), the matrix
A (2) is also piecewise constant. Suppose that the chiral medium occupies
the interval (zo, z,,) and the functions are constant at each of the subinter-
vals (2, zi+1), the solution to Eq. (3) in the subinterval (z;, z;11) is

Flaip1) = exp {W(”Z“Z)Zﬂ F(z), ®)

c

— —
where A ; is the value of A (z) in such a subinterval and the solutions to
Eq. (3) in the whole domain is

{Hexp[ (Zi1 = )ZZ}}?(ZO). 9)

Transmission spectrum is obtained by imposing the boundary conditions

cos 0 0 cos 6 0
?(2’0) = aq 0 + ao 1 +7r1 0 —+ 79 1 R
1 0 -1 0
0 cos 0 —cosf

(10)
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and
cos 6 0
0 1
Flzn) =t Lol ] (11)
0 cos

where a; and as are, respectively, the coefficients of TM and TE components
of the incident wave with incident angle 6. Here, r;’s and ¢;’s are four
unknown complex numbers to be obtained by solving Eq. (9) together with
Egs. (10) and (11) and they are the TM and TE components of the reflected
and transmitted waves, respectively.

Equation (9) can also be used for obtaining the band structure of a
periodic system. The Bloch theorem imposes the condition

F(a) = =2 F (0) (12)

for a system with period a. Combining with Eq. (9), it gives

(T (ky,w) — €] F (0) = 0, (13)

(&

n— tw(zi11—24 Ay . . .
where ?(/@x,w) = {H;:Ol exp [M Al}} and the dispersion is
given by

det (T (ky,w) — e °T') = 0. (14)

Here, k., are obtained for fixed values of k., w and a.

3. Chiral Media from Discrete Screw Operations

Employing the transfer matrix formulation presented above, we are able
to solve Maxwell’s equations in a chiral medium defined by a twisting
operation. Consider a chiral medium formed by a discrete screw operation
which results in a discrete twisting medium. The simplest configuration of
this kind of chiral medium is the one that is obtained by stacking a number
of layers of anisotropic medium, each making an angle 6 with the adjacent
layer. Aligning coordinate axes with the principle axes of the anisotropic
medium in the xy-plane, the relative permittivity and permeability tensors
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of the medium is

w0-TE[Z]) S EE) o

7o=F |7 & F (1T (16

where ?(f = 601 602 3)7 <E>(g25) = (Z?rii _c;isn¢¢ 8), a is the period
0 0 e3 0 0 1

of the medium, and 7/n is the angle of rotation as one goes from one
layer to another. The function |x] is defined as the largest integer smaller
than z. The rotation matrix R (¢) represents a right-handed rotation of the
medium with an angle of ¢, i.e., as one goes along the positive z-direction,
the anisotropic medium is rotated in the counter-clockwise direction when
we view it from the positive side of the z-axis. Therefore, the medium is
chiral when e; # 5. From now on, unless otherwise specified, we shall
assume that the medium is non-magnetic, i.e., u = 1, and also €3 = 1.

Depending on the signs of €1 and 5, we consider two classes of chiral
medium, namely the dielectric chiral medium and plasmonic chiral medium.
In the dielectric chiral medium, the real parts of both ¢; and €5 are positive
while in a plasmonic chiral medium, one of £; or ¢, has a positive real part
and the other has a negative real part. For the plasmonic chiral media,
while it is possible for the real parts of both £; and e5 to be negative, there
is no propagating wave solution in the chiral medium and the configuration
is less interesting and thus we do not discuss it here.

We first consider the dielectric chiral medium. The complex band
structures along the z-direction of a typical dielectric chiral medium are
shown in Figs. 2(a) and 2(b). At both the boundary and center of the
Brillouin zone, there are ranges of frequency in which only one of the
polarizations has a real solution of wavevector k. This means that only one
of the polarizations has propagating solutions in these frequency ranges.
Such band gaps are called the polarization gaps. From the calculated
transmission spectra shown in Figs. 2(c) and 2(d), the polarizations of
the modes shown in Fig. 2(a) are found to possess a strong circularly
polarized component. The polarization gaps forbid the propagation of one
of the circular polarizations, rendering the transmitted light to have a
strong circularly polarized character. This chiral medium gives a circular
polarization gap because £; # e3. For a right-handed (RH) circularly
polarized light with wavelength equals to twice of the period, there are
two ways to align the electric field. The first way is to align its electric
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Fig. 2. (a) and (b) Complex band structure of a chiral medium with epsilon given by
Eq. (15) in which e1 = 1, eg = 2 and n = 3. (¢) and (d) Corresponding transmission
spectra for left-handed and right-handed circularly polarized light.

field parallel to the direction of the axes with €5. The other way is to
align its electric field perpendicular to the first direction. In this case, the
permittivity sampled by the propagating light is ¢1, which is smaller than
€2 and results in an eigenmode of a higher frequency. Such a difference in
frequency results in a polarization gap.

There are two polarization gaps shown in Fig. 2(a), one is for left-
handed (LH) circularly polarized light and the other is for RH light. The
frequency of the LH polarization gap is pinned at approximately twice that
of the RH gap. This can be explained as follows. There are two ways for the
electric field of the light to follow the discrete twisting of the anisotropic
layers. The first one is for the electric field to follow the sense of twisting and
twists at the same rate (60° per layer) as one moves up in the z-direction.
As discussed previously, this gives rise to the RH polarization gap. The
other way is to twist in the opposite sense but the electric field then has
to twist twice as fast (120° per layer), which results in, approximately, one
half of the former wavelength (i.e., double in frequency). In the case shown
in Fig. 3, such ways of matching the field and the principle axis correspond,
respectively, to a 60° twist in the anti-clockwise direction and a 120° twist
in the clockwise direction. As a result, there are two polarization gaps
for structures generated by discrete twisting operations, in which the high
frequency gap pinned at double the frequency of the lower frequency gap.

This kind of chiral medium can be realized by using a kind of photonic
crystal (PC) structure as in Fig. 4(a).2%37 The structure of a chiral woodpile
PC is the same as the structure of the rectangular rods shown in Fig. 3.
The dielectric responses of the rods in the axial direction are different from
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(a) (b)

Fig. 3. (a) Schematic diagram showing the electric field of a right-handed circularly
polarized light that follows the rotation of the layers (indicated by the square rods). The
circular arrows indicate the turning direction of the electric field as one goes upwards.
(b) Same as (a) but for the case of left-handed circularly polarized light in the same

structure.
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Fig. 4. (a) Top view of a chiral woodpile PC. The relative positions of the rods are
marked by colors: white rods are on top of gray rods, while gray rods are on top of
black rods. (b) Transmission spectra of RH circularly polarized light propagating in the
z-direction. (c¢) Same as (b) but for LH circularly polarized light. (d) shows the band
structure of the chiral woodpile PC along the z-direction. The dielectric constant of the
rods is 9. b is the width of the woodpile. The period in the z-direction and the distance
between rods in each layer are also a (a = 2.6b).
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those in the transverse directions. Hence, the individual layers of the chiral
woodpile PC constitute an anisotropic layer and the PC is chiral as there
is a twisting in the z-direction. The calculated transmission spectra of RH
and LH circularly polarized light of a chiral woodpile PC with 16 unit cells
are shown in Figs. 4(b) and 4(c). The salient features of these transmission
spectra are basically the same as those shown in Figs. 2(c) and 2(d), i.e.,
there are two polarization gaps for the two circular polarizations and thus
the physics can be understood using the simple model as specified by
Eq. (15). However, the frequency of the LH polarization gap is slightly less
than twice of that of the RH polarization gap. Such a difference comes from
some additional scattering effects due to the inhomogeneity in the zy-plane
which does not exist in the chiral medium with constitutive parameters
given by Egs. (15) and (16).

If the angle between adjacent layers is 45° instead of 60°, the chiral
medium repeats itself every four layers instead of three. The band structure
and the transmission spectra of the n = 4 case are shown in Fig. 5. If we keep
the period (lattice constant a along z-direction) of the medium unchanged,
there is almost no change in the frequency of the first polarization gap.
This is because from a geometrical point of view, the wavelength of the
light in the first polarization gap roughly equals to twice of the lattice
constant of the medium. As the period of the chiral medium is unchanged,
the frequency of the first polarization gap depends mainly on the relative
permittivity of the medium, which is more or less the same as the previous
case. Therefore, the frequency of the first polarization gap is mainly pinned
by the primitive period along the z-axis.

- |
—_
0 . . . . ) 9
-1.0-0.5 0.0 0.5 1.00.0 0.1 0.2 0.0 0.5 1.0 0.0 0.5 1.0
Relk,a/m] Im[k,a/n] LH Transmittance RH Transmittance
(a) (®) (©) (@)

Fig. 5. Same as Fig. 2 except that n = 4.
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The frequency of the second polarization gap in the n = 4 case is higher
than that in the n = 3 case. In fact, in the n = 4 case, the frequency of the
second polarization gap is nearly triple that of the first polarization gap.
As discussed before, there are two ways for the electric field of the light
to follow the twist of the layers. In this case, the “slower” way is to twist
by 45° in the anti-clockwise direction as one moves from one layer to the
adjacent layer, while the “faster” way is to twist by 135° in the clockwise
direction. The ratio between the twisting rate of the two cases is 3 and,
therefore, the frequency of the second polarization gap is approximately
three times of that of the first polarization gap.

An interesting feature in all the transmission spectra shown in Figs. 2,
4, and 5 is the apparent suppression of Fabry-Perot effect inside the polar-
ization gap, while Fabry-Perot effect induced oscillations are conspicuous
in the pass bands. This is a special property of circular polarization gaps.
The Fabry-Perot effect comes from the interference of light reflected from
different boundaries of a medium. A slab of chiral medium has two surfaces:
the entry surface where the incident light first hits the slab and the exit
surface where the light leaves the slab. The suppression of Fabry-Perot in
the chiral medium suggests that the exit surface is almost non-reflecting.
This is due to the fact that circularly polarized light changes its circular
polarization when it is reflected. Upon reflection from an isotropic surface,
a LH circularly polarized light is reflected as a RH circularly polarized light
and vice versa. Inside a polarization gap that allows only LH circularly
polarized light to pass through, the light reflected by the exiting surface
becomes RH circularly polarized and is forbidden from propagating back
to the entry surface. Therefore, there is nothing to interfere with the
light reflected by the entry surface. This explains the almost non-reflecting
phenomena as long as the suppression of the Fabry-Perot effect in reflection
and transmission spectra. In our chiral medium, the exit surface is not
isotropic and the propagating mode in the polarization gap is not purely
circularly polarized. Therefore, the suppression of the Fabry-Perot effect
is not complete and there are still some small oscillations shown in the
transmission spectra inside the gap, but the magnitude is much smaller
than those in the pass bands in which both polarizations can propagate.

We now move on to consider plasmonic chiral media, in which ¢ is
negative along one of the principle axes. A spiral PC made of thin metallic
wire belongs to this kind of chiral medium, which has recently been realized
in infrared frequencies.?33% As the metal wire is thin, current can only go
along the tangential direction of the wire and the behavior is metallic along
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this direction. For the normal and binormal directions (i.e., perpendicular to
both tangential and normal directions), the system behaves effectively like a
dielectric. However, the mathematical treatment of a metallic or plasmonic
spiral is difficult. Although we can obtain numerical solutions using methods
like the finite-difference-time-domain algorithm, the interpretation of the
results would not be straightforward. Here, we make use of the numerical
formulation discussed in Section 2 to study systems that have plasmonic
responses. The advantage of using our model is that the physics is easier
to interpret and it allows us to obtain analytical solutions if the twisting
is continuous. The constitutive parameters of our model systems are also
given by Egs. (15) and (16) with one of the eigenvalues of £(z) taken to be
negative. Without loss of generality, we choose €1 to be negative. We use a
plasma model to model the dispersive features of the plasmonic response.
The dielectric function 7 is taken to be

w2

e1(lw)=1- w—g. (17)

We will compare the results obtained for different values of wy,.
With a particular choice of w,, say % =5, e9 =1 and n = 3, there is
a low frequency gap and the bottom of the lowest pass band is W-shaped
[see Fig. 6(a)], which can potentially give rise to a negative refraction. The
band structure for a wider frequency regime is also shown in Fig. 6(b). The
transmission spectra [Figs. 6(c) and 6(d)] show that the lowest pass band
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Fig. 6. (a) Band structure near the lower band edge of the lowest pass band of a metallic
chiral medium with % = 5. (b) Same as (a) but for a wider frequency range. (c) and (d)
Transmission spectra for RH (solid gray curve) circular polarization, LH (black dashed
curve) circular polarization, z-polarization (solid gray curve), and y-polarization (black
dashed curve).
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Fig. 7. Iso-frequency contours at “* = 3.104 (black solid squares) and “* = 3.114

(gray open circles). The group velocity of light in the chiral medium is given by Vjiw
and is easily seen from the iso-frequency contours.

is associated with LH circularly polarized incident wave. The closed-form
solutions of such kind of twisting chiral medium are very complicated and
difficult to analyze. Fortunately, it becomes relatively simple when the
twisting is continuous (“spiral”), and these solutions can give us some
insight to the plasmonic chiral system. More details are discussed in the
next section.

Since our structure is not isotropic, the band structure in Fig. 6(a)
cannot tell us the sign of refraction at oblique incidence. In order to
understand the sign of refraction, we plot the iso-frequency contours near
the bottom of the W-shaped band in Fig. 7. Now, we consider a light
beam propagating in a direction parallel to the xz-plane. The iso-frequency
contours, manifesting as two disjoint ellipses in Fig. 7, clearly show that
negative refraction is not omni-directional in this system. If we use the
zy-plane as the interface between the vacuum and the chiral medium,
the x component of the wavevector, k;, is conserved during refraction.
The direction of group velocity obtained from the iso-frequency contours
suggests that the sign of refraction of the medium is positive (since the
refracted light propagates in the same direction as the group velocity, Viw).
On the other hand, negative refraction can be achieved when the yz-plane
is used as the interface.

When we lower the plasma frequency, say 222 = 3, the W-shaped band

C
has a redshift and its negative slope region becomes narrower, although



Plasmonics and Plasmonic Metamaterials Downloaded from www.worldscientific.com
by STANFORD UNIVERSITY on 09/03/14. For personal use only.

58 K. H. Fung, J. C. W. Lee and C. T. Chan

o 1 1 1 L 1
1.0-0500 051000 05 10 00 05 1.0
Re[k,a/n] LH/RH Transmittance X/Y Transmittance

(a) (b) ()

Wpa

Fig. 8. (a) Same as Fig. 6(b) except that —2= = 3. The “negative band” is much
narrower. (b) Transmission spectra of LH light (solid gray curve) and RH light (black
dashed curve) corresponding to the band structure shown in (a). (¢) Same as (b) except
that it is for a-polarized (solid gray curve) and y-polarized (black dashed curve) light.
There is polarization gap for RH light in the frequency range between 3.3 and 4.25. This
is due to the fact that in this frequency regime, the dielectric tensor is positive definite
and the material itself behaves like a dielectric.

the bottom of the lowest pass band is still W-shaped (see Fig. 8) near the
zone center. This is consistent with the results from the isotropic chiral
system, which suggests that the W-shaped band comes from the plasmonic
behavior of the medium. There is also a polarization gap for RH light in
the frequency range between 3.3 and 4.25. The polarization gap comes from
the fact that the material behaves like a dielectric when w > w, and the
polarization gap is derived from such dielectric-like behavior.

On the other hand, if w, is large, say w’;a = 10, we enter a new regime.
The band structure is no longer of W-shape [see Fig. 9(a)]. From the
transmission spectra shown in Figs. 8(b) and 8(c), the lowest pass band
of the chiral medium is y-polarized, i.e., light with electric field along the
€9 direction at the entering surface is able to penetrate into the medium.
These suggest that when the plasma frequency is high (which gives a large
negative value of ;1 at low frequency) the chiral medium does not give an
effective chiral response. This is due to the fact that light polarized along

the 1 direction cannot penetrate into the structure deeply when 7 is too
negative. In this case, circularly polarized light can only see the surface of
the chiral medium. Therefore, the chiral medium does not give an observable
chiral response.

The iso-frequency contour of this chiral medium is shown in Fig. 10.
The iso-frequency contours with this w, no longer take the shapes of two
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Fig. 10. Same as Fig. 7 except that % = 10. “* = 4.3 (black solid squares) and

“% = 4.4 (gray open circles). Compared to Fig. 7, the iso-frequency contours no longer

take the shapes of ellipses but the medium can also support negative refraction.

separated ellipses. If we follow the same analysis that we did for the case
with % = b5, negative refraction can also be seen in this medium. To
achieve negative refraction in this medium, we have to use the yz-plane as
the interface.

We end this section with discussions on the effect of increasing n. The
continuous twisting chiral medium is the limiting case for n — oo. Hence,
we expect that as n increases, the behavior of the system converges to that
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Fig. 11. Same as Fig. 6(a) except for different values of n. (a) n = 3. (b) n = 4.
(¢) n = 8. (d) n = 16. (e) n = 32. This figure shows the evolution of the bands as n
increases. The frequencies of the bands decrease with increasing n. The bottom of the
band converges to a value of 2.923. To illustrate the rate of convergence, it should be
noted that the bottom of the bands are at 2.932, 2.926 and 2.924 for n = 16, 32 and 64,
respectively.

of the continuous twisting case. We again consider the case of w’;a =95

in which the W-shaped band can be seen clearly. The band structures for
various values of n are shown in Fig. 11. As n increases, the bands shift to

lower frequencies. The bottom of the band converges to a value of £2 =

. =

\/2— (;ﬁZ)Q ~ 2.923. This expression will be derived in Section 4.

Wpa
c

2

4. Chiral Media from Continuous Screw Operation

In this section, we will focus on the chiral media generated by continuous
screw operations. Solutions for these continuously twisting chiral media can
be obtained analytically for k, = 0 and these solutions give us insight to
the phenomenon inside the chiral medium. It also helps us understand more
about those chiral media obtained from discrete screw operations.

The dielectric tensor of a continuous twisting chiral medium is given by

2 =TF (%) £ m (%) (18)

a a

—
This medium is a right-handed medium and the corresponding A (z)
defined in Eq. (5) is

D=7 (2 AR (7). (19)

a
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where
0 0 w O
— 0 0 0 pu
Ag = 2
0 £ 0 0 0 ) ( O)
0 e 0 O
cos¢p —sing 0 0
| sing cos¢ 0 0
H(é) N 0 0 cos¢p —sing |’ (21)
0 0 sing cos¢

with <Z>(z) given by Eq. (19) can be solved by a rotation of coordinates.
By substituting ?(z) = H(%)ﬁ(z) into Eq. (3), we get

O _ om0 (2) LR () Fe. o

dz a /) dz a

Using the fact that

0 1 0 O
D E®EE) =T o 0 1 @
0 0 -1 0
38,39

for right-handed media, Eq. (22) can be simplified as

4@ =8% 0, (24)

dz
where
o T ik
a c
Ty g m
=| @ c (25)
Tweq 0 0 ™
c . a
0 iweg W 0
c a

It should be noted that if the medium is left-handed, the corresponding
matrix in Eq. (23) should have been transposed. Solutions to Eq. (24) take
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the form
G (2) = exp(Boz) G (0) (26)

and the analytical solutions can be obtained by diagonalizing the matrix
0. The properties of the eigenmodes are determined by the eigenvalues
of the matrix By. If a particular eigenvalue of the matrix By is purely
imaginary, the corresponding eigenmode is a propagating wave. Otherwise,
it is an evanescent wave.
Assuming p = 1, the dispersion relation given by Eq. (14) can be

written as*?

k‘l4 — (2 + w/2€1 + leEg)k‘/Q + (w/261 — 1)(w'252 — 1) =0, (27)

where k' = ke = wa | — 2
s e 1

order to have a W-shaped band, there must be four propagating solutions.

and A is the eigenvalue of the matrix §0>. In

The necessary condition is
(24 w?e; +w?e)? —4(w?e; — 1) (WP —1) >0 (28)
which gives
W?[w?(e1 —e2)? +8(e1 +£2)] >0 (29)
Since w’ > 0, Eq. (29) has a restriction on the parameters only when

—8(ea +¢1)

ga+e1 <0 and Ww?> ==
(e2 —e1)

(30)

With the condition given by Eq. (30) satisfied, Eq. (27) can be factor-
ized into the product of two quadratic polynomials. As the polynomial in
Eq. (27) does not contain the odd power terms of k, the factorized Eq. (27)
is in the form of

(k* — A%)(k* — B?), (31)

with A% and B? to be real numbers. The solutions are real when both A2
and B? are positive and the requirement is

2+ w? +w?ey >0 (32)
and

(W) — 1) (w3 — 1) > 0. (33)
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Equation (32) can be expressed as

w2 = 2 ’ (34)
and Eq. (33) is equivalent to
1 .
" < min(ey,e9) or 2 > max(eq, €2). (35)

2
For simplicity, let us assume €1 < 5 (which includes the case of e = 1— %

and €3 = 1). Then, Eq. (34) becomes

L<€1 or L>52 (36)

w? = w2 =

To keep the following analysis simple, we only focus on €1 and e5 that

are either constant or strictly increasing functions of w. Let us first consider

positive values of €1 and &2, which corresponds to a chiral photonic crystal.
In this case, only Eq. (36) is useful and it becomes

/ 1 / 1
W< — or w >

which is consistent with the fact that, when £, and €5 are constant, there
is a polarization bandgap (in the range \/% < W < \/1;1) which cannot
support propagating wave of one kind of circular polarizations.® This also
explains the polarization bandgap above the W-band.

In the frequency range where £; is negative but €1 > —e2, Egs. (29)

and (34) still have no restriction to w’ and the only requirement to have

(37)

four solutions is Eq. (36). Such requirement is w’ < \/% for e2 > 0 [as
Eq. (36) has no restriction on w’ for €5 < 0]. This explains the zone-
boundary frequency (w' = \/15) of W-band. It suggests that the modes in
the W-shaped near to the zone boundary follow the twisting of the chiral
medium with their electric field aligning along the g5 direction. This can
be easily verified with the eigenvector of matrix shown in Eq. (25).

Now, we consider the frequency range where €1 < —e9. Again, Eq. (36)
gives the upper bound for w’ and the restriction is at the former frequency

range. In addition, we have restrictions given by Eqs. (30) and (34). The
12

exact requirement is generally complicated but, for the case of e =1 — :5’2
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and eg = 1 (where w/, = “2%), Egs. (30) and (34) can be simplified as

p e

2 L';Jz 2 L'; ’ ]/0 ’
> 2 > | = — | =
w 1 and w < 5 ) 2 < > 5 (38)

respectively. To have the W-shaped band, the intersection between Eqs. (38)
and (30) must not be an empty set. The condition is

w; <2, (39)
which corresponds to ;1 < —3. In this case, the lower bound of the
W-shaped band is given by

i.e.,

2
wzsz%\/z—(%) , (41)

which agrees with the numerical results in Section 3.

5. Conclusions

In this chapter, we briefly reviewed the idea of using chiral media to
achieve negative refraction and studied some interesting band structure
and propagation properties of chiral photonic and plasmonic structures.
We introduced a chiral photonic crystal (defined by a twisting operation
on anisotropic medium) that can suppress the Fabry-Perot effect. We have
also shown that negative refraction can be achieved in a metallic/plasmonic
chiral medium defined by the same twisting operation. Such chiral media
supporting negative refraction can also be formed by continuous twisting
operations. However, the sign of refraction depends on the entry interface
of the chiral medium. Also, if the dielectric tensor is too negative in one
particular direction of the plasmonic chiral media, the chiral response
is weak in the medium even though negative refraction is still possible.
Analytical solutions are obtained for the continuously twisting chiral
medium and are used to understand the band structures and the conclusion
can be extended to the discrete twisting chiral media.
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Optical properties of plasmonic nanostructures and metamaterials are
often accessed by evaluating their interaction with light by means of
rigorous numerical methods. Such analysis allows the reliable prediction
of any measurable quantity, whereas insights into the physical mecha-
nisms that govern the observable effects require an intense interpretation
of these quantities. Therefore, analytical methods are required that
simplify the description of plasmonic entities to a certain extent but
yet allow the disclosure of their physical peculiarities. We outline in
this chapter the basics of such an analytical model which we coined
the multipole approach to metamaterials. In this parametric model the
elementary constituents that form plasmonic nanostructures are con-
ceptually replaced by coupled dipoles. By describing the evolution of
these dipoles in terms of differential equations, we disclose the dynam-
ics of complex nanostructures. Furthermore, by introducing averaged
quantities derived from the dipole dynamics, such as an electric and
magnetic dipole and an electric quadrupole density, the light propagation
in a medium comprising a dense array of these nanostructures is fully
accessible. This contribution is written with the intention to familiarize
readers with this framework and to allow its application to many related
problem that may emerge in the field of plasmonics and metamaterials.

talso with Fraunhofer Institute of Applied Optics and Precision Engineering Jena, Albert
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1. Introduction

We present a physically thorough interpretation of the optical properties of
plasmonic metamaterials on the basis of a classical multipole expansion.
The main intention of our work is to provide an analytical framework
to discuss the optical parameters of metamaterials and to enable any
scientist to apply it to a particular problem. The approach requires the
adjustment of only a few physically motivated parameters to a measured
or simulated optical response from a metamaterial to fully disclose its
properties and to describe the light propagation in it. An essential feature
in all such considerations is the transition from analyzing the properties
of individual building blocks towards that of a bulk media if they are
densely packed. Therefore, we re-examine at first the spatial averaging
procedure for mesoscopic meta-molecules, the plasmonic nanostructures
constituting the building blocks of each metamaterial, as opposed to that
of real molecules. Our findings will facilitate the understanding of linear
effective material properties and various effects supported by the structure.
We exemplarily consider the effect of asymmetric transmission, being a
pivotal and counter-intuitive example for a far field response supported by
suitably tailored metamaterials. Finally, this work will be completed by
presenting a tool for explaining and understanding the radiation patterns
for particular metamaterials as well. We will show how basic textbook
electrodynamics can be applied in order to understand and describe the
linear optical properties of metamaterials in a qualitative, quantitative,
and physical manner.

2. Spatial Averaging for Meta-Molecules — Recalling
the Role of Multipole Moments

To get started we revisit an important electrodynamic principle essential
for optics; the spatial averaging procedure. The means to describe the
transition between microscopic and macroscopic Maxwell’s equations has
been established in the first half of the last century.’»? Many averaging
techniques have been applied and introduced to achieve this goal.?*
The result of this procedure is the physical description of light-matter
interactions for macroscopic materials on the basis of simplified microscopic
models. In that respect, the Drude-Lorentz model for metals and various
others have become common in the framework of optics and material
sciences today. In order to categorize and treat metamaterials as artificial
macroscopic matter consisting of mesoscopic building blocks, this procedure
will be recapitulated and the key differences to the averaging for natural
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[
® © ® molecule t/ ,y  meta-molecule
@ bound ° free carrier ® bound carrier

c

(2) (b)

Fig. 1. (a) Typical averaging volume including bound molecular carriers and free
carriers. (b) Bound carriers in a metamaterial represented by the microscopic free
electrons but bound to the mesoscopic meta-molecules.

matter will be highlighted in this section. Thereby we briefly follow the
averaging procedure according to G. Russakoff, since it is probably one of
the most common routines for averaging applied in various textbooks.”
The main idea of the spatial averaging centers around the consideration
of bound and free carriers [Fig. 1(a)]. Analogously, free electrons of metal
can be considered as bound carriers in artificial meta-molecules, see
Fig. 1(b). Free carriers in metamaterials correspond to meta-molecules
which are delocalized at least in one dimension. Since in this chapter
localized plasmonic excitations, i.e., resonant carrier motions in spatially
delimited meta-molecules are considered, free carriers analogues in meta-
materials have been neglected, but can be in principle taken into account
as well. In Fig. 1(b) two pioneering meta-molecules, i.e., the split-ring
resonator (SRR)® and the cut-wire pair (CW),” have been sketched to
visualize important geometries of interest. Now, the task is to spatially
average over a distinct volume in which these meta-molecules are densely
embedded. This procedure consists of two steps. At first, the molecular
carrier distributions of each molecule will be spatially smeared-out. Second,
the entire material will be built up as the arithmetic mean of all smoothed
molecular contributions in the averaging volume. Thereby the spatial
smoothing is often referred to the averaging itself since it is the most
extensive part of the entire procedure. It will be shown that the smoothed
molecular contributions emerge as multipole moments. Spatial smoothing,
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i.e., averaging of any temporally and spatially dependent function ¢ (r,t)
can be expressed as the convolution with a test function G(r)®

W) = [ droe - 06w) 1)

The test function G(r) can be chosen arbitrarily with the restriction that
it can be normalized to unity. Applying the averaging [Eq. (1)] to time and
space derivatives yields for continuously differentiable functions ¥ (r,t)

iwmm:<£wuw, o)

0 0]
00 0) = ( i), Q

Thus, the microscopic electric field &(r, t) and the magnetic induction B(r, t)
can be straightforwardly rewritten applying the respective averaged quanti-
ties. Then the homogeneous microscopic Maxwell’s equations® read as

V x (&(r,t)) + %(‘B(r, t)) =0, (4)
V(B 0) =0, )

which can be transformed into macroscopic Maxwell’s equations by substi-
tuting the microscopic fields &, B

<€(I‘, t)> = E(I‘, t)7 (6)
(B(r,t)) = B(r, ). (7
The remaining inhomogeneous equations
Y x (B(r, 1)) — 5 o (€0, 1)) = profir 1), 5)
V(€ 1) = ~(e(r, 1), 9)

contain next to the averaged macroscopic fields E(r,¢), B(r,t) also
the averaged current (j(r,¢)) and charge (t(r,t¢)) densities that have to be
considered in detail. By applying the averaging procedure [Eq. (1)] to the
charge density t(r,t) one obtains

(t(r,t)) = . r'e(r — v/ )G (r). (10)
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Any microscopic carrier distribution corresponding to a natural or artificial
material may then be separated into two contributions: bound and free
carriers, according to Fig. 1(a, b), where both can be considered as point
charges in the form of

t(r,t) = thound (T, t) + Three(r, t) (11)
Nmolecules Nbound
= Z Z Qb(m)(s(r —I'm — rb(m))
m=1 " b(m)=1
Niree

+ Y apd(r—ry). (12)
f=1

Bound and free carriers are understood as charges of atoms and molecules
or valence electrons, respectively. For the case of meta-molecules bound
carriers are associated with ensembles of electrons that can be driven
into resonance upon external illumination. Therefore noble metals are
typically used as building blocks because of their high density of quasi-free
conduction band carriers. Averaging Eq. (12) reads as

Nmolecules Nbound
(x(r,0)) = Z Z Ab(m)G(T = Ty — Tp(m))
m=1  b(m)=1
Niree
+ Y qGr—ry). (13)

f=1

In a final step it is assumed that the typical dimensions over which the
averaging is performed are much larger than the molecular dimensions. If
this applies a Taylor expansion of the bound contribution of Eq. (12) up to
the second order around |r — r,,| provides for the m-th molecule

Nbound
<tbound(r; t)>m = Z Qb(m)G(I' — Iy — rb(m)) (14)
b(m)=1
Nbound
~ Z Gb(m) G(I‘ - I‘m) — Tp(m) - VG(I' - rm)
b(m)=1
S iyl lrun Gl 1) b (15)
92 b(m)laltb(m) 567“(1(9TB m .

a,p
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Now, in the series expansion (15) one can introduce the electric multipole
moments yielding an averaged carrier density that can be expressed as

<tbound(r7 t>>m ~ qu(I‘ - rm) —Pm VG(I‘ - I'm)
S el G —r), (6)
6 7 " aﬁ(‘?m@rg e

where ¢, Pm, and Qm represent the bound, i.e., molecular quantities:
charge, electric dipole, and electric quadrupole moment associated with
the m-th molecule, respectively

Nbouna

Gm =Y Q(m)» (17)
b(m)=1
Nyound

Pm = D Go(m)To(m): (18)
b(m)=1
Noound

(@m)as =3 D Qi) [ro(m)lalrom)]s- (19)
b(m)=1

In passing we mention that a primitive quadrupole tensor has been applied
in order to obtain Maxwell’s equations that are origin independent.?!?
Considering Eq. (15) one would have arrived at exactly the same expres-
sions, if the charge distribution would have been

Nmolecules

tbound(r» t) = Z (jmd(r - rm) -V pma(r - rm)

m=1
1 9?
+ 5 Bradry (Qm)apd(r —rp) |- (20)

With the averaging procedure according to Eq. (10) and Egs. (11, 12) one

obtains
Nmolecules
<tbound(ra t)> = <ij5(r - rm)> -V <Pm5(1‘ - rm)>
m=1
L ” 1) 21
+ 52 5o (@mlandlr —xn)) | (21)

a,B



Plasmonics and Plasmonic Metamaterials Downloaded from www.worldscientific.com
by STANFORD UNIVERSITY on 09/03/14. For personal use only.

Multipole Metamaterials 73

The explicit application of the convolution [Eq. (10)] results in Eq. (15), but
solely by considering Eq. (21) one has an intuitive physical interpretation
of the averaging procedure at hand. Any microscopic molecular or atomic
carrier ensemble will result in a collection of electric point multipoles in
the averaged macroscopic domain. For the first inhomogeneous Eq. (9) the
averaged charge density (21) gives

eV - <@(I‘,t)> = <t(r7t)>a

20; % [60<€a(r,t)> + Po(r,t) — afﬁczaﬁ(nt)] =p(r,t),  (22)

where the macroscopic charge density

Nmolecules Niree
ple,t) = D {Gmb(r — 1)) + Y (@r6(r —xy)), (23)
m=1 f=1

the macroscopic polarization

Nmolecules

P(I‘7 t) = <pm6(r - rm>>7 (24>

and the macroscopic quadrupole density

Nmolecules
Qus(r) =5 > {(Qulasdlr — 1)), (25)
m=1

have been introduced. Hence, the electric displacement D(r,¢) can be
formally introduced on the basis of Eq. (22) as

D(r,t) = eE(r,t) + P(r,t) — V- Q(r, 1), (26)

with: [V Q(r,t)]a = ) aiBQag(r,t).
B

To finalize the transition from microscopic to macroscopic Maxwell’s
equations, the microscopic current density needs to be averaged. Averaging
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microscopic free and molecular currents in the form of

j(r,t) = (ibound (v, 1)) + (tree(r, 1)) (27)
Nmolecules Nbound

= > D mVm Ve = T = Tym)
m=1  b(m)=1
Niree

+ ) apvpd(r —ry), (28)
f=1

will lead, similar to the charge density Eq. (23), to

Nmolecules Nbound
<] (I‘, t)> = Z Z qdb(m) [Vm + Vb(m)]G(r —T'm — rb(m))
m=1  b(m)=1
Nfree
+ Z qfveG(r —ry). (29)
f=1

Now, the bound carrier contribution of Eq. (29) consists of two parts, the
velocity of the m-th molecule v, together with the relative velocity of
the bound charges vy(,,) and the free carrier motion vy which are simply
added in the non-relativistic regime. Again the expression can be analyzed
in terms of a Taylor expansion up to second order

Nbound
(Jbound (T, 1)) m = Z Qo) [Vim + Vo) |G(T = T — Tp(m)) (30)
b(m)=1
Nbound
R Y Q) Vi + Vi) [G(r = Tim) = To(m) - VG(r = 1)
b(m)=1
82
+ Z Tb(m)]alTb(m)] v s Gr—rp)|. (31)

Similarly to the procedure applied for the charge density, the molecular
current density (31) can be transformed into?

(Ja(r, 1))

= ja(r,t) + g {Pa(r7 t) —

5 Qag( t)| + [V x M(r, ],

arﬁ
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Nmolecules
0
+y s Y Alem)s(Om)a = (Pm)alvm)sld(x = rm))
B m=1
1 92 Nmolecules
~ m)a m - m m)a 6 —tm)/
5 G 2 ((@nastvn)y = (@udrolvm)oldlr =5
(32)
where the macroscopic current density
Nfree Nmolecules
i)=Y lapvsd(r —x')) + (gmVmd(r — 1)), (33)
f=1 m=1
the macroscopic magnetization
Nmolecules
M(r,t) = (myd(r — ")), (34)
m=1
as well as the molecular magnetic dipole moment
1 Nbound
my, = 5 Z db(m) [rb(m) X Vb(m)]v (35)
b(m)=1

have been introduced. The last two terms of Eq. (32) are usually negligible
since for many optical systems the molecular velocity is assumed to be zero
or at least much smaller than the velocities of the bound carriers.® These
contributions have been taken into account just for being consistent, but
are dropped in the following by formally setting v,, = 0. It is convenient
to write the current density in this form because it is then easily possible
to evaluate the remaining inhomogeneous Maxwell’s equation (8)

LV X (B(r,1) - o (&(r, 1)) = {i(r, 1),
iV x B(r,t) — g[eoE +P(r,t) — V x Q(r,t)] = j(r,t) + V x M(r, 1),
Ho ot

0

1 .
V % %B(I‘,t) - M(I‘, t) - aD(I‘,t) :,](I', t)v (36)

which is equal to Eq. (6) if the macroscopic magnetic field is defined by

H(r,1) = iB(r,t) — M(r,1). (37)
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This concise discussion of the averaging procedure provides an easy
understanding of the macroscopic Maxwell’s equations for natural media.
Moreover the multipole moments up to second order are defined and their
contribution to the macroscopic constitutive relations, i.e., Eqs. (26, 37) has
been retraced.

Performing the averaging procedure and determining the constitutive
relations in the above manner is the method of choice in various textbooks
but not the only possibility. For several reasons the magnetic dipole
response can be included within the macroscopic current density. Using
another definition of the macroscopic current density that is based on
Eq. (32) one obtains

Niree
j(r,t) = <Z qfvé(rrf)>+VXM(r,t). (38)
f=1

The current density [Eq. (38)] with the related macroscopic charge density
p must satisfy the continuity equation

0
With the current density [Eq. (38)] the charge density remains equal to that
in Eq. (23), because V - [V x M] = 0. The main difference to the definition
of the current density given before [Eq. (33)], concerns the constitutive
relation for the magnetic field compared with Eq. (37)

H(r,t) = —B(r,t). (40)
Ho

Hence, there is a certain degree of freedom in defining the macroscopic
current density. The influence of such modifications will result in different
constitutive relations, e.g., Eq. (40) and thus in different boundary condi-
tions at the interface of the macroscopic media compared with the standard
boundary conditions.!! In the same manner as the magnetic dipole moment
has been included in j also the electric multipole contributions could be
included yielding another constitutive relation for the electric field'? when
compared with Eq. (26). So it is important to keep this ambiguity in mind
when reading articles or books where differing constitutive relations or

averaging procedures have been used.
In order to conveniently describe a macroscopic medium, where the
averaging is performed, material parameters can be introduced. This is
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typically done in the Fourier domain to which the transformations may be
defined as

X(t) = MER dwX(w)e ™t + c.c} : (41)

{ / dw / de(k,w)eikrerc.c.} (42)
weR keR3

Applying the temporal Fourier transformation [Eq. (41)] to Eq. (26) and
Eq. (37) the constitutive relations become

N~ N~

X(r,t) =

~

D(r,w) = ¢E(r,w) + P(r,w) — V- Q(r,w), (43)
H(r,w) — iB(r,w) ~ M(r,w). (44)

Now that all multipole moments are related to carrier dynamics induced by

the impinging fields, a linear dependence of all moments on the electric field
can be assumed.? Due to the presence of spatial derivatives in the dielectric
displacement, e.g., in front of the electric quadrupole tensor in Eq. (43),
the general response will show non-local effects. Hence, for a linear relation
between the field and the moments, the application of the Fourier transform
(42) will immediately result in a k-dependence in the constitutive relations.
Thus, in general second order moments will induce spatial dispersion and
for Eqs. (43, 44) the following expressions can be introduced

D(k,w) = eé(k,w)E(k, w), (45)
B(k7 w) = MOﬂ(k7 W)H(kv w)' (46)

There é(k,w) corresponds to the electric permittivity while fi(k,w) repre-
sents the magnetic permeability for the averaged medium. These equations
complete the averaging process since they allow us to treat any macroscopic,
i.e., averaged medium, by the knowledge of its microscopic constituents.
Such constituents are averaged multipole moments that account for light
matter interactions with bound and free molecular carriers. Having arrived
at the macroscopic level, e.g., Egs. (45, 46), the basics of the averaging
procedure are no longer of interest for many applications, since for various
macroscopic media these values are obtained experimentally.'3

2This assumption of course only holds in the linear optical regime. For the considerations
of multipole induced nonlinearities the dependence is different.??
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The purpose of the intense recapitulation in this section was to recall
the fundamental principles which will facilitate the understanding of ensem-
bles of mesoscopic nanostructures in the following. These nanostructures
are acting as artificial atoms or molecules, termed meta-molecules, forming
a new material class that will be considered in complete analogy to the
previous procedure throughout this work [Fig. 1(a, b)].

The most appealing difference in the averaging of nanoparticles repre-
senting artificial meta-molecules in comparison to ordinary molecules is that
all multipole moments in nanoparticles are induced by an electromagnetic
field. Hence, all moments in meta-molecules vanish without an external
field. In contrast, real molecules can possess permanent multipole contribu-
tions even in the absence of any external fields. A prominent example for a
material with a permanent molecular quadrupole moment is carbon dioxide
being the first experimentally measured molecular quadrupole.'* In meta-
molecules higher order multipoles can be achieved at will. To obtain second
order effects in meta-molecules it has been shown above that effects such as
non-locality, i.e., spatial dispersion in the Fourier domain, must exist. For
this purpose each meta-molecule must comprise a certain dimension in prop-
agation direction. On the other side, meta-molecules are supposed to be as
small as possible to make the averaging and the multipole expansion mean-
ingful. Thus, meta-molecules should fulfill the sub-wavelength restriction.'®
These two competing issues led to the concept of mesoscopic structures'®
which applies to meta-molecules exhibiting the above-mentioned optical
effects, i.e., artificial magnetism occurring at optical wavelengths.'”1® The
application of the averaging procedure, i.e., Eq. (10), for mesoscopic struc-
tures despite of natural atoms or molecules is of course an approximation
that describes the structure better if its dimensions decrease. From a
physical point of view the important difference between natural molecules
and meta-molecules is the possibility to control the carrier dynamics
in meta-materials and the increased ratio between the meta-molecules
dimensions and the wavelength when compared with natural molecules.
However, it will be shown in the following that this concept holds to describe
and predict the optical properties of certain metamaterials sufficiently well.

3. Light Propagation in Metamaterials Including Multipole
Moments Up to the Second Order

As repeated in the previous section the electromagnetic response of meta-
molecules can be transformed into multipolar contributions. The remaining
missing part for this task is the access to the bound carrier dynamics in
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Fig. 2. (a) Sketch of the CW meta-molecule with the charge carriers representing the
dynamics denoted by white dots. Each of the dots accounts for two carriers. A positively
and a negatively charged one being at the same position without an external electric field.
(b) The numerically obtained far-field reflectance (dashed) and transmittance (solid) for
a periodic arrangement of CW pairs. The spectra have been calculated for plane wave
propagation in z-direction presuming x-polarized electric fields. The numbers denote the
two fundamental resonances: (1) anti-symmetric and (2) symmetric resonance. (c) Top:
Electric field (E;) inside the CW pairs for resonance (1). Bottom: Electric field for
resonance (2).

meta-molecules ry(,,). With an underlying understanding of these carrier
motions all multipole contributions of interest [Egs. (18, 19, 35)] as well as
the dispersion relation and the material responses according to Eqgs. (45, 46)
are obtained. In Fig. 2(a) the cut-wire (CW) pair meta-molecule is sketched.
The white dots in Fig. 2(a) account for the carrier distribution which is
used to model the microscopic currents. We apply our formalism to such a
structure since the CW was decisive for the field of optical metamaterials;
it is well understood, sufficiently simple and overall it is very educative for
our purpose to outline the forte of the above developed formalism. The
reflection and transmission spectra for a periodical array of CW meta-
molecules have been computed by means of the rigorous Fourier Modal
Method (FMM)!? and are shown in Fig. 2(b). For the CW pairs two distinct
resonances emerge that can be associated with a symmetric and an anti-
symmetric field distribution. The near-fields were also obtained by FMM
and are shown in Fig. 2(c). In order to account for these dynamics, a suitable
carrier configuration of two negatively charged (superscript “—”) and two
positively charged (superscript “+”) carriers as sketched in Fig. 2(a) is
assumed

r;r = [0707Z0}T7 ry = [gl(t)yanO]Ta

ry = [O,O,—zo]T, ry = [£(1),0, —zo]T. (47)
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Thereby only negatively charged carriers are considered to perform oscilla-
tions &; 2(t) which are induced by the microscopic electric field asP

82 8 2 q1
@51 (t) + 71 agl (t) + w01§1 (t) + U§Q(t) = —Eew(z + 20, t), (48)

D es®) + 12 ealt) + wrealt) + or(t) = — L (= — 20,0). (49)
12 2 ’72at 2 0262 1 = ma T 0,0).

In addition to the well-known terms in the oscillator equations (48, 49) such
as the damping constants ;, the eigenfrequencies wy;, the two equations are
coupled denoted by the coupling constant ¢. This coupling accounts for the
near-field interaction that takes place between the two metal wires forming
the CW meta-molecule. Without this coupling the symmetric and the anti-
symmetric modes would be degenerated in their resonance frequencies. A
decoupling could be achieved by separating both wires far beyond the
typical near-field coupling distances, which are in the order of =~20nm
for optical frequencies. This case would clearly violate the subwavelength
restriction in propagation direction.'® With the oscillator equations it is
now possible to calculate the bound carrier dynamics for an isolated CW
meta-molecule and to find the desired molecular quantities: electric dipole
(18), electric quadrupole (19), and magnetic dipole (35) moments

N —q[&i(t) + &(1)]
Pow = »_qr = 0 : (50)
=1 0
N 1) = &5(t) 0 zo[&i(t) — Ea(t)]
Qew = 32% [ri]alris = —3¢ 0 0 0 ;
=t zo[&1(t) —&2(8)] O 0
(51)
1 N 0 qz0 | o 0
mow = 5 > am x 5= m[fl(t)o— &A1) |- (52)
=1

For the sake of simplicity a symmetric CW meta-molecule is assumed
with 71 = 79 = v, wo1 = we2 = wp, and ¢ = ¢ = q. It is
obvious from Egs. (50-52) that all moments depend either on the sum

PNote that the interaction of the magnetic field with charged carriers is neglected since
a non-relativistic dynamic is assumed (9¢|r|/c < 1).
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or the difference of the oscillator elongations §;. Explicitly, the electric
dipole resonance depends on the sum, while both second order multipole
moments are proportional to the difference. Hence, for the symmetric
mode (& = &) the electric dipole moment is maximized and both second
order moments vanish. In turn, for a completely anti-symmetric elongation
(&4 = —&) second order moments are maximal and the electric dipole
moment is zero. Hence, both oscillator eigenmodes, i.e., the symmetric as
well as the anti-symmetric, can be successfully translated into multipole
moments of first and second order. The respective wave equation which
describes the propagation of electromagnetic fields inside a macroscopic
material comprising up to second order multipoles upon temporal Fourier
transformation [Eq. (41)] reads as

2

AE(r,w) + dl

2 E(r,w)

2 .
+ 2 |P(r,w) = V- Q(r,w) + ~V x M(r,w)| = 0.  (53)
C“€p w
For z-polarized transverse electrical fields propagating in z-direction and by
Fourier transformation and substitution of the multipole moments (50-52),
Eq. (53) simplifies to the scalar equation

2 w2
@Em(sz) + C?Ez(zaw)
2 0 i 0
Za P.(z,w) — anz(z,w) - EaMy(z,w) =0. (54)

Prior to solving this equation for particular field distributions, there is one
important point to be mentioned. The macroscopic quantities P, Q, M
have been obtained by basically summing up over all molecular quantities
(24, 25, 34). Hence, it is assumed that the corrections due to interactions
of meta-molecules can be neglected since the meta-molecules are well
separated. This is barely fulfilled for realistic metamaterials since even a
weak coupling between adjacent meta-molecules causes a shift of resonance
frequencies when compared to the isolated meta-molecule. To include
this effect, either a more sophisticated averaging procedure® or adapted

°In principle the Clausius Mosotti formalism can be applied where the Lorentz field
interaction between meta-molecules can be considered dependent on the metamaterials
volume density.
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oscillator parameters can be used. Because properties of isolated meta-
molecules are hardly accessible since typically ensembles of metamaterials
are considered this interaction will be incorporated in the form of adapted
oscillator parameters, being the numerically and experimentally accessible
ensemble values.

Determining the averaged quantities [Eqs. (24, 25, 34)] from the
molecular moments [Egs. (50-52)] in the Fourier domain [Eq. (41)]

P(r,w) = npcw(r,w), (55)
Q(r,w) = chw(r,w), (56)
M(r,w) = nmcew (r,w), (57)

with the number density 7 and substituting them into Eq. (54) yields

The first term & (w) + & (w) in the brackets represents the electric dipole
interactions whereas the second term o 9,[¢1(w) — &2(w)] arises from both
the electric quadrupole and the magnetic dipole interactions. Now, the
remaining task is to evaluate these two contributions as functions of the
averaged electric field F,(z,w). Thus, from Egs. (48, 49) and by replacing
the microscopic with the macroscopic field according to Eq. (6) one ends
up with

q Ex(z+ 20,w) + Ex(2 — 20,w)

f1w)+ ) = — L Jhe: 9
R
with: A(w) = w2 — w? —iwy. (61)

Now, if an ansatz for the propagating modes inside the metamaterial like

E.(z,w) = Eoeikz(“’)z7 (62)
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is substituted into the wave equation (58), the dispersion relation can be
obtained as

a2, W nq*2 coslk.(w)zo]  Mq*2 2ok, (w) sinfk, (w)2o]
ka(w) = 2 {1 + com Aw)+o €om Aw)—o } '

(63)

Analyzing the functional form of the implicit equation (63) it can be
easily verified that this equation has various solutions k, for a fixed
frequency, representing different branches of the dispersion relation. For
CW meta-molecules having larger dimensions higher order modes have to
be considered. For CW meta-molecules with only a small extent in the
propagation direction only the fundamental mode occurs. Hence, for such
metamaterials operating in the fundamental mode regime the trigonometric
functions in Eq. (63) may be expanded in a Taylor series up to the first non-
constant contribution

k2 (w) 2

5 sinfk, (w)zo] = k. (w)z0, (64)

coslk,(w)zo] = 1 —

which provides an explicit form of the dispersion relation k,(w) for the
fundamental mode

9 1+ _Cc a2
2 W A(w)+o . _angq
kZ(w) = 27 w2 C22 Aw+t3o with: C' = meq” (65)

2 2 A(w)2-o02

In addition to the dispersion relation Eq. (65), also the effective material
properties according to Eqgs. (45, 46) may be assigned

€r(z,w) =1+ egl[Pm(z,w) — %Qm(z,w)]E;I(z,w),

21g? cos[k, (w)zo]
mey Alw)+o

)ZOLQQ sin[kz(w)zo]. (66)

=1
ok, w) + mey Alw) —o

+k(w

Considering Eq. (66) it can be inferred that spatial dispersion occurs, as
indicated by the intrinsic k, (w)-dependence of the permittivity. By applying
the approximations (64), the permittivity associated with the fundamental
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mode becomes
Co

_ c 2 2
Em(kz,w) =1+ m + kz(w)zom (67)
For the magnetic permeability
My(sz) = By('z?w)[By(Z?w) - MOMy(27w)]_1 (68)

the magnetic induction has to be replaced by the electric field with
By(z,w) = [k;(w)/w]E;(z,w) which finally results again in a spatially
dispersive expression

(69)

iy (ke ) = {1_”77612 osn<k<w>o>}

 meg k- (w)[A(w) — o]

Upon substitution of the approximations (64) one ends up with

w? 22 !
)= {1 SmG ) i

which, in contrast to the permittivity, is not spatially dispersive, i.e.,
wu(k,,w) = p(w) for the applied approximation of k,zo < 1.

In order to apply the developed formalism to a realistic CW metama-
terial,2® numerical FMM simulations of a slab of periodically arranged CW
meta-molecules have been performed. The lateral periods of A, = 600 nm
and Ay = 500 nm have been used. The CW meta-molecule has a single wire
extension in z- and y-direction of 400 nm and 150 nm, respectively, and a
thickness of 40 nm in z-direction. Both wires are 25 nm separated, yielding
a total slab thickness of 105 nm. The far field reflection and transmission
spectra for such a slab are shown in Fig. 2(b). On the basis of these spectral
results the effective parameters for normal incidence can be estimated.?!
These are approximative since they are associated to homogeneous slab
for which spatial dispersion is neglected. Considering the spatial dispersion
in Egs. (63, 66, 69) one can anticipate that this is solely connected to the
parameter zg. This is due to several reasons. At first, 2z is the dimension of
meta-molecules in propagation direction, enabling the observation of second
order multipoles. It can be easily proven that for vanishing zg, second order
multipoles become zero. Second, zy is related to the phase accumulation
of the electric field evolution upon propagating through the metamaterial
according to Egs. (59, 60). This field difference is essential in order to excite
any anti-symmetric currents that are required for second order excitations,
i.e., magnetic dipoles. Due to the dependence of multipole moments on the
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Fig. 3. In the first row the (a) dispersion relation, (b) permittivity, and (c) permeability
values for the multipole model are shown, whereas on the second row (d, e, f) the
respective numerically obtained observables are shown for a slab of periodically arranged
CW meta-molecules. Solid lines represent the real part, while dashed lines label the
imaginary part.

fields, the non-local response translates into the dispersion relation as well
as into the effective material parameters.

In order to evaluate the dispersion relation (65), the permittivity (67)
and the permeability (70) the unknown values: wg, v, ¢ and C have to be
determined. This can be achieved by fitting one of the quantities: k,, €, or
w to the respective numerical result. The remaining two quantities are then
fixed and can be computed without further adaption. For the results shown
in Fig. 3(a—f) the numerical dispersion relation has been used to fix the
parameters of the model, whereas the permittivity and the permeability
follow directly. When comparing analytical and numerical results major dis-
crepancies can be only observed in the magnetic permeability [Fig. 3(c, f)].
There an anti-resonance feature of the numerical data is not present in the
multipole model. To conclude this comparison for the CW metamaterial,
we wish to state that all relevant numerically observed effects can be
simultaneously observed in the multipole model.

After the comprehensive presentation of the approach at the example
of the CW meta-molecule, which allowed us to calculate experimentally
accessible and relevant quantities, the model can be applied to describe
various other meta-molecules.?%??2 A major advantage of the presented
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modeling is that numerically obtained results can be unambiguously linked
to a physical meaning beyond the phenomenological interpretation of
observed effects in terms of multipolar excitations. It has even been shown
that quantitative results can be achieved. But since the model is based
on parameters that have to be determined, the prediction of new meta-
molecule properties is only possible to a certain extent, as will be shown in
the following section.

Before this is done, a brief explanation why the presented model for a
certain metamaterial has to be fitted to either experimental or numerical
data is given. For ordinary materials operating in the electric dipole limit
a similar oscillator ansatz is typically chosen, where usually one uncoupled
oscillator is sufficient. In order to fix the material parameters, i.e., the
permittivity, this model has to be compared to experimental measurements,
preferably by means of reflection and transmission measurements at thin
films.'® As an example, the plasma frequency can be considered as one of
such parameters being specific for each noble metal. However, depending
on the microscopic carrier dynamics these parameters are different for
each material due to the specific intrinsic carrier mobility. Performing the
averaging for metamaterials rather than natural materials, the intrinsic
carrier dynamics can be adjusted by geometrically controlling the meta-
molecule’s shape. As a result, the oscillator parameters will be different
for each metamaterial. Strictly speaking, the presented model requires that
for each metamaterial these parameters have to be determined as well. By
changing the mesoscopic geometry, the entire metamaterial is modified,
and thus requires a new fitting of the parameters. To illustrate that the
presented model is just a consequent continuation of the description of
natural materials, we set zyp = 0, which is equivalent to considering only
one oscillator in the origin which makes o meaningless. With this step
all second order multipole moments [Egs. (51, 52)] vanish. The magnetic
permeability [Eq. (70)] becomes unity and the electric permittivity takes
the form of

C C
€(w) + Aw) + wd — w? —iwy’

(71)
which, depending on the presence of wy in A(w), provides the well-known
Drude metal or a polar material featuring a Lorentzian resonance. Although
the CW meta-molecule described in this section is rather simple, several
important physical features have already been observed, such as optical
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(b)

Fig. 4. Illustration of (a) the SRR, and (b) the L meta-molecule.?8 Both meta-molecules
are arranged in the xy-plane, hence the propagation vector is assumed to be normal to
the surface, i.e., parallel to the z-direction. The dots denote the carrier configuration
assumed for the analytical model.

magnetism, the occurrence of spatial dispersion and higher order dispersion
branches, which help to facilitate the understanding of metamaterials by
means of fundamental electrodynamic principles.

4. Multipolar Properties of Planar Meta-Molecules

In the following, metamaterials composed of planar meta-molecules are
investigated.2> The major part of this section is devoted to the question,
to what extent our model allows us to predict the properties of new
metamaterials. Hence, we start with an original meta-molecule which later
on will be modified. As will be shown, the parameters of the modified meta-
molecule will be predicted correctly by the model. We will extend these
modifications to cover effects associated with asymmetric transmission for
circularly polarized light.?42” The planar SRR,® Fig. 4(a), serves as the
original structure. The polarization eigenstates of this meta-molecule are
shown to be linearly polarized. Next, it will be revealed that for particular
geometrical modifications [Fig. 4(b)] of this meta-molecule the polarization
eigenstates change toward elliptical polarization.

In order to describe the internal carrier dynamics for the SRR,
conceptually consisting of three connected straight wire pieces, the following
microscopic carrier configuration is assumed

r;r = [O7y070]T7 ry = [gl(t)7y0>O]T7
r;r = [_.'L'Q,O7O]T7 ry = [_x07§2<t)a0]T7

ry = 1[0,—y0,0", ry = [&s(t), —v0,0]". (72)
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A set of three coupled microscopic oscillators is proposed to account for the
coupling between the conductively connected wires

) 41 26 (0) + Rialt) + om&alt) = — L&s(2,1)
2>t ’Ylat 1 Wo161 02162(1) = m=-c Z,1),
0? 0

@52(75) +’Yz&§2(7§) + wiaba(t) + 021€1(t) — 0a3és(t) = —%Gy(zj),

D e4(t) 45 26(t) + wlsa(t) — omatalt) = L&, (2,1)
9253 738753 0363 2362\t) = = a2 1)

(73)

It is assumed that wire 1 and wire 3 are identical, but different than the
SRR base wire 2. Hence, Eq. (73) can be simplified with: wp; = wpz = wy,
Wo2 S Wy, Y1 =73 =Vay 2 =Yy O12 =023 =0, and ¢1 = @3 = ¢z, @2 =
gy- Next, the microscopic multipole contributions Egs. (50-52) have been
evaluated for the carrier distribution [Eq. (72)]. The resulting molecular
SRR multipole moments are

x[€1 () + &5(1)]
PSRR = qy&2(t) ; (74)
0
Qskr =
—q: 7 (t) + ()] —qzyol&1(t) — &) + qyzoéa(t) O
3| =61 (t) — ()] + gyzoéal(t) —qy&5(t) 0,

0 0 0

(75)
0

R % 0 . (76)

@Yo [61(t) — E(1)] + qyzo 5 éa(t)

For arbitrary carrier dynamics &;(t), j € [1,2, 3], molecular electric dipole
moments in x- and y-direction, a magnetic moment in z-direction and
electric quadrupole contributions Q;;, [, j] € [z, y] are induced. Hence, even
after the transition to averaged quantities [Egs. (56, 57)] the wave equation
(54), describing z-polarized electrical fields propagating in z-direction, has
no contributions stemming from second order multipole moments. As can
be easily verified, these conclusions hold for y-polarized electric fields
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propagating in z-direction as well. Thus, the entire optical response is
described by the macroscopic polarization

¢z [€1(w) + §3(w)]
P(z,w) = npsrr(2z,w) = —n qy&a(w) . (77)
0

Similar to the CW meta-molecule the oscillator elongations according to
the set of equations (73) are simply obtained in Fourier domain [Eq. (41)].
For z-polarization one obtains

fl(UJ) = fg(UJ) = _qﬁmmEac(zvb‘J% (78)
&2(w) =0, (79)

whereas for y-polarized electric fields we have

Glw) = () = = s (80
- % Az (w)
fo(w) = “m Ax(w)Ay(w) — 242 Ey(z,w), (81)
with: A, ,(w) = wiﬁy —w? — Wy (82)

Considering Eqs. (77-81) it becomes obvious that z-polarized electrical
fields induce only a polarization in z-direction, because £3(w) = 0. In
turn, y-polarized light induces a polarization solely in y-direction due
to the annihilation of the carrier dynamics in wires 1 and 3 [§(w) =
—&3(w)]. In other words, the electric permittivity [Eq. (40)] is diagonal and
consequently the polarization eigenstates are linearly polarized

€xz(W) 0 0
é(w) = 0 eyy(w) 01, (83)
0 0 1
L g 1
€z (W) + meo Aa(w)’ (84)
77(15 Az (w) (85)

(@) =1 meo Ag(w)Ay(w) — 202
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Fig. 5. The SRR far field spectra obtained by numerical simulation (T circles,
R triangles) and for the developed model (T solid, R dashed) for (a) z-polarization
and (b) for y-polarization. (¢, d) The corresponding complex permittivities obtained
by the parameter retrieval of the numerical spectra in comparison to predictions from
Eq. (83) for the respective polarization direction.

In turn, the magnetic permeability is unity for both polarization directions
as expected for media comprising electric dipole interaction only. With
Egs. (84, 85) it is now possible to calculate the reflection and transmission
coefficients by applying a standard transfer matrix formalism for films.??
For reference, the SRR spectrum has been computed at first numerically
with the FMM and secondly by calculating and fitting the spectra of a
metamaterial slab incorporating the permittivity derived above. Spectra for
polarization in z- and y-directions are shown in Fig. 5(a, b), respectively.
The SRR metamaterial has been selected similar to the one investigated
in the literature.%2® The SRR wires are 200 nm long, 50 nm wide, the SRR
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base has a length of 100 nm and a width of 80 nm. The entire SRR thickness
is 25 nm and it is made of gold.'® A periodical arrangement with a period
of 400 nm in both z- and y-direction has been assumed. The thickness of
the metamaterial corresponds to the thickness of the SRR. In addition,
the permittivity has been obtained from the numerical spectra by the
parameter retrieval that has been used for the CW pairs before. Comparing
this retrieved permittivity to the one that has been found in the spectral
fit for the reflection and transmission spectra almost perfect coincidence is
observed [Fig. 5(c, d)]. Hence, the developed formalism can be applied as a
kind of parameter retrieval procedure. In addition to the permittivity, the
formalism may be useful in order to quantify the coupling between the SRR
wire pieces.

Next, the SRR meta-molecule is modified in the following yielding
the L meta-molecule, see Fig. 4(b) where one of the SRR arms (3) has
been removed. This modification prevents the mutual cancellation of the
carrier dynamics in wires 1 and 3 when compared to the original SRR
meta-molecule. The solutions for the oscillator elongations are

ry o B Aw) L
1( ) - m Ax(w)Ay(w) — g2 E;C( ’ )a (86)
e o

& (w) =

m A @A, () o2 ) 0

for polarization in z-direction and

V()= B g Z,w
fl( ) m Az(w)Ay(w) _ O,QEy( ’ )7 (88)
7O — ) ) (59)

m Ay (W) A, (W) — o2

in y-direction, respectively. Since one of the SRR arms has been removed
one oscillator elongation can be set to zero. Hence, an electric field polarized
in z-direction induces a cross-polarization in y-direction and vice versa. For
the permittivity that is calculated from the polarization [Eq. (77)] upon
setting &3(w) = 0 these cross-polarizabilities result in non-zero off-diagonal
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elements

€ra(W) €zy(w) O
€W = | eyalw) eplw) 0] (90)

0 0 1

2 Ay(w
€on(w) =1+ fr;’z) Am(w)Ay((w)) — (91)
eyy(w) =1+ % Am(w)iz((c:)) — (92)

qzqyT] g

(93)

If Ay(w) # Ay(w), which is fulfilled for different geometries of wires 1 and
2, the permittivity tensor cannot be diagonalized. Thus, the polarization
ecigenstates are in general elliptically polarized.?* In order to verify these
analytical considerations the spectral response of the L structure has been
numerically modeled by using FMM. For media which are described by a
permittivity according to Eq. (90) the reflectivity and transmissivity have
to be calculated requiring more sophisticated methods. Here a homogeneous
slab with this permittivity and the thickness corresponding to the thickness
of the meta-molecules has been simultaneously modeled.' In a first step,
the parameters of the SRR that have been found before are applied while
considering the vanishing of one wire. The results for both polarization
directions are shown in Fig. 6(a, b, d, e). As can be seen, the resonance
positions as well as the resonance widths are predicted with only minor
differences in the resonance strength, see Fig. 6(a, c¢). Second, the model
parameters have been fitted the numerical spectra, directly. This improves
the coincidence between the spectra predicted by the model and the
numerical spectra toward almost perfect agreement. Considering the cross-
polarized quantities Tj;, R;;, ¢ # j, agreement with sufficient accuracy is
observed even for the SRR parameters [Fig. 6(b,e)]. As a further outcome
of the spectral adaption, the entire permittivity tensor can be directly
obtained [Fig. 6(c, f, i)] which is, for media that do not possess linearly
polarized eigenstates, a non-trivial task. In passing, it is mentioned that the
anti-resonance observed in Fig. 6(i) can be fully explained by the mutual
interplay of the coupled carriers.?? Finally, it will be proven that asymmetric
transmission?4 2" for circularly polarized light occurs, as expected from the
shape of the permittivity tensor [Eq. (90)]. The connection between left-
(“=") and right-(“+”) handed circularly and linearly polarized light may
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Fig. 6. The (a) far field spectra, (b) the cross-polarized spectral quantities Ty, Ray,
and (c) the permittivity for z-polarization. (d, e, f) The respective results for y-
polarization. The spectra predicted by the SRR values in (a, b, d, e) are labeled by
dashed dotted lines, whereas the directly fitted values correspond to the solid lines.
The permittivities (c, f, i) have been calculated with Eq. (90) using the directly fitted
values. (g) The L structure made of two wires with different widths together with the
two polarization directions of interest are shown. (h) The asymmetric transmission in
terms of a difference between T, _ and T_ is shown for the numerical and the adapted
transmissivities.

be written as2”

T, T__

2 \(Tow = Tyy) +i(Tay + Tya)  (Taw + Tyy) = i(Tey — Tya)
(94)
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Considering Eq. (94) it becomes obvious that for non-zero, cross-polarized
transmission coeflicients 17,
too, requiring that T, 4T}, # 0. For the investigated L meta-molecule the

Ty the difference Ty _ — T__ is non-zero,

results for the modulus of the difference between T _ and 7_, are shown
in Fig. 6(h). The two lines correspond to the results for the numerical
transmission and the ones predicted by the model. Again all main features
are correctly described by the developed formalism, see Fig. 6(h). In passing,
it is mentioned that typically the effects of asymmetric transmission in
planar meta-molecules are rather small compared to meta-molecules that
additionally exhibit chiral properties due to an extension and particular
shape in the propagation direction.?”

To conclude this section, it has been shown that planar meta-
molecules upon normal incidence possess electric dipole response only,
which simplifies the model significantly. These findings are consistent
with experimental observations, where magnetic effects, i.e., a magnetic
resonance, could be only observed for angular incidence.® Furthermore, the
transition toward elliptically polarized eigenstates has been performed by
geometrical variations of the meta-molecule. In doing so the optical response
could be estimated solely from knowing the parameters of an original
structure,?? here the SRR. The formalism has been utilized to determine the
permittivity tensor which can be accessed by comparing with experimental
or theoretical far field intensities without requiring the spectral phase. The
developed description supports and simplifies the physical understanding of
asymmetric transmission effects by the simple mutual interaction of electric
dipoles. Beyond this qualitative understanding it has also been shown that
quantitative agreement can be achieved.

It is furthermore mentioned that the same procedure has also been
examined for an S-shaped meta-molecule where similar results have been
obtained.?? As an important physical property, all derived permittivities

30-32 which require the

are consistent with the Casimir-Onsager relations
symmetry in the permittivity tensor e;, = €,, which can be proven by

considering Eq. (93) or Fig. 6(i).

5. Multipole Near-Field Decomposition
for Meta-Molecules

In the last section the linear properties of meta-molecules are investigated
beyond their far field wave propagation properties, i.e., k, €, u. Therefore
the near-field distributions of isolated meta-molecules are considered and
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Fig. 7. Dimensions and excitation conditions for (a) the CW and (b) the SRR.
Spectrally resolved evaluation of the overlap integral between the analytical multipole
field and the numerical near-field for (c¢) the CW and (d) the SRR. (f-h) Magnetic field
distribution for the resonance positions labeled in (c, d) for the two meta-molecules.
The insets show the y-component of the magnetic field for (e) top: the magnetic dipole,
(e) bottom: the electric quadrupole, (f): the electric dipole, (g): the magnetic dipole, and
(h): the electric dipole moment.

their radiation patterns are rigorously analyzed by a multipolar field

decomposition technique. Starting point is the vector potential®?3
j(r—1' t— le—r]
A.(r, t) — @ / dr/3l( - c )’ (95)
4r Jy, |r — 1’|
which is driven by the microscopic current j and is a solution of
162 ,
AA(r,t) — ?@A(rv t) = —poj(r, ). (96)

The microscopic electric and magnetic fields can be calculated in the Fourier
domain (41) assuming the Lorentz gauge® according to

¢(r,w) = i%ev XV x A(r,w), (97)
B(r,w) =V X A(r,w). (98)

Now, the microscopic current density j(r,t) is expanded in a Taylor series
up to second order. The first order term yields the vector potential for
the electric dipole radiation. The second order expansion term consists
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of two contributions: the electric quadrupole and the magnetic dipole
radiation.?2333 Hence, both moments represent second order multipole
contributions.

In order to investigate the strength of the respective multipole moment
contributing to the entire radiation pattern the scattered field for meta-
molecules will be decomposed into multipole contributions in the fol-
lowing. There, the overlap integral between a certain field component
for the respective multipole moment and the numerically calculated or
experimentally observed field pattern will be performed. Caused by the
orthogonality of both the radial and the azimuthal part of the multipolar
field components, it suffices to elaborate the overlap integral on a ring
outside the meta-molecule. Recently, this method has been proposed*
for two-dimensional meta-molecules but can be straightforwardly extended
toward three dimensions. Results for the evaluation of the overlap integral
for the near-fields of an isolated CW and SRR are shown in Fig. 7(c, d).
It can be recognized that for the symmetric resonance, corresponding to
the resonance in the electric permittivity, the electric dipole moments are
parallel to the z-polarized incident electric field. For the anti-symmetric
resonance, in turn, second order multipoles are maximized. To illustrate the
underlying numerically calculated near-field distributions the y-component
of the magnetic field patterns for the frequencies corresponding to the
maxima in Fig. 7(c, d) are shown in Fig. 7(e-h) for both meta-molecules.
The insets correspond to the magnetic field components calculated from
Eq. (98) for the respective multipole moment* by expanding Eq. (95). It
can be observed that the numerical near-field patterns can be excellently
described by the excitation of elementary multipoles.

With these considerations it could be proven that besides calculating
optical far field observables multipole contributions can be successfully
applied to describe the near-field optical response of meta-molecules
as well. Furthermore, this rigorous method unambiguously justifies the
role of multipole excitations that has been assumed in the previous
sections.

6. Summary and Outlook

The primary goal of this chapter was to show how elementary textbook
electrodynamics can be applied to enter the field of metamaterials where
emphasis has been put on the understanding of induced carrier dynamics,
the appearance of higher order dispersion relation branches, the appearance
of electric and magnetic effects as well as a clear picture to read near-field
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patterns of meta-molecules. Unlike other electrodynamical approaches that
have been successfully established,'! here the language of multipoles has
been shown to be an appropriate and versatile tool for this task.

Starting from a recapitulation of the transition between microscopic
and macroscopic Maxwell’s equations, the role of multipolar contributions
in the description of light-matter interaction has been presented. From this
point of view, artificial metamaterials can be treated as ordinary matter but
featuring beyond the electric dipole interaction also second order multipole
interactions. For the determination of the carrier dynamics being essential
for computing the multipole moments a simple oscillator model has been
proposed. Thus, characteristic quantities, such as the dispersion relation,
can be obtained and compared to numerical or experimental data. It has
also been shown that the approach can be utilized to predict the optical
response of meta-molecules that refer to an original, known meta-molecule
but are subjected to particular geometrical modifications. Therefore meta-
molecule modifications changing the polarization eigenstates from linear to
elliptical have been investigated for the purpose of observing asymmetric
transmission behavior. While these two examples present applications for
the far field description, the near-field response of the SRR and the CW
meta-molecule has been considered in the last section. There, an approach
has been introduced to unambiguously reveal multipolar contributions from
the near-field patterns. All presented investigations suggest that the linear
optical response of metamaterials can be understood in terms of elementary
multipoles. Besides, it is mentioned that the seminal work of Pendry'” starts
similarly with the considerations of averaged fields before investigating wave
propagation characteristics, such as optical magnetism of artificial matter.
Here, metamaterials are discussed in the context of multipole moments,
which is a different approach yielding consistent results with respect to
the functional shape of the wave propagation parameters as well as for
conclusions on the occurrence of magnetic effects.

Beyond these linear optical properties, multipole induced nonlinearities,

35 can be investi-

known from the pioneering works in nonlinear optics,
gated?? where the comparison with linear optical properties suffices to

predict the second order nonlinear optical response as well.
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Surface plasmon-polaritons offer useful properties that find applications
in a broad range of scientific and engineering fields. However, many
applications face practical limitations imposed by the intrinsic energy
losses experienced by this wave at optical and near-infrared wavelengths.
During the last decade, the topic of surface plasmon-polariton amplifica-
tion has experienced a tremendous growth as it offers a viable venue to
eliminate the wave’s losses without compromising other key attributes.
This review summarises the major theoretical and experimental progress
achieved in the amplification of this wave. It discusses the topics of
amplified spontaneous emission, stimulated emission, and lasing within
the context of surface plasmon-polaritons.

1. Introduction

Surface plasmon-polaritons (SPPs) are electromagnetic surface waves
formed through the interaction of photons with free electrons at the surface
of some metals bounded by a vacuum or a dielectric.! These surface waves
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offer interesting properties that have found applications in a broad range of
scientific and engineering fields such as spectroscopy,?> nano-photonics,*?
imaging,® non-linear optics,” and biosensing.® SPPs dissipate their energy
through a natural interaction with the atomic structure of the metal; thus,
they are intrinsically lossy. In many cases, excessive losses encountered at
visible and near-infrared wavelengths render applications impractical. To
alleviate this problem researchers have proposed lowering the SPP losses
through optical amplification, which in principle can be achieved by adding
optical gain to the dielectric or dielectrics bounding the metal.

The amplification of SPPs has been a subject of study for three decades
and has experienced an enormous growth during the last one. This chapter
reviews the existing body of literature on the topic and summarises the most
important theoretical and experimental progress. It also discusses potential
applications. The material presented here is representative of the progress
achieved to date.

A variety of structures can support SPPs and a main distinction is made
between localised SPPs supported by metallic nanoparticles (with sizes
smaller than the free-space wavelength) and propagating SPPs supported
by planar metallic surfaces. Also, metallic nano-cavities can support SPP
resonant modes that might be categorised separately. Due to their partic-
ular properties, SPPs supported by the different structures find different
applications and gain requirements. This review is organised according to
these three types of plasmonic structures.

Naturally, there exist more complex metallic structures that sup-
port SPPs. They are generally formed by composite metallic geometries
designed to tailor the structure’s optical response, in which SPPs play a
crucial role. Such structures fall under the category of metamaterials.!415
Metamaterials incorporating gain media have received considerable atten-
tion'%2! because they offer a possibility to overcome practical restrictions
imposed by losses in phenomena such as transparency, super-resolution,
and enhanced reflectance and transmittance over small bandwidths.
Nevertheless, a proper review of active metamaterials falls out of the scope
of this chapter and is not included.

2. Planar Metallic Surfaces

Most of the studies conducted on SPP amplification consider propagat-
ing SPPs supported by planar structures. Specific plasmonic modes are
supported by different planar geometries; yet, for the cases discussed in
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this section, we shall categorise these geometries in three groups. The
first group comprises structures that support single-interface SPPs. For
example, an interface between an optically thick (or semi-infinite) metal and
a dielectric, which supports a non-radiative SPP mode, or an optically thin
metal film in Kretschmann-Raether configuration,' which supports a leaky
SPP mode on one of the metal surfaces. The second group comprises the
thin metal film? ! and stripe'?!'3 bounded by index-symmetric dielectrics.
These structures support low-loss modes with symmetric field distribution
termed long-range SPPs (LRSPPs) and high-loss modes with asymmetric
field distribution termed short-range SPP (SRSPP). Finally, the third group
comprises structures consisting of a thin dielectric film cladded by metals.
This type of structure, also called metal-insulator-metal structure, supports
coupled SPP modes with symmetric and asymmetric field distributions
that exhibit strong field confinement but also strong attenuation.?? In the
remainder of this section, the material is organised as much as possible
according to these three groups of structures.

2.1. Single metal-dielectric interface

The first theoretical study on SPP amplification was reported by Plotz and
coworkers?? in 1979 within the context of enhanced total internal reflection.
The authors considered a ~50 nm-thick silver film attached to a glass prism
on one side (Kretschmann-Raether configuration) and in contact with a
gain medium on the other, and explored the reflectivity of the glass-metal
interface for different gain values. The gain medium, a fluorescent dye,
was assumed to be homogeneous and inverted. Their analysis shows that
the usual reflectance drop occurring at the SPP resonance angle decreases
monotonically as the gain in the dye region increases, reaching eventually
a reflectance that is larger than one; i.e., enhanced total reflection. When
this condition is met, a singularity can be generated in the reflectivity
expression by choosing an appropriate thickness for the metal film. The
authors indicated that this singularity is physically associated with the
coherent out-coupling of SPPs of infinite propagation length.

4 complemented the

Almost a decade later, Sudarkin and Demkovic?
work by Plotz and coworkers, and proposed for the first time the possibility
of an SPP laser. The authors studied a similar structure and showed that for
a specific set of complex dielectric constants describing the metal and gain
media, there is an optimum metal-film thickness for which the ratio of the

SPP field intensity at the metal surface to the intensity of the excitation
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source is maximum. They noted that for silver films thicker than those
considered in Ref. (23) the reflectance does not increase monotonically with
the gain. Instead, it decreases with increasing gain (a phenomenon later
observed experimentally by Seidel et al.?®) until the gain reaches a specific
value. As the gain increases beyond this point, the reflectance begins to
increase. Despite the non-monotonic reflectance behaviour, the analysis
shows that the SPP field increases and the SPP resonance linewidth narrows
monotonically with gain increments, as expected for SPP loss reduction.
The authors also showed that the Fresnel formulae applied to this can lead
to erroneous results of reflectivity when the gain is high and the diameter of
the excitation beam is comparable to the SPP range plasmonic structure.

Nezhad and colleagues?® studied SPP amplification in planar metallic
structures bounded by a homogeneous gain medium. The authors derived
analytical expressions for the material gain needed for lossless propagation,
zero wavefront tilt, and bound propagation limit of single-interface SPPs.
Considering silver and an InGaAsP-based gain medium, they showed that
lossless propagation of single-interface SPPs is possible at A = 1550 nm when
the material gain is about 1260 cm™!. The authors also studied numerically
amplification of LRSPPs supported by a 40nm-thick silver film and a
400 nm-wide stripe of the same thickness embedded in an InGaAsP-based
gain medium. For these geometries, it was found that the material gain
required for lossless propagation is an order of magnitude smaller than
for single-interface SPPs. They also investigated the effect of non-uniform
gain close to the metal stripe by modelling the gain medium as a layer
of thickness h located at a distance d from one of the metal surfaces.
Their results showed that for 50 < h < 175nm and 0 < d < 200nm, the
gain needed for lossless propagation increases monotonically as the layer
moves away from the stripe. The required gain values that varied from 800
to 4500cm ™! depending on the size and position of the gain layer, which
reflects the importance of a good gain-mode overlap.

Avrutsky?” reported a theoretical study on the behaviour of gain-
assisted SPPs and their interaction with nanoscale gratings near the
resonance angular frequency, w, = w,/ V2, (wp being the plasma frequency
of the metal). The study considers SPPs supported at the interface
between silver and a dielectric medium with gain in the spectral range
330 < A < 370nm, which lies around the resonance wavelength of silver,
Ar = 337nm. The author conducted numerical calculations showing that a
material gain of 8 x 10 cm ™! can compensate the losses of single-interface
SPPs at A = 349 nm, revealing the unusual properties that result from the
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singularity in the dispersion relations that are masked in the passive case
by large optical losses. These properties, which include extremely small
group velocity (reaching one kilometre per second), large SPP effective
index (neg = 29), and high field localisation allow SPPs to interact with
features that are an order of magnitude smaller in size than the wavelength.
Indeed, these unique properties show potential for characterisation of sub-
nanometer surface features and ultra-sensitive optical sensors.

Amplification of SPPs was first demonstrated at far-infrared wave-
lengths a decade ago by Cho and coworkers.?82% In Ref. (29) the authors
reported a distributed-feedback (DFB) SPP laser emitting at A ~ 17 ym. In
part, this plasmonic laser owes its success to the low absorption of metals at
far-infrared wavelengths. The device consisted of an alternate sequence of
gold (300 nm-thick) and titanium/gold (10/300 nm-thick) stripes deposited
on a quantum-cascade (QC) active material. The DFB mechanism was
provided by the refractive index difference of the alternating metallic
pattern. With this approach, the thickness of epitaxial growth was reduced
by a factor of 2.25 and the confinement factor was increased by a factor of
1.8 compared to the respective values of a conventional DFB QC laser with
the same active medium. At low temperatures, the laser showed a reduction
in the lasing threshold by a factor of two compared to conventional QC
lasers operating at similar wavelengths; this allowed record high power of
38 mW at a temperature of 5 K. Furthermore, the laser offered high modal
purity with side suppression ratio of approximately 30 dB and operated at
a maximum temperature of 240 K with thermal wavelength tenability of
~1nm/K.

The first demonstration of SPP stimulated emission at visible wave-
lengths was reported by Seidel and colleagues®® in 2005. They employed
structures consisting of ~40 and ~65nm-thick silver films attached to a
glass-prism on one side and in contact with an optically excited dye solution
on the other [see Fig. 1(a)]. The authors studied the change in reflectance at
the glass-silver interface induced by the gain medium (excited dye solution)
as a function of the incidence angle. Experiments were conducted using two
flowing dye solutions, rhodamine 101 and cresyl violet in ethanol, both with
a molecular density of N = 7 x 107 cm~3. Transverse magnetic polarised
light from a helium-neon laser at A =633 nm was used to probe the SPPs
while the dye molecules were excited via SPP pumping at A\ = 580 nm using
light from a dye laser incident on the glass-silver interface. The pump beam
carried a power of 10 mW and was focused to a spot of 60 um in diameter;
it overlapped completely with the probe beam which was focused to an area



Plasmonics and Plasmonic Metamaterials Downloaded from www.worldscientific.com
by STANFORD UNIVERSITY on 09/03/14. For personal use only.

106 1. De Leon and P. Berini

8x10° 8
39 nm 39nm
flow cell with circulating o«
dye solution (gain medium) Zo ¢ 50
67 nm - 67 nm

-8x10°

b 68 70 72 74 68 70 72 74

s o2 34
/\/ 8x10 40m 6x10 -—_40:“/\
£ s E
BK7 prism with <0 <°
thin silver film 62 nm © e2mm

68 70 72 74 68 70 72 74
Angle 6 [°] Angle 6 [°]

(a) (b)

Fig. 1. Adapted figure with permission from Ref. (25). Copyright (2005) by the
American Physical Society. (a) Structure and pump/probe arrangement employed by
Siedel et al. in Ref. (25) for the analysis of SPP stimulated emission. (b) Reflectance
change due to SPP stimulated emission as a function of the incidence angle: measure-
ments using rhodamine 101 (1) and cresyl violet (2) dyes in ethanol. The theoretical
estimation corresponding to the cases in (1) and (2) are shown in (3) and (4), respectively.
The silver-film thickness is indicated for each curve.

:

approximately twice as large. The probe and pump beams were modulated
at 23 Hz and 27 MHz, respectively, and a phase-sensitive detection scheme
using two lock-in amplifiers was employed to measure the reflectance change
due to SPP stimulated emission. For the 40 nm-thick films, the effect of
stimulated SPPs was observed as an increased emission of light into the
reflected probe beam; on the other hand, for the 65 nm-thick films it was
manifested by the narrowing and deepening of the reflectance dip occurring
at the SPP resonance angle [see Fig. 1(b)]. The experimental results agreed
qualitatively with a theoretical model that considers the gain medium as
a 4-level system and a number of factors characteristic of the experiment,
such as the exponential decay of population inversion away from the metal
surface and the transverse profile of the probe and pump beams.

Noginov and colleagues®® studied experimentally SPP amplification in
a structure similar to that used by Seidel in Ref. (25). In this case, the
gain medium consisted of a 10 pum-thick layer of Rhodamine-6G (R6G)
doped polymethyl-methacrylate (PMMA) with a molecular density of
N =2.2 x 10?2 cm ™3, which was dried on the back side of a 40 nm-thick
silver film attached on its front side to a glass (n = 1.784) prism. The gain
medium was optically pumped from the back side using pulsed light
at A=532nm with pulse energy of 18 mJ, pulse duration ¢,=10ns, and
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repetition rate f, = 10Hz. TM polarised light from a helium-neon laser
at A = 594nm was coupled through the prism to excite (probe) SPPs at
the silver-PMMA /R6G interface. The reflected probe light was spectrally
filtered using a monochromator tuned to the probe’s wavelength and then
measured as a function of the incidence angle using a photomultiplier
tube. Stimulated emission of SPPs was observed as an increase in the
reflected probe light compared to that measured when the gain medium
is not pumped, consistent with previous observations reported by Seidel
and colleagues.?® By fitting the reflectance measurements to the Fresnel
expression describing the reflectance of the structure, the authors estimated
the material gain of the doped polymer as 420cm~! and a SPP loss
reduction of 35%. The estimated material gain was nearly eight times
smaller than that expected from the spectroscopic parameters of the
dye. The authors pointed out that the discrepancy was probably due
to luminescence quenching at the high dye concentrations, and amplified
spontaneous emission into photonic and plasmonic modes.

In a subsequent study,3' Noginov and colleagues measured the fluores-
cence decoupled from the prism side as the gain medium was pumped using
the same experimental arrangement than in Ref. (30). For this experiment,
the structures employed were similar to those reported in Ref. (30) but
with a thinner (3 pm-thick) gain medium. In addition to the characteristic
angular profile of decoupled SPPs, the authors observed attributes of
stimulated emission in the measured fluorescence. They reported spectral
narrowing at high pump intensities and a non-linear intensity behaviour
of the decoupled light with respect to the pump intensity that exhibited a
distinct threshold point. On the basis of a theoretical model, the authors
claimed that the observations correspond to those expected for amplified
SPP propagation when the losses are overcome entirely.

Grandidier and colleagues®? demonstrated an increase in propagation
length of SPPs supported by a polymer loaded metallic waveguide at
a telecommunication wavelength. The waveguides consisted of 600 nm-
thick by 400 nm-wide PMMA stripes doped with lead sulfide quantum
dots (PbS QDs) fabricated on a 40nm-thick gold film. The waveguides
were 64 um in length and the QD density was N ~ 9 x 10'%cm=3.
The QD emission spectrum exhibited a broad peak near A =1550nm, the
probe light wavelength used in the experiments. The gain medium was
pumped using continuous wave (CW) light at A =532nm homogeneously
distributed over the waveguide. The SPP propagation length as a function
of the pump power was measured via leakage radiation microscopy.3® They
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showed a maximum increase in SPP propagation of 27%, achieved with
a pump power of 1kW/cm? and a corresponding gain in the polymer of
~600cm™!. They also measured the angular momentum spread of the
amplified SPP showing a narrowing in the angular momentum spectrum
with increasing pump power. The authors pointed out that the narrowing
is indicative of loss compensation since the full-width at half-maximum
(FWHM) measure of the angular spectrum, Ak, is inversely proportional
to the SPP propagation length Ak = 1/lgpp.

Oulton and colleagues®* demonstrated laser-like behaviour in hybrid-
plasmon modes supported by a thick silver film coupled to a cadmium
sulphide (CdS) nanowire that served as the gain medium. Experiments
were conducted on structures as shown in Fig. 2(a); the CdS nanowire
had a diameter d and was separated from the silver film by a magnesium
fluoride insulating layer of thickness h. The hybrid plasmon can have a
good portion of its energy concentrated in this insulating layer.3® The
gain medium was pumped using pulsed light at A\, = 405nm (¢, = 100 fs;
fp = 80MHz). The emitted light coupled out of the structure was studied
for a number of structures with different insulating layer thicknesses
and CdS nanowire diameters. The amplified spontaneous emission (ASE)
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Fig. 2. Adapted by permission from Macmillan Publishers Ltd: Nature [Ref. (34)],
copyright (2009). (a) Hybrid-plasmon active structure employed by Oulton et al. in
Ref. (34). (b) Output power versus pump intensity characteristics of four structures
with different CdS nanowire diameter, d. The mode size is reduced and the spontaneous
emission into the lasing mode increase in the direction given for the parameter xzg. SM:
single mode lasing, MM: multi-mode lasing.
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threshold was estimated as the pump intensity for which the Fabry-Perot
plasmonic modes of the cavity are discernible in the measured light
spectrum. For structures with A = 5nm and 100 < d < 400 nm, the authors
reported ASE thresholds that occur between 10 and 60 MW /cm?. For pump
intensities above these thresholds a non-linear output-power versus pump-
intensity relation developed suggesting laser action. A six-fold enhancement
in the spontaneous emission rate when compared to a photonic laser
consisting of a CdS nanowire on quartz was observed for d ~ 120 nm.
This enhancement is usually associated with high-Q cavities but in this
laser it was attributed to the high mode confinement. The authors pointed
out that the transition from spontaneous emission to lasing in the output-
power versus pump-intensity relation of the hybrid-plasmon laser did not
show the typical ‘kink’ characteristic of photonic lasers but this transition
was obscured for highly confined plasmonic modes [see Fig. 2(b)]. This
behaviour is a signature that most of the spontaneous light is emitted into
the lasing mode.3¢

Bolger and colleagues®” studied experimentally SPP ASE and the
limitations that it imposes on SPP stimulated emission. Experiments
were conducted on gold films of various thicknesses (25, 50, and 100 nm)
deposited on a silica substrate and cladded with a 1 ym-thick gain medium
in the form of PMMA doped with PbS QDs. The QD concentration was
5wt.%. The SPP mode supported at the polymer-gold interface was used
for the analysis. Pairs of gratings separated by several distances were
fabricated on the gold film in order to couple light in and out of the
plasmonic structure. The gain medium is pumped with a helium-neon
laser at A=633nm focused to a 100 pm-diameter spot located between
the two gratings and the SPP mode was probed via QD-photoluminescence
generated using a second helium-neon laser focused onto one of the gratings.
The SPP emission spectra coupled out of the structures peaked at A =
1160 nm and exhibited a significant linewidth narrowing as a function of
the pump intensity. The emission linewidth reached its minimum value
with a pump intensity of ~10 W/cm? and remained so for higher pump
intensities. The authors estimated the pump intensity for the SPP ASE
on-set as ~5W/cm?. They reported a maximum increase in propagation
length of 30% achieved with a pump intensity of ~1 W/cm?. For higher
pump intensities the propagation length decreased, eventually reaching
values comparable to those measured in the absence of the pump. This
was attributed to a reduction of available gain caused by the competition
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of SPP ASE and SPP stimulated emission, a well known phenomenon in
high gain optical amplifiers.?®

2.2. Thin metal film/stripe

Alam and colleagues®® proposed a structure to overcome the SPP losses
at telecommunication wavelengths via optical amplification using quantum
wells as the gain medium. It consisted of a 1pum-wide and 10nm-thick
silver stripe on an AlGalnAs multiple quantum well (QW) structure on
a semi-infinite InP substrate. The metal stripe was covered by a dielectric
superstrate of finite thickness. The authors conducted a numerical analysis
of the structure’s optical properties varying systematically parameters such
as superstrate and QW barrier refractive indices, and metal and superstrate
dimensions. They showed that a 400 nm-thick superstrate with refractive
index matched to that of the barrier regions allows a well-guided SPP
mode despite the structure’s large refractive index asymmetry. This design
also provided a good balance between SPP mode attenuation (~12dB/mm)
and mode-gain overlap (~6.5%). They found that a material gain of
402 cm~! was required for lossless SPP propagation in this configuration
assuming that modal loss was due solely to metal absorption. The authors
pointed out the difficulty of growing a crystalline superstrate on top of a
metallic film which can lead to additional losses of up to 35dB/mm for a
poly-crystalline superstrate.

Okamoto and colleagues*® observed fluorescence enhancement of laser
dyes deposited on two-dimensional metallic gratings exhibiting a plasmonic
bandgap at the dye emission wavelength. The enhancement was measured
relative to emission on a planar silver film. The structures consisted of
150 nm-thick corrugated silver films forming a two-dimensional hexagonal
lattice with a 550nm and 507nm pitch; the former was covered with
a 25nm layer of evaporated 4-dicyanomethylene-2-methyl-6-p-dimethyl-
aminostyryl-4H-pyran (DCM) dye, while the latter was covered with a
50nm layer of methyl red-doped PMMA. The fluorescence enhancements
observed were 3- and 150-fold for DCM and methyl red, respectively. The
authors suggested a similar structure that supports low-loss LRSPPs in
order to devise a plasmonic bandgap laser at visible wavelengths. Such a
structure consisted of a 20 nm-thick corrugated silver film covered with a
DCM-doped tris(8-hydroxyquinoline)aluminium (Alqs) as a gain medium.
They argued that this medium can provide sufficient gain to overcome
the LRSPP propagation loss, calculated as 71cm™!, at the peak emission
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of DCM-doped-Alqs (A = 620nm). In subsequent studies, Okamoto and
colleagues investigated numerically the behaviour of plasmonic bandgaps
appearing in the SPP dispersion relations of corrugated thin silver films
and determined design conditions for improved performance of a LRSPP
plasmonic bandgap laser.*!:42

Winter and colleagues*? studied in detail the plasmonic bandgap laser
structure suggested by Okamoto in Ref. (40) and questioned the possibility
of LRSPP lasing. They discussed the need for considering the power dissi-
pation of excited molecules into SRSPPs also supported by the structure.
Photoluminescence measurements on (effectively) symmetric corrugated
structures with silver-film thicknesses varying from 20 to 90nm showed
that a significant amount of power is indeed coupled into both SRSPPs
and LRSPPs. The authors conducted numerical calculations to estimate the
fraction of power dissipated by excited molecules into LRSPPs and SRSPPs
supported by a planar symmetrically cladded silver-film as a function of
the film thickness and for specific separations, d, between the molecule
and the metal surface. The results showed that for a film thickness of
20nm and d = 20 nm excited molecules dissipate about 80% of their power
into SRSPPs and only about 7% into LRSPPs. The authors estimated the
gain available for LRSPPs and SRSPPs as fractions of the total gain in
correspondence to the fractions of power dissipated by an excited molecule
at a particular location into the respective modes. Their results suggested
that lasing in the LRSPP would be possible only with silver films thinner
than about 15 nm.

De Leon and Berini** presented a theoretical model for SPP ampli-
fication in one-dimensional planar metallic structures incorporating an
optically-pumped dipolar gain medium. The model takes into account
the gain non-uniformity close to the metal surface caused by a position-
dependent dipole lifetime and inhomogeneous pump irradiance distribution.
The pump light was assumed monochromatic and its irradiance distribution
throughout the structure was computed rigorously using a transfer matrix
method. The dipole lifetime as a function of the metal-dipole separation
was calculated by taking into account five excited state decay channels;
four of them were associated with dipole coupling to LRSPPs, SRSPPs,
radiative modes of the structure (RAD) and electron-holes (EH) in the
metal; and the fifth, internal conversion (IC), accounted for the dipole’s
quantum efficiency [see Fig. 3(a)]. The nonuniform gain distribution
was then obtained by applying locally rate equations for the standard
four-level pumping model, with the lifetime and irradiance taking on their
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Fig. 3. Adapted from Ref. (44). (a) Top panel: Spontaneous emission probability

of excited R6G molecules into the different energy decay channels supported by the
plasmonic structure considered by De Leon and Berini in Ref. (44). Bottom panel:
Spontaneous emission lifetime as a function of the molecule-metal separation, 7(d),
normalised to the molecule’s lifetime away from the structure, 9. (b) The LRSPP
mode (|Ey|?) and dye gain distributions for the three gain models in Ref. (44); i.e.,
model proposed by the authors (A), considering pump position dependance but uniform
lifetime (B), and uniform gain model (C).

position-dependent values. It was then discretised and incorporated into
a multilayer waveguide mode solver from which mode power gains were
computed for the modes of the system. The authors studied amplification
of LRSPPs on a 20nm-thick silver film bounded by Cytop (n = 1.343)
on one side and by an index-matched gain medium on the other. The
gain medium consisted of a 5 pm-thick layer of R6G molecules dissolved
in a mixture of 57% methanol and 43% ethanol with molecular density of
N =1.8 x 10'® cm™3. They predicted that net amplification of the LRSPP
is possible at visible wavelengths, A = 560 nm, using a reasonable pump
irradiance of 210 kW /cm? at A = 532nm. The mode power gain computed
with the proposed model was 2.9cm™!, while the values obtained using
two other modes, one that accounts for the pump position dependance but
assumes uniform dipole lifetime and one that assumes a uniform gain, were
26.5cm ™! and 22.3cm ™!, respectively. The large discrepancy was ascribed
to the smaller gain-mode overlap present when the lifetime quenching near
the metal surface was taken into account [see Fig. 3(b)].

In a subsequent publication, De Leon and Berini*® studied the
amplification of LRSPPs and single-interface SPPs using moderately and
heavily concentrated R6G dye molecules in solution as the gain medium,
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assuming molecular densities of N = 3 x 10"¥ ecm™2 and 2.4 x 10" cm ™3,
respectively. They considered a symmetrically-cladded active structure
similar to that studied in Ref. (44) but with a thinner (1um) gain
layer. Furthermore, for the analysis of single-interface SPPs the silver
film was taken as infinitely thick. They employed the model proposed
previously in Ref. (44) and accounted for the concentration-dependent
photophysical properties of the dye to estimate the SPP mode power gain
as a function of the pump irradiance. Numerical calculations showed that
lossless propagation of single-interface SPPs supported by the structure
could be achieved only with the high dye concentration using an intense
pump irradiance of 3.45 MW /cm?, whereas for LRSPPs it was achieved with
both dye concentrations using pump levels of few hundreds of kW /cm?. The
authors discussed the relevance of using the proposed theoretical model.
They pointed out the importance of the model in analysing plasmonic
amplifiers in the gain saturation regime (near full population inversion) and
showed that, for the cases under analysis, neglecting the effects of pump
and/or dipole lifetime position-dependence led to errors in the required
pump irradiance of up to 800%. On the other hand, they showed for
dipoles with a low quantum efficiency that the lifetime distribution is well
approximated as a constant; thus, the effects of the metal on the dipole
lifetime can be neglected in such a case.

Ambati and colleagues?® observed stimulated emission of LRSPPs at
telecommunication wavelengths using a propagating pump-probe arrange-
ment. They conducted experiments on structures consisting of a 8 ym-wide
by 20 nm-thick gold stripe embedded in erbium-doped glass. The insertion
loss of a 8 mm-long waveguide was measured as 39 dB, which includes the
ground-state absorption of erbium ions, the LRSPP propagation loss, and
other loss mechanisms such as coupling and scattering losses. Presumably,
structures of the same length were used for their stimulated emission
experiments. The pump (A = 1480 nm) and probe (A = 1532nm) signals
were combined by a fibre multiplexer and coupled simultaneously into the
LRSPP modes of the metal stripe using a butt-coupled single mode fibre
(SMF) and a polarisation controller. The output at the probe wavelength
was extracted using the same type of fibre and a fibre demultiplexer.
The LRSPP stimulated emission under pulsed and CW pumping was
investigated. For the pulsed analysis, a 500 us pump pulse was followed by
a 150 us probe pulse with a time delay between them of 30 us and the probe
signal enhancement was measured as a function of the pump power. The
authors reported enhancements of 0.74dB with a pump power of 92 mW



Plasmonics and Plasmonic Metamaterials Downloaded from www.worldscientific.com
by STANFORD UNIVERSITY on 09/03/14. For personal use only.

114 1. De Leon and P. Berini

and of 1.73 dB with a pump power of 266 mW in pulsed and CW operation,
respectively. They noticed that the ground level of the detected signal did
not change appreciably even under the highest pump power, suggesting
negligible amplified spontaneous emission.

De Leon and Berini*” reported a direct measurement of gain in the
LRSPP mode supported by a gold stripe at a near-infrared wavelength.
The gold stripe was 20nm-thick and 1 pm-wide, and was deposited on
a 15 pm-thick SiOgy layer thermally grown on a Si wafer. It was covered
with a ~100 gm-thick index-matched gain layer consisting of IR140 dye
molecules dissolved in a static mixture of 69.6% dimethyl sulphoxide
and 30.4% ethylene glycol. The gain medium, with molecular density of
N=6 x 1017 ecm™3, was pumped at normal incidence using pulsed light
(tp, =8nm; f, =10Hz) at A =808 nm polarised along the stripe length. The
LRSPP mode of the stripe was probed using CW light at A = 882nm, close
to the peak emission of the dye, via end-fire coupling using a polarisation
maintaining fibre [see Fig. 4(a)]. It was out-coupled in a similar fashion
using the same type of fibre and then sent to the detection system.
Gain measurements were conducted on a structure of length [ = 2.70 mm
by varying the amplifier length (by varying the length of the pumped
region) over the range 0.457 < [, < 1.676mm while keeping a constant
pump energy density of £, = 20 £ 5mJ /cm? and an input power of
P; = 2.10mW. The fibre-to-fibre gain as a function of [, was obtained
by measuring the output power, P,, with and without the probe signal [see
Fig. 4(b)] and then subtracting the first measurement (the noise) from the
second one (amplified signal plus noise). The gain of the amplifier section as
a function of [, was deduced from these measurements using known values
of coupling efficiency (92%; measured via cutback) and propagation loss in
passive sections (~4.7 dB/mm; measured in situ). Then a linear model was
fitted to the linear region of the amplifier-gain versus amplifier-length curve
[see Fig. 4(c)], and a small-signal LRSPP gain of 8.55dB/mm was deduced
from its slope. The authors also investigated the noise characteristics of the
amplifier by capturing the time-averaged ASE distribution at the output
facet of a structure with [ = 1.8 mm and [, = 1.05mm using a slow-
response infrared camera. They observed a spontaneous emission reduction
of 6.3dB in the vicinity of the waveguide relative to the emission in the
bulk gain, as depicted in Fig. 4(d) by the two ASE intensity distribution
cuts perpendicular to the metal plane. They pointed out that LRSPP
amplifiers benefit from the low spontaneous emission into LRSPPs, which
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Fig. 4. Adapted from Ref. (47). (a) Active plasmonic structure employed by De Leon
and Berini in Ref. (47). Pump and probe signal coupling arrangements; the pump
polarization is indicated by the red arrow; sample length, [; amplifier length, l4; input
power, P;; output power, P,. (b) Measurements of P, as a function of I, with (right)
and without (left) probe signal. (¢) Measurements of amplifier gain versus lq; the
dashed line indicates the linear fit. (d) Spontaneous emission intensity distribution cuts
perpendicular to the metal plane through the centre of the waveguide (solid) and 10 um
to the left of the waveguide (dashed).

is suppressed by other energy decay processes with larger probabilities such
as dipole coupling to SRSPPs, EH pairs, and unguided radiative modes.
Gather and colleagues®® also reported gain in the LRSPP mode
supported by a gold film at a visible wavelength. The 4nm-thick gold
film was deposited on an 20 ym-thick transparent polymer (n = 1.5), then
a 1 pm-thick index-matched fluorescent polymer (MDMO-PPV:PSF:HBO)
covered the gold surface and provided the optical gain; finally an additional
20 um-thick transparent polymer layer completed the structure. The gain
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layer was pumped from the top using pulsed light at A = 532nm (¢, = 5 nm;
fp=1Hz) polarised along the propagation direction of the LRSPP. The
LRSPP propagation loss without pumping was measured through scattered
light imaging and was found to be approximately 60cm~" at A = 600 nm.
The gain of the fluorescent polymer was measured separately in a dielectric
slab geometry and was found to be 59cm~!. A gain guided LRSPP
waveguide was created by focusing the pump light into a 200 um wide
by 2mm long stripe and the light at the output was collected using a
x10 microscope objective; then the emission spectrum of the collected
light was monitored as a function of the pump energy, F,. For TM light,
ASE was observed as the reduction of the emission linewidth, from 67 nm
(FWHM) at E,=6puJ to 13nm at E, =50 uJ, accompanied by a sudden
increase of signal intensity. The ASE pump threshold was estimated as
E,=13pJ. ASE was not observed for TE light suggesting that the signal
was associated mainly to the LRSPP supported by the structure. Employing
the variable stripe length method*® the authors estimated the LRSPP gain
as 8cm~! (3.47dB/mm) when the gain layer is pumped at 12.5mJ/cm?.
They also performed numerical calculations similar to those in Ref. (44)
to estimate the spontaneous emission fraction coupled into LRSPPs in
the structure as a function of the metal-molecule separation, d. It was
found a maximum LRSPP excitation efficiency of 0.17 at d ~ 100 ym
that decays exponentially with increasing distance reaching 0.05 at
d~1pm.

2.3. Metal-insulator-metal structure

Maier®® reported a numerical study of gain assisted SPP propagation in
metal-insulator-metal structures at telecommunication wavelengths. The
analysed structures are formed by two gold semi-infinite regions separated
by semiconductor gain core (n = 3.4) with thicknesses varying from 5
to 500nm. It was shown that a sufficiently large gain can completely
compensate the losses of the symmetric (with respect to E,) coupled SPP
mode supported by the metal-semiconductor interfaces. The gain coefficient
for complete loss compensation was estimated as 1625 cm ™' and 4830 cm ™!
for structures with core thicknesses of 500 nm and 50 nm, respectively. The
author pointed out the possibility of reducing the gain requirements by
about an order of magnitude using gain media with low refractive index,
such as quantum dot- or dye-doped polymers or glasses.
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3. Metallic Nanocavities

Lasing in metallic nanocavities was first demonstrated by Hill and col-
leagues®! at telecommunication wavelengths. Such a nanolaser consisted
of an InP-InGaAs-InP double heterostructure gain medium shaped in the
form of a circular pillar of diameter d ~ 300nm. The pillar is grown on
a p-InGaAsP layer on an Si-InP substrate and the entire structure was
covered by a thick gold layer [Fig. 5(a)]. The gain medium was electrically
pumped with electrons and holes injected through the pillar top and
lateral contacts, respectively [see Fig. 5(a)]. The CW lasing properties were
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Fig. 5. Adapted by permission from Macmillan Publishers Ltd: Nature Photonics
[Ref. (51)], copyright (2009). (a) Schematic of the nanolaser structure constructed
by Hill et al. in Ref. (51). (b) Characteristics of the lasing-mode output (crosses),
integrated luminescence (circles), and integrated luminescence from a non-lasing device
(no markers) versus pump current at a temperature of 10 K. (¢) Lasing mode linewidth
(circles) versus pump current at a temperature of 10 K. The solid line is the theoretical
estimate.
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analysed at cryogenic temperatures by measuring light leaking through
the base of the structure. The laser provided single mode emission over
a broad wavelength range, 1418 nm < A < 1452 nm, by varying the pillar’s
diameter over 30 nm. At temperatures of 10K and 77 K, respectively, the
laser exhibited lasing thresholds of 3.5 uA [see Fig. 5(b)] and 6 uA and
quality factors of 200 and 140. Spectral linewidth measurements at 10K as
a function of the pump current revealed a sharp reduction after the lasing
threshold, reaching FWHM values of approximately 1 nm for pump currents
ranging from 30 to 150 A and 0.3 nm for higher currents [see Fig. 5(c)].

In a subsequent study,?? Hill and colleagues reported lasing at telecom-
munication wavelengths in similar metallic nanocavities to those used in
Ref. (51); however, in this case the semiconductor structure was shaped in
the form of a rectangular pillar and covered with a thick layer of silver.
The structures were 300 nm in height with widths varying from 90 nm to
350 nm and lengths in the order of microns; hence, supporting Fabry-Perot
lasing modes. The structures supported a TMO transverse mode similar to
that considered by Maier in Ref. (50) but distorted by the inhomogeneous
core of the cavity. The authors characterised the laser’s CW operation at
a temperature of 78 K, reporting a lasing threshold current of 40 A and
quality factor of ~370 for a 130 nm wide and 3 pm long device. In addition,
they demonstrated pulsed laser operation at room temperature reporting a
lasing threshold peak current of ~5mA and a quality factor of ~340 for a
310nm wide and 6 pm long device.

The main disadvantage of metal-coated nanocavities is their high lasing
threshold which requires operation at cryogenic temperatures. To alleviate
this problem, Mizrahi et al.> proposed a subwavelength resonator design
for low lasing threshold based on a circular pillar geometry similar to that
reported in Ref. (51). They provided numerical calculations showing that
shielding the gain region from the metallic walls using a low index dielectric
reduces the threshold gain considerably and enables room-temperature
lasing at A = 1550 nm using an InGaAsP gain medium. Employing this
design, Nezhad and colleagues® demonstrated pulsed room-temperature
operation of metal-coated laser at A = 1430nm. The structure consisted
in an InGaAsP gain region shielded by a 200nm thick SiO5 layer and
encapsulated by a 70nm layer of sputtered aluminium. The gain medium
was optically pumped; measurements of pump intensity versus laser output
were conducted using pulsed pump light with pulse duration of 12ns and
repetition rate of 300 kHz at A = 1064 nm. The ASE and lasing thresholds
occurred at pump intensities of 400 and 700 W /cm?, respectively. Although
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this laser cavity does not support a purely plasmonic mode, its physical (and
modal) size is smaller than the wavelength, having a diameter of 1.1 um and
a hight of 1.35 um.

4. Metallic Nanoparticles

In 2003, Bergman and Stockman® proposed the concept of surface plasmon
amplification by stimulated emission of radiation (spaser) to create a
nanoscopic coherent SPP source. Indeed, a spaser could serve as a con-
venient light source for plasmonic applications, eliminating the need of a
coupling mechanism between photons and SPPs. The authors conducted
a theoretical and numerical analysis considering a metallic nanoparticle
surrounded by a gain medium in the form of quantum dots. The nanopar-
ticle supports a localised SPP resonance. Hence, the nanoparticle itself
provides the feedback, which together with the inverted gain medium form
a structure capable of amplifying coherently the surface plasmon modes
supported by the system, much like the photonic modes of a cavity are
amplified in a conventional laser.

Noginov and colleagues®® reported SPP laser-like behaviour in metallic
nanoparticles according to the concept of spaser introduced earlier by
Bergman and Stockman.?® The spaser design, shown in Fig. 6(a), consisted
of 44 nm-diameter nanoparticles formed by a 14 nm-diameter gold core
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Fig. 6. Adapted by permission from Macmillan Publishers Ltd: Nature [Ref. (56)],
copyright (2009). (a) Spaser-based nanolaser design employed by Noginov and colleagues
in Ref. (56). (b) Normalised extinction (1), excitation (2), spontaneous emission (3), and
stimulated emission (4) spectra of nanoparticle shown in (a).
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embedded in a 15nm thick dye-doped silica shell (n=1.46). The dye
employed (Oregon Green 488) emits in a band centred about A =~ 510 nm
and overlaps well with the broad SPP resonance spectrum supported by
the gold nanoparticle, which peaks at A~ 520nm [see spectra 1 and 3 in
Fig. 6(b)]. The number of dye molecules per nanoparticle was estimated
as 2.7 x 10%. An aqueous nanoparticle suspension with nanoparticle
density N =3 x 10'' cm™2 was placed in a 2mm path-length cuvette and
pumped at the dye’s peak absorption wavelength, A =488 nm [spectrum
2 in Fig. 6(b)] using pulsed light (t,=5ns) from an optical parametric
oscillator. The authors conducted experiments revealing laser-like attributes
of the nanoparticles’ emission such as narrow linewidth and non-linear
characteristics of pump versus emission power. The nanoparticle emission
spectrum [spectrum 4 in Fig. 6(b)] peaks at A=>531nm, close to the SPP
resonance maximum. The authors pointed out that reducing the nanoparti-
cle density did not change considerably the emission characteristics. Hence,
they concluded that the laser-like behaviour was produced by individual
nanoparticles [as predicted in Ref. (55)] and not by a collective feedback
mechanism in the nanoparticle suspension or by a feedback provided by the
cuvette walls.

5. Concluding Remarks

During the past years there has been good progress in understanding the
physical principles and approaching a practical implementation of SPP
amplifiers and lasers. Despite the fact that active plasmonics is at an early
stage, a number of experiments have already demonstrated propagation
of SPPs with reduced losses and even gain in several active structures.
These achievements open avenues for numerous potential applications
including ultra sensitive biosensors, nanolithography, highly integrated
optical devices, nanoscopic light sources, and low noise optical amplifiers.
At the same time, there is still much to be uncovered from both the
fundamental and the practical point of views. For instance, more investi-
gation is needed to understand the implications of enhanced spontaneous
emission and amplified spontaneous emission in SPP amplifiers, and to
describe realistic SPP amplification scenarios including phenomena such as
SPP gain saturation and amplification with inhomogeneous and anisotropic
gain media. Also, developing efficient electrically-pumped gain materials
with sufficient gain at room temperature for lasers and amplifiers with sub-
wavelength optical confinement still remains a challenge. It is clear that
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active plasmonics has a long road ahead and its future is bright offering an

ample panorama of research activities.
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WAVEFRONT ENGINEERING
OF QUANTUM CASCADE
LASERS USING PLASMONICS

Nanfang Yu* and Federico Capasso®
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We review recent work on beam shaping of mid-infrared and far-infrared
(terahertz) quantum cascade lasers using plasmonics. Essentials of
quantum cascade lasers (QCLs) are discussed; these include the oper-
ating principle based on bandstructure engineering, and beam quality
problems associated with laser waveguide design. We explain how metal
and semiconductor microstructures can effectively tailor the dispersion
properties of mid- and far-infrared surface plasmon polaritons, and
therefore can be used as important building blocks for optical devices
in these frequencies. The physical principles of three structures are
discussed: plasmonic Bragg gratings, designer (spoof) surface plasmon
polariton structures, and channel polariton structures. We demonstrate
the effectiveness of these structures by realizing various functionalities
in QCLs, ranging from beam collimation, polarization control, to multi-
beam emission, and spatial wavelength demultiplexing. Plasmonics offers
a monolithic, compact, and low-loss solution to the problem of poor
beam quality of QCLs and may have a large impact on applications
such as sensing, light detection and ranging (LIDAR), free-space optical
communication, and heterodyne detection of chemicals. The plasmonic
designs are scalable and applicable to near-infrared active or passive
optical devices.
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1. Introduction
1.1. Surface plasmons and Zenneck waves

Plasmonics involves manipulation of surface plasmon polaritons (SPPs),
which are collective oscillations of electrons at a metal-dielectric interface
interacting with electromagnetic fields.! ® In contrast to conventional
optical devices, plasmonic structures control light at a subwavelength scale
owing to the large spatial frequency components associated with their sharp
geometries. SPPs have been intensively studied in the last two decades, and
the focus has been primarily on the visible and near-infrared regimes.* ¢ In
these spectral ranges, SPPs are characterized by subwavelength confinement
to the interfaces and enhanced optical near-fields; strong coupling between
metallic structures and SPPs leads to efficient light manipulation. However,
when coming to mid-infrared (mid-IR) and terahertz (THz) frequencies, the
physical picture changes: surface waves interact weakly with surface charge
oscillations and typically extend many wavelengths away from the metallic
surface.

The distinction between the two types of SPPs can be explained in
terms of the SPP dispersion property, which is the in-plane wavevector of
SPPs as a function of frequency. The dispersion curve for SPPs on a planar

interface is written as!™6

B(w) = ko(eqem/(ca + m)) /2. (1)

Here g4 and ¢, are, respectively, the complex permittivity of the dielectric
and metal defining the interface, and k, is the vacuum wavevector. The
separation between the curve defined by [(w) and the light line in the
dielectric, ko€3/27 determines the SPP confinement, since |x| = (8% — k2
£4)'/? represents the decay rate of near-field amplitude (|E|) normal to
the interface in the dielectric. While €4 is, in general, weakly dependant
on w away from the restrahlen bands, ¢, is strongly dispersive. As such,
B(w) deviates from koai/ * as w increases from zero and the deviation reaches
maximum when Real(e,,) = —¢&4 [i-e., the absolute value of the denominator
in Eq. (1) is minimized]. The frequency satisfying this condition is called
the asymptotic SPP frequency; it is usually in the visible or ultraviolet
for metals and it corresponds to the best SPP confinement. At mid-IR
wavelengths and above, ¢, is at least one order of magnitude greater than
€4 so that it is hard to distinguish the light line in the dielectric and
the SPP dispersion curve: B(w) =~ kOE;/Q. As a result, |x| is very small,
corresponding to poorly confined surface waves, known as Sommerfeld or
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Zenneck waves,” ? which were first introduced in the context of radio waves
propagating on the surface of the Earth.

In short, it is physically meaningful to identify two regimes of SPPs:
“surface plasmons” refer to SPPs with subwavelength confinement near
the asymptote of the dispersion curve, while “Zenneck waves” correspond
to SPPs loosely bonded to the surface at the low-frequency end of the
dispersion curve. Despite the fact that there are no surface plasmons in
the real sense for a planar metal surface in the mid- and far-infrared,
the difficulty is not insurmountable: we will show in later sections that
by properly choosing the plasmonic media (e.g., doped semiconductors
in the THz), and utilizing suitably engineered plasmonic structures, one
can tailor the dispersion properties of SPPs and substantially improve
the SPP confinement in the long wavelength range, thereby recovering
the surface plasmon regime. Plasmonic devices based on these concepts
have been successfully integrated with mid-IR and THz quantum cascade
lasers (QCLs) to solve their poor beam quality problem and to realize new
functionalities. Before discussing the plasmonic design, we would like to
briefly review the basics of QCLs, in particular, the quantum design, the
waveguide design, the beam quality issue, and existing methods for QCL
collimation.

1.2. Quantum design and waveguide design
of quantum cascade lasers

In 1971 Kazarinov and Suris predicted in a seminal paper!? that light ampli-
fication is possible in intersubband transitions, i.e., transitions between
quantized energy states within one energy band of a semiconductor. The
first quantum cascade laser, based on such principle, was invented!'! at
Bell Labs in 1994 by Faist, Capasso, Sivco, Hutchinson, and Cho. Since
then continuous improvements in the design, material quality, fabrication
and thermal management have led to many important achievements, such
as extension of the operating wavelength to as short as 3.5 um and as

12,13 record optical power of ~120 W pulsed'4 and ~3.0 W

15,16

long as 19 pm,
continuous-wave (CW) operation at room temperature, development of
single-mode distributed feedback QCLs,!”>'® and broad band QCLs based
on external cavities with tuning ranges of ~200cm~' CW and ~400cm™!
pulsed. ¥ 24

The first THz QCL emitting at 4.4 THz (A, ~ 67 um) was demonstrated

by Kohler et al. at the Scuola Normale Superiore in Pisa, Italy, in
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collaboration with Cambridge University.?® Intensive research over the past
few years has produced rapid improvements.26 28 At present, spectral cov-
erage has been demonstrated from 0.84 to 5.0 THz.2?:3° Record operating
temperature is 186 K, pulsed,®' and 117K, CW.32 The output power can
routinely reach a few tens of mW, up to a couple of hundred mW for both
pulsed and CW operations.33

The QCL relies on a radically different process for light emission
compared to diode lasers. Instead of using opposite charge carriers in
semiconductors (i.e., electrons and holes) at the bottom of their respective
conduction and valence bands, which recombine to produce light of
frequency v =~ E4/h, where E/ is the energy bandgap and h is Planck’s
constant, QCLs use only one type of charge carriers (i.e., electrons) that
undergo quantum jumps between energy levels E,, and FE,,_; to create a
laser photon of frequency (Ej,, — En—1)/h. These energy levels do not exist
naturally in the constituent materials of the active core but are artificially
created by structuring the active core in ultra-thin layers known as quantum
wells of nanometric thickness. The motion of electrons perpendicular to
the layer interfaces is quantized and characterized by energy levels whose
difference is determined by the thickness of the wells and by the height of
the energy barriers separating them.

In QCLs, an electron remains in the conduction band after emitting a
laser photon. The electron can therefore easily be recycled by being injected
into an adjacent identical active region, where it emits another photon, and
so forth. To achieve this cascading emission of photons, active regions are
alternated with doped electron injectors and an appropriate bias voltage is
applied. The active-region/injector stages give rise to an energy staircase
in which photons are emitted at each of the steps. The number of stages
typically ranges from 20 to 50 for lasers designed to emit in the mid-IR
range, and it is typically a couple of hundreds for THz QCLs. This cascade
effect is responsible for the high power that QCLs can attain.

Mid-IR QCLs are typically based on a dielectric waveguide structure
in which the active core (i.e., active-region/injector stages) is embedded
between semiconductors with smaller refractive indices; see Fig. 1(a). The
thickness of the active core, t, is usually of the order of the wavelength in
the laser material, \,/n, where n is the mode refractive index and A, is the
wavelength in vacuum. As such, the output of edge-emitting mid-IR QCLs
has the intrinsic problem of large beam divergence caused by diffraction at
the small emission aperture. The divergence angle in the fast axis direction,
i.e., perpendicular to the material layers, can be estimated by A,/t and is
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Fig. 1. Waveguide designs. (a) Dielectric waveguide for mid-IR QCLs. (b) Double-metal
waveguide for THz QCLs. (c¢) Single plasmon waveguide for THz QCLs. The confinement
of the laser mode is based on surface waves bound to the top metallization and on the
quasi-metallic confinement provided by a thin, heavily doped semiconductor contact layer
placed below the active core. Schematics of laser waveguide modes are shown in white.

typically a few tens of degrees. The divergence in the horizontal direction is
dependent on the waveguide width and is typically larger than 10 degrees.

THz QCLs with the highest operating temperature and lowest thresh-
old to date take advantage of the high optical confinement (near 100%)
and heat removal properties of a double-metal waveguide design, in which
the laser active core, about 10 um thick, is sandwiched between two metal
strips;26728 see Fig. 2(b). However, this leads to non-Fresnel reflection at
the subwavelength laser apertures, which gives rise to inefficient power out-
coupling and poor beam quality. For example, the power reflectivity of laser
modes at the aperture can be up to 90%.3* The laser emission is extremely
divergent with divergence angle ~180° perpendicular to the semiconductor
layers, and this represents a particularly serious problem for applications
such as the far-infrared heterodyne detection of chemicals since the output
of THz QCLs (local oscillator) must be focused into a small area Schottky

diode mixer.3®
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Collimation of QCLs is conventionally conducted using refractive lenses
or metallic mirrors. These optical components are usually bulky and need
careful alignment; they are certainly expensive because of a limited choice
of infrared transparent materials (germanium, zinc selenide, polyethylene,
etc), thicker optical coatings compared to visible/near-IR optics, and
relatively fewer suppliers. In a similar approach, micro optical components

36 and metallic horn antennas3” have been

such as silicon microlenses
mounted onto laser apertures to reduce beam divergence and to increase
power output. However, this method requires meticulous manipulation and
alignment of small optical components, which affects device yield and
robustness.

QCLs that intrinsically produce small divergence beams are highly
desirable. A number of approaches have been demonstrated in this respect.
First, tapered laser waveguides or wide-ridge waveguides have been demon-
strated to emit diffraction limited laser beams with significantly reduced
lateral divergence,'*3% 40 but this does not solve the problem of vertical
divergence. Second, QCLs have been integrated with grating outcouplers.
This approach relies on constructive interference between multiple surface
emissions to reduce beam divergence. For example, one-dimensional (1D)
integrated grating out-couplers have helped to create mid-IR*! 4 and THz
QCLs* ™7 with greatly reduced beam divergence in the direction along
laser ridges. Surface-emitting ring or disc QCLs with 2D second-order
gratings have demonstrated promising results of 2D collimation.*® °9 Third,
QCLs have been processed into edge-emitting or surface-emitting photonic
crystal structures.®' ®* Such devices operate on photonic band-gap modes
(microcavity) or photonic band-edge modes (distributed feedback) and
have been demonstrated to achieve controllable far-field emission patterns.
The drawback of the surface emission scheme is that it results in device
structures with reduced mode confinement and therefore increased laser
threshold current density, which will likely lead to reduced maximum device
operating temperatures in CW operation.

2. Methods to Tailor the Dispersion Properties of Mid-IR
and THz Surface Plasmon Polaritons

The dispersion properties of SPPs can be modified by employing a variety
of mechanisms. We are going to explore three of them; the plasmonic
Bragg gratings rely on collective interference between a large number of
periodically spaced elements, the spoof SPP structures exploit the effective
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medium regime, and the channel polariton grooves are based on localized
metal-insulator-metal waveguide modes.

Consider a metallic surface patterned with a Bragg grating with peri-
odicity A. Like electron waves interacting with a periodic potential or light
waves interacting with a photonic crystal, SPPs with certain frequencies
experience strong Bragg diffraction from the grating (i.e., reflection or
coupling out of the plane) so that they are forbidden to propagate on
the plane.’ 8 In the dispersion diagram, small bandgaps open up in
the vicinity of 8 = mn/A (Fig. 2), m being an integer. Assuming we operate
in a region close to one of these bandgaps where the dispersion curve w(3)
deviates from the light line (see Fig. 2), the decay rate of SPPs normal to
the surface, |k| = (8% — k2e4)'/?, will be increased and consequently the
SPP confinement will be improved. 8 = w/A corresponds to a first-order
grating, which reflects SPPs; the second-order Bragg diffraction, 5 = 27 /A,
primarily couples SPPs into free-space waves in a direction normal to the
interface. We shall see later that plasmonic structures based on 8 =~ 27/A
(or 8 = 0 in the reduced zone scheme, corresponding to frequency wyg in
Fig. 2) can successfully shape the output of mid-IR QCLs.

Bragg gratings modify SPP dispersion in narrow frequency bands and
the degree of modification is limited. To what extent can one engineer
the dispersion properties of SPPs? The asymptotic SPP frequency seems
to be intrinsically determined by the properties of the interface materials:
by inserting a simplified Drude model ¢,, = 1 — w;,%/w2 in the formula

07(/77))/

ﬂ/A)'B

Fig. 2. Schematic dispersion curve of SPPs on a metallic surface sculpted with a second-
order grating (solid curve). Gray horizontal curve: operating frequency. Black dotted
curve: light line. Black dashed curve: boundary of the first Brillouin zone.
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Real(g,,) = —¢eq, one obtains the asymptotic SPP frequency wspp = wyp/(1+
Ed)1/2

and N are the elementary charge, the effective mass, and the density of the

, where w, = (Ne?/(e,m*))Y/? is the bulk plasma frequency; e, m*,

electrons, respectively. The expression for w, implies that the asymptotic
SPP frequency can be adjusted via changing N. One such approach is to
use doped semiconductors whose carrier concentrations are much lower than
those in metals and are able to be tuned by external excitations.?® 6! This
holds great promise for THz plasmonics: for example, it is estimated that
GaAs with a doping level higher than about n = 107 cm™3 turns metallic
for 3-THz frequency light.

A completely different method to engineer the SPP dispersion is to
perforate metallic surfaces with subwavelength features. By introducing
localized electromagnetic modes strongly interacting with the structured
surfaces, one is able to reduce the asymptotic SPP frequency by orders of
magnitude into infrared and GHz frequency ranges. Such perforated sur-
faces are called designer plasmonic structures or “spoof” SPP structures, as
introduced by Pendry, Martin-Moreno, and Garcia-Vidal®?:63 and observed
on structured metals at THz%* frequencies. Interestingly, similar structures
were studied by microwave engineers as early as 195055256 but have been
largely unknown to the optics community.

Consider an array of grooves with subwavelength periodicity, p,
sculpted on the surface of a perfect electric conductor; see Fig. 3(a). The
asymptotic frequency is given by%3

Wepp = mC/2d (2)
o(p) |ighlt line _7c
. * 2d
/ //
/
P

:\A
k(or) plog)
(@) (b)

Fig. 3. Physics of the spoof SPPs. (a) Geometry of the spoof SPP structure and
calculated electric-field distribution (|E|). (b) Schematic dispersion diagram for infrared
spoof SPPs on a corrugated surface of a perfect electric conductor.
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where d is the groove depth, and c is the speed of light in vacuum. Physically,
Eq. (2) (or equivalently d = X,/4) corresponds to the first-order standing
wave inside the groove cavities: the phase accumulated during a roundtrip
of the groove cavity mode is 27 (wavevector times 2d contributes 7, while
the other 7 originates from reflection of the mode at the bottom of the
grooves). As SPPs strongly couple to the resonant cavity modes, the group
velocity of the SPPs markedly reduces to near zero.

An alternative way to understand Eq. (2) is to treat each groove as a
waveguide shorted at one end. According to transmission line theory, the
input impedance of such terminated waveguide is%7

n = in, tan(kod) (3)

where d, the groove depth, is now the length of the waveguide, and 7, ~
377 Q is the free-space impedance. Equation (3) predicts that the impedance
will be resistive if d = \,/4, while it will be inductive (capacitive) if d <
Xo/4 (d > Ao/4). Resistive impedance means that current and voltage are
in phase and therefore net power will flow into the grooves and finally be
dissipated through ohmic absorption, which is characteristic of spoof SPPs
near the asymptotic frequency.

Another type of spoof SPP structures comprise square indentations
of side a arranged on a d x d lattice perforated through a metallic film.
Unlike the previous structure, where TEM-like modes inside the groove
cavities have no cut-off frequency, here each square indentation can be
treated as a square metallic waveguide and electromagnetic modes with
frequencies higher than 7¢/a will couple into waveguide modes. Therefore,
the asymptote of the SPP dispersion is given by the cut-off frequency of a
square waveguide of width a as®?

Wspp = TC/a. (4)

This is in contrast to the previous case, where the depth of the grooves d
determines the asymptote. Note that Eq. (4), or equivalently a = \,/2,
implies that we are no longer in the effective medium regime. Therefore, in
practice one would prevent operating in a region too close to the asymptote.

The plasmonic Bragg grating and the spoof SPP structures both
involve interaction between SPPs and an assembly of surface textures. The
difference is that the spoof SPP structures explore the effective medium
regime and therefore their effectiveness does not rely on collective behavior
of a large number of elements as in the case of plasmonic Bragg gratings,
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where interference of waves coherently scattered by many periods is vital for
their functionality. Because of this, spoof SPP structures are more flexible
to use: by stacking short sections of them with different geometries or by
adiabatically tailoring the geometry of the constituent elements, complex
optical devices can be built to manipulate SPPs. We will see a couple of
examples later.

The third plasmonic structure involves interaction between SPPs
and a single element: a channel sculpted into the metallic surface. Such
channel waveguides have been studied extensively in recent years.5® 73
They support the so-called channel polaritons that are localized to the
immediate vicinity of the channel and travel along it, provided that the
channel is sufficiently deep and that inclined walls of the channel are steep
enough. The dispersion properties of these channel modes are different from
those of SPPs on planar interfaces: channel polaritons have larger in-plane
wavevectors or greater effective mode indices.

In the simplest sense, channel waveguides are similar to metal-insulator-
metal (MIM) waveguides and the properties of channel polaritons can be
understood from the standpoint of transmission line theory. Let us treat
the two walls of a channel groove as a pair of parallel perfect conducting
strips. Assuming that the channel depth d is much larger than its width
a, and that the propagating modes are transverse electromagnetic (TEM)
waves, waveguide theory®” predicts that the capacitance per unit length is
C' = g,d/a, while the inductance per unit length is L = p,a/d. As a result,
the characteristic impedance of the channel grooves, modeled as coplanar
strip transmission lines, will be

TNwg = (L/C)1/2 = noa/d7 (5)

which is much smaller than the free-space impedance 7),. Such a difference
in impedance ensures that channel polariton modes are well localized in the
channels and do not leak into SPPs on planar surfaces outside the channels.
For constant width a, a deeper channel leads to a more distinctive difference
between 7,4 and 7, and therefore modes are better confined. We will show
later that channel polaritons are employed to effectively spread THz energy
over a large area on device facets, thereby reducing beam divergence in
the far-field. To calculate the dispersion properties of channel polaritons,
readers can refer to Ref. (68), which provides thorough theoretical and
numerical studies of channel polaritons, or refer to the series of papers by

7174

Bozhevolnyi and others, which describe an effective-index method for

semi-quantitative calculations.
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3. One-Dimensional Collimators for Mid-IR QCLs

The 1D collimator”™ consists of a slit aperture and a plasmonic grating
patterned on the metal-coated laser facet [Fig. 4(a)]. The structure is
based on experimental and theoretical works on the beaming of optical
radiation by aperture-groove structures.”®”” The slit aperture and the
grating grooves are oriented perpendicular to the laser polarization. The
aperture has subwavelength vertical dimension; it couples part of the
laser emission into SPPs propagating along the z-direction on the device
facet, where the plasmonic second-order grating coherently scatters their
energy into the far-field, thereby breaking the diffraction limit set by
the small emission aperture of the original laser. Plasmonic collimation
is essentially an antenna array effect. We use as a figure of merit the
concept of antenna directivity to characterize collimation in the vertical
direction, and it is defined as D = 10 log; (27 [peax/ Itota1), Where Ipeax and
Liota1 are, respectively, the peak intensity and the total intensity of the
far-field.

We performed systematic 2D simulations to help design a structure
with optimal beam collimation characteristics. It is critical to fine tune the

e
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Fig. 4. (a) Schematic of a 1D collimated laser. (b) Cross sections of the device. The
grooves are sculpted directly into the laser facet, followed by conformal coatings of an
insulating layer and an optically thick metal layer. Focused ion beam (FIB) milling is
used to finally open the slit aperture on the active core.
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Fig. 5. (a) Simulated intensity distribution (|E|?) of an original unpatterned QCL
emitting at Ao = 9.9 um. The simulation plane is perpendicular to the laser materials
layers and along the symmetry plane of the waveguide ridge. (b) Simulated intensity
distribution of the QCL patterned with a 1D collimator containing 15 grating grooves.
(c¢) Calculated far-field intensity distribution in the vertical direction for the device
shown in (b); inset: zoom-in view of the central lobe. (d) Simulated electric-field
distribution (|E|) around the slit and the first 7 grating grooves. (e) Simulated electric-
field distribution of a QCL with only the slit aperture.

groove width and depth so that the propagation distance of SPPs on the
facet is comparable to the length of the grating in the z-direction. This
ensures that the plasmonic grating scatters almost all the energy of the
SPPs into the far field and that maximum number of scattering elements
are involved to minimize far-field divergence.

Figure 5(a) shows the simulated intensity distribution (|E|?) of an
unpatterned QCL; the laser beam is observed to diverge rapidly in the
vertical direction after exiting the laser waveguide. As a comparison,
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Fig. 5(b) is a simulation for the device after integration with a plasmonic
collimator consisting of 15 grating grooves with optimized geometry. It
shows that light emits from the entire patterned laser facet. Figure 5(c) is
the calculated vertical far-field profile (| E|?) for the collimated device: the
full-width at half-maximum (FWHM) divergence angle of the central lobe is
reduced from ~60° of the original device to 3.7°. The optical background is
relatively uniform as a function of angle and has an average value less than
10% of the peak intensity. Figure 5(d) shows the electric-field distribution
(|E|) around the slit and the first few grating grooves; the SPPs are observed
to localize within about one free-space wavelength from the device facet,
indicating an efficient interaction with the grating. This is in sharp contrast
to the weak coupling between mid-IR SPPs and planar gold surfaces, where
the decay distance of SPPs in the air is estimated to be ~10),. The latter
case is illustrated in Fig. 5(e), which shows that SPs are loosely bound to
the metal/air interface for a device with a slit aperture and without the
grating.

As discussed above, the reduction in far-field divergence is essentially
an antenna array effect. Simulations show that indeed the divergence angle
is inversely proportional to the number of the grating grooves N at least
up to N = 60 [Fig. 6(a)]. The peak intensity in the far-field is proportional
to N2 up to N = 25 [Fig. 6(b)]; for N > 25, the effect of loss and lateral
spreading of SPPs gives rise to a weaker variation of the peak intensity
with N.
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Fig. 6. (a) Simulation results showing the relation between far-field divergence and
1/N, the inverse of the number of grating grooves. (b) Simulation results showing the
relation between far-field peak intensity and N2.



Plasmonics and Plasmonic Metamaterials Downloaded from www.worldscientific.com
by STANFORD UNIVERSITY on 09/03/14. For personal use only.

136 N. Yu and F. Capasso

(@
1
0.8
30
0.6 20
_10
)
0.4 B
-10
0.2
-20
0

20 10 0 10 20 30
Angle (°)
(e)

0.8
0.6
0.4
0.2
0

-30 -20 -10 10 20 30

(d)
1201 1.0d

=100{3

= 205

E 8o{2

= L

o E

2 601 oo

a 985 9.90 9.95

é 40 Wavelength (um)

&

00 05 10 15
Current (A)

®

Fig. 7. (a) and (b) SEM images of the facet of a Ao = 9.9pum QCL before and
after patterning a 1D plasmonic collimator. (¢) and (d) Measured 2D far-field emission
patterns for (a) and (b), respectively. (e) Vertical line scans of (¢) (dotted curve) and (d)
(solid curve) along the arrows. (g) The dotted and solid curves are light output versus
drive current (LI) characteristics of the unpatterned and patterned devices, respectively.
Inset: spectrum of the collimated device taken at I = 1.8 A.
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Fig. 8. (a) and (b) Simulated and measured vertical far-field intensity profiles of devices
with 1D collimators containing different number of grating grooves.

Figures 7(a) and 7(b) show scanning electron microscope (SEM) images
of a Ay, = 9.9 um QCL before and after patterning a 1D plasmonic colli-
mator. The corresponding 2D far-field emission patterns are presented in
Figs. 7(c) and 7(d), respectively, demonstrating a strong reduction of the
beam divergence in the vertical direction. The slight curvature of the far-
field pattern in Fig. 7(d) is an edge effect due to the finite lateral size of
the slit aperture. The vertical line scans of the 2D far-field are provided in
Fig. 7(e), which shows that the divergence angle is reduced from about
62° to about 2.9° for the device with 20 grating grooves. The average
intensity of the optical background is below 10% of the peak value. We note
that there is no noticeable damage to the collimator after high peak-power
operation (~100mW peak power, pulsed mode). The beam quality factor
M? of the device is determined to be about 2.5 based on measurements of
the variation of the beam waist along the propagation direction. M? stands
for the factor by which the divergence angle of a laser beam is larger than
that of a Gaussian beam, assuming the two have the same beam waist.
We calculated based on Figs. 7(c) and 7(d) that the directivity D is about
17.7dB for the collimated device, while D is only about 7.2dB for the
original unpatterned laser. The lateral beam divergence after fabrication
of the collimator is similar to that of the original laser. Figure 7(f) shows
the light output versus current (LI) characteristics before and after defining
the collimator, demonstrating a maximum output power of about 100 mW.
We showed experimentally that the divergence angle is roughly inversely
proportional to N; see Fig. 8. Devices with larger N have smaller average
background and larger slope efficiencies.
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4. Two-Dimensional Collimators for Mid-IR. QCLs

For 2D collimation,”®7 it is crucial to efficiently propagate SPPs in two

dimensions on the laser facet. We choose a design consisting of a rectangular
metallic aperture and a circular plasmonic second-order grating; see Fig. 9.
SPPs propagate preferentially in the vertical direction due to the TM
polarization of QCLs. To efficiently launch SPPs into the lateral direction,
the width of the aperture w; has to be subwavelength, but this will limit
power output. A trade-off is therefore to be sought between collimation and
power throughput.

We performed systematic 3D simulations to study the evolution of
the power outflow and the lateral spreading of SPPs as a function of w;
[Fig. 9(b)]. We increase wy in steps while maintaining the vertical aperture
size we to be approximately equal to the thickness of the laser active core
(~2 pm). Tt is found that, for a small aperture (2 x 2 yum?), the SP spreading
angle is very close to 90°, consistent with the (cos®)? rule of a dipole
emitter. When w; is nearly equal to A, = 8.06 um, the power throughput
is improved by a factor of ~10 compared to w; = 2 um, while the lateral
spreading of SPs is still significant.

We fabricated 2D plasmonic collimators on A, = 8.06 ym buried het-
erostructure (BHT) QCLs grown by MOCVD. A BHT device has regrowth
regions on the lateral sides of the laser active core [Fig. 10(a)]; it is more
efficient in heat removal compared with ridge devices, which is critical for
CW operations. Their active core has a cross section of 2.1 ym x 9.7 ym
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Fig. 9. Schematic of a QCL integrate with a 2D plasmonic collimator. (b) Simulated
FWHM SPP lateral spreading angle and power throughput as a function of the lateral
aperture size w; for a device with 20 circular grating grooves.
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Fig. 10. (a) SEM image showing the facet of an unpatterned A\, = 8.06 um buried
heterostructure QCL. (b) Measured emission pattern of the device in (a). (¢) SEM image
of the device with a 2D plasmonic collimator. Inset: zoom-in view. (d) Measured emission
pattern of the device in (c).

in the vertical and lateral directions and the divergence angles before
fabrication of the collimator are §) = 42° and 0, = 74° [Fig. 10(b)].

Figure 10(c) shows one representative device patterned with 20 circular
grooves and a small aperture with wq, x wy = 2.8 x 1.9 um?. The device
exhibits greatly reduced divergence angles of 6| = 3.7° and 6, = 2.7°. The
main lobe of the far field contains about half of the total emitted power.
The directivity D is about 8 dB for the unpatterned lasers, while it is about
27 dB after collimation. The beam quality factor M? of the device is about
2.0 in both the vertical and lateral directions.
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Fig. 11. (a) LI characteristics for the device with a 2D plasmonic collimator. (b)
Divergence angles in the vertical and lateral directions as a function of the lateral aperture
size wi.

We increased the lateral aperture size w; of the device stepwise using
FIB milling to investigate its impact on 6, 6|, and the power output. The
vertical aperture size wy was kept constant at 1.9 ym. The LI characteristics
for different aperture sizes are shown in Fig. 11(a). Larger wy corresponds
to larger slope efficiency and therefore a higher maximum output power.
As w; increases, the device experiences a gradual increase of the lasing
threshold, due to decreased effective facet reflectivity.

Figure 11(b) summarizes the measured far-field beam divergence angles
for different aperture sizes. As w; increases, the lateral divergence angle 6,
increases due to less efficient lateral spreading of SPPs; on the other hand,
0, remains essentially constant because the vertical propagation of SPPs
is insensitive to the change in aperture geometry. For the widest aperture
with w; = 8.1 um, the maximum output power is about 50% of that of
the original unpatterned laser, while the divergence angles (f; = 2.4° and
0)] = 4.6°) are still significantly smaller than those of the original device.

5. Multi-Beam QCLs

In plasmonic second-order gratings, the grating period is approximately
equal to the SPP wavelength, yielding a collimated beam normal to the
laser facet. If instead the grating period differs from the SPP wavelength,
constructive interference will occur in a direction away from the normal
of the facet.® We utilized this concept to split the emission of a single
wavelength QCL into two 1D collimated beams in different directions. Two
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successive plasmonic gratings with different periods and lengths can be
defined on the device facet. By tuning the grating period, the emission
direction of the beam originating from each individual grating can be
controlled; by tuning the grating length (i.e., the number of grooves
per grating), we can independently control the intensity of the emitted
beams. Note that since mid- and far-infrared SPPs are able to propagate
for significant distances comparable to at least hundreds of free-space
wavelengths on a flat metal surface, several gratings can be patterned on
the laser facet to produce multiple laser beams with controlled intensity
and direction.

Figure 12 shows experimental and simulation results for a single-
wavelength QCL emitting two beams. The grating closer to the apertur