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ABSTRACT

Kate Gleason College of Engineering
Rochester Institute of Technology

Degree:  Doctor of Philosophy Program: Microsystems Engineering

Name of Candidate: Ruoxi Yang

Title: Subwavelength Surface Plasmons Based oreNstvuctures and Metamaterials

With the rapid development of nanofabrication tetbgy and powerful computational
tools over the last decade, nanophotonics has edhjtnemendous innovation and found wide
applications in ultrahigh-speed data transmissgmmsitive optical detection, manipulation of
ultra-small objects, and visualization of nanosgaterns. Surface plasmon-based photonics (or
plasmonics) merges electronics and photonics atdhescale, creating the ability to combine the
superior technical advantages of photonics andrelgcs on the same chip. Plasmonics focuses
on the innovation of photonic devices by exploitthg optical property of metals. In particular,
the oscillation of free electrons, when properljvein by electromagnetic waves, would form
plasmon-polaritons in the vicinity of a metal sedaand potentially result in extreme light
confinement, which may beat the diffraction limitcéd by conventional photonic devices and
enable greatly enhanced light-matter interactidrtbe deep subwavelength scale. The objective
of this dissertation is to develop subwavelengttdeep subwavelength plasmonic waveguides
and explore their integration on conventional digle platforms for multiple applications. Three
novel structures (or mechanisms) are employed teeldp and integrate nanoplasmonic
waveguides; each consists of one part of the digsr. The first part of this dissertation covers
the design, fabrication, and demonstration of tiwneshsional and three-dimensional metal-
insulator-metal plasmonic couplers for mode tramsfdiion between photonic and
nanoplasmonic domains on the silicon-on-insulatatfgrm. In particular, deep subwavelength
plasmonic modes under 100-nm are achieved via iemdebupling and adiabatic mode
transformation at telecom wavelengths. The secoamd studies metallic gratings as spoof
plasmonic waveguides hosting deep subwavelengthcgupropagation modes. Metallic gratings
under different dielectric coatings are numericalfwestigated for terahertz and gigahertz
regions. The third part proposes, explores, anérixentally demonstrates the “metametal” for
super surface wave excitation based on multilayerethl-insulator stacks, where the dispersion
of the supported surface modes can be engineergtiator dopant films in a given metal. The
final part discusses the potential applicationaaive plasmonics for optical sensing, modulation
and photovoltaics.
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1 INTRODUCTION

On-chip optical interconnect has long been recoghi by International
Technology Roadmap for Semiconductors (ITRS) asabrtiee most promising solutions
as transistor densities continue to grow exponinteand copper interconnects fail to
keep up [1]-[4]. Integrated silicon photonics hagt explored intensively in the past few
years, and flourishing results and numerous breaktihs are generated as a result [5]-
[15]. Surface plasmon-based photonics (or plasnsdpmieerge electronics and photonics
at the nanoscale, creating the ability to combime duperior technical advantages of
photonics and electronics on the same chip. Plamsidacuses on the innovation of
photonic devices by exploiting the optical propestymetals. In particular, the oscillation
of free electrons, when properly driven by electagmetic waves, would form plasmon-
polaritons in the vicinity of a metal surface andtgmtially result in extreme light
confinement, which may beat the diffraction linatéd by conventional photonic devices
and enable greatly enhanced light-matter interastiat the deep subwavelength length

scale.

The history of surface plasmon research could Hatk to the investigation of
surface plasmon resonance (SPR) on metallic thimsf[16], and light scattering from
nanoscale metallic particles as early as late 1§68s Since the 1990s, plasmonics has
enjoyed exponential progress of development. Reesdarch focus has shifted to the
integration of plasmonic components into photoniab-systems for optical
communications and information exchange, and mamyelnplasmonic devices have

been developed for communications in recent yeE8% [As the key components of a



communication system, the plasmonic counterpartdasérs [19], waveguides [20],
couplers [21], detectors [22], and modulators [2&ye become the core topics of the
new plasmonics era . Recent years have seen samtifprogress on the development of
these components and rapid transition and combimadf plasmonic and photonic
techniques [18] [24]. Two factors have contribuged! catalyzed the transition. Firstly,
the advanced numerical tools backed by powerful ppders have become more
affordable and accessible. Secondly, with the thstelopment of nano- and micro-
fabrication technology, researchers have been em@uolrto fabricate complex structures
and manipulate a wide selection of materials. Witlth numerical and experimental
approaches in mind, this dissertation will focus tbe design and demonstration of
plasmonic components in optical integrated circ(@$Cs), as well as establishment of

versatile platforms for subwavelength super surfdasmons.

1.1 Motivation

Light has emerged as one of the most importantezarfor large volumes of data,
as well as a reliable and powerful aide for thecgption and manipulation of small
particles. Compared to its classical form featurdiffraction-limited beams in bulky
dielectric devices, in recent years the sciencepbics has utilized much finer elements
where the light-matter interactions are strengtbeinside a much smaller length scale
compared to the lightwave’s wavelength. Micro-aptand nanophotonics, despite the
miniature size of their elements of interest, halrewn a remarkable impact on all kinds
of applications in communications, storage, sensang imaging, etc [5]-[15]. However,
the mode size of a dielectric waveguide is stifitnieted by the diffraction-limit in the

order ofl¢/2n, with n being the guiding area’s refractive index apdeing the vacuum



wavelength of the incident wave. As a result, fartbhrinking the dimension of dielectric
waveguides will inevitably lead to “cutoff” exemfid by poorly confined optical

power.

n clad

)
da

Figure 1.1 The self-consistency condition for a dielectric waaguide.
Original wave (red, solid) and its twice-reflectedoffspring (green, dashed)
needs to be in phase to create an optical mode (gded from Figure 8.1-2 of
[20])

In a dielectric waveguide, the “cutoff” can be urgleod intuitively by thinking
of confined modes as the interference between agifial” plane wave and another
plane wave formed consequently by this incident eveaflected twice from the core-
cladding interface [25] (Figure 1.1). For simplgitwe consider here a 2-D dielectric
guiding core sandwiched by dielectric cladding tayeA conventional dielectric
waveguides have a high-index core and low-indexidifegs to guarantee the total
internal reflection when the “original” wave impieg into the core-cladding interface
(shown by the arrows in Figure 1.1). Since an aptinode requires the same power
distribution along the propagation direction, tlegidinal” wave must oscillate in phase

with the twice-reflected wave and form an interfexe pattern. Because of the different



traveling length ¢, andd,) due to the reflection (twice) of the second wabere is a

phase difference between these two:

d,-d, 7= d/sind- d/smHEbosB’D?ﬂ: #d Slﬂ’

A A

Ap= (1.1)

whend is the core thicknesg,is the angle between the original wave and thendary
(incident angle), and is the wavelength of the original (as well as téftected) wave.
This phase shift must be an integer multiple 2f@ a constructive interference, which

leads to a relation between incident artijend the thicknessas
. A
sind, =m— ,m=1,2,.. (1.2)
2d

Apparently, there is a minimum for the incident legat m=1. Note that whed
keeps shrinking, the right side of Eq. (1.2) w# betting bigger. At a point af = 1/2,
the right side will grow to be larger than 1 andrehwill not be any valid at all. Strictly

speaking, the left side of Eqg. (1.2) is also liit®y the total internal reflection condition

and hence needs to be smaller than the valqéle(n /ncore)2 . If we try to relate the

clad

wavelength/ to the vacuum wavelengtty by assuming an effective indexs which
satisfies the conditiongag< Nesr < Ncore We could obtain an estimation of the vatlie

based on Eq. (1.2) as

d> 1 %: ncore DAO >ncoreD/]O — AO . (13)

\/1_ (nClad / ncore)2 n2 n2 2neff n 2n 2n

core core core

core clad

Herein it is clear that there is a “cutoff” conditi for a conventional dielectric waveguide
to ensure the guiding region is dimensionally wedt®ugh compared to the operation

wavelength. This relation is similar to the Abbdfrdction limit [26] in diffraction-
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limited imaging system, and will make it difficulo build deep-subwavelength scale
optical waveguides. To overcome this limitatiohere have been significant efforts
focusing on the exploration of novel guiding medbars and materials [27]-[29].
Waveguides based on surface plasmonsbtals as will be discussed later, can support
propagation mode tightly bounded to the metallicfasaes and possibly confine the
guided wave in the deep subwavelength scale. Aoaglyd plasmonics has received
tremendous attention for its potential to overcaime diffraction-limit of conventional

dielectric optical components.

The current trend of technology evolution is markgdhe demand of ultra-small
devices and high-volume integration of multiple mied on the same chip. As Moore’s
law in Microelectronics enforces more computation@wer in unit area, the
telecommunication has harbored the fiber-to-theddfTTH) conception [30] which
put high emphasis on reducing the size and casidofidual optical modules. This poses
significant challenges for installation of next-gestion optical interconnects featured
both compact integration and faster operation, Wwhian be addressed possibly by

resorting to plasmonics.

Moreover, light has been anticipated as an indispele tool to print or define
ultra-fine patterns and to manipulate and obserirésoule items. For instance, optical
lithography has been pivotal for the prosperitysemiconductor technology [31], but its
ability to follow the roadmap of very-large-scafgdgration (VLSI) technology has been
slowed down because of the diffraction-limit of masptical imaging systems. As
another example, with complex systems such as D&uencing facility [32] designed

and developed to incorporate ultra-fine optical -systems, the cost and quality of



optical consumables interfacing with small amounbiological or chemical substances
have proved to be decisive. It has also been pgelithat plasmonic nanofocusing can
revolutionize the traditional magnetic recording dyptically heat the media stack in a
highly confined fashion, according to the technglogamed Heat Assisted Magnetic
Recording (HAMR) or Thermal Assisted Magnetic Rewog (TAMR) [33]. Plasmonics,

in this sense, shall play a much larger role fdroap subsystem development.

1.2 Nanoplasmonic Waveguide

Research in plasmonics or other surface plasmaterkltopics has progressed
greatly, spurred by significant breakthroughs regmbiat the end of last century (Figure
1.2) [34]. The study of localized surface plasm@mains active, which still finds
applications ranging from sensing, detecting, bffaphy, imaging, to data storage [18]
[24]. Since 1990, the study of plasmonic waveguidmsd plasmon-enhanced
(extraordinary) transmission [35] has greatly bedghe exposure of the subject. In this
section, the fundamentals of plasmonics and theryhef plasmonic waveguides will be

reviewed in detail.
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“surface plasmon™

Figure 1.2 The growth of SP-related research in number of artiles
from 1980 to 2010, data acquired from Google Schala
(http://scholar.google.com, accessed on Feb 10, 2h1
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1.2.1 Metal Optics with Drude Model

Metallic films are typically regarded as reflectas cladding layers in guided-
wave micro-optics for the visible and near-infrar@diR) electromagnetic spectrum
regimes. While metals’ role in optics seems limitdae history of plasma optics is
surprisingly long, although it in general lacksalletd descriptions from a guided-wave
perspective. Plasma optics assumes the rationalitgffective dielectric constant of
conduction electrons or electron gas, which deteemithe behavior of plasma
oscillations in response to external optical dmyvireld [36]. A plasmon is a quantized
plasma oscillation, and the motion of the colleetigscillation can rightly support
electromagnetic (EM) waves at optical frequenckes. bounded charges in dielectric

medium, a classical harmonic oscillator equatiamlma used to describe its motion as
—— 0 —+WfX=—. (1.4)

The Lorentz equation of motion can be used to dehe effective susceptibility [37]. In

this equationF is the applied forcex is the displacementn is the mass of the charge,
Wy = \/lc/_m is the resonance angular frequency for whigh the elastic constant of the
restoring force, ane is the damping coefficient. Note that for electgas, the restoring

force and the damping factor in the Lorentz equefio4) is omitted, which leads o=

wo= 0 ands = 0. Equation (1.4) can be therefore simplified to

m—;- =—eE (1.5)



where e is the unit electric charge arfl is the electric field. The permittivity and
susceptibilityy can be linked with the motion equation based endipole momenturp

defined as

p=-ex (1.6)
Combining Egs. (1.5) and (1.6) and recall the dedin of permittivity and susceptibility,
we have

Np _, Ne'lgm_

cg=1+y=
X &E o

@,

This will provide the frequency independent plasfrequency w, = N_e2 while N
\/ E,M

describes the electron concentratianthe unit electric charges, the free space

permittivity, andm the electron mass.

On the other hand, the Drude model assumes a fiegukependent conductivity
o =0a,/(1+ jwt), whereay is the low frequency conductivity andis the relaxation
time. If volume plasma can be described by a charatc plasma frequenay, =
m, Drude model can be used to determine the digectimstant of metalss{

being the free space permittivity) and this wellchas with the conclusion of Eq. (1.7):

e O % o O q-
.se(a))—.s+jw £°+jw(1+jcar) & e &1 af)' (1.8)

In this dissertation, we mostly consider gold aitves for applications in the NIR
and visible light spectra. The plasma frequenaegHese materials are well above 1000

THz, and are in general higher than the frequerfcthe incident beam. The plasma



frequencies given b, = w, / 2n, and the damping factors by = 1 /7, for the NIR
spectrum of aluminium, gold, copper, and silver sinewn in Table 1.1, adapted from

[38]. The dielectric constants of these four megasplotted in Figure 1.3 [39].

Material f,(THZz) v. (rad/s)

Aluminium 3570 124.34
Gold 2183 40.59
Copper 1914 52.40
Silver 2180 27.35

Table 1.1 Plasmonic frequency and damping factor of Al, Au, @
and Ag for NIR spectrum [38].
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Figure 1.3 Dielectric constants of (a) Aluminium, (b) Gold, (¢ Copper
and (d) Silver [39].



By comparing the plasma frequency with the dampaegor and considering the
optical application regime, we conclude externavedr field from light will in general
meet the prerequisite @ >> 1/ for the Drude model and the effective permittivity
formalism cited above to hold. Therefore, EM wairesde a metal using the effective
permittivity formalism (no additional free currerdr conductivity term) can be

characterized by the classical Helmholtz equatienved from Maxwell’'s equation
(0% +£k2)E=0. (1.9)

Note that in the Ampere’s law used to derive tlygation, there is no free current
term. The factor of conductivity can be absorbed the effective permittivity as below,
although the following analysis will generally ontite damping factoy,, assuming the

form defined in Equation (1.8). Therefore
OxH = jaeE = ije[Ee]E. (1.10)

1.2.2 Bulk Plasma and Surface Plasma

Considering a plane wave solution in the formAnéXp(—jRDT) for Equation

(1.9), a dispersion relation can be obtained as
K = e () = (@] ¢)2E(e). (1.12)

Equation (1.11) clearly shows that a metal withigpgs permittivity will support plane
waves in the bulk medium. In other words, if therkitng frequency goes above the bulk

plasma frequency, the plasma (or metal) becomaspgeaent to this external EM wave as

o
B=Rek)= ek =k - (1.12)
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This dispersion relation of a free electron gashewn as the solid blue curve in Figure

1.4.

On the other hand, a negative dielectric constartbtained when the working
frequency of the incident optical beam falls beliw plasma frequency, which leads to

an evanescent wave with an imaginary wave vecsogj\en by

Keva = /€K = £ jkm/%—l. (1.13)

2
':n.
>
(&)
=
(V]
-
g 1
= ’
T N
3 '.;\\ Cutoff for v < w,
g ‘ e A 1 —— Bulk Plasmon
S /./ ' === Bandgap

’ 1 3 === Lightline (air)
0 ' T
0 1 2 3

Normalized Wave Number (-(op/C)

Figure 1.4 Dispersion relation of free electron gas (solid) copared to
that of lightline of dielectric material (dashed).

This relation is shown as a lower frequency cuteffited to plasma frequenay,
in Figure 1.4. Physically, whatever direction theident field comes from, the field will
impinge into a small thickness known as skin deatid then be fully shielded by the free
electrons. The concept and the term of ‘skin-deptiriveys an implication that only a

small fraction of bulk metal could take part in thieoton-material interaction, and very
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limited field-penetration or power-propagation abeler happen. External optical fields
can only penetrate into metals for a range of apleowf nanometers among this
spectrum, and are therefore trivial compared toréflecting power radiated away from

the metal surfaces.

Negative permittivity does not usually lead to @fiit of optical interactions. It
actually has great potentials to be utilized in tiplé applications, as researchers have
already done to artificially shaped structures swah photonic crystals [40] or
metamaterials [41]. When a metal-insulator bounderyconsidered, the negative

permittivity of the metal is pivotal for the propgn of surface plasmons.

For surface plasmons, the dispersion is more caateld. Surface plasmon
waves, which reveal the macroscopic motion of s@rjglasmon-polaritons (SPPs), are a
coherent combination of electron gas oscillatiolagmons) and photons. For a simple
case of a single metal-insulator interface in 2afisional (2-D) view, a transverse-
magnetic (TM) solution for Equation (1.9) is avaika[16], [42]. As shown in Figure 1.5
by the red solid lines, the surface plasmon wavepggates in the form of

H,, .n= Hoexp(jpBx)expty, .y )- A matched real propagation constagf)tié required

for a maintained wave-motion in both materiatg for metal andeq for insulator).

Applying the boundary conditions fdd, andE,, a relation ofy, /&, =y,./ £, can be

obtained. Based on this relation as well as thanitieh of y4 m shown in Figure 1.5, the

dispersion relation for SPPs at a single interfzanebe simplified as
B=wlc, [Enfs (1.14)
E,tTE,

12



Examining the propagation constap, (it is feasible to define the skin depihsaiso =

1/2y (Figure 1.5).

YL
/ X
VA
m 2
gm<0 B -v,=¢

d (
Co
N (2) Jreal( 7,)<0

%

Figure 1.5 Definition of skin depths and their relation with propagation
constant. The red curve sketches the magnetic fiettistribution.

With a new term of surface plasmon frequenay, € w,/ 1+ ,) being defined,

Eq. (1.14) leads to a dispersion plot for SPPs.

N

A

—

— SPP
===Bandgap
=== | ightline (air)
0 1 2 3
Normalized Wave Number (-mplc)

Normalized Frequency ( 1/«

Figure 1.6 Dispersion relation of SPP (solid) in metal-insulair
configuration. The curve for the frequency between0.707 and 1 denotes
imaginary propagation constant.

In Figure 1.6, there is a gap betweeg, and w,, Where the curve only gives

imaginary propagation constant (evanescent waWhgnow < ws, SPP modes in TM
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polarization exist. A very largg value can be obtained at, which denotes a point of
resonance at that frequency point, namely the Séhemnt oscillation. Whet > wp, en>

0; so metal will exhibit dielectric behaviors witadiation unbounded to insulator since
the mode lies above the lightline. The dispersielation plotted above does not take
damping factor into account, which will insteaddera finite wave vector Rg] at wsp
due to the damping of free electron oscillatiomsthis case, the right-hand side of Eq.
(1.14) becomes a complex value and the dispersitbaigo slightly differ from the case

of ideal conductors [42].

The single interface case introduced above suggestgeral important
characteristics related to SPPs. Firstly, a susthsurface wave can be excited along
metal surfaces accompanied by ohmic loss, alth@ighe same frequency bulk metal
remains “opaque” for EM waves. Secondly, a bounstddtion exists even with a half-
space metal-cladded insulator, which means the ®B&e is confined to a single
interface of metal-insulator with small out-of-péamadiation. Thirdly, the propagation
constant of a SPP mode is larger than that ofighelihe at the same frequency point
when the driving field has less-thanp frequency, which indicates a smaller effective
wavelength for SPP mode compared to optical modsaate frequency. These three
features are the sources of most applications wedein this dissertation, and are the
fundamentals of many prior efforts. The subwavdle#punded propagation of EM
waves, which are characteristic in most SPP or I8@Penvironments, are the

foundations of all efforts made thus far.
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1.2.3 Metal-insulator-metal (MIM) Waveguides

Although surface plasmons can be confined to th@lrmesulator boundary, the
mode spread of the SP waves depends on the catfguiof the waveguides and also
the frequency. The length of the evanescent tailaiwaveguide medium can be

approximated by = 1/2y, wheny is defined from the conservation of momentum:

B’ -vi=¢4 (Cﬂj (1.15)
BE-y2 = gm(cﬂj . (1.16)

Table 1.2shows that for the metal-insulator (MI) waveguities evanescent tails 3/2
can be very long compared to wavelength. For subleagth and deep subwavelength
mode confinement, it is necessary to explore diffewvaveguide forms. The following
section will start from an important plasmonic wguigle, namely metal-insulator-metal

(MIM) waveguide.

Wavelength ) 0.5um 1.55um 10.5um 300um
Frequencyd/ 1) 600 THz 193 THz 28 THz 1THz
N -36.5+j9.4 -252 +j46 -8e3 +j5.2e3 -6e4 +]9%e4
Enir 1.0 1.0 1.0 1.0
Decay Factorf/ k) 0.1678 0.0631 0.0112 0.0041
Tail Length ¢) 0.23um  1.95um 74.7um 5800um
Relative Tail Lengthd/ 1) 0.47 1.26 7.12 19.49

Table 1.2 The lengths of evanescent tails at different
wavelengths.

15



The idea to incorporate surface plasmons to guitddvaves can be traced back
to Economou’s paper [16] on theoretical study of Eiéld inside thin-film
configurations. Note that it was about 30 yearer|awith the progress of advanced
simulation tools and micro-scale fabrication tedbgy, that people could characterize

plasmonic waveguides at optical frequencies.

Metal —>

Metal

WNZ f===frmmmmmm 2

Figure 1.7 Dispersion plot for MIM layered structure adapted from
[16].

A simple yet important form of a plasmonic waveguid based on a metal-
insulator-metal (MIM) configuration (Figure 1.7)hiB waveguide, as its name indicates,
consists of three layers with a dielectric coreitiier air or other insulator (usually with
low optical loss and moderately small refractiveldr), sandwiched by two metal
claddings. In Economou’s work [16], the dispersrefation for MIM configuration is
analytically expressed, and one of the calculatproaches for the transcendental
equation is given in Appendix A. In recent yearstailed analytical [43], [44] and

experimental studies [45] of MIM are still perforchand reported.
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In a 2-D case, both MIM waveguides and conventiatielectric waveguides
have analytical solutions. For a TM mode in a 2i@attric waveguide, the fields to our
interest areH,, E, andE,, whenx is the propagation direction arydpoints across the

boundary. From the coupled Maxwell equation, argliasng the real wave vectgris

positive inx direction, we haveEX(y)——JaiH (y) andE (y)— B H,(y). Solve
y

the decoupled Maxwell equation fidg with a positive and reg and apply the continuity

of Ex andH, for bounded mode, we have

H,(y) = Hycosg/ek = B2 y)| < d/2
H.(9) = Hycosfel = 575 expe 7=, (S )| > d /2

(1.17)

Here k, =wl/c, ¢ and ¢; are the core and cladding’s dielectric constants

respectively,d is the core region’s thickness. The power dendigdoynting vector

carried by this mode is
a1l T 1w _ B =IH,WF
P(x)—Rej_wEExH [Xdy= R{—Zj_w E (WIH (M d%—z)f_wg—(y) d (1.18)

The common wave vectgf can be solved from the dispersion relation and

expressed as

& IB _510 2
—_ = ky — 1.19
Ay = (1.19)

For the lossy but bounded mode of an MIM plasmevageguide, a positive, real

f is not sufficient to describe the behavior in @oating direction. The metal cladding

and dielectric core will share a complex propagationstank = § + ja. This notation
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incorporates the conduction loss and enables tmeplex dielectric constant for a

conductor:

g

E=gy(e - -2 =&k, (1.20)

0

The updated parameters mentioned above will gE@(y)=;lain(y) and
we oy

_—jk , L , . .
E, (Y = F H,(y). The Helmholtz function for magnetic field withraplex dielectric

and propagation constants will thereby have a solub the form of

H=H,(x, y)z= H,(yexpE k9 (1.21)

in which case the real part and the imaginary pbktare both positive so as to describe
the propagation with damping in positixeaxis. The simplified Helmholtz function is

therefore

2

§—y2H2<y)+<k2+érK3) H(y =0 (1.22)

If we denotek’ =-k’-£  k and apply the boundary conditions for the

continuity of Ex andH,, the magnetic field for the fundamental symmetrimaunded

mode can be expressed as

H,(y) = Hocoshky)|y < d /2

(1.23)
H,(3) = Hycoshk S ) "explek, 675 )} > d /-

whered is the thickness of the dielectric core. The poweeasried by MIM fundamental

mode is therefore
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The dispersion equation for MIM bounded mode isdfte

™
371

o :tanh@%) (1.25)
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where a complexX is the only variable of this equation considerihg relation of

ki?m = _k2 _g‘i,mK)z'
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Figure 1.8 Left: A typical MIM mode profile for 1550 nm light inside a
50nm-by-50nm air gap. The substrate and superstratare silicon dioxide
and air, respectively. Right: Propagation distanceof the MIM mode for
optical to NIR frequency [46].

As verified by extensive numerical analysis, MIMweguides possess notable
tradeoff between acceptable propagation loss abhdatelength mode size. Veronis, et
al. [46], along with Feigenbaum, et al. [47], haperformed 3-dimensional (3-D)
simulations and mode analysis for MIM (sometimekbedaMDM for metal-dielectric-
metal) structures. They have successfully shownwhée the mode size of MIM can be

decreased to very close to the physical dimensibrthe guiding core in deep
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subwavelength regime, the acceptable propagatiogthHe keeps MIM waveguides
competitive for on-chip signal transmission (Figur®). The 2-D to 3-D transition is
verified by shrinking a 2-D nano-slit [1] to a 3+iano-spot [46]. This feature brings in
the possibility of using MIM structure as a deviceguide propagating waves in ultra-
small dimensions (Figure 1.8), and therefore presid feasible platform for applications
that require extreme field confinement or intersiflight-matter interactions. The metal
sandwich could possibly contain and redirect sdatiefrom rough surfaces, which is

another advantage of the MIM configuration over¢baventional Ml structure.

Waveguide Type Dielectric MIM IMI Mi
Materials Silicon Silver, air  Silver, air Silver, air
Core Thickness 300 nm 30 nm 30 nm -
Total Cladding Thickness - 300 nm 300 nm -
Neff 2.5060 1.5788 2.7104 1.0039
Loss (dB/cm) - 2180.5 846.5 44.0
FWHM (H intensity) 208 nm 46 nm 148 nm 983 nm

Table 1.3  TM-mode size comparison for dielectric and plasmormi
waveguides with4A = 1550 nm light. Data acquired from FDTD
Solutions’s integrated mode solver (www.lumerical@m).

From a transfer matrix perspective, it has beenvahbat if the fundamental TM
mode is excited inside an MIM gap, the waveguidekaavell as a transmission line
(TL) system, and shows reduced scattering loss 8barp bend [48], unlike traditional
optical waveguides. The transmission line (TL) tiyeadopted from the microwave
realm, has then been applied to cascaded MIM sgsféf] to study the reflection and

transmission coefficient for complex or multi-levempositions of MIM waveguides.
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The formalism of TL theory based on eigenmode egijoam) is found to be successful
especially in calculating the coupling efficiencgtiveen SP waves propagated through

several MIMs.

Along with the MIM waveguide, the insulator-metakulator (IMI) configuration
has also found many applications. The IMI structgréormed by burying a thin metal
core in a dielectric background, and if the symsnetndition is strictly met, a TM mode
close to the Gaussian profile of a dielectric wanveg mode can be supported. The
dispersion relation of IMI waveguide can be deriyiethe same manner shown in (1.21)-
(1.25), by simply switching the cladding and coratenials. The magnetic field in IMI

can therefore be expressed in a similar form coetptr (1.23)

H,(y) = Hycoshk,y)| yf< d /2

(1.26)
H,(y) = Hocosh«m% ) *expk; (y-_i-% Ny>diz
The transcendental dispersion relation is defireed a
£ k. - d
- =tanhk,—) 1.27
ek, ) (1.27)

Devices incorporating IMI have been demonstratedbmth passive [50] and
active [51] cases, and because the propagationn@ssIMI is considerably smaller than
in an MIM, it is frequently used for transmittinglRl optical power in distances larger
than 10um. The lack of mode confinement, however, hampirsisage in the deep-

subwavelength scale, as it does with Ml wavegu({deble 1.3).

Several discoveries are noteworthy based on the pliform with emphasis on

extreme power confinement. Atwater and his cowarkeve contributed significantly to
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this topic with their characterization of MIM plasmic waveguides [52]. Chen [53] from
Cornell University evaporated gold onto siliconsriio form MIM waveguide, which also
developed a novel way to effectively excite SP nsddem photons. In the field of active
plasmonics, nano-cavities formed in MIM waveguide proposed for fast modulation
[54] [55], and have exhibited great potential foevdlopment of future small-print

modulators.

Transmission intensity (%)
&
Transmission intensity (%)

200 400 600 800 1,000 1,200

800 1,000 1,200 1,400 1,600 1,800

Wavelength (nm) Wavelength (nm)

Figure 1.9 Transmission through sub-wavelength holes patterneth Ag
as a function of wavelength (left) and illuminationangle (right) [35].

It is also interesting to look at the MIM waveguidem a different perspective. If
an MIM waveguide is chopped for a very small praieg (less than one hundred
nanometers, for example), and at the same timgha lieam illuminates right into the
waveguide from free space, the situation will beyvdose to transmission through an
optical head for light-matter interactions in atiigconfined scale [56], which can be
used to count the power getting through a subwaggheslit or a hole inscribed on a thin
film. One important literature published on extr@smission related to SP waves is from

Ebbesen, et al. [35]. In this paper, the observaricat least 10 folds of transmission
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enhancement is reported (Figure 1.9), after fatdd features of surface corrugations are
applied. Ironically, such an important literatuagelr was cited by the authors themselves
that the reported enhancement is greatly exaggkeraecause of a problematic
measurement. The role of plasmonics in extra tréssom was therefore under debate, as
Ref. [57] and especially Ref. [58] have reviewede®f the authors from the original
Nature paper [35], Tineke Thio, converted to be ohthe most radical opponents to the
role of surface plasmons in enhanced transmisddiffraction theory [57], from her
point of view, is powerful enough to explain modtepomena observed in extra-

transmission.

Despite the debates, the eagerness of researcbergilize SP waves to
accomplish higher transmission through subwavelergiles or slits continues. For
example, Pacificiet al [59] have used a near-field detector to charastethe field
profile when corrugated surfaces are illuminated gigne waves. They managed to
observe subwavelength focusing of light and hawergitheir own physical model to
explain it. A carefully designed mask [60] is foutadbe able to achieve a subwavelength
transmissiorbeyondnear-field with radiationless interference. Thiscdvery might be of
more interest than the previous one for far-fiefgplecations such as imaging and
nanolithography. More and more theoretical caloost on EM waves among periodic
surface features or slit diffraction such as [¢&P] or [63] are still being elaborated and

published, providing fresh approaches or understgsdnto this topic.

The extra transmission experiments introduced abaree mostly based on
incident plane waves from free space or uniforntedieic half space. In 2007, Fan and

Veronis published simulation results [64] studyithg propagation of NIR light butt-
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connected from a dielectric waveguide to an MIM egwide. They found that although
the mode profiles between dielectric and MIM wavdga differ greatly, a transmission
of ~70% can be achieved. There are quite a fewigquewnknowns mentioned by this
theoretical analysis. Firstly, the mode overlapas found as a key issue for coupling, as
the ‘funneling’ effect has been verified by numatisimulation performed recently [65].
Secondly, the direct coupling only works for TM @otation, which is different
compared to the classical case of an aperture mateaded on an infinite ground plane
[66]. Therefore, a different physics unlike the r’pee antenna theory must exist. Thirdly,
the way that optical modes couple to SP modes iffezaht from transmission line (TL)
formalism. A matched propagation constant here duasnecessarily guarantee an
optimal coupling efficiency, as the eigenmodeslasmonic waveguides are different in
nature regarding the orthonormality compared toveational rectangular waveguides.

Further study of direct coupling is still necesstrylispel these concerns.

1.2.4 Subwavelength Waveguiding by Periodic Structures

Surface plasmons are grouped oscillations of fleetrens near the surface. The
coupling of plasmons and photons could happen etundary between a metal and an
insulator. As the ‘donor of plasmons, metals asually designed to share a flat
boundary with insulators to avoid unwanted out-lafre scattering. Rough boundaries or
surface corrugations, on the other hand, are amealty introduced [42] for excitations
or observations of SPPs. Theoretically, surfacemptms exist for middle infrared (MIR)
or even far infrared (FIR) regime. However, a fatface fails to achieve tightly bounded
surface wave beyond the NIR regime. We can relealldngths of evanescent tails in the

dielectric side are given by L while the termyq is given by
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Vo = 4| B — & (ﬁ)j (1.28)

C

For EM waves with frequencies much smaller tharicaptspectrumgy, is a negative
term with large absolute value, thus the valueygofan be very small. For a metal-
insulator case withe| >> k|, from the dispersion relation in Eq. (1.14), ven cees”
will approacheg(w/c)?, which is the right side of Eq. (1.8). Therefoyewill likely be
very small and leads to an evanescent tail up todtads or even thousands of
wavelengths as shown in Table 1.3. This type diaserwave is more widely known as

Zenneck or Sommerfeld wave [67].

On the other hand, the lower frequency (or longavelength) makes it possible
to make comparatively small corrugation on metadlicfaces. For example, one only
needs a machine shop for the fabrication of “snetiictures for GHz regime, while it is
extremely difficult to make 3-D metamaterials foisikle light. Moreover, if the
considered corrugation is small enough comparedaeelength, it can be legitimately
characterized by using the effective medium forsmali This approach is called “spoof
plasmonics” by Pendryet al. [68], in their attempt to achieve arbitrary “spbpfasma

frequencies via drilling holes in the perfect eliectonductor (PEC).

0= cok||

k
l

Figure 1.10  Spoof plasmonics in PEC shown by dimension (left)nd
dispersion (right) [68].
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When the corrugation is uniformly distributedxw direction (Figure 1.10, left),
the bulk PEC can be regarded as a uniaxial cryat&pical anisotropic metamaterial.
The dispersion calculation yields an upper cutfoéfjuency and extremely slow light
towards this cut-off, same as the typical SPP behaWore importantly, when an
effective medium is used for analysis, the theokycanventional plasmonics can be
applied to the structured surface. Therefore, thacept of surface plasmon frequency
can also be extended to for this type of metanatdristead of the canonical value, the
new (or effective) surface plasmon frequency i®eined by the dimension of surface
corrugations. Therefore, the optical property a$ tinetamaterial can be well controlled

by tweaking the physical perturbations appliech®s bulk material.

The spoof plasmon approach has inspired many disesy based on surface
corrugations especially in THz region as metals aneost lossless and compact THz
waveguides are in high demand. Maietr,al [69] have designed a THz waveguide for
subwavelength confinement in 2-D working at 1 TMNartin-Cano,et al have designed
metal gratings as THz waveguide platform, which icdegrate multiple passive devices
at the same time [70]. In GHz region, Zhabal [71] has used designer surface plasmon

approach to demonstrate the same concept.

Another platform for spoof plasmons is based oatiéied medium, which finds
vast applications in the optical regime. Multilag@rcomposites with periodic layer-unit
have been widely employed as negative index mége(idIMs) for super-lensing.
Treated as an effective medium, its anisotropy éfl approximated by straightforward
mixing rules [72] if each repeated layer is thinoegh compared to the working

wavelength. Along with the super-lensing effect][#8ultilayered composites have also
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been designed to support surface-plasmon-like wawek used for nanolithography.

More details of this subject can be found in Chegpfeand 6.

1.3 Plasmonic Materials and Fabrication Techniques

The progress of experimental plasmonics is clossbted to the advancement of
material research and fabrication technology. Ptasmphenomena have been observed
and investigated for more than 40 years, originafiyight scattering from metal particles
in early years, gradually including light guided particle arrays and layered structures.
Without the advanced fabrication methods to progtgsmonic materials and integrate
plasmonic structures into optical circuitry, itilspossible to expect the vast applications
of plasmonic components in sensing, imaging, andnesonications to succeed in the
future. In this section, the most important plasmoomaterials and their processing

methods will be reviewed.

In solid-state physics, surface plasmons are tleate grouped oscillation of
electron gas. The electron gas model fits matewals a high-volume of free electrons,
which is inherently more accurate for simple mefakkali metals). Metals found in
semiconductor technology at room temperature havelectron concentration close to
the order of 1% per cni, while semiconductors or doped materials widelgdum the
industry have a carrier concentration of less th@&h' per cmi. As a result, most
plasmonic structures, especially those for opspactrum, involve metals at some level.
The most-used materials in plasmonics are thoseatteastable at room temperature,
especially aluminum (Al) and noble metals such alsl gAu), silver (Ag) and copper
(Cu) (Table 1.1). Alternative plasmonic materiat®n to contain abundant free carriers

include metallic alloys, metallic compounds, andpdrene.
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1.3.1 Metals

Metals have been studied and understood througHréee electron model, in
which the electrons inside metals are regarded@sng almost free from striking with
each other. In the Drude formalism for 3-D electgas, the mean relaxation time is
described by the damping frequency terny, ITable 1.1). For the noble metals
frequently used in plasmonics, the total dampinge® from not only the interactions
between conduction electrons, but also from inteditaansitions [36] [42]. Wherever the
damping of free electron oscillation actually corfresn, the propagation loss in classical
electromagnetic problems for plasmonic metals carevaluated from the imaginary
parts of their dielectric constants and the eledteld intensity. In any electromagnetic
simulations, the loss from materials with compleglettric constants can be treated as
dissipated or lost in the form of ohmic heat. Thene a straightforward figure of merit
for choosing plasmonic material is its resistiviy. reading the optical resistivity data or
the dielectric constants of various metals [74is ibossible to spot candidates of suitable
materials for different frequency ranges. In NIRegpum, silver has the smallest
imaginary part of permittivity and the best condlitg, making it a highly favored
material. The easy oxidation somehow limits itslapgions, and makes gold a popular
candidate in this frequency range. For the appdinat of ultraviolet (UV) or deep
ultraviolet (DUV) light such as the 193 nm lightr fDUV optical lithography, however,

aluminum is proved to be the most attractive caat@i@38](Table 1.1).

Processing metals (especially noble metals) isenetal complex, especially
compared with semiconductors used in micro-fabincatThe deposition of plasmonic

metals can be achieved in vacuum by sputteringvapa@ation. To avoid percolation,
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obtain acceptable uniformity and quality, the deégoms rate is usually limited to less than
1 nm per second. The small deposition rate is nilymat a big issue as in most cases
the required thickness for plasmonics is smallctetplating gives faster metal growth
rate but the quality of the surface might not basidered fine enough for plasmon

waves.

The pattern transfer from resist to metals is emély challenging for noble
metals, as there are not many effective metho@scto copper, silver or gold. Plasmonic
metals such as aluminum can be etched by, ®&3Jed plasma. Other than this, there are
generally two approaches to pattern metals. Tk dine is through image reversal and
lift-off process, which requires resist overhangeafdevelopment. There have been
photo-resists specifically used for lift-off prosesuch as nLOR from MicroChem® [75],
while researchers also use bi-layer or multi-lagempositions to achieve the crucial
overhang [76]. When using bi-layer resists for-dft, it is conventionally required to
coat a bottom resist layer for at least twice &skths the lift-off thickness. Therefore, it
is not easy to have high aspect ratio, stand-atoatal features fabricated. A second
approach to pattern metal is through ion millingfo®used ion beam can be used to
directly mill patterns into gold or silver filmsubit usually introduces redepositions from
the beam source. Argon ion beam is another opliahdan work with noble metals, but
requires hard masks such as carbon and might gleatease the number of steps and

also the complexity of processing.

1.3.2 Compounds

Metal silicides are often used to decrease theacomesistivity in VLSI circuits

and especially MOSFET technology. As they have raerinediate conductivity and
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carrier concentration between metal and semicoondustlicide compounds have also
been investigated for plasmonic applications egigcat THz frequencies [77]. In the
form of compounds consisting of silicon and mef@dls Co, W, Ni, Pd, etc.), silicides
have a smaller plasmonic frequency compared toenotdtals used in the near-infrared
regime and in general higher loss. However, afaliscation and electric property have
been extensively studied for large-scale integraieclit technology, the deposition of

very thin layers and accurate patterning is highliable.

Transparent conducting oxide (TCO) materials arécalty transparent and
electrically conductive. As one of the most widaged TCO, indium-tin-oxide (ITO) has
been widely studied and used in display industrg aptoelectronics as an optical
coating. The frequency range for ITO to exhibit adge permittivity is also in NIR, in
which ITO is reported to have competitively low doeven compared to silver. The
deposition of ITO films can be achieved through tsgudeposition [78]. The major
concern about using ITO is its price, and the im#itg of its optical property for different
growth conditions. Similar materials include alumim-zinc-oxide (AZO), gallium-zinc-

oxide (GZO), etc [79].

1.3.3 Graphene and Others

A few rarely-used yet interesting materials exist @otential candidates for
plasmonic applications. Among them, graphene angnpr based plasmonics have
attracted more and more attention, because of teglished electronic and optical
properties. Graphene’s plasmonic property has hwedicted in [80]-[82], showing

promising tunable optical conductivity. Standardpraaches for graphene layer
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deposition are limited at this time, although défpmss based on transfer-printing

method [83], CVD [84] and electrostatic method [B&}e been reported.

1.4 Modeling Technique

Numerical modeling has become an essential pananbphotonics research, by
solving electromagnetic problems numerically — esdly the Maxwell’'s equations — on
a computational electromagnetism basis. Previoustynplex structures such as 3-D
objects were investigated approximately from a samailytical approach. For instance,
light scattering (including the famous Mie Scatigr[86] [87]) from metallic spheres has
been studied based on the series expansion of fmaggons. This type of approximation
usually suffers from several drawbacks. For oneghihe shape of scattering source
could be too complex and unorthodox, when the natémn with function series becomes
analytically impossible. Even if the integratiomdae performed numerically, the series
expansion does not necessarily converge in the saammer for different feature sizes,
especially when the length scale of the problenpsito the deep subwavelength realm.
Plus, broad-band and time-domain simulations avallyspreferred for modeling optical
communication devices. While analytical or semilgii@al analysis remains
indispensable for solving electromagnetic problemamerical solutions based on
discretized spatial elements will greatly improvee tefficiency and accuracy of

nanophotonic design.

Many numerical methods have been developed and eocmtized for end users.
To name a few, Finite-Difference Time-Domain (FDT[BS] [89], Method of Moment
(MoM) [86], and Finite Element Method (FEM) [90]tce have been widely used for

solving EM problems of complex structures. Depegdon the nature of the EM
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problem, especially the finest feature size andrésenant frequency, it is important to
choose the appropriate numerical method. For nastoplts and plasmonics, the
physical dimensions of scattering sources ranga e small as 0.004,to more than 10
Jo. For example, a plasmonic waveguide for 1550 gt Icould possibly have a guiding
core of as thin as a few nanometers, as well asgagation length of 10 micrometers. In
transmission line system, on the other hand, th&ing frequency is at a comparatively
low end relative to the line dimension. In geneR,TD approach is better than MoM or
FEM for broad-band, transient response problemgnwthe physical dimension is close
to or larger than the working wavelength. For traission line system, conventional
antennas and other low-frequency problems outefbtttical spectrum, MoM and FEM
are usually superior choices. Specifically, FEM bater stability and can be very useful
if EM field inevitably diverges in FDTD, which nowmtly happens when metal penetrates

through the absorption boundary.

In this dissertation, numerical modeling is prihabased on the FDTD method.
The following sections will describe the principkasd the typical modeling environment

of FDTD simulations.

1.4.1 Finite-Difference Time-Domain (FDTD) Method

The finite difference used in FDTD methods can xglaned based on the Yee
cell [89] shown in Figure 1.11. The whole spacentérest for modeling can be divided
into multiple Yee cells, in the shape of the cutedl in the Cartesian system. In this way,
each cell has 6 faces and is neighbored to 6 aiih@lar cells. The dimension of each

cubicAx x Ay x Az, will determine the discretization of space detixa
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Figure 1.11  The distribution of E-field and H-field components in a
typical Cartesian Yee cell [89].

The field vector components discretized in eachauds shown in Figure 1.11,
include the full vectors of both electric and magnéeld. Starting with Ampere’s law
and Faraday’s law, the two curl equations includbaih time derivative and space
derivative can be rewritten following the centraffetence approximation. In Figure
1.11, threeH components are assumed to point outward normilet® faces, while all
threeE components lie on the edge of the cell. As theiapderivative can be rewritten
with Ax, Ay or Az, the time derivative can be obtained from theedéhce of field values
on different time-steps at the same location. Asegample, if the curl equations are
written in the form of

DxE=—uE, (1.29)
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Dxn:£%—$+aﬁ, (1.30)

the scalar form of a TE solution can be expanded to

oH
OB, _L[0H, My e |, (1.31)
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The central difference approximation will rewrite31) - (1.33) as
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(1.36)

Egs. (1.34) - (1.36) show the discretized Maxwellaion with time stept and grid
size Ax, Ay or Az. To ensure the stability of computing, the couremmdition [88] is

required:

At < . (1.37)

V\/ 1,1 1
()" (ay) (229)°

Finally, to model EM problems when there is powaattered away from physical
objects in a finite and closed region, it is esisémbd setup the outer radiation boundary
condition. In FDTD, it is usually realized by wrapg the simulation region with

perfectly matched layer (PML) [91].

1.4.2 Modeling Setup
The setup of FDTD simulations starts with the ddbn of physical properties,

and ends with the specification of monitors. Fdtvgare with a graphical user interface
(GUI) such as Lumerical's FDTD Solutions [92], thgs achieved by firstly drawing

objects in a computer-aided design (CAD) windowti€jb properties such as dielectric
constants can be assigned to the objects, folldwedrapping the objects in PMLs and
initializing the meshing. Many commercialized FDTédftware products have the
capability to define ununiform meshgrids for ulfrae features in order to obtain better

accuracy without applying excessive finesse invthele simulation region. At this point,

35



it is possible to choose the proper source typepamanonitors inside the simulation area

to record field values.

Source

Waveguide Waveguide
Cavity

/

Figure 1.12 FDTD simulation setup for modeling a plasmonic cavy in
Lumerical FDTD Solutions 7.5.

In Lumerical FDTD Solutions, as well as many otbemmercialized software
packages, sometimes it is convenient to chooséntbde” type source. In this way, the
source can be specified as an eigenstate accufaigiythe integrated mode solver. This
can greatly shrink the total simulation volume @agte the simulation time. Figure 1.12
shows all the primary components for a typical FDJiBulation, in which a plasmonic
Fabry-Perot cavity is formed between silicon buvegaides being 300 nm in width.
This simulation is configured for 1550 nm light B¥ polarization, for which the PML
wraps 8um by 5um area. The cavity is 2m long, formed by a MIM waveguide with 30

nm wide airgap inside a gold block. The sourcéhissen as a fundamental TM mode for
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1550 nm. The total simulation time is long enough the power inside the cavity to

dissipate and decay to less than le-5.

Figure 1.13 plots statiel-field of the demo simulation. The pattern showrha
input waveguide (left) side comes from the intesfere of the incident beam and the
reflection from the cavity. Inside the cavity (besn X = -1um and X = 1um), the
interference can also be seen clearly. By puttidditeonal time monitors inside the

cavity, it is also possible to calculate @dactor of the cavity.
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Figure 1.13  H-Field intensity for the demo simulation shown in kgure

1.12.

1.5 Dissertation Overview
This dissertation presents numerical and experiaheasults of novel plasmonic

devices and platforms featuring subwavelength cenfient of electromagnetic waves,

and they are structured as follows.
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Chapter 2 presents the motivation, numerical madehnd the experimental
verification of a 2-D plasmonic coupler integratet-chip with silicon waveguides for

1550-nm light.

Chapter 3 introduces a 3-D design of a plasmorpertalirectly coupled with
silicon waveguides. The 3-D nano-plasmonic tapatuies a direct coupling mechanism
to convert photons to SPPs, and an adiabatic agiptoashrink the mode size of SPPs to

20 nm by 24 nm for near-infrared light.

Chapter 4 presents the experimental demonstrabbms integrated plasmonic
junction with silicon waveguides on silicon-on-ifeior substrate, based on the 3-D
design in Chapter 3. The taper-pair plasmonic jonctchieves high efficiency in
photon-plasmon conversion for near-infrared ligintd proves to be versatile in further

decreasing the guiding mode area.

In Chapter 5, surface waves in the form of spoaddspions are studied
numerically based on metallic gratings coated hyisenductors in terahertz region.
Various coating materials on the miniaturized stefaorrugations are shown to be

instrumental in determination of the guided modgspersion relation.

Chapter 6 investigates the periodic metal-insulaacks as a host of super
surface modes. The analytical solutions of the &umental super mode are explicitly
solved and then compared to full-vectorial simolatresults. The tunable dispersion

relation is then verified by experiments followitige Kretschmann setup.
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Chapter 7 will explore the possibility of activeapimonics based on the structures
covered in previous chapters. Plasmonic modulatdiR detection, and plasmonic

photovoltaics are discussed based on preliminayltse

The work presented in this dissertation will fiyabe summarized in Chapter 8.
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2 INTEGRATED PLASMONIC COUPLING

An efficient coupler between a dielectric waveguaed a plasmonic metal-
insulator-metal (MIM) waveguide is proposed, model&abricated, and characterized.
Based on the platform of a silicon slot wavegui@equasi-MIM plasmonic junction is
formed via e-beam lithography and lift-off proce€Xoupling efficiency between the
silicon slot waveguide and plasmonic waveguideasp3% is obtained after normalizing
to reference waveguides at 1550 nm. This couploigime can be potentially used for

fast optical switching and small-footprint opticabdulation [93].

2.1 Introduction

Plasmonics is revolutionizing the development afaphotonics in every aspect
at an extraordinarily fast pace. Recent breakthieugave produced a wide range of
nanoplasmonic devices that generate, guide, arettdiéght [94]-[96]. However, very
few have been implemented. Currently, the challéngetegrate plasmonic devices with
conventional dielectric waveguides on the same d¢imits the wide applications of
plasmonic devices. To this end, efficient couplivgfween dielectric waveguides and
plasmonic waveguides is of great significance.idhyt, a plasmonic waveguide was
proposed with a single metal-dielectric boundarnhich is still widely used [97].
However, direct excitation of surface plasmon wawes such a boundary from a
dielectric waveguide or external source is inedinti due to the mismatch of k-vectors
and field profiles of the two modes. Thereforespricouplers [98] or grating couplers

[99] are used to improve the efficiency. Due toirth@rge size, prism couplers are not
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suitable for photonic integrated circuits. On thteo hand, the main drawbacks of
grating couplers are (i) the separation of the sm@and plasmonic devices on different
chips, (ii) the requirement of good alignment bedw¢he source and the grating, and (iii)

their narrow bandwidth.

More recently, metal-insulator-metal (MIM) or methélectric-metal waveguides
have been investigated and experimentally demdsstr§l00]-[105], where light
propagation is confined between two metal slabgs&mplasmonic slot waveguides have
the advantages of small mode size and acceptabfagation loss. Recent numerical
simulation [64] demonstrated that up to 70% efficie can be achieved when light is
coupled from a dielectric waveguide into a plasmomaveguide. Direct fabrication of
the dielectric-to-plasmonic waveguide coupler ialE@nging, especially considering the
remaining metal on different waveguides’ interfag# block the wave propagation. A
plasmonic junction that directly converts farfie&dliation to surface waves has also been
demonstrated recently [106]. The fabrication in.RED6] engages the use of focused ion
beam twice, which requires additional curing pracekhe coupler involved in [53] is
formed by enclosing a dielectric waveguide into ahefaddings, which is hard to be
used for optical sensors and modulators. Hereinpmpose a practical configuration for
integrated modulator and sensor applications, wbahbe used to achieve high coupling

efficiency between dielectric waveguides and MIMgphonic slot waveguides.
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Figure 2.1 (a) The power distribution in a dielectric slot waweguide. (b)
The field distribution in a metal slot waveguide. tientical power flux is

assumed for (a) and (b). The power density in MIM Ist is obviously higher
because of the presence of metal. (c) The fieldEf||) comparison (line-scan
from Figs. 1(a) and (b)) between dielectric and MIMslot. MIM slot exhibits

better field confinement as expected.

2.2 Design and Modeling

2.2.1 Mode resemblance: a mode-coupling consideration

Compact coupling from dielectric mode to plasmomicde can be made more
efficient in at least two ways. The first is todirm robust and monolithic momentum
matching channel, which has been well addressadsing direct coupling scheme [64].
The second is to further engineer the mode pradilecrease the mode profile matching
(0) for better mode “overlapping”. This can be expéd by coupled mode theory, in
which the mode resemblance is deemed as an impdatetor to increase the coupling

efficiency between two butt-connected waveguid€3[1108].
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The concept of coupled mode theory can be tracekl toathe perturbation theory
in quantum mechanics. The process of mode cougiamgbe perceived as happening
between two different quantum systems, with diffiéisets of eigenmodes. When the first
system on a certain quantum state is operatedtédene the second one, there is only
limited probability that a certain quantum stata ba realized in the second system. This
probability can be interpreted in a sense as mkledehe coupling efficiency, if the two
systems are represented by two butt-connected walesy If the mode profile of the
input waveguide can be expressed by an amplitugiitmition asA(x), while By(X)
denotes themth of the output waveguide, an overlap integral ten performed to

evaluate this probability as [109]

[JARE (3
M = " -
[AC)A(H df B(X B( X dx

(2.1)

Based on the overlap integral of Eq. (2.1) and @sflg the nominator of its right
side, it is obvious that a better resemblanceAQf) and Bn(x) will yield a larger
efficiency. Note that when the two eigenmodes equitth each other, which exactly

describes the case of a continuous waveguide cthepting efficiency” is 100%.

Surface waves are usually bounded and displayipgrential decay from metal-
insulator interface especially for subwavelengtivegaiides. However, the optical modes
in conventional waveguides usually have a Gaudgtardistribution in guiding region as
shown in Figure 2.2(a), and could hardly be madesab their plasmonic counterparts
(Figure 2.2(b)). In most high-index guiding wavetgs, such as a silicon waveguide on

an oxide substrate or an optical fiber, the fielsximum is inside the core area instead of
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on the core-cladding boundary. The details of finedlamental modes found in 2-D

dielectric waveguides can be referred to Secti@r1.

Dielectric Mode Plasmonic Mode (MIM)

/

Silicon

(@) (b)

Figure 2.2 An eigen-mode confined by (a) a 400nm by 300nm sitin
core buried in the air or (b) 20nm by 20nm airgap letween gold blocks for
1550 nm light.

To overcome this obstacle and increase the modani#dance, we notice that
light propagation can also be confined in low-indegion when a slot is introduced
inside a single mode dielectric waveguide [110koaknown as the dielectric slot
waveguide (Figure 2.3). Unlike the high-index goglwaveguide such as optical fibers,
the dielectric slot waveguide uses a low-index dareconcentrate the optical power.
Interestingly, the low-index guiding core can bdtleven finer than what the diffraction
limit predicts [110] [111], which is crucial to mampplications such as compact optical
circuitry [112] and the development of biomedicavites based on optical manipulation
[113]. An analytical solution of the 2-D dielectstot is also given as [110], in whiéh
Is the transverse wavenumber in the high-indexssighis the field decay coefficient in

the claddingys is the field decay coefficient in the slot.
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Comparison of dielectric and metal slot waveguislesws that they work for the
same polarization and share a similar hyperbolsine mode profile as shown in 0.
Inspired by this similarity, we propose to coupight from dielectric slot waveguides
into metal slot waveguides, namely the “slot-tostmupler, as shown in Figure 2.4(a).
Our 2-D numerical study has predicted a 61% trattange for a 500-nm-long slot-to-
slot coupling in Figure 2.4(b). By sweeping thetslength L, spectrum response

representing Fabry-Perot effect (similar to thabréed in [64]) is observed.
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Figure 2.3 Transverse E-field profile of the quasi-TE mode ina SOI-
based slot waveguide. (a) Contour of the E-field apfitude and the E-field
lines. (b) 3-D surface plot of the E-field amplitué. Adapted from [110].
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2.2.2 Simulation results of a modified slot-to-slot couphg
From a practical view, however, the plain slot-fot-scheme is still very hard to

demonstrate on the silicon-on-insulator (SOI) platf because of the requirement for
very critical alignment and the deep trenches wmhiiildo a bulk metal. To overcome these
difficulties, we notice that the power skin depthneetal atAi = 1550 nm is only a few

nanometers. Therefore, a metal film embedded ireledric slot can be a good quasi-

MIM waveguide as shown in Figure 2.5.
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Figure 2.4 (@) The layout of slot-to-slot coupler. (b) The poer
distribution from 2-D FDTD simulation for slot-to-slot coupler.
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The three-dimensional structure is designed andetaddby FDTD simulation
packages that support non-uniform meshing and eigde calculation. A cross-section
of 260 nm by 460 nmW = 460 nm) is assumed for a single mode (SM) silistyiip
waveguide that supports a fundamental TE-like m@dleector is in the slab) for near
infrared light at 1550 nm. A slot is embedded ia #trip waveguide with a slot widih
= 120 nm as shown in Figure 2.5(a). A plasmoni¢oregvith a total length ot = 500
nm is then formed by isotropically adding a thigda(~ 20 nm) of golde = -96 -j11)
[39] over the silicon slot, which produces an 80-mmde airgap as shown in Figure
2.5(a). A quasi-TE-like polarization is used taimte an eigenmode of the silicon slot as
the simulation source. Figure 2.5(b) illustratemnsiverse electric field&, inside the
quasi-MIM slot. For. = 500 nm, the normalized transmission is closg0%. From our
simulation, wherL keeps increasing to exceed %, the propagation loss dominates

and transmission decreases very fast.
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Figure 2.5 (@) The cross-section view of the quasi-MIM structee. (b)
The cross-section view of the field distribution B,| for the quasi-MIM
structure from 3-D FDTD simulation.
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2.3 Demonstration and Characterization

2.3.1 Sample preparation overview

In addition to equally high-level coupling efficeyn as direct coupling, a
remarkable advantage of our coupler is that itlmafabricated without using the focused
ion beam (Figure 2.6). First, electron-beam litlapiny (EBL) and inductively coupled
plasma (ICP) etch were used to pattern amdong and 120-nm wide slot inside an SM
silicon waveguide with cross-section around 260by¥60-nm. The piece was then
exposed by EBL again with bi-layer PMMA for liftfofAfter development a 20m-by-
500-nm (or 2Qum by 2um for a second design) window was opened rightetenter of
the 50um-long silicon slot, where obliquely evaporated dyatas then deposited,
followed by metal lift-off. The alignment tolerancé the two-step processing is up to

tens of micrometers and therefore very easy tceaehvia most EBL systems.

Slot

Si
Sio, SiO,

A
A

Si

24 Jayer exposure and evaporation

Au Au
PMMA
s PMMA Si
Sio, SiO;
Liftoff
o Si
Sio, Sio,

Figure 2.6 Fabrication steps flow chart. The left panel showshe side
view and the right panel shows the cross-section ew in the light
propagating direction inside the slot waveguide.
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2.3.2 Fabrication flow

(1) Prepare a 6-inch silicon-on-insulator wafereTevice layer (silicon) used in
the experiment is 300-nm thick. Use the standard RIéan process to clean the wafer

surface.

(2) To obtain the designed device thickness of Bh0furnace treatment (dry
oxidation) is required to thin the device layer. Wave calculated the required thickness
and the time needed based on the oxidation cureeorine calculation can be done at

http://www.cleanroom.byu.edu/OxideThickCalc.phtml.

(3) Dip the wafer into a diluted HF tank such adféwed Oxide Etch (BOE) to
etch the top oxide cladding grown inside furnaces-pt measurement is recommended
afterwards to make sure the conformity of the ailidayer and the thickness of the

device meet the requirement.

(4) Cleave the 6-inch wafer into 1 inch square smpigice (approximately). The
size of the piece should be chosen according taithension of the piece holder of the

EBL system.
(5) Sit the small SOI piece on 120C hotplate foni to dehydrate the surface.

(6) Spin-coat two layer PMMA 495 on top of the meat 1200 rpm for a targeted

1500 nm each. Bake at 170C for at least 15 mirfotesach layer.

(7) Pattern the alignment marks (JEOL 9300) at eeraged dose of 1800
mJ/cnf. The alignment marks consist of two global marks aeveral chip marks for

multi-layer alignment. The alignment mark is a &sbshape covering approximately
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2mm by 2mm. The chip mark is a smaller ‘cross’ €hdphe line width of the alignment

mark is 3um.

(8) Develop in MIBK and IPA mixture (1:3) for abo8® sec. Rinse with IPA and

blow dry with nitrogen.

(9) Etch the alignment mark through in GiHB, with Oxford 100 for 10-15 min.

Etch rate is about 150 nm/min.

(10) Dip the sample into 1:1 mixture of Methylenbl@ide and Acetone for at
least 2 hours to strip the bi-layer PMMA. RinsdRA and use nitrogen to blow the piece

dry.

(11) Spin-coat HSQ negative resist (XR-1541, 29%3GA0 rpm for 60 sec for a

targeted thickness of 100 nm. Bake the sample@E hibtplate for 120 seconds.

(12) Pattern the silicon waveguides (JEOL 9300arataveraged dose of 1200

mJ/cnf.
(13) Develop in MIF 300 for 3 min.

(14) Use PT770 left chamber (Silicon ICP etch) tohethe silicon with slight

over-etch.
(15) Dip in diluted HF to remove the HSQ.

(16) Spin-coat PMMA 495 (8%) at 2000 rpm for a &egl thickness of 700 nm.
This is followed by coating PMMA 950 (2%) at 20QéhT for 100 nm. Bake for at least

15 min for each layer.

(15) Pattern the metal area (JEOL 9300) at an gedrdose of 1200 mJ/ém
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(16) Develop in MIF 300 for 3 min.

(17) Descum in Oxford 81 with Argon etch for 3-5ca@rds to clean the resist

residue for better lift-off quality.
(18) Use e-beam evaporation to deposit 20 nm gold.

(16) Lift-off in 1:1 mixture of Methylene Chloridand Acetone for at least 2
hours to strip the bi-layer PMMA. Rinse in IPA abtbw dry with nitrogen. Apply

moderate ultrasonic if necessary.
(17) Spin-coat Shipley 1813 and bake at 90C toeptdhe device.

(18) Dice the piece with a dicing saw, polish theveguides’ input facet and strip

the photoresist on top.

2.3.3 Testing and measurement

The top-view under SEM shown in Figure 2.7(a) givke overview of the
fabricated device with very good alignment. Thertdd image of the gold film shown in
the zoom-out image comes from the limited deptfootis of the SEM. The dimension of
the gap region covered by a gold film is markethm bottom inset, in which the focus is
set up for viewing the gold region. The fabricasdot has a width of about 124 nm, and

the reduced gap (about 95 nm) has the gold filnppirey.
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Figure 2.7 (a) Device top-view with quasi-MIM region sketched(top
inset) and shown by SEM picture (bottom inset). (bDevice top-view for
scattering of near-infrared light from a silicon sbt when power is coupled
from an SM silicon waveguide on the right-hand side(c) Light scattered
from a dielectric slot with 500-nm quasi-MIM. The weakened scattering
compared to (a) denotes the loss introduced by tlopiasi-MIM region.

To characterize the structure, we fabricated tlstagctures altogether on an SOI
wafer. The first one is an SM waveguide (with /58-long slot waveguide included)
without any plasmonic region, and is therefore régd as a reference structure. Two
designs with different values (500 nm and 2m) are fabricated to characterize the
quasi-MIM region. A tunable laser with the maximooiput power of 20 mW is used as
the probing source. The devices are then viewedrbinfrared camera working with a
microscope as given in Figure 2.7(b)-(d). Thereadssiderable scattering when light is
coupled between the dielectric strip and the dtakeslot waveguide, which accounts for
a large part of insertion loss. This issue can tdressed by strip-to-slot waveguide
transformers [114], [115], where nearly perfect mlolg can be achieved. Compared to

the reference structure where no metal segmentsefiiggure 2.7(b)), the scattering on
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the output port (the bright points on the left)rs@e Figure 2.7(c) and (d) are weaker but

still obvious. The plasmonic device is charactetiby normalizing its output to that of

the dielectric slot waveguide, which avoids the sideration of strip-to-slot insertion

loss.
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Figure 2.8 The spectrum response between 1460 nm and 1620 nfrtwo

quasi-MIM designs. The averaged power is approximaly 1.7 4W for 500-
nm case and 0.:W for 2-um case for this frequency range.

To verify the larger bandwidth of direct couplingnepared to grating coupling,

we scanned the wavelength of a tunable laser ardumed the transmission accordingly.

Here the input laser's power level is locked at iv. The result of the reference

structure (without MIM region) indicates that thiathorm supports efficient propagation

of light with wavelength between 1460 nm and 1620 Ror the band between 1460 nm

and 1620 nm, the averaged output of dielectricwhnteguide is 4W. Spectrum sweep
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is then performed for the two MIM cases. After agng the results and looking at the
power around 1550 nm, we obtain ~ AWK output (or 43% transmission, normalized to
the 4uW output from reference) fob = 500 nm case and ~ O8N output (15%

transmission) fok. = 2um case (Figure 2.8).

2.4 Discussion

The transmission difference between the two designsresponds to a
propagation loss of ~ 2 dih for the fabricated quasi-MIM structure. Howevyaevious
analytical study of propagation SP modes in MIMisture has highlighted the role of
multimode interference (MMI) [116], which indicatescritical relevance between the
length of waveguide and the field distribution atput. To thoroughly characterize the
guasi-MIM configuration proposed, including measgrithe propagation loss of unit
length, a different approach considering the rdléidll is necessary. The broadband
performance is facilitated by “funneling” of powento MIM slot [117], besides
impedance match and mode overlap. The mechanighe afano-funneling effect can be
numerically studied by transmission line theory][4® antenna theory that has been
carried out for microwave region. We believe thkesne proposed here can be further

optimized if the mechanism of direct-coupling canumderstood more thoroughly.

2.5 Conclusions

In this project, | introduced the design and dentration of an integrated coupler
that combines plasmonic devices with dielectric eaudes for near infrared light. The
performance of this coupler is in agreement with BDTD simulation, shows efficient
coupling, acceptable bandwidth and straightforwatarication. Based on the platform

described in this chapter, plasmonic switches odutadors with an active length of only
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a few micrometers are expected if the propagatfoBRPP can be modulated in previous
approaches [118]. Structures based on this platfemiiscussed and further explored for

active plasmonics (Chapter 8).

55



3 NANOPLASMONIC FOCUSING IN THREE
DIMENSIONS

Recent work has demonstrated transmission of tigioiugh deep subwavelength
slits or light coupling into waveguides with deagbwavelength dimension only in one
direction. In this chapter, we propose an apprdaadyueeze lighti(= 1550 nm) from a
dielectric waveguide into a deep subwavelength.syettical confinement is achieved
by efficiently coupling light from a dielectric waguide into a 20-nm metal-dielectric-
metal plasmonic waveguide in two dimensions. Theizbatal dimension of the
plasmonic waveguide is then tapered into 20 nm. &tgal simulation shows that light
fed from a dielectric waveguide can be squeezed @at21nm-by-24nm spot with

efficiency 62% [119].

3.1 Introduction

To couple light into a waveguide supporting nantescaode size and hence to
squeeze light into an ultrasmall spot are critital imaging quality, data storage,
manipulation of nanostructures, and optical litlagdry in semiconductor industry. The
extremely high light intensity resulted from therasmall spot will greatly increase the
nonlinear effect and can be used to make ultrasamall ultrafast electric-optic or all-
optic modulators. Recent progress in plasmonicyviges new insight into this topic
[120] [121]. One approach is based on the smallarside supported by plasmon-based
media and light can be squeezed into a subwavéleagérture or propagates in a

subwavelength waveguide. Directly coupling lightoi deep subwavelength circular or
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square aperture was shown with very low efficieridyerefore, recent work is focused
on transmitting light through deep subwavelengifs sir coupling light into waveguides

with deep subwavelength dimension only in one dinad122].

Extraordinary optical transmission was first observthrough arrays of
subwavelength holes. Each hole has a diameterr{@B&lightly smaller than diffraction
limit of light (1=326 nm) [35]. The transmission through the apertan be enhanced by
fabricating periodic grooves surrounding the apedu[123]. Following the same
principle, beaming light from a single subwaveléngperture was reported [124]. Two
types of apertures were used in this work: a cacalperture with diameter 250 nm,
which is slightly smaller than diffraction limit fovisible light, and a slit aperture with
deep subwavelength dimension in one direction, @0 but in another dimension, 4400
nm. If another deep subwavelength confinement btaime applied, a cutoff frequency
will be imposed and the transmission is extremehals Resonant optical antennas
considerably shorter than one-half the wavelengénevshown to enhance field in the
antenna feed gap and lead to white-light supencontn generation [125]. However, the
low coupling efficiency and side lobes constitutgngicant drawbacks for practical
applications. Light propagation along a chain ofdgparticles with dimensions 100 x
100 x 40 nri deposited on an ITO substrate was observed imisitale light regime 4=
633 nm) [126]. Yin, et al. [127], demonstrated tigh= 532 nm) guiding along a silver
strip with cross section 250 x 50 finNumerical simulation of a nanowire taper [128]
and experimental demonstration of a planar tap@f y@ere recently reported, where
photons are converted into surface plasmon polei{®PPs) and propagate along the

surface of a tapered nanowire or waveguide. Thesearch results are exciting and
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indeed constitute breakthroughs towards deep suddemgth photonics. However, they
either provide deep subwavelength dimension onlyre direction, or require very
complicated coupling configurations, or are notye#s integrate into a nanophotonic
chip. For the tapered nanowire presented in [128$ very difficult to address several
challenges for practical applications: (1) how tougle light onto such a tapered
nanowire; (2) how to integrate it into a photonitip; (3) how to decrease surface
scattering; (4) how to avoid unacceptably larges las the tip. Herein, we propose a
straightforward yet effective approach, as showrkrigure 3.1, tathree-dimensionally
squeeze near infrared light throughsimgle aperture and focus it into a spot with
dimensions only 20~30 nm. To this end, we have d¢oeabtwo recent findings: (1) high
efficiency can be achieved for directly couplinghli from a dielectric waveguide into a
metal-insulator-metal plasmonic waveguide; (2) B &anoscale metal-insulator-metal
(MIM) plasmonic waveguide with large dielectric st&nt contrast supports a small size
mode with acceptably low loss (effective index isrw small). In this device, the
squeezing process is accomplished in two steps ooupling process, the vertical

dimension is shrunk; in a tapering process, thezbotal dimension is squeezed.

Figure 3.1 lllustration of the coupler and nanotaper.
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3.2 Modeling Setup and Design

3.2.1 Motivation

To decrease the surface scattering, an MIM plastnaaiveguide is used in our
device. Efficient light coupling from dielectric weguides into MIM plasmonic
waveguides was numerically investigated in recemtkwW64], [129]. It has been shown
that the effective transmission cross section oMdll waveguide is surprisingly much
larger than the geometrical dimension of the didlex between the metal slabs. This
helps the transmission cross section match betaedirlectric waveguide and an MIM
plasmonic waveguide. A detailed theoretical expgianabased on impedance matching
viewpoint is recently presented [129], which sustaty interpret the surprisingly high
coupling efficiency and sheds light on further apzation method of direct-coupling
scheme. Although a detailed microscopic explanafborthis has not been seen yet, the
light transmission enhancement on nanoscale argga@&] or by periodic textures may
partially account for the high transmission [130]j. particular, the surface plasmon
polaritons at the coupling boundary play a key mlenproving the efficiency. The light
wave from the dielectric waveguide excites SPPsqlthe dielectric-plasmonic
boundaries and the SPPs will be “funneled” into Mi&1 plasmonic waveguide. Note

that SPPs can propagate along sharp bends witloksn48].

3.2.2 Modeling setup for transmission calculation

In 3-D finite-difference time-domain (FDTD) simuiats performed below, we
define three monitors to capture the source pov&r {ransmitted power (T) and
reflected power (R). The definition of device tramssion is given by T/(S+|R|). Here the
monitor S is placed right after the source, and itoen R and T are put close to the
PMLs (Figure 3.2). The device (not shown) is usuplit between the monitors S and T.
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As a result, all the power on the left side of $nes from reflection. Therefore, the

absorption including scattering loss can be esehaly 1-T/(S+|R|)-|R|/(S+|R]).

| T

PML

Figure 3.2 The 3-monitors setup to calculate the transmissiongflection
and loss of the system.

3.2.3 Direct coupling in the vertical direction

The theory of operation and efficiency optimizatiohthe coupler are not the
center of our attention in this work. Instead, vee the reported finding to realize light-
squeezing in one direction. Two-dimensional firdi#erence frequency-domain
simulations were performed in [64] for light direxdgupling from a dielectric waveguide
into an MIM plasmonic waveguide with high efficisnd’he 2-D simulations promise to
be valid for plasmonic waveguides with large dimens in the third direction. To verify
this, we performed a 3-D FDTD simulation of light=1550 nm) coupling from a
dielectric waveguide (Sk=12.25) with widthw=320 nm and heightip=300 nm into a

plasmonic waveguide with dielectrics ($jQ@,=2.25) thicknes¢=20 nm sandwiched
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between two silver slabs. The dielectric and MINMgphonic waveguides are aligned at
the center. The overall dimensions of the MIM waydg, D=400 nm and4,=400 nm,

are designed to be larger than the dielectric waidegto eliminate the transmission
through edges. In the simulation, thg, mode (the main component of electric field is

along thez-axis; the main component of magnetic field is glahe y-axis) of the
dielectric waveguide is chosen to effectively ex@urface plasmon polaritons. This is
essentially the configuration of light coupling rffnoa dielectric waveguide into a
nanoscale slit if the length of the plasmonic wawndg is very small. A plasmon
dispersion model is applied in the simulation wdiblectric constant of silver based on
[131], &= -129+3.2, and set in a commercialized software package [@2particular,
we use a nonuniform orthogonal grid with mesh &izen in the plasmonic waveguide to
satisfy accuracy in allowed computation capabilitize coupling efficiency is found to
be 81% excluding the propagation loss in the plasmwaveguide. It has been shown
that the coupling efficiency can be improved toro@8% if suitable multisection tapers
are designed [64], [129]. On the other hand, thgbog efficiency will be very poor if
the dimension in the horizontal direction is deapvgavelength simultaneously because
this will decrease the effective transmission cresstion of the MIM plasmonic

waveguides.

Once light is coupled into the nanoscale MIM plasioovaveguide, very good
confinement can be achieved in the vertical dioectiThe size of the mode in the vertical
direction, determined by the geometric thicknesshef dielectrics and the evanescent

tails (<1 nm in this case) in the surrounding mslalbs, is calculated to be 21 nm.
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3.2.4 Adiabatic tapering in the horizontal direction

To also achieve nanosqueezing in the horizontadcton, we introduce an
integrated taper in the horizontal direction intar structure, as shown in Figure 3.1.
Various plasmonic taper designs have been stutiedratically or experimentally for
multiple applications. The first group of tapersiadatically decrease the distance
between metal cladding. Pile, et al. [132] and Gimg, et al. [122] numerically
investigated, and Chen, et al. [53] experimentdiynonstrated light coupling from a
dielectric waveguide into plasmonic tapers. Howevdreir tapers provide deep
subwavelength confinement only in one directionadidlition, their structures are formed
by tapering the gap between the metal slabs. Irtrasm our sandwiched taper is
surrounded by air and nanoscale guided modes candported between the metal layers
(i.e. smaller spot size can be obtained). Our apgrds also different from the work
presented in [97], where light is originally withage evanescent tail into substrate and
finally get “stuck” on metal surface like a conioahveguide described in [128]. As
shown in Figure 3.1, the input port width of oypeaisD=400 nm, the width of the taper
tip is d=20 nm, and the taper lengthLis550 nm. Between the silicon waveguide and the
plasmonic taper there is a section of uniform tiemsplasmonic waveguidé£ 50 nm).
By combing the input silicon waveguide, we repda EDTD simulation of the 3-D
structure at 1550 nm. In this case, the 20nm-by¥2@anotip is inserted into a PML to
avoid back-reflection from the air. We approximditere a situation that no output
waveguide is attached so as to focus on the plwf@asmonic conversion of the taper
and temporarily neglect the transition loss frometatip to additional devices. Our
simulation shows that this is a reasonable apprattan which does not hide any

features of our coupler.
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Figure 3.3 Simulation of light coupling from a dielectric waveguide into
the MIM plasmonic taper: (a) the Sx distribution in the horizontal plane; (b)
the Sx in the vertical plane.

Figure 3.3 (a) and (b) sho®, power flow distribution along the propagation
direction, in the horizontalz£0) and vertical {=0) planes, respectively. The MIM
plasmonic taper gathers a large amount of powen fitee dielectric waveguide and the

power density becomes progressively stronger wigéih propagates toward the taper tip.
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Figure 3.4 The x-component of power flow (Px) along the x-axis

As shown in Figure 3.4, by integratir§y in the dielectric waveguide and the
plasmonic waveguide taper and considering the baftéetion (negative value, 18%)

from their interface, the overall efficiency (inding propagation loss) is 62%. About
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20% of power accounts for the transverse scatteirnge interface and propagation loss

in the MIM plasmonic taper.

z(nm)

10 15 20

Figure 3.5 The spot size at different locations along the x-&x

3.3 Results and Discussion

3.3.1 Field confinement and enhancement

Figure 3.5 (a)-(c) show in the dielectric waveguide, in the transient piasic
waveguide, and at output ports, respectively. As loa seen, the light power from the
silicon waveguide is focused into a nanospot irhbdwodrizontal and vertical directions
after the two-step squeezing process. In the cogpirocess, the vertical dimension is
shrunk; in the tapering process, the horizontaletision is squeezed. The dimensions of
the spot at the output port are measured by fultiwat half maximum to be 21 nm in the

vertical direction and 24 nm in the horizontal diren, which are close to the mode
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dimensions of a 20nm-by-20nm silver-$i€llver plasmonic waveguide. Compared to
the mode size of 232nm-by-156nm in the dielectraveguide, the mode area has been

shrunk to even smaller than 1/50.
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Figure 3.6 (a) The distribution of electric field amplitude |E(r)| at the
plane z=0. (b) The electric field amplitude |E(r)ht the central axis (y=0; z=0)
along the propagation direction.
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With propagating light confined to such small disiems, remarkable field
enhancement is also observed. To illustrate theredment, Figure 3.6(a) shows the
electric field amplitudeB(r)| distribution at the plane=0 and Figure 3.6(b) plots the
electric field amplitude along the propagation diien at the central symmetry axis=0;
z=0). In both case, the maximum amplitude at theg#=a0 is normalized to 1. As can be
seen, an electric field enhancement of 31 time8§6drtimes of light intensity (b¥(r)P)
can be obtained at the very end of the output parthe dielectric-metal boundaries, the
enhancement is even stronger (over 3 orders of moagnof intensity). The variation of
the amplitude along x-axis is mainly due to therlya®erot effect, and its impact will be

analyzed in the following paragraph.

In our case, the taper functions as a mode conviédm a mode with a large
dimension (=200 nm) into a mode with a small din@mg24 nm) in the horizontal
direction. The MIM plasmonic waveguide, even wittmensions of 20nm-by-20nm,
supports a fundamental bounded mode with its simeost linear to the physical
dimension of the dielectric core, exhibiting noaftiin deep subwavelength regime [46],
[133]. Due to large magnitude difference betweendielectric constant of the dielectrics
(e=2.25) and that of silvere£-129+3.2) at 4 = 1550 nm, the effective index of the
plasmonic waveguide is very small [133]. As a resihle propagation loss in the taper
can be controlled in an acceptable range as showigure 3.7(a). Note the propagation
distance in the MIM plasmonic waveguide, even wdiimensions 20nm-by-20nm (with
propagation loss 0.45 didh), can run up to several micrometers, matching the
predictions given in [133]. Although shorter tapemsay help decrease the total

propagation loss, we find shorter tapers will resallarger back reflection. In other
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word, the taper angle is not the decisive factordptimal transmission. Figure 3.7(b)

shows the relation between the taper length anéftifeéency.

3.3.2 Mode conversion and Fabry-Perot effect
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Figure 3.7 (a) The effective index and loss for the 20 nm thkcMIM

plasmonic waveguide with different widths. (b) Theoverall efficiency for
tapers with different lengths.
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The Fabry-Perot effect comes from the interfererafe plasmon waves
propagating in different directions, one in thengission direction and the other in the
reflection direction. The reflection is expectedrgg the tapering and especially close to
the tip region. The physical nature of MIM wavegsdshown in Figure 3.7(a)
determines the effective index range of the plasmames supported. For waveguide
width spanning from 20 nm to 300 nm, the effeciivdex is transitioning smoothly, and
there is a notable dip in the effective index plaiund 20 nm. This has also predicted the
speed of the plasmon wave close to the tip ofdpert and verified that the wave is not
drastically slowed down at the deep subwavelengtime. The peak-valley distance
shown in Figure 3.7(b) resides in an estimatiorgeagiven by\/2n.swheni is 1550 nm

andnes can be seen as an averaged value between 2 and 2.4.

According to the loss evaluation shown in Figuré(&), it is not preferred to
further increase the width of the input waveguideaduse of its higher loss. This can also
be appreciated by the plot for transmission/lossus taper lengths in Figure 3.7(b).
Therefore, from a propagation wave’s perspectikie, thpering angle would not be the
decisive factor as crucial as the taper lengthrobgg the total transmission. The peak-
valley distance will be determined by the effectimdex of the taper section, which
changes moderately in a very small span. Basedigurd=3.7(a), a local transmission

peak will be observed every 300-400 nm.
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3.3.3 Discussion of potential applications

Feed Waveguide

Taper Tip

@ )

Figure 3.8 (a) 3-D and (b) top view of the integrated plasmoni mode
transformer with a nano-tip extended from the taperend.

Using the taper shape shown above, the tip ofgpertcould also be “extended”
for different applications, in a fashion descriti®dFigure 3.8, where the taper tip bears
SPP wave propagation in a subwavelength MIM wawguAt least two potential
applications should be considered for this configjon. The first is to treat the extended
tip as a subwavelength plasmonic waveguide as tagreted component in optical
subsystems, which will be explained in the nextptbiaas a 3-D plasmonic junction

bridging the optic communication channels (Figu®.3

Input Au-Oxide-Au . Output

(@)

(b)

Figure 3.9 Schematic view of (a) the 2-D side-view and (b) th&D-view
of a nano-taper pair connected with silicon strip vaveguides.
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The second approach is to regard this tip as arcabpibcusing device with
extremely focused power profile. Compared to thaditonal near-field optical
microscopy (NSOM) type configuration such as a egaiptical fiber tip, the lateral taper
structure has more efficient power delivery to &mel, which is important for design of
optical heads in storage. One advanced technigbarohdisk drive manufacturing, heat-
assisted magnetic recording (HAMR, [134]), requifesused energy to heat the
recording layer so that the raised temperaturencadulate its magnetic property. The
more confined the radiated energy can be, the highaal density of the stored data

would be possible.
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Figure 3.10 E-Field intensity at different locations along thepropagation
direction inside (top left) or out of the tip. Thecolorbar is normalized to the
maximum E-field found in the 3-D simulation region.
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Figure 3.10 shows the near-field intensity proéitedifferent locations along the
propagation direction, showing the divergence arben the vicinity of the tip. Figure
3.11 shows that at 10 nm away from the tip (bottmht of Figure 3.10) using air as the
free space medium, the near-field radiation id sthfined in 50 nm by 50 nm spot,

which might be further optimized by using differetercoating materials out of the tip

[103].

40 s z 5

Y (nm)

Figure 3.11  Contour plot to show the FWHM profile (E-Intensity) at 10
nm away from the tip.

3.4 Conclusions
We have proposed a novel plasmonic device thaetfantively convert photonic

mode into plasmonic mode. Two-directionally modaégeduction from 232 nm by 156
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nm to 24 nm by 21 nm is achieved with high efficgnA key feature of our device is
that it is a planar structure and can be fabricatiéd standard semiconductor techniques.
The patterns of the dielectric waveguide and plasentaper can be defined by electron-
beam lithography and dry etch. The three-layer MiMsmonic taper can be formed
following a layer-by-layer deposition. A bilayersist process needs to be applied to
easily lift off the deposited materials on photaedf similar approach can be applied to
visible light regime, the design can be a firspdie finally achieve a light spot of 10 nm
by 10 nm. In the future, a nano-optic beam may taler part of the work currently done
by expensive electron-beam lithography. This tegtimay also find a large variety of
applications in ultrafast modulation, optical datarage, and nano-particle manipulation.

The experimental demonstration of this design ellintroduced in the next chapter.
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4 INTEGRATED 3-DIMENSIONAL PLASMONIC
M ODE TRANSFORMATION

In this chapter, | will describe the experimentanubnstration of a compact
platform to convert near-infrared signals betweemaplasmonic and nanophotonic
domains. In particular, we utilize a pair of adisaanoplasmonic tapers to assist direct-
coupling and shrink the plasmonic guiding areadepdsubwavelength scale as small as
50-nm-by-80-nm with a propagation loss of 2.28 |dB/ The integrated plasmonic
devices developed on a silicon-on-insulator (SQibssrate could build up a solid

platform for plasmonic gauges of ultra-fast comngations and optical sensing [135].

4.1 Introduction

To exploit the attractive features of subwavelengilasmonics for fast
communications, sensing and imaging [136], effit@upling and excitation methods to
convert optical power to plasmon waves have be&mewely explored [46], [98]-[106].
Other than the conventional momentum matching tegciensuch as prism coupling [98]
or grating coupling [99], the direct coupling ortbaoupling scheme [137] has proved to
be both compact and in general broadband. To tekadvantage of seamless integration
and broadband excitation, metal-insulator-metal MMIslot waveguides [53], [100],
dielectric-loaded surface plasmon polariton (DLSRByeguides [138]-[140], or hybrid
plasmonic waveguides [54], [141] have been utiliasdthe carrier of plasmonic waves.
MIM waveguides have the virtue of ultra-small, agi-confined mode size and

acceptable propagation loss, plus the metal lapeosvide a feasible interface for
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contacting formation and novel electrical pumpingamnels. More importantly,
numerical simulations have predicted up to 70% togpefficiency [64] when 1550-nm
light is coupled from a 300-nm wide 2-D silicon veguide into a 50-nm silver-air-silver
MIM waveguide. Prior efforts have been reportedd@monstrate the direct coupling
scheme using slot plasmonic waveguides througterefbcused ion beam (FIB) [106],
[142] or lift-off process [93], while conventionglithe MIM slots are vertically orientated
and therefore difficult to engineer their depths achieve further plasmonic mode
transformation [97] especially in the vertical ditien. Moreover, the existence of
multimode propagation [116] can significantly dexge the surface plasmon’s
propagation length and increase the complexity oflenanalysis. Recently, a plasmonic
taper-pair used as input/output ports have beerodstrated on glass [143] to achieve 3-
dimensional (3-D) plasmonic confinement, but itasgl substrate has critical limitations
due to its incompatibility with the SOI technologyidely used for on-chip optical

communications.

L SIO,
Si 4sonm |} 460 nm
Top View Single-mode Bridge
: Gold 50 nm
SI Gold Si02 i I 250 nm
Side View SiO,

Figure 4.1 The sketch of an integrated mode transformer incluihg
paired tapers and a 3-D nanoplasmonic waveguide dsridge”.
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4.2 Design and Modeling

4.2.1 Direct coupling for MIM waveguide

The finest guiding structure in our design is thBvIplasmonic waveguide. To
fully exploit the efficient direct coupling schenaad take the advantage of the deep
subwavelength mode confinement, we design a myatied MIM plasmonic waveguide
between silicon bus waveguides. Direct coupling hesn shown to work tremendously
well with MIM type waveguide. For comparison, wevhamodeled another direct
coupling case when TM-like single mode impingesaamanowire consisting of uniform
gold with no dielectric layer in between as showrkFigure 4.2(a). Since the momentum
matching condition for this type of waveguide is fiaore difficult to meet, the excitation
of surface waves around the metallic nanowire isy urefficient. It is probable to
achieve coupling by optimizing the dimension of trenowire, which will lead to very
challenging dimension control and perhaps much toepeatability. This in turn greatly
hampers the advantage of direct coupling, whigdugposed to have good tolerance from
fabrication disorder. On the other hand, a dieledayer with deep subwavelength
thickness (40 nm) can be buried to form a MIM waudgs as shown in Figure 4.2(b). It
clearly shows that by forming a MIM waveguide, ttieect coupling condition can be

easily met.

In our design, the finest dimensionknth transverse directions is below 100 nm.
Therefore, we refer to our design as “3-D nanoptasm devices” opposed to
conventional 2-dimensonal (2-D) nanoplasmonic deviwith confinement below 100
nm only in one direction. In Figure 4.1, the tryda thin films consist of a 50-nm silicon
dioxide core squeezed between two 80-nm gold atedi Silicon waveguides are

bridged by a pair of taper-shaped plasmonic modiresnd-fire fashion, which will
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facilitate the direct coupling as well as plasmadioicusing. The theoretical optimization

process for the nanoplasmonic taper has been udeatdin [119].

Y (um)

Y (um)

23 3 -1 0 1 2
X (pm)
Figure 4.2 H-Intensity showing the coupling process between ligion

waveguides to (a) a gold nanowire taper-pair and (b MIM plasmonic
waveguide taper-pair. Efficient direct coupling canbe seen in (b).

Figure 4.3 plotH-field for taper-assisted mode transformer (Figu®&)) and

multimode coupler (Figure 4.3(b)) respectively. Thadth of the multimode MIM

waveguide shown in Figure 4.3(b) is @t. Cross-section views of field distribution are
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included as insets, showing single-mode and mutteraropagation and the coupling
process. In both structures, the total lengthdagmonic portion are gm long and butt-

connected to silicon waveguides. In Figure 4.3(ag adiabatic mode transformation
eliminates multimode propagation, achieves obvifieisl enhancement in bridge area

and features larger throughput compared to Figilg¢x

X(um)

Y(um)

X(um)

Figure 4.3 FDTD simulation results (H-field) for light propagation in (a)
taper-assisted mode transformer and (b) multimode MM waveguides.
Insets show the cross-section view bf intensity.

4.2.2 Practical interface for direct coupling

It is not straightforward to expand the theoreticabdeling to a manageable
processing approach. The major challenge is to taiaia clear direct coupling interface
between the silicon and plasmonic waveguides. hénitleal case, these two types of
waveguides are butt-connected to each other, Igawinspace in between. Realistically,
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it is very difficult to achieve this feat because trisk from gold blocking the silicon
output. One option is to leave a reasonable remessi a gap between the two, large
enough to avoid the light blocking and at the samee small enough to retain the

mechanism of direct coupling, as simulated in Fegld.

No Air Gap

50 nm Air Gap

Figure 4.4 E Intensity for the direct coupling interface conssting of (a)
no air gap and (b) 50 nm air gap.

Figure 4.4 shows the 3-D FDTD modeling for the cangon described above,

addressing the possibility of leaving a narrow ssean between the two types of
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waveguide. Comparing with the ideal case in Figu#ga), the scattering from additional
discontinuity is clearly visible in Figure 4.4(bBy measuring the averaged power
propagated in plasmonic waveguide (output), we Ipredicted an additional (15%) loss
from this modified direct coupling but also verdi¢he legitimacy of this slight revision.
The short gap can conserver the mode profile offtldike beam transmitting out of the
silicon waveguide, and transmit a large proportioih power into the MIM slot
waveguide. It is possible that by filling the gaghwa matching material, the unwanted

scattering can be further decreased.

Si Si
Sio,

24 Jayer exposure and evaporation

PMMA
Si Si

Sio,

Liftoff
Si Si

Sio,

Figure 4.5 Fabrication steps combining two-stepped electron [zen
lithography and lift-off.

4.3 Fabrication Details

4.3.1 Sample preparation overview

To demonstrate the designed structure, we haverssia two-stepped process

based on SOI platform (with 250-nm silicon) to griege silicon waveguides with
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plasmonic devices without using focused ion beamuie 4.5). First, electron-beam
lithography (EBL) and inductively coupled plasm&®) etch are used to define a
number of 460-nm-wide single mode silicon wavegsi@erking for 1550-nm light.
Several waveguides are designed to include a gam G4m to 10um long as they will
contain plasmonic components with different totahdths) for the installation of
plasmonic devices using bi-layer PMMA lift-off. Aift development in Methyl isobutyl
ketone (MIBK) and 2-propanol (IPA), the well-defthéwindows” on bi-layer PMMA
are opened right on top of the air gaps, where @aapd multilayered metal-insulator-
metal (gold for 80-nm each and silicon dioxide36rnm) are then deposited down to the
gap on substrate (buried oxide) with sufficierdrtiim for better adhesion, followed by
lift-off using a mixture of methylene chloride (DQMand acetone. The alignment
tolerance of the two-step processing is below 180amd has to be achieved via pre-
etched alignment marks at least u-deep into the buried oxide layer made by EBL
and ICP etch. As it is important to avoid light ¢gteng from metal that might attach to
the output interface of silicon waveguides, theiglesd plasmonic parts should have

adequate recession from the waveguide edges.

4.3.2 Fabrication flow

(1) Prepare a 6-inch silicon-on-insulator wafereTevice layer (silicon) used in
the experiment is 300-nm thick. Use the standard RIéan process to clean the wafer

surface.

(2) To obtain the designed device thickness of Bh0furnace treatment (dry

oxidation) is required to thin the device layer. Waeve calculated the required thickness
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and the time needed based on the oxidation curmeorine calculation can be done at

http://www.cleanroom.byu.edu/OxideThickCalc.phtml.

(3) Dip the wafer into a diluted HF tank such adfé&ed Oxide Etch (BOE) to
etch the top oxide cladding grown inside furnaces-pt measurement is recommended
afterwards to make sure the conformity of the ailidayer and the thickness of the

device meet the requirement.

(4) Cleave the 6-inch wafer into 1 inch square sigice (approximately). The
size of the piece should be chosen according talithension of the piece holder of the

EBL system.
(5) Sit the small SOI piece on 120C hotplate foni to dehydrate the surface.

(6) Spin-coat two layer PMMA 495 on top at 1200 rfon a targeted 1500 nm

each. Bake at 170C for at least 15 minutes for &aar.

(7) Pattern the alignment marks (JEOL 9300) at eeraged dose of 1800
mJd/cnf. The alignment marks consist of two global markd aeveral chip marks for
multi-layer alignment. The alignment mark is a §£sbshape covering approximately
2mm by 2mm. The chip mark is a smaller ‘cross’ €hdphe line width of the alignment

mark is 3um.

(8) Develop in MIBK and IPA mixture (1:3) for abo8® sec. Rinse with IPA and

blow dry with nitrogen.

(9) Etch the alignment mark through in GiHB, with Oxford 100 for 10-15 min.

Etch rate is about 150 nm/min.
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(10) Dip the sample into 1:1 mixture of Methylenbl@ide and Acetone for at
least 2 hours to strip the bi-layer PMMA. RinsdR# and use nitrogen to blow the piece

dry.

(11) Spin-coat HSQ negative resist (XR-1541, 29%3GA0 rpm for 60 sec for a

targeted thickness of 100 nm. Bake the sample &t hibtplate for 120 seconds.

(12) Pattern the silicon waveguides (JEOL 9300arataveraged dose of 1200

mJ/cm2.
(13) Develop in MIF 300 for 3 min.

(14) Use PT770 left chamber (Silicon ICP etch) tohethe silicon with slight

over-etch.
(15) Dip in diluted HF to remove the HSQ.

(16) Spin-coat PMMA 495 (8%) at 2000 rpm for a &egl thickness of 700 nm.
This is followed by coating PMMA 950 (2%) at 20QéhT for 100 nm. Bake for at least

15 min for each layer.
(15) Pattern the metal area (JEOL 9300) at an geerdose of 1200 mJ/ém
(16) Develop in MIF 300 for 3 min.
(17) Descum in Oxford 81 with Argon etch for 3-Tceds.
(18) Use ebeam-evaporation to deposit 80 nm g@lehd SiQ and 80 nm gold.

(16) Lift-off in 1:1 mixture of Methylene Chloridand Acetone for at least 2
hours to strip the bi-layer PMMA. Rinse in IPA abtbw dry with nitrogen. Apply

moderate ultrasonic if necessary.
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(17) Spin-coat Shipley 1813 and bake at 90C toegtdhe device.

(18) Dice the piece with a dicing saw, polish theeveguides’ input facet and strip

the photoresist on top.

4.3.3 Sample screening

Figure 4.6 SEM and AFM images of (a) multimode plasmonic cougl

and (b) taper-assisted mode transformer. (c) neamirared light coupled in

and out of the plasmonic mode transformer (rotated90° clockwise along
screen normal direction with respect to (b)).

The fabricated multimode coupler (Figure 4.6(a))l amode transformer (Figure
4.6(b)) are shown in Figure 4.6. The air gap toictght blocking is clearly visible
(upper inset of Figure 4.6 (b)). The designed ap s 50 nm and the measured value is
between 40 nm and 60 nm, showing satisfactory alem achieved. One possible
approach to further improve the coupling efficiemsyo fill the airgap with higher index
material such as PMMANnE1.49) [142]. The AFM measurement (lower inset mfulFe
4.6 (b)) estimates the bridge width to be 78 nmgdathan the designed value but still

resides in the deep-subwavelength scale. Figur@)4sbows the propagation of near-
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infrared light through the integrated mode transfer (Figure 4.6(b)), verifying the
fabricated platform as a reliable approach for graéon of both 2-D and 3-D

nanoplasmonic devices.
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Figure 4.7 (a) The measured transmission spectrum for a tapeassisted
coupler (blue), the taperless/multimode coupler (&) and an air gap with no
plasmonic component (green). (b) Theoretical (redand experimental (blue)
results of propagation loss for the single mode pkmnonic waveguide in
bridge area.
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4.4 Characterization and Discussion

To characterize the coupling efficiency and speuntresponse of the fabricated
mode transformers, we use a tunable near-infraasdr |to scan the wavelength from
1520 nm to 1620 nm, along with programmed Labviesutines to record the
corresponding output power. A linear polarizer ppléed to ensure the propagation of a
Transverse Magnetic (TM) mod&ifield in plane) for silicon waveguides. We have
found that for our plasmonic structures, the thigug from Transverse Electric (TE)
source is barely detectable. The samples to beurezsh€an be divided into 3 groups.
Firstly, there are silicon waveguides with no gaplasmonic devices in between. The
output power of these waveguides is taken as fieeergce value for all the normalization
afterwards. The second group is the20-wide multimode couplers in the shape of
Figure 4.6(a). We have fabricated several multimomleplers with the total length varied
from 4.8um to 9.6um, and these lengths match pair to pair with medesformers in
the shape of Figure 4.6(b), which form the thirdug. We have also left several bare

“broken” silicon waveguide (gap distance ff) as reference.

A detailed spectrum response from 1540 nm to 1%60an all groups of devices
is shown in Figure 4.7(a). Compared with multimdti®é waveguides of uniform width,
the taper-assisted mode transformer with exack lenigth gives significantly less loss in
the whole band as much as 3 dB because of the Bhaping and the elimination of
multimode propagation [116]. The propagation lokshe “bridge” waveguide (50-nm-
wide single mode plasmonic waveguide) between e tapers have been estimated
with a number of measurements with different britbgegths (Figure 4.7(b)), and a fitted

propagation loss of about 2.28 @Bi (or a propagation length of 1}8n), which is
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higher than the numerical results for 1.79 dB/ Fabrication disorders or external dust
might have contributed to the higher loss repoitede. The averaged loss from one
taper-pair is calculated as 7.35 dB in total (Féegdr7(b)). Note that this value also
includes propagation loss of plasmon wave insi@etéper-pair, and the actual coupling
efficiency from a photon-plasmon facet shall bgdarthan -3.68 dB (or 42.9%) based on

7.35 dB total loss.

45 Conclusions

We design, fabricate and characterize integratednpbnic devices for photon-
plasmon conversion and plasmonic mode transformailde manage to demonstrate a
coupling device from photon to surface plasmon #ah back to photon with 7.35 dB
conversion loss. In addition, the fabricated coupias successfully focused multimode
plasmonic propagation to deep subwavelength (80 byn50 nm) single mode
propagation with 2.28 dR@m propagation loss. The demonstration leads torsatit
and robust platform for integration of 3-D nanophasic devices onto SOI platforms,
and is functional for further exploration of opfiaar electrical modulation, compact

sensing and detecting solutions. Related futurdkwali be discussed in Chapter 7.
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5 SPOOF PLASMONICS IN COATED METALLIC
GRATINGS

In this chapter, we design integrated waveguidestdahertz (THz) and mid-
infrared (MIR) applications on wafer platform. Bdsen the prototype of spoof
plasmonic waveguides consisting of textured metallirface, we explore the possibility
of coating periodic metallic pattern with silicoat(0.6 THz) or germanium (at MIR
region of 30 THz) to further shrink the relative eiecsize of propagation spoof plasmonic
waves. Numerical modeling via 3-D finite-differenttene-domain (FDTD) has shown
deep sub-wavelength mode confinement in transwirsetions to smaller thail50 by

2150, with an estimated propagation loss of lesa tha dB for each repetitive unit [144].

5.1 Introduction

With the development of terahertz (THz) technologyltiple applications in the
THz regime such as detecting, imaging, communinatiand spectroscopy [145]-[147]
have been explored. The fast progress of this fielsl highlighted the requirement of a
reliable platform for compact and complete THz waireuitry, which would preferably
enable flexible design and robust fabrication aadkapging. Along with the long-term
challenge of integrating efficient THz sources ifitdz systems, there has also been a
crucial demand of novel waveguiding scheme thatrajuaes low-loss and confined
propagation, without sacrificing easy manufacturiagd integration. Conventional
dielectric waveguides working for the optical orcnowave regime suffer from the

diffraction limit and therefore fail to achieve gesubwavelength mode profile when
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their sizes are scaled into the THz regime. Theeefoptical fibers [148], planar
dielectric or polymer strips [149], and metallic weguides [150] are all excluded from
building up the preferred guiding platform due beit diffraction limit. There has also
been effort to construct THz waveguides with nodelsigns, such as metal wire
waveguides [151], [152], photonic crystal fiber wguides [153]-[155], silicide
plasmonic waveguides [156], low-index discontinwitgveguide [157] and parallel plate
waveguide [158], [159]. However, they either laded subwavelength confinement in
both transverse directions, or need stand-alondfopta that could hardly be

monolithically integrated with other devices.

Recently, the concept of surface waves engagingpga free electron oscillation
is known through the study of plasmonics. Sevetasmonic waveguides have been
reported to achieve deep subwavelength mode piiofil@nsverse cross-section in favor
of integration [97]. In light of this approach, teehave been endeavors to design
metamaterials based on ideal or low-loss metaliticrthe behavior of surface plasmon
polaritons (SPPs) [68], [69] in the THz regime, awinetimes bear the name of “spoof
plasmonics”. This family of metamaterial generatignsists of well-designed surface
corrugations that engineer the dispersion of serf@aves and confine the power close to
the surface of waveguide. They extend previousystfd2-D case for periodic metal
gratings that can guide electromagnetic waves afaces [160]. Many interesting
discoveries have been made based on periodic anidpseiodic corrugations on metal
surface, from theoretical analysis [161] to nunmedristudy [162]. Previous study has
revealed the possibility of designing and demotisigaa versatile THz waveguide

platform with subwavelength confinement, on whidrious passive functional devices
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such as splitters, directional couplers and rirgpnators [70] can be integrated. In this
chapter, we propose a practical design originatiogh metamaterials with metallic
corrugation based on the silicon platform. Thecsii background, as we will further
emphasize, will not only facilitate the fabricatiprocess, provide robust substrate, avoid
the high absorption by moisture in the air, butoalrengthen the ability of the
metamaterial to achieve deep subwavelength mode 3ize same approach is then
applied specifically to the MIR region (wavelengtiom 8 pm to 15 pum), with the

background material changed from silicon to gernnami

Background material (Air or silicon)

a=11pm

I I
. B
> H=16.5 um
. W=3n o
—
=7 1um
PECor Al
(a) (b)

Figure 5.1 Schematic view of the spoof plasmonic waveguide farHz
region. (a) 3-D scheme of the waveguide for THz ram. (b) The physical
dimension of each metal post for THz region.

5.2 Dispersion Calculation

5.2.1 Structure definition

The structure we present consists of periodic sarfeorrugation of low-loss
metal (Figure 5.1(a)). Note that in this sectidre scheme, calculation and discussion are
provided under the context of the THz regime, wiile mode size result for MIR is
given at the end of Section 5.3. The metal ‘po@gjure 5.1 (b)) are am long and 4
pm apart from each other, making the lattice coristaum. Each post is fm wide and
16.5um high. This prototype has been theoretically €ddi61], [70] and the dispersion

nature is well known, especially the first TM bamdhich is similar to that of SPPs. It has
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also been suggested that the dispersion diagramm doe change considerably when
lossless metal (PEC) is replaced with low-loss mgté2], and our simulations have
verified this conclusion. We have used a complexediric constant from [164] for

aluminum in THz range for calculation.

In Figure 5.2, we plot the first bands of supporteddes for silicon and air
background respectively. The green solid circlesotkethe dispersion of the lattice when
the background index is 1.0, while the red cirailescribe the dispersion when the
background index is 3.4. Here, the cut-off frequeatthe first band (TM) is lowered
from 3.22 THz to 0.95 THz when the high-index backmd is used. A rigorous solution

of the dispersion relation for PEC comes from B{.of [21], which leads to

n=—oo

L
tank H)Y S——b =1 (5.1)
&H)Y S o

where g, :,8+2£T, S, = a;L,Bn(a— D/2and k, =nk . This approach can be
a a

n

further approximated to a generalized version of. Et4) of [161] for deep
subwavelength surface texture ¥> H andL) as in Eqg. (5.2), when the wave vector
inside background material ik, =nk instead ofky. In Eq. (5.2), because of the
existence of a largdg, (compared tdp), the dispersion curve will behave progressively
in a similar trend yet bend more radically awaynirtightline. In this sense, the working
frequency can be modified by using different baokgd material, even if surface
corrugations of same physical dimension are appléden a high-index background is

in use, the surface corrugation can guide waveb laitger wavelength, and therefore
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achieve smaller relative mode size in terms of uatwavelength. This assumption

needs further verifications through 3-D modelingpiet can be found in the next section.

k:kb\/1+(a;Lj2 tarf (k H) (5.2)

5.2.2 Calculation detail

From the eigenmode calculation, the quality fa¢@factor) of a lattice can be
used to evaluate the propagation loss when a walegiformed from linking multiple
lattices together. The loss per unit distance whaeguide is proportional to the ratio of
energy loss rate of the cavity and the group vetaxl the wave, so it is expected that at
the first band edge the tremendously slowed-dowht lwill have too high loss for
practical applications [162]. To achieve an acdept@ropagation length for waveguide

design, the working frequency should be choseneastppavoiding the band edge.
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Figure 5.2 Dispersion relation for the identical metal unit in air (red,
dotted) and in silicon (green, square).

In order to get the&) factor of a coupled cavity in FDTD modeling, a cpé

technique with broadband source, instead of a woatis wave source (CW), should be
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used. All the simulation results in this part amoduced by FDTD Solutions by
Lumerical Inc. [92]. The technique involves thensint simulation of a short pulse
covering a wide band and the response after thecedield is turned off. If there is a
resonance inside the cavity, the resonant frequeracy be obtained by performing
Fourier transform of the time-domain field valuénid'is illustrated in Figure 5.3, when
the simulation region is bounded by perfect matghiayers (PMLs) and periodic
boundaries. The arrows denote the randomly placadced and the crosses denote the
detectors. The field values captured by these mieitgctors will be averaged and sliced
to exclude the source radiation. A Fourier transfovill give the resonant pedkwith a
bandwidthAf in frequency-domain and thg value can be calculated using the definition

Q =1, /Af.

Specific directions regarding implementing thisht@ique for cavity modeling in

Lumerical’'s FDTD software can be found at [163].

Figure 5.3 An illustration of the setup for the FDTD simulations used
for Q calculation. The arrows denote the sources and cgees denote the
detectors.
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Same type of calculation can also be applied tagdes surface plasmons with
even lower frequency to GHz range [71]. The baragdim has been proved to match
with experimental results well (Figure 5.4) andyeseful for predicting the working

frequency for the experiment.
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Figure 5.4 Dispersion diagram of Designer Surface Plasmon wageide
in GHz spectrum. Adopted from [71].

5.3 Mode Profile and Propagation Loss

With the dispersion diagram calculated, we perfar®D modeling for a spoof
plasmonic waveguide consisting of periodic unitl adscribed above. We study the
propagation of waves at the frequency of 0.6 THRzictv is significantly away from the
band edge. From the plots of the cross section gietlve center between two neighbored
metal dents (Figure 5.5(a)) and at the center ofetal post (Figure 5.5(b)), we have
verified that most power is confined to the topioegof metal posts, while the lateral

spread of electric field in transverse directiorll weémain deep subwavelength scale.
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Figure 5.5(b) shows that the maximum field is fowtdhe wedges, and the mode size
(calculated by the half-maximum field contour) i®n@ined in a 1.8um-byin
rectangular area, which is @277 - by -4/100 level. Even inside the airgap, the half-
maximum beam size (normalized to the maximum valuthe airgap) is |@m-by-1Qum

(A/56-by-1/50) and still resides ih /50 level.

Z (um)

Y (um) Y (um)

0.2 (d)
5- oo R B R B B B |
>
0.2
02 04 06 08 1 1.2 0 02 04 06 08 1 12

X (u) X (um)

Figure 5.5 Field or power of different views at 0.6 THz and 30THz.
Cross-section view of electric field intensity |Eft (a) air space between two
metal posts and (b) a metal post, both at 0.6 THZc) Side view of power
density real(Py) in the symmetry plane and (d) top view of power énsity
real(P,) at 0.01zm above the top surface of metal posts, both at 3Hz.

Figure 5.5 (c) and (d) give the side- and top-vewhe MIR wave propagating
near the metal surface at 30 THz, which can al§ptheappreciate the power distribution
of the previous 0.6 THz case. The power loss frdimeogption and radiation can be

estimated with th&) factor calculated in last section. As mentionedvat the working
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frequency for Figure 5.5 (a) and (b) is chosen.GtTHz, away from the band edge to

avoid high loss. From the dispersion curve we dateuthat the group velocity at 0.6
THz is 0.16¢ andQ value of 300. Witha = 11um and fromloss=exp(- L/ Qy ) (Eq.

(4) of [161]), we estimate the loss per periodeéd01 dBa. This loss level is acceptable
for this design to act as the platform of wavegsjdewer splitters, directional coupler

and other devices alike.

When the same approach is applied to MIR regiosdaling down the physical
dimension of the above structure, the working fesauy is shifted from 0.6 THz to 30
THz, or wavelength from 50Qm to 10um. The dispersion of the first band gives a
cutoff frequency of 50 THz, higher than the workiingquency we picked up (30 THz).
At this frequency, germanium is preferred=4.003) to silicon to act as the background
material because of its comparatively lower loske Tmode size from 3-D FDTD
calculation is 0.18m-by-0.2um (/166 - by -1/100), which resides well inside deep-

subwavelength level. The calculated loss per pas@l03 dBa at 30 THz.

The dispersion diagrams are acquired from a latticth Bloch boundary
condition. As mentioned earlier, the band diagraith mot change much compared to
using lossless metal which can be simulated witvery small dielectric constant (a
negative real number such as= -10000) in FDTD. The simulation of the whole
waveguide is performed using a magnetic dipole souhat will excite the quasi-TM
surface propagation mode. Non-uniform meshing idigared to resolve sharp corners
or material boundary, as well as the skin depthmetal. The finest mesh size of the

simulation is 1/1000 of vacuum wavelength.
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5.4 Proposed fabrication steps

A major advantage regarding the substitution frantaother materials is on its
easiness of demonstration. The microstructure diaimean be indirectly defined by
firstly etching the dielectric substrate (backgrdunaterial). Since most power delivery
happens along the surface of this interface (Fig§us® the situation is well approximated

by calculations performed previously even if thisrao overcoat on metal.

Substrate Substrate
Substrate Substrate

V l

Metallization Metallization

.’ Substrate = Substrate

(a) (b)

Figure 5.6 Proposed fabrication steps. (a) Conventional metaHation.
(b) Sputtering onto sidewalls only.

A schematic fabrication process is shown in Figufe Starting with a silicon or
germanium substrate, it is necessary to do a nmatterning using micro- or nano-
lithography. After pattern-transfer via an etchipgocess, the corrugation on the
background material can be again transferred tararetal film. A fast deposition of
electroplating other than sputtering or evaporatiay be preferred to fill the ‘holes’ on
dielectric background completely (Figure 5.6(a))slalso possible to use sputtered metal

to coat the side walls of the holes instead oinfillthem completely (Figure 5.6(b)), in
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which case the thickness of deposition should kgel@nough to exceed the skin depth,
which is small at this frequency and easy to obtam characterize the waveguide, an

excitation can be applied directly near the inteefbetween metal and background.

5.5 Conclusions

We explored the possibility of using different bgodund material with spoof
plasmonic waveguides in the THz and MIR regimesdaieve extremely tiny mode size
and to outperform the conventional scheme, whiamadly surrounds the metamaterial
waveguides with air. We have used 3-D FDTD approtctshow that the working
wavelength of these waveguides can be increasedisbyg high-index background
material (silicon or germanium), with the attraetivdeep subwavelength field
confinement being well preserved. We have alsoastgd a fabrication scheme based on
wafer platform that is straightforward and CMOS-gatible. This may help to launch

broader applications of spoof plasmonics for spscwpy, sensing and communications.
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6 MULTILAYERED METAL -INSULATOR
STACKS GUIDING SUPER PLASMON WAVES

In this chapter, the dispersion of the fundamesigler mode confined along the
boundary between a multilayer metal-insulator (MMiack and a dielectric coating is
theoretically analyzed and compared to the dispersi surface waves on a single metal-
insulator (MI) boundary. Based on the classicalt&glemann setup, the MMI system is
experimentally tested as an anisotropic materiaéxbibit plasmonic behavior and a
candidate of “metametal” to engineer the presetfasar plasmon frequency of
conventional metals for optical sensing applicatiohhe conditions to obtain artificial
surface plasmon frequency are thoroughly studied, the tuning of surface plasmon
frequency is verified by electromagnetic modelingl &xperiments. The design rules
drawn in this chapter would bring important insgmto applications such as optical

lithography, nano-sensing and imaging [165].

6.1 Introduction

The multilayer metal-insulator (MMI) stack systeralsp termed as metal-
dielectric composite or MDC) has been widely usearm optically-anisotropic composite
[166]-[168], utlized for imaging [169]-[173], omal lithography [174] and
subwavelength sensing/detecting [175]. One of thestnattractive features of this
stratified medium is its ability to engineer thesgirsion of engaged electromagnetic
waves, and to tune the frequency range where sitegeoptical phenomena could occur.

As a fundamental form of 2-D periodic structureg tiptical property of MMI stack has
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been extensively studied [169]-[182] and both mgmr formalism and approximation
approach have been developed. Based on a rigoransfdr-matrix method (TMM)
[169], the transmittance and reflectance of anyde beams at any layer can be
accurately obtained. The effective medium theorMTIE [170] [178], on the contrary,
has been applied to approximate the macroscopievilahof the MMI system as a
uniform anisotropic material, and offers more cohthan TMM towards a demand-
oriented design procedure, while important coreeirelated to non-local effect [180],

[181] has been made.

As a promising approach towards deep subwaveleopgtics, plasmonics have
attracted great research interests for optical isgnand imaging in recent years.
However, plasmonic materials are generally scarcariety plus the working frequency
is limited because of the preset plasma frequef@ach plasmonic metal. This problem
is worse off in optical frequency, as almost nossitstions (mostly doped semiconductor
compounds) can be chosen to replace the overwhglyniised metals such as aluminum
(for DUV), silver and gold (for visible and NIR) duo high loss. It would therefore be
significant for optical sensing or imaging applioas to explore stratified medium as a
plasmonic material or “metametal” and understang ite plasmonic features could be
controlled, so as to broaden the frequency windomirhaging or sensing applications
[167] [175]. As one of the most important prototyipe plasmonic sensing, Kretschmann
configuration can accurately pick off the surfacvel/s resonant point at metal-dielectric
half-plane by exciting the fundamental TM surfacede on the boundary [167] [179]. In
this chapter, we investigate this surface modeotginly and manage to highlight the

background (host) material as an important faatdrich is rarely noticed in prior art.
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Specifically, we outline explicit design rules fehifting surface plasmon frequency to
not only lower [175], but also higher, for optice¢nsing. The results have also been
compared with a rigorous transfer-matrix methodhwgreat accuracy. We have then
experimentally verified the tuning of surface plasmfrequency in optical frequency
based on Kretschmann setup. The conclusions wortdy bmportant insights into

plasmonic applications from optical lithographyntano-sensing and imaging.
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Figure 6.1 E-field Intensity of a bounded super surface wave dsted by
the multilayered metal-dielectric composite at a waelength of 630 nm.

6.2 Theoretical Analysis

6.2.1 Bounded surface waves for multilayer

Multilayered metal-insulator stacks have been itigated as waveguides to
support various kinds of modes. One of the mosbiamt modes with plasmonic nature
is the fundamental TM mode, in which the transvezktric fields point across the
multilayer. When we designate this mode as plascpone are trying to limit our

analysis in those spectra that the metal’'s reahppivity has the negative sign and the

100



loss is moderate. A momentum-matching setup caedsdy simulated in 2-D FDTD

simulations and to further show the mode profiléto$ fundamental TM mode (Figure
6.1). In this figure, the MMI composite managesstgpport a confined mode at the
boundary between a topcoat and the multilayery aftementum matching condition is
met in a Kretschmann-like setup (Figure 6.2). Theximum of the field locates at the
interface and exponentially decay into both di@tdi This is very much alike to the
plasmonic field distribution of a metal-insulataterface. Inside the thin layers, the fields
also have local maximum at metal-insulator boursdariTrhe behavior makes this 2-D
problem (especially the case of the fundamental rittle) attainable for the effective

index approach [170].

Coating

|

e N

Input laser Power meter

Figure 6.2 The Kretschman setup used for the excitation of sugr
surface waves on the boundary between MMI and a topoat.

6.2.2 Effective index method and effective surface plasnmfrequency

Starting from the anisotropy of MMI structure, thiective permittivity tensor is

obtained as [169]

:£1+,7£2 i— 1 (_1+i

1+n e, 1+n'g & 6.1)

E =&,
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whereyp is the filling ratio of the layer thickness defthby» = d,/d;, and the axes are
setup in Figure 6.3(a). In the following derivatiome treats; as the insulator ang as

the metal. Regarded as a single anisotropic mediuoan be placed next to the semi-
space of a dielectric materiatqY and form a boundary as host of surface waves.
Assuming a fundamental TM-polarized surface waugds mode) propagating along
this boundary and applying proper boundary conaétjcche MMI-insulator boundary

supports a propagation surface mode with the dsgperelation obtained as
ﬂ:ﬁ) M :ﬁ) (1+,7)£§_£d (£1+/752) (6.2)
c\ &i-&¢, c\e2lg +nley)-(,+nE,) '
(a) /Ty\
Z

I

Figure 6.3 (@) The multilayer metal-insulator (MMI) scheme and
definitions of parameters; (b) Theq vs. p curve used to analyze different
conditions for tuning effective surface plasmon frquency with a semi-space
dielectrics gg.
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To ensure this wave is confined to the boundary,additional condition is

applied agx <0, or

(6.3)

Wheny approaches infinite as the MMI gradually becomesiform metal layer,

Equation (6.2) can be simplified to

E w | &

CES ©4

which is exactly the well-known dispersion relatifmn a metal-insulator (Ml) boundary.

Whenw approaches zera;| approaches infinite and the dispersion curvelagswith
_w
B = E\/? : (6.5)

which is the lightline of the dielectric coating.

The similarity of the dispersion between MMI-indola and MI-insulator
structure revealed in Equations (6.4) and (6.5¢g)i& possibility to develop a concept of
effective surface plasmon frequency (ESPF), eslhesidnen MMI is placed inside (or
neighbored to) a dielectric semi-space to act k&t a uniform metal (metametal).
Firstly, we try to derive the value of the ESPRWM¥I structure. Similar to the case of
Ml-insulator, the surface plasmon resonance (SPRppéns at the pole of the
S-o relation described in Equation (6.2). The polegqgtiation (6.2) can be analytically
obtained after solving a quadratic equatior0fThe solution can be expressedshye:

and the filling ratioy, as
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£, , (6.6)

while the positive root should be discarded basedhe preconditions, < 0 applied in
the related section of Equation (6.3). Based onakqu (6.1), at least one of the two
materials in the multilayered medium needs to heagative permittivity to make, < 0.
The negative root from Equation (6.6) gives th@éat dielectric constant the metametal

could reach at

_ &g \(ed-g)) ek
¢, '

& (_) (6-7)

To study the plasmonic property of the metamet#d, ¢onvenient to start from the Drude
model of the filling metak, = 1 — w;/w?, whenw, is the plasmonic frequency of the

filling metal. Here a characteristic frequency floe metametal can be defined as equal to
ESPF (s,), which yieldse,(—) = 1 — (w,,/w;p)z. This is analogy to the definition of

surface plasmon frequency defineddgy= —¢; = 1 — (wp/wsp)z, in while &4 describes

the dielectric half space. It would be interestiogtudy the relation between, = w,/

m andwg, then, as for the latter, there are many paramétatscan be controlled
even if the same metal is used in the system. Basdtle definition above, the relation
betweenwg, and ws, can be easily appreciated by the ratioegf-) and eq. For
simplicity, we introduced a new term= &1/eq, and another term for the ratio ofex(-)

and 4. From Equation (6.7), the factqrcan be expressed pyandy as

_&(-) _1-p*=yp'+ap’pP-2p*+1
g= = . (6.8)
—&4 —27p
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Figure 6.3 (b) shows how varies with differen; andp. Again, the factoqg is a
direct indication of the relation between,andws, since

_&() 1-wp/

e Tl 6.9)

The observation indicates that the ratjodoes change with both and# as
expected. More importantlyg can change from less than unity to larger thatyufrom
Equation (6.9), it is clear thai;, can also be shifted higher or lower thag with
different values op and. The limitation shown in Equation (6.3) adds aeothpper
cut-off frequency and this value can be smallentB&SPF wher; is smaller than 1,

which should also be taken into account while eitipig the tunability of MMI system.

6.2.3 Interpretation and numerical verification

Whenp is larger than 1 (which means the insulator usedWI has higher index
than the background materiad)js usually larger than 1. From Equation (6.9), B&PF
wgp Will usually be smaller than the conventional aadf plasma frequeney, for all
possible filling ratioy. This can usually be understood as a result oflemalectron
density because of the existence of dielectriin@ll Note that whemp = 1, the ESPF
remains the same to conventional surface plasnjaédreyregardless of the filling ratio
n. On the other hand, the ESRE, can be shifted higher and even closetovhensy is
small andp < 1, which means the tuning of surface plasma #aqu can theoretically
overcome the upper cut-off frequency for any fundatal TM mode supported on a

single MI boundary.

This case f < 1) highlights an especially interesting propestyMMI stack, as
the “diluting” of electron density by mixing metalgth dielectrics does not sufficiently
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lead to a decreased surface plasmon frequency. \WHew-index filling material has
applied its relaxation on the electron oscillatafra pure metal to form a MMI stack, a

high-index coating (or substraig) will not be able to decrease the free electron

oscillation down tav,//1 + &4, as the “under-relaxed” MMI has somehow averaged o
compensated for the relaxation taking place alohg substrate boundary. This
observation introduces new perspectives into spplalsmonics, as an essential

supplement to the conventional concept such asteféefree electron density.

To verify the existence of this super resonancearardl better explain the tuning
of effective surface plasmon frequency (ESPF), nieoduce a specific case for an
identical substrate material under uniform gold &amnd types of MMiIs. In Figure 6.4,
both MMI structures (and the uniform gold as refies use the same substrate witkr
2.5 (which can be regarded as a polymer-based @st). We then apply gold-SiQx
= 2.1 for SiQ at 633 nm) and gold-AD; (¢ = 3.15 for ApOs; at 633 nm) multilayer
stacks respectively to this substrate. It is obsithat the filling insulators have been
chosen to make sure the rghi& einsuiatoféd €aN be less than unity for one case, and larger
than unity for the other. Using the Equation (@A the mode matching condition, we
predicted the shifts of ESPF and SPR angle towdiftesent directions (prism, = 2.6).

In Figure 6.4(a), the ESPF (upper cut-off for théd band) is below and above the preset

SPFs for different cases.
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Figure 6.4 (a) The analytical dispersion curves calculated bffective
medium theory. The upper cut-off frequencies are teated as the effective
surface plasmon frequencies (ESPFs) for two MMI c&s. Near 633 nm, the
shift of wave vectors are shown in the inset for dform gold (blue), gold-
Al, O3z MMI (green) and gold-SiO, MMI (red); (b) FDTD simulation for the
shift of surface plasmon resonance (SPR) angles leason uniform gold
(blue), gold-AlLOs MMI (green) and gold-SiO, MMI (red). All three curves
are on top of the samee = 2.5 substrate. The small arrows mark the
calculated angles based on mode matching.

The FDTD modeling of these 3 structures under @d€hamann setup is shown in

Figure 6.4(b). MMI stacks are defined as 10 nm dele —11.84 +j1.24) plus 10nm
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insulator for 5 cycles, and the shifts of SPR amglparently go to opposite directions for
different p value, verifying the theoretical calculations abovhe simulated angles

match well with the analytical results marked byairarrows (Figure 6.4(b)). The insets
of Figure 6.4(a) also imply that under the lightisee of the same frequency, MMI stack
can host a surface wave with a different wave vemsowell as the mode size, which can
be useful for optical lithography [174]. Although the theoretical analysis above we
have limited the discussion to real propagationstamt, we find that the general

conclusion can still be applied even to visiblectpen when the ohmic loss from metal

is moderate.

6.3 Transfer-Matrix Method (TMM)

6.3.1 TMM review

The transfer-matrix method (TMM) [170] for multiley stacks in general gives
more accurate results compared with the effectidex method shown in last section. As
pointed out, effective medium theory could adaptroltiiayer designer’s requirement
faster, and TMM would yield fast and robust resudspecially for the theoretical
modeling of Kretschmann’s attenuated total reftect{ATR). The implementation of
TMM for periodic multilayer films can follow eithehe [E H] transfer matrix [170] or S-
Matrix [183]. A demo code for single-layer ATR calation is attached in Appendix
10.B. Based on TMM method, it is also convenientdé&ermine how much power is
reflected, transmitted or absorbed in the formwface plasmon waves. It is also shown
that the TMM method can be also applied to solviegplex multilayer waveguides
promptly [184] [185]. But in this dissertation, vwnly focus on the evanescent light

coupling problem [186].
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Figure 6.5 Transfer matrix problem with an unmatched top coat(noted
by the different values between g, and ).

The transfer-matrix method uses the Fresnel’'s awetermine the propagation
constant of the propagating surface waves. In ottends, the tangential part of the
incident beam’s wave vector is regarded as consiace the incident angle of the beam
is set. The S-matrices of cascaded systems canulteplrad directly if the interface
between each system is matched. Otherwise, ani@dditS-matrix (built directly from

Fresnel's law) can be added to correct the mism@iciure 6.5).

e’ 0| a,|m+n, m-n
0 &% 2n|m-n n+n

e’ 0 a, |[m+nm mp-n
0 e* 2ny | ny—-n, my+n
Figure 6.6 Example for one pair of metal-dielectric unit in acascaded

transfer matrix system. Two boundaries and two “free propagations” are
labeled for their respective transfer matrix.
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Figure 6.6 shows a unit of the metal-dielectricecard the formation of several
matrices. The phase tergnis analogy to the phase change of waves propagatim
transmission line in microwave systems, which candbfined asikydicos);, whenky
denotes the vacuum wave vector d@hthe incident angle [183]. It is important to note
that in metal-dielectric composite, the physicalamiag of this phase term is not as
straightforward. If the *“transmission line” des@® a thin dielectric layer, the
propagation does not induce amplitude but only pidmsnge. In other word, the phase
change of light propagated in dielectric will betetenined by the propagation distance
regardless of the direction travelled if the reabgagation constant is known. The
propagation constant will be a negative real numbesn evanescent wave in the
“positive” direction (usually the same directiontas incidence), and a positive real if a
propagation wave. On the other hand, if the “trassion line” describes a thin metal
layer in the multilayer system, there will be bathplitude and phase change because of
the complex propagation constant. In this casectimplex propagation constant needs

to have proper definition of the sign [187].

6.3.2 An ESPF case study with TMM
The 5-period case shown in Figure 6.4 is recaledlatsing TMM Figure 6.7,

showing great match with FDTD results but with mdesis computing time. TMM can

potentially be used to further optimize the perfante of multilayer stacks because of its
faster calculation compared to numerical methods s FDTD. For example, to get one
ATR curve like in Figure 6.7, it takes about 10risito complete a smooth curve. In

FDTD it means 10 individual simulations. At largecident angles, because of the
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weakened absorption of PMLs, it could take evermgéorfor the simulation to stabilize

and finish.

| N LLLL Au-Silica
0.8; --------- et ::;'Ei"“"':j"'; """"" _Au'8d=l‘5 ‘: """"" =
: : Y = == Au-Alumina '

Reflection

40 41 42 43 44 45 46 47
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Figure 6.7 TMM calculations for the structures calculated by FDTD
shown in Figure 6.4. Note that the curve plotted bysolid blue line is a
multilayer case compared to the single layer cas@@wn in Figure 6.4.

6.4 Experimental Demonstration and Discussion

6.4.1 Experiment design

To verify the tuning of surface plasma frequencye Wwave modeled a
Kretschmann prism-coupling process (Figure 6.8)68-nm light engaging a uniform
gold film and an MMI gold-alumina stack (both cades/e 50-nm total thickness of
metal) using FDTD Solutions of Lumerical [92]. Piays effort [179] has successfully
demonstrated the existence of complex modes swgzpbit MMI systems, while here we
focus on the link between the tunability of surfacaves and the parameter. Here we
try to launch incident beams from a dielectric pri@, = 2.6) to excite the surface waves
when the plasmons are neighbored to silicon dioide 1.45) or silicon nitriden( =

2.01). The dielectric constants of gold<-11.84 +1.24) and aluminan(= 1.776) are
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fitted data from [131] and [39] respectively. Acdorg to momentum matching condition

for SPR, the incident angle can be calculated gteally as

nprismK) Singsp(w) = ksp(w) (6 10)

Silicon Wafer

Figure 6.8 Experimental setup for studying multilayer metal-insulator
stacks and the cross-sectional view of the fabrioad multilayer sample
(SEM). Each individual layer is 10 nm and there arelO layers (5 pairs) in
total.

Note that for Kretschmann setup and the calculafiom Equation (6.10), the
mode of the greatest interest here is the confinedamental TM mode. Although MMI
could support more complex modes [179]-[181], thalgsis in last section is sufficient
to predict the sharpest resonance point of bousdRfel waves under this condition. It has
been shown in [179]-[181] that there could be saveaflection dips for these multilayer
structures, as also verified in section 6.4.3. Phgsical meaning and the technical

significance is temporarily out of the focus andl v explored elsewhere.
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Figure 6.9
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6.4.2 Preliminary experimental result

As the original surface plasmon frequencies aréeshilower (silicon dioxide
substrate, Figure 6.9(a)) and higher (silicon aérsubstrate, Figure 6.9(b)), tkeectors
are shifted larger and smaller accordingly. Theiatmn of the incident angle for
minimum reflection can then be used to observduhimg of surface plasmon frequency.
Based on Equation (6.10), we have theoreticallgutated the resonant angle shift for
+2° for silicon oxide substrate, and for -9° fdicgin nitride substrate. This corresponds
to the excitation angles shifting from 38° to 415r ftuning down (silicon dioxide
substrate), and 71° to 61° for tuning up (silicamicee substrate), which match well with

the TMM results.

Measured reflected power from a Kretschmann setilp & ZnSe 1t = 2.6)
hemispherical prism are collected by an optical goweter from multiple samples
illuminated by a collimated TM-polarized He-Ne lageam (Figure 6.8, left). The SIO
and SiN, substrates are deposited via plasma-enhanced cdienapor deposition
(PECVD), while the gold single-layer and gold-alamimultilayer are deposited via e-
beam evaporation (Figure 6.8, right). The thicknefsdeposition is kept identical to the
simulations performed above. The red crosses andltte triangles in Figure 6.9 denote
the results of gold single layer and gold-aluminaltiayer respectively. The observed
SPR angles shift from 39° to 41° for silicon dioxigubstrate, and 68° to 65° for silicon
nitride substrate. The shift direction of SPR agre&th the major conclusion regarding
the refractive index relation between the substeatd the filling dielectric film. The
discrepancy between the exact observed SPR andléharcalculation might be caused

by fabrication disorder and the variation of di#diecconstants compared to fitted data,
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but the disagreement of the effective indexes pesunodes between the measured and

calculated values are all below 2.5% level.

6.4.3 Discussion and data fitting

The discrepancy could be partially addressed berssly fitting the material
database, or implementing more variables in nurak&and theoretical results. There are
at least three other factors contributing to thecidipancy, and some of them can be

addressed by data fitting.

Firstly, there could be differences in physical gadies between the realistic
materials used in sample preparation and thosedfaurpublished material handbook
such as Palik's or CRC’s. Both the plasmonic maleri(gold) and the substrate
dielectrics (Silicon Nitride or Silicon Dioxide) ao@ vary from tabulated values
depending on the deposition conditions. It wouldheEn necessary to measure the actual
films using ellipsometer to determine their phybipaoperties, although the in-situ
deposition of multilayers could make this measummdifficult. Secondly, the
mechanical condition in this experiment, especitily airgap between the prism and the
substrate could change the relative reflection diidge comparatively large refractive
index of the prism used also makes it difficultfited a matching fluid to fill this gap.
Without reversely fitting the thickness of the aipg the reflection dip will not display the
same contrast as predicted in simulations or caficuls. Finally, the numerical models
developed for FDTD simulations, as well as the tagcal analysis based on the
traditional EMT theory and smooth films, might hawvet fully captured the nature of

realistic composition of the multilayers. The ronghs of the evaporated films could
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form complex composites at the interface, as has Ibeported in [188] to use Maxwell

Garnett approach to quantify this effect.

Based on the transfer-matrix method implementeddasdribed in last section, a
refractive index fitting for the substrate mater{&iO, or SgN4) as well as an airgap
distance fitting is necessary to lessen the discrep In this fitting process, we keep
gold and A}Os's dielectric constants same to their nominal valteund in [131] £ =

—-11.84 +j1.24) and [39]1§ = 1.766) respectively.

Reflection
o o
I o

0.2

c;%,OHHHH‘35””““‘40””””‘45
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Figure 6.10  Substrate scan and curve change for 50nm gold only

Here we isolate the effects of different factarggain a better understanding of
their physical impact on the Reurve. Firstly, we change the substrate materiatiex
moderately and examine the fReurve. This change is practical for the inevitable

variation of material property because of complepasition conditions. As an example,
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we change the SiOsubstrate’s index for An = +/- 0.5 around its nominal value=

1.45. The results are shown in Figure 6.11.

o
o

o
N

Reflection

©
N

Incident Angle (degree)

Figure 6.11  Reflection curves changed with different Si@ substrate’s
refractive index. In general, a larger refractive hdex of substrate will shift

the SPR angle to a larger value.

From Figure 6.11, we find that the Si®refractive index variation will indeed
shift the reflection dip. In general, a larger aetive index of substrate will shift the SPR
angle to a larger value. It can also be clearlygbat the multilayer's R-curves are in
general similar in nature. No additional sharp sipws up around the angles to our

interest. This is important for the experiment freation.

Secondly, we introduce an additional airgap todésigned platform between the
high-index prism and the multilayered medium. Fugt use the N, substrate as the
reference (Figure 6.12). It can be seen that thheeds very sensitive to the gap distance,
for both the dip contrast and the position (incidamgle). However, it is also evident that

an additional airgap will not nullify the shiftirdjrection of the ESPF-.
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Figure 6.12 Comparison of fitting different gap widths for (a) SisN, and
(b) gold and alumina multilayer on SiN,.

As a comparison, the case for $i@Gubstrate is shown in Figure 6.13. The
sensitivity regarding the gap widths is obvioustlgd compared to thesNi, case, but a

wider gap will still reduce the contrast of theleetion dip. Again it is clear that with the
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existence of an airgap, the multilayer device widlally have larger SPR angle. So the
gualitative observation in the experiment (angldtisly direction) remains legitimate

while there might be unavoidable quantitative dipancy.
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Figure 6.13 Comparison of fitting different gap widths for (a) gold on
SiO2 and (b) gold and alumina multilayer on SiO2.
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Based on the study above, a multiple-parametenditis performed. The idea
behind this fitting is to use the airgap width tmé the contrast about how deep the
reflection dip is, and to use the variation of tubstrate material to tune the resonance
angle. Figure 6.14 plot the fitted results for B, substrate and their match with
experimental results. Fitting parameter here #s1.44 for the substrate, gap width = 80
nm for both gold only and gold-alumina multilayérslightly more absorptive gold with
n = 0.14*3.62 have been used for the multilayer case, coetpto the nominal value

(n=0.184*3.446) used in the gold only case.
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Figure 6.14  Fitting curves for the two samples on Si@substrate. Fitting
parameter here isn = 1.44 for the substrate, gap width = 80 nm for kh
cases. The multilayer case uses=0.14*3.62 for gold’s refractive index, while
the gold only case uses=0.1799j*3.4456.

A resonant-angle-only fit is performed with 20-nrapgfor n = 1.95 substrate
(Figure 6.15), aligning the reflection dips closetihe measurement (65° and 68°). We
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have noticed that under the current fitting ranges difficult to fit the contrasts and dip
widths for the SN, substrate (Figure 6.15), which might need furtineestigation in
future with more advanced and accurate measuresetmp as well as thorough material
characterization. As a summary for the discusslmve, the experimental results at this
stage could qualitatively verify the tuning of tB&SPF with the relative change of the

resonance angle (reflection dip).
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Figure 6.15  Fitting curves for the two samples on SN, substrate. Fitting
parameters are 20-nm gap ancdh = 1.95 substrate for both cases.

6.5 Further Numerical Modeling for ESPF Tuning

The results shown in Figure 6.9 do not only vetlig analytical basis of last
section for optical sensing based on SPR, but sigmest possibilities of using MMI
stack to achieve manageable mode size and widgudrney range for plasmonics
applications. Specifically, as the surface plasifnequency is tuned down, the dispersion
curve “flattens” faster in MMI case and therefotdle same frequency of incident light,

121



the propagation constant is increased and smabeelngth of surface waves can be
created which is impossible using uniform metal. tB@ other hand, by tuning up the

ESPF it is possible to broaden the frequency rafgerface waves.

As an example, in Figure 6.9(a,b), we use the derites mentioned above to
illustrate how the increased ESPF allows superasarmodes at frequencies beyond the
conventional surface plasmon frequency. In this elind we use normalized frequency
and length unit. We set the background materiah &s2.5, and the MMI system consists
of 20 pairs of thin layerse{ = 1.25 and, = —1.8) for a filling ratiop = 3. If a Drude

metal is used here, the working frequency will tecat approximate Oc,, larger than

the conventional cutoff crbp/\/l_-l-s = 0.53w,. For uniform metal at this frequency,
there will be no surface waves supported at thentbary (Figure 6.16(a)). With the
tuning of ESPF from MMI, however, the working frecy can now exceed 0.58.
Here we use COMSOL [189] to simulate the propagabb the super surface mode
(Figure 6.16(b)), showing the subwavelength comfiaet of the engineered super
surface mode bounded and propagated along. Naténttiais simulation, the thickness
of each repeated unit is 0.04 (d> = 0.03/, n = d2/d; = 3), and the EMT theory could
well approximate the behavior of the super surfacele. The mesh-size is small enough

to resolve the finest layek.
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Figure 6.16  H-field distribution for: (a) No bounded surface modks above
surface plasmon frequency; (b) Bounded surface wavseyond conventional
cutoff frequency defined in (a); (c) Bounded surfae wave propagated on a
single metal-insulator interface; (d) Bounded surfae wave on a MMI-

insulator boundary with shorter wavelength and mangeable mode size
compared to (c).

Figure 6.16(c) and (d) gives another pair of ilasbn for mode size engineering
with multilayer stack. Here the background mateisadq = 1.0, and the MMI system
consists of 35 pairs of thin layers, (= 3.1 ands; = —1.6) for a filling ration = 3.
According to the design rule, a low-index coatingl decrease the ESPF as well as the
wavelength of the super surface wave. The metalat® boundary shown in Figure
6.16(c) supports the fundamental TM surface waveafavavelength of 0.61y, as can
also be calculated from Equation (6.4). When théfoum metal is replaced by
“metametal”, the dispersion curve will bend fast@ray from lightline (Figure 6.4(b)).
Therefore, a larger wave vector plus a decreasetkleagth (0.2610) is expected.

According to the dispersion relation, this trendll valso shrink the length of the
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exponential tail in the dielectric side, as candbearly seen comparing thid field
distribution in thesy = 1.0 region of Figure 6.16(c) and (d). We hawoalbserved the
variation of wavelength relative to the thicknegseach repeated unit, as have been
mentioned in [170], which indicates the limit of EMind a general preference of using

thin layers to match EMT’s prediction given by Etjoa (6.2).

6.6 Conclusions

We have theoretically and experimentally invesgdathe MMI stack as a
plasmonic metametal and studied its capability opp®rting surface waves and
engineering surface plasmon frequency. The analsigests a concept of effective
surface plasmon frequency that can be well comipland provides new insight into
using MMI stacks to accomplish deep subwavelengéging and artificial dispersion of
electromagnetic waves. The outlined design rulesldvempower researchers to excite
more confined surface waves from a limited poolptEsmonic materials for optical
lithography and subwavelength imaging, as well@agnvision and demonstrate novel

detecting/sensing scheme.
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7 ACTIVE PLASMONICS

7.1 Introduction

Surface plasmon waves are formed by the combinatiaptical EM fields and
free electron gas oscillation. For one thing, tbenbination maintains the frequency of
optical waves, which is usually at the higher ehtetecommunications above 100 THz.
For the other, the free electrons exhibit negapgemittivity and could possibility yield
subwavelength mode spread and hence extreme éafthement. These two features are
highly attractive for the development of communimatsystems or photovoltaic (PV)
energy systems, which usually demand both finecdsywvaveguides and high operation
frequency (Figure 7.1, adopted from [190]). Itherefore important to explore “active”
plasmonics, especially the possibility to modulateletect plasmonic waves as well as to

enhance the optical absorption with the assistahpt&asmonic elements.
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Figure 7.1 Plasmonics for faster operation and smaller dimensen.
Adopted from [190].
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As a fairly new and advanced topic in nanoplasngractive plasmonics have
been a heated topic for more than 5 years [19Hrdégg the development of plasmonic
source [192], plasmonic modulators [44], plasmodétectors [193] and plasmonic-
enhanced solar cells [194]. In this chapter, thia@uwill present possible approaches
toward active plasmonic devices with numerical datians and possible fabrication

steps.

7.2 Approaches

Plasmonic waveguides are never known as of inceddw loss and long
propagation length. Instead, it features accepthide for on-chip signal transmitting,
extreme confinement for high density deployment anddanced light-matter interaction.
Due to the ohmic loss of metals, it is also diffido design plasmonic cavities for ultra-
high Q-factors. Following the argument made above, itressonable to consider
plasmonics’ role in monolithic OIC as active moduleith small foot-prints, fast

responses and critical sensitivity.

Several important discoveries have been reported active plasmonics.
Regardless of the comparatively |o@ of plasmonic cavities, prototypes have been
developed for plasmonic lasing source [192]. Atwatal has demonstrated a field-
effect device controlled by electric modulation J[54vhile optical modulation of
plasmonic waves has been reported in [118]. ReceBdrini et al [193] has also shown
that a Schottky diode can be made through the fitomaf plasmonic waveguides. The
inspiring research mentioned above predicts at leas promising approaches toward
active plasmonic devices. The first is based oreresl electromagnetic fields, which

could change the property of materials in plasmatrigctures. In this way, one can either
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change the propagating mode’s propagation lengtimdrgasing the loss of an involved
material or even eliminate the original guided madel make another mode dominant
(usually with drastic change of propagation dis&égnb4]. This concept can also be
designed into resonant devices with nonlinear nradar better performance at narrower
working bandwidth [55]. The second is to use plasimanodules as detectors or
antennas for fast paced signal beyond terahertztrspe. This can usually be

implemented by designing Schottky diode [193]-[198] even tunneling (Esaki) [197]

diodes [198]. Based on the approaches mentionedeabs well as the structures
presented in previous chapters, future work anthéurefforts are suggested in the next

section.

Moreover, the surface waves bounded by plasmonitiraés could not only
carry signals but also help to effectively deliaerd store optical energy. With more and
more concerns given to development of clean orrgezeergy, the technique to directly
convert solar radiation into electrical energy, Wno as Photovoltaics (PV), has
undergone great progress [199] [200]. The strusttiat can absorb solar radiation and
produce electrical current are generally referegedd solar cell. Under current scientific
lab condition, 24.7% conversion efficiency is repdr[199]. Based on the pace of past
and recent development of solar cell efficiencys #tonversion ratio is expected to be
close to ~30% by 2040 [200]. As a newly emergedrgnesolution, however, PV
technology uses cost per watt of electric poweregated as the major figure of merit,
instead of the conversion efficiency. The most ificgmt impact of this economical
consideration is the domination of silicon in P\dustry, while silicon is in no way a

perfect material for solar cell at the first glarj280]. According to [200], the element of
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silicon in its various forms (amorphous, crystaliretc.) takes 99% market share in PV
technology for the year of 2002, and the costilafosn takes almost 50% of the whole

PV modules manufactured in the world.

Thin-film silicon PV structure, therefore, is potatly competent in reducing
module cost, while sustaining stable performancé5% conversion efficiency is
acceptable for thin-film PV) [200]-[202]. Based tre overwhelmed use of silicon and
the well-developed silicon VLSI technology, thitAfi silicon solar cells have great
design freedom and have already had several ppastior further development. One of
the following sections will discuss the designstluh-film silicon platform, on which

metal contact is formed and plasmonic structuresramorporated.

7.3 Electric Field for Modulation

7.3.1 Background

Guiding modes in plasmonic waveguides are deemesitse to small changes
in guiding materials. For a metal-insulator-metaMINl) or metal-insulator-
semiconductor (MIS) waveguides including an insalabre for mode confinement, this
small change can take place in either the insulai@r or cladding layer. For a 20-nm
lossless insulator with refractive index1.45 buried in gold, at 1.55m the propagation
constant of the fundamental TM mode (2-D case) bellabout 2.654 with a propagation
loss of 3.00 dBIm. To achieve amplitude modulation, the guidingaaren be filled with
active materials. For 0.01 variation in the imagynpart £=1.4540.01) of its refractive
index, the real part of the propagation constarit still be close to 2.654, but the
propagation loss be risen to 3.46 gB®/ In the example shown above, a -3 dB

modulation can be achieved for a propagation leng§th5um. A trade-off regarding the
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core dimension is expected. For one thing, a tmimsilator layer requires less power to
switch, while for the other, a slightly thicker et layer will generate more absorption.
Based on this approach, one can introduce the rpattan of the refractive index in

insulator layers to a 3-D single mode MIM wavegsigeeviously described in Chapter

4, in which further optimization regarding the gagllayer’s thickness is expected.

Another prior approach worth a special mentioroighange the refractive index
of the metallic layers, as shown in [118], to explthe interband transition of plasmonic
materials. Similar methods can be applied to dsffierfield-effect devices with a
semiconductor layer as the cladding layer. UsuallyIS device can possibly support
various guided modes with different propagatiorgtas. Different external voltages will
be able to push dominant modes from one to anatietherefore change the throughput

with careful designs [52] [203] .

The field effect devices switched by vertically-setectric signals, as reported by
Atwater et al [54], can be adapted for a variety of active plasic devices. For
example, Lu and Zhao [203] have tried to exploeefibssibility of integrating graphene
layers into plasmonic waveguides to form an ulgasitive channel for bias voltage.
Based on the approach suggested in Figure 7.29@eimed from Figure 2 in [203]), one
platform of interest made of multilayers have bésicated by the author, and will be

prepared for graphene transfer in near future.
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Figure 7.2 Comparison of transverse E-field profiles with or wthout
external voltage (1. = 0) for two graphene-based designs. Adopted from
Figure 2 in [203].

7.3.2 Fabrication approach

Specifically, the platform fabrication can startthva double-side polished wafer,
which will be later etched through after the supipgr layers of graphene are
successfully deposited. Based on the approachesnshbove, one possible design with

doped polysilicon for about 150 nm is shown in Fegd.3.

---- Graphene ‘
ik
SiN,
s I
SiO, L
Cu hd

Figure 7.3 One possible design with doped polysilicon as thepporting

layer. The substrate silicon is not shown in thisigure. Silicon nitride layer is
deposited between silicon dioxide and polysiliconotmake the supporting
layer more tensile.
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Firstly, about 1.5:m thermal silicon dioxide is grown on the bare detdide
polished wafer. This is followed by sequential dg&pon of silicon nitride for 50 nm and
polysilicon for 150 nm. The silicon nitride shoube@ of tensile nature to balance the
compressed silicon dioxide underneath. Polysilicortop will then be doped by placing
the wafer in anneal furnace for N-type dopants.oAly the top side of the polysilicon
will be functional, the silicon nitride and polyisibn on bottom side will then be etched

by SR/O, in Oxford 80 while the top side is protected by &3 photo resist.

Figure 7.4 SEM images of half through holes (with 20Qum silicon left,
left) and through holes into 500um silicon substrate (right) after etched by
Oerlikon.

Secondly, the bottom side will be patterned by e-stepped etching process. The
first step is to pattern the silicon dioxide hardsk, which is made possible by coating
SPR-220 photoresist at 2-2.5 krpm for a targektiess of > Zm. The silicon dioxide is
then etched by CHFO, in Oxford 80 until approximately 100-nm is lefthen the
thickness of left-over oxide can be measured byi&tfics F40. The rest oxide layer will
bear over etch for 2-3 min into Silicon in Oxfor@ &ith CF, as the gas. After removing
the edge bead, the wafer is etched by Oerlikon diéiepn etcher. The half-through holes
with approximately 20Qum silicon left and the final through holes are shaw Figure

7.4.
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Finally, the silicon dioxide on top side can be osed by wet etch before
graphene transfer and electrodes formation. Alintiag¢erials, processing details and tools
mentioned in this section are accessed through ellofdanofabrication Facility

(www.cnfusers.cornell.edu).

7.4 Tunneling Diode for NIR Light Detector

7.4.1 Background

Detection of NIR light in telecom regime can be Idraging because of its low
energy, especially for silicon-based optical cinguiNIR plasmonic waveguides, on the
other hand, can also be regarded as NIR signalecand have been explored as an
effective platform for detection. Metal layers ilmgmonic waveguides can naturally form
electrodes, and could make the detecting unit pi@dgn more compact. Waveguide-
integration of Schottky diodes have been studiedritically [193] [195], and have also

been developed to yield high efficiency internabjgemission (IPE) [196].

Another approach towards NIR detection comes from tunneling effect of
electrons across the metal-insulator-metal bafgiéd]. Tunneling diodes (Esaki diodes
[197]) have been extensively studied for millimetar THz wave detection [205].
External radiation is received by a rectifying amta (rectenna) which usually contains
capacitors with very thin insulator layers. Wavelguintegrated tunneling has also been
reported [198], pushing the detection limit to lu®. With the size of MIM diodes
decreasing further to operate at NIR spectruns matural to exploit the possibility of
combining MIM waveguides and MIM diodes togetheratthieve a compact detecting

solution.
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7.4.2 Theoretical evaluation

To this end, the direct coupling process from diele waveguides to plasmonic
waveguides can again be used to excite SPP wavBBMhwaveguides as shown in
Chapter 3 and 4, in which the optimization of tleeiging efficiency will finally yield
high signal-noise-ratio for a detector. The cut-fsfquency of a MIM diode can be
estimated by 1/2ZC (Figure 7.5, adopted from [206]), where the valus related to the
impedance of the antenna or waveguide @nid the capacitance made of the MIM’s
overlap [206]. For gold-Si@gold waveguides with < 10 nm barrier and 40-nmtkidk
is calculated that a 50-nm overlap (forming a 50ny#0nm MIM diode) is sufficient to

rectify signals as fast as 300 THz.

Antenna MOM Diode

6) Vgpeos(ot) Rp(V) Cp=

/1

Figure 7.5 Equivalent circuit to evaluate the cutoff frequency of an
MIM tunneling diode. Adopted from [206].

The estimation above assumes the waveguide impedenthe valug. This will
not be practically possible because to isolate dime area, and there must be

discontinuity in the MIM waveguide area. The ostithn of free electrons has shown to
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be able to “leap” across and small gap area andtaiaithe surface resonance, as shown
in Bloch surface plasmons [207]. This feature cppliad to design MIM diode with
ultra-small capacitance area, although the waveguidpedance will need to be
corrected. For standalone insulating gaps, a feadifg schemes have been explored
numerically as shown in Figure 7.6, in which thed# area will be further connected

with electrodes.

(a) SiO,
Si
\ MIM Diode
(b) MIM Diode SiO
. v/ 2
Si

Figure 7.6 Top-view of possible diode formation in (a) side ampled and
(b) point fed.

The demonstration of this type of diode requireg falignment between different
levels. The bus waveguides and bottom electrodes & aligned using e-beam
lithography, following the basic fabrication appecbantroduced in Section 4.3. Because
the insulator in MIM waveguides for this applicatids thinner and the quality

requirement is extreme for tunneling devices, igmibe better to use atomic layer
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deposition (ALD) to deposit the insulator for ackmness of about 10 nm. The top

electrode again needs critical alignment to previayers.

7.5 Plasmonic-enhanced Solar Cell Prototype

7.5.1 Background

Silicon is the dominating material in PV marketkéiin other semiconductor
industry, the cheap raw material makes siliconrst foption for large-scale PV module
manufacturing. However, as mentioned above, evestailine silicon has indirect
bandgap and therefore the absorption is less lilkehappen compared to direct bandgap
material, which means the thickness of the absmmgtyer required for sufficient solar
power conversion is greatly increased. It is caltad that at least 1Q0n film is
required for silicon-based design if the module asning at practical use or
commercialization [200]. Smaller thickness, as vasllany defects or impurities inside
silicon will decrease the total number of photomemated free carriers that can be
channeled out by contacts, in the form of unwanestbmbination. There have been
several approaches to address the disparity bettiveedesire to reduce film thickness
and the comparatively low absorption of silicon.eOaf the most straightforward
methods is to use thin films with surface textuescrease the optical path of incident
beam inside silicon region, to reduce the bacleotitbtn and as a result to partially
compromise the comparatively small diffusion lengthphoton-generated carriers in
silicon. However, the surface features are genertile order of hundreds of nanometers
and even higher [201] [202], which limit the ma&tthat can finally be saved from using

thin films.
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Two schemes for plasmonic enhanced absorption haea discussed recently,
thanks to the growing interest in Plasmonics [2G8asmonic behavior is known to be
related with subwavelength field or power confineméuge field enhancement in near-
field, rich physical interaction on structures’ fawe or tip, etc. The first type of
application of plasmonics on solar cell design,chitias been an active research topic, is
related to metallic surface features on the fraohe ¢facing the sun) of the module [209]
[210]. The plasmon enhanced light-trapping canaeplthe thick and complex surface
features of silicon [211]. In this case, metallsidnds’ on top of silicon interact with sun
rays firstly, help as a transceiver to transmit enpower into the active region below.
Samples with considerable absorption improvemeri wiasmonic effect [212] [213]
have been demonstrated. The second type, recemppged by [194], shapes a metal
layer on the back side of the silicon absorbingtagcting both as a plasmonic structure
and a back contact. In this case, the metal lagetess light that have gone through the
thin silicon layer, redirecting part of them into-plane propagating mode of either
photonic or plasmonic nature. It has been estiméitetthe SPP loss of these plasmonic
structures will not destroy the performance of #im solar cells. Instead, a bold
estimation of over 85% efficiency can be theordigcachieved by using wisely designed
plasmonic features [214]. Both of these two appneadave shown the promising future
of plasmonics for enhanced light absorption, witkry clear advantages over

conventional schemes based solely on dielectriemadt
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Figure 7.7 Physical structure of typical plasmonic scatteringsources. (a)
Plain silver, (b) bar element extended normal to ektric field, (c) bar
element parallel to electric field, (d) cross elemmt and (e) ring element. The
golden arrows show the polarization of electric filel, while the blue body
presents silicon. The structure is upside-down tohew the shapes clearly.
The silver substrate is therefore omitted in thesesketches. A sketch with
metal included is shown in Figure 7.13.

7.5.2 Numerical analysis

Here we try to boost absorption by novel desigsazttering structure below the
thin-film silicon layer to improve the performane@ plasmonic behavior. As recent
development of plasmonics has inspired researctersise metal to harness the
propagation of light for solar energy concentratitime key target is to exploit the

redirecting ability of plasmonic structure, whileamtaining acceptable operation
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bandwidth. To achieve this, one needs surface remtio tune the random, broad-band
sunlight more similar to an in-plane waveguide motas texture-facilitated coupling
process will give more freedom for beam-redirectingecause certain plasmonic

configurations support low-loss sharp turn.

The pioneered work of this approach [194] has gi&dh numerical results with
conceptual 3-D layouts included. The prototype anly gives competent results of
absorption enhancement, but also provides a phattordevelop new designs. While the
original calculation is limited to 2-D, it is nes@sy to perform 3-D analysis based on
plane-wave excitation to better understand the ggoof light absorption. Here we use
the full-vectoral numerical method to design metattering source, in pursuit of steady
and significant improvement over plain silicon. Simulate the proposed prototype, we
have used finite-difference time-domain (FDTD) noethto model the interaction
between a broad-band plane wave and the PV shadlabsorption in the same unit with
power can be easily retrieved in FDTD simulatioheTtonventional and reliable way to
evaluate the absorption comes from taking the demee of Poynting vector inside the

active region (in our case inside the silicon thim). This can be simplified further by
considering Abs(w) =V - (%real(E(a)) X H(a))) = %w|E(m)|zlm(esilicon) . All

parameters in the equation above can be accessed RDTD simulation results. A
broadband simulation is usually needed, and thé&ribation from different wavelengths

can be resolved from AM 1.5 [215].
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Figure 7.8 Absorption profiles of topview (1/4 of the total aea) at 50 hm
above the boundary between silicon and silver fora] plain silver, (b) bar
element extended normal to the electric field, (dar element parallel to the
electric field, (d) cross element and (e) ring eleemt.
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Figure 7.9 Absorption profiles of side view aty=0 (half of the total area)
for (a) plain silver, (b) bar element extended norral to the electric field, (c)
bar element parallel to the electric field, (d) cres element and (e) ring
element.

We have performed several 3-D FDTD calculations donumber of different
scattering sources (Figure 7.7) below silicon ftlmverify the absorption enhancement
coming from plasmonic behavior. The absorption ifgsfare plotted for comparison as
shown in Figure 7.8 - Figure 7.10, followed by tbalculated enhancement factor
(normalized to the absorption from plain silicoysus wavelength (Figure 7.11). They
show clearly the amount of energy absorbed by itle®is thin-film, and its dependence
on the polarization. They also show that the ‘led€ment (with the electric field going
across the bar, not along), and also the ‘crogsheht, have significant surface waves’

contribution. This is quite expected after previetisdy of surface waves excited from
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nano-size slits [59] [63], which explained how thréntation of nano-size slit determines
the efficiency of power coupling from free spacestoface waves. In the bar element
case, each small segment of the whole bar candaeded as a nano-slit that effectively
‘incouples’ plane wave into surface wave. It isopathown that the ‘cross’ element gives

higher absorption than any other displayed conéitons for most wavelengths (Figure
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Figure 7.10  Absorption profiles of side view at x=0 for (a) plan silver, (b)
bar element extended normal to the electric field(c) bar element parallel to
the electric field, (d) cross element and (e) ringlement.

Based on these 3-D results, new designs can bmatécit to improve the

performance of bar element, with at least two appaapproaches:
(1) Combine bottom features with front ‘islands*touble’ the enhancement.

(2) Re-design the back scattering pattern for béghkt harvesting.
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Figure 7.11 Normalized enhancement ratio of 4 different scatténg
methods. Note that the ‘Barl’ curve is related tolte structure of Figure 7.7
(b), while the ‘Bar2’ curve to Figure 7.7 (c).

Regarding the simulation setup, two concerns arghamentioning. The first is
about the lateral boundary of simulation regiomc8i we are more interested in the
behavior of a single scattering source, it is gaedio only simulate one scattering source
by using periodic boundary condition. But sinceasoays will be random mixtures of all,
the way to arrange single scattering source intmg@ie or random array is also crucial. If
the scattering sources are periodically arrayegam@meter scan of the periodicity is
necessary to optimize the performance. The seconcken is on the role of polarization.
For the 2-D calculations found at [194] and othedevant literatures, the polarization is
oriented in the favored direction for surface plasmvaves. While previous simulation
favors the ‘cross’ shape that gives sufficient tecatg into surface waves, the random
nature for polarization of sunlight should not leglected. At least two ways to arrange
the cross element are possible (Figure 7.12), ¢pyoattering elements out either orderly

or randomly. The preferred layout will need to legifled on experimental level.
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(a) (b)

Figure 7.12 Two schemes to lay out the scattering sources. (&fross”
elements in a crystal-like array; (b) “Cross” elemats in random.

7.5.3 Future Plan

Following the numerical results reported above, c@a start from theoretical
study combined with numerical modeling and optitie@g and then proceed to

demonstration and experiments.

Firstly, it is necessary to look through all thesigas that can incorporate
plasmonic effect based on the back scattering gutatf For example, the concept of
plasmonic antenna [125] [216] can provide a betigight into the scattering from metal
textures. One possible approach is to start froenfaletor of polarization, and then to a
formalism of the matching problem as in antennaope From the direct coupling
concept between optical mode and plasmonic mod8],[itlis possible to figure out

novel and efficient coupling schemes that can fieisito thin-film PV modules.
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(@) (b)
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Figure 7.13 (a) Amorphous silicon deposition on glass, (b) Sion
pattering, (c) Metal evaporation on top of silicon.Sunlight input from glass
(front) side. The upside-down looking is for illustation purpose only.

With better understanding into the physics related solar radiation and
plasmonic scattering source, it is still crucialpgrform 3-D FDTD simulation for better

designs. This is to be followed by the fabricatammd demonstration of these new designs.

The first step of measurement is to make opticaingmission/reflection
measurement on PV substrates. Optical measuremstraightforward with results easy
to understand, which is good for qualitative evatra of a prototype and making

primitive optimization. For simplicity, straightfaard fabrication scheme can be used.
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The fabrication process of this sample can beaiiied on a glass wafer piece, followed
by deposition of amorphous silicon as absorptigerdaThe silicon can then be patterned
using RIE to form the profile of scattering souféégure 7.13). Finally the evaporation

of metal will cover the whole silicon area and la¢ same time form the contact. The
measurement will be performed to calculate theec#ithn from the sample using spectro-
radiometer when illuminated by simulated sunligkiier from basic illumination system

or from more complex and accurate setup. The esalh then be normalized to that
without any surface scatterers. It is expectedoseose a decreased back reflection from
the front side when designed rear contacts are, is®duse more power will be directed

to in-plane propagation.

Secondly, the electrical performance of the sangale be characterized by a
combination of illumination system and electricafolpe stations. For electrical
measurement, the top contact must be realized. pbssible to choose the single-sided
electrodes setup upon the design progress availabken both P and N type region for
electrodes are formed on rear side. With all thevabaccomplished, an overall
performance evaluation regarding the conversioniciefficy can be done. The
enhancement from the surface feature design ofc@acts can therefore been obtained

according to the actual electric performance.

7.6 Conclusions

We have discussed the advantages of integratirggnolaic devices into optical
integrated circuitry or PV energy systems. Two epl@® of active plasmonics for
communications systems are given to show the pmqiiture of on-chip plasmonic

modules, in the context of low-power modulation dadt sensing. The modulation
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scheme is expected to be developed on active rmalstesuch as grapheme, and the
preliminary fabrications results are presented. THaar-infrared sensing utilized a
tunneling diode formed by a plasmonic waveguideatgasn equivalent circuit is used to

estimate the performance, while a few proposedcsires are shown. This is then
followed by exploring the possibility to integraptasmonic scatterers into solar cell
substrate to enhance the light absorption effigierithe plasmonic back-scattering
structure has been numerical verified as a promuisindidate to further improve the

performance of silicon-based thin-film PV systems.
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8 CONCLUSIONS

In this dissertation, subwavelength plasmonics hasen studied and explored
analytically, numerically and experimentally forriaus potential applications, such as
optical communications, data storage, subwaveleinggiging, optical sensing, etc. As an
important branch recently established within thaifp of photonics, plasmonics has the
potential to overcome critical limitations of tréidnal photonics such as diffraction-limit,
while maintaining the attractive features of optstgh as fast operation. The research
covered in this dissertation tried to address sg¢\we@mmplex issues on different aspects of
nanoplasmonics, with a concentration on the integraof plasmonic features to optical
subsystems, so as to make the interesting feawfrgslasmonics more effectively

realized.

8.1 Compact and efficient plasmonic coupling

In Chapters 2-4, the monolithic launching and eton of SPP waves are treated
as the key issue. All three chapters design intedrplasmonic devices with simple and
straightforward interface for efficient couplingtiveen optical and plasmonic domains,
and concentrate on exploiting the small-footprimdsmonic modules as plasmonic
junctions or optical focusing devices. Specificakxperimental validation reported in
Chapter 4 is one of the first demonstrations of atitmc 3-D MIM plasmonic
waveguides with deep subwavelength scale (sub-100riransverse directions for 1550
nm light) waveguiding, based on the numerical desigd optimization presented in

Chapter 3.
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All the plasmonic devices presented in Chapters &4 the direct coupling
scheme for plasmonic excitation. This approach barees the motivation of building
plasmonic features into compact optical structamed platforms. Numerical simulations
using the FDTD method have helped to verify thesgmlity of expanding 2-D direct
coupling to 3-D, and integrated devices are dematest on the versatile silicon-on-
insulator (SOI) substrate. The reported prototygresnot only integrated devices based
on direct coupling, but also examples of plasmonadules on top of the dominating
SOI platform for on-chip optical circuitry. The qaing and integration approach
mentioned here is a competent candidate for dexwedap and deployment of future

plasmonic building blocks.

The full potentials of the reported plasmonic desién Chapters 2-4 have yet
been fully unleashed. Specifically, the on-chip ofanusing achieved in the related
chapters could contribute either as a plasmonictijon in the middle of an optical path,
or a standalone plasmonic probe to sample or edimiscule energy. The near-field
radiation of plasmonic heads can produce unpaedllebnfinement of electromagnetic
wave and be invaluable for nanophotonics. The cenfient is so extreme that advanced
near-field measurement such as NSOM is usuallyiredjdo characterize the radiation.
As discussed in Chapter 4, radiation in such ssdle has already been utilized for
next-generation magnetic recording. It is also fmbsso foresee the plasmonic heads

themselves as delicate detecting channels as ffatuce characterization methods.

The work reported in Chapters 2-4 above are ambaditst a few discoveries
made for compact plasmonic couplinbhe demonstration of direct coupling and

mode transformation delivers one of the first protdypes for efficient plasmonic
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couplers to squeeze near-infrared (1550-nm) lightnto sub-100nm scale in the

transverse direction.

8.2 Spoof plasmonics and indefinite metamaterials

Chapters 5 and 6 explored the possibility of utiliz periodic structures for
subwavelength waveguiding platform as a type ofefimte metamaterial, with a
concentration on the expansion of conventional Ueegy range predetermined by
plasmonic metals. Chapter 5 followed the designéiase plasmon approach to push the
frequency limit of spoof plasmonics to THz and ew&dz regimes. Chapter 6 explored
the tunability of periodic multilayered stacks fmgineered, propagating surface waves
with arbitrary surface plasmon frequency. Effectiveedium theory, transfer-matrix
method, FDTD simulation and Kretchmann ATIR expenms have been sought to

verify the shifting of surface plasmon frequency.

The concept behind Chapter 5 and 6 is the indefimetamaterials and their
tunable electromagnetic (EM) property, for the camnpurpose of engineering and
tailoring the EM behavior of carefully designedustures based on traditional materials.
The simulation approach mentioned in Chapter 5 shétp complete one of the first
demonstrations of domino-type surface plasmon waideg in GHz spectra. The design

has also been shown to be highly scalable espeaallHz and GHz spectra.

The metallic grating designed for domino surfacaspions is one example of
broadening the application range of plasmonics. Jinace waves are engineered to
have a subwavelength evanescent tail, which idlyatdferent to the field profile on top
of a flat metal surface, especially in THz spec@aatings can be thought of as surface

corrugations laterally modulating the materialpiane, providing one way of designing
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indefinite metamaterials. It is therefore highlytural to also think of the possibility to
periodically modulate the material in vertical diien, as elaborated in Chapter 6
towards the metal-dielectric multilayer. After tbagh theoretical analysis, the concept
of effective surface plasmon frequency for a metainwas proposed and quantified.
Numerical simulations and experimental efforts haveved this analysis to be very
efficient in designing multilayers for shifting thaectual (effective) surface plasmon
frequency of this type of multilayer composite cetarmetal. One possible application to
be explored in near future is for development affaze plasmon resonance sensors.
More work can be done to expand the 2-D analys& M by including surface patterns

for lateral mode confinement (in plane).

The results and especially the calculation appragttbwn in Chapter 5 have
paved the way for many successful experiments pagd in the author’s lalChapter 6
proposed for the first time the conception of effdtve surface plasmon frequency
and applied the theory to multilayered meta-metal m an elegant and efficient
manner. It has also suggested a practical optimizatiorsibdgy for optical sensing

using surface plasmon resonance.

8.3 Active plasmonics and future work

Chapter 7 discussed the future work based on prswcbapters, especially from
an active plasmonics’ point of view. Preliminarybifi@gation results for a field-effect
graphene-based modulator are presented as therplafbr graphene-based active
devices, followed by the theoretical analysis ofieegrated tunneling diode that might
be developed into a near-infrared waveguide deatedibe possibility to utilize the

plasmonic-assisted light harvesting in novel saelf design is also discussed. While
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further experimental work is necessary to demotestteese concepts, the discussion and
preliminary results given in this chapter has dgica promising future of integrated

plasmonics.
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10 APPENDICES

10.A Analytical solution of MIM waveguide

% 4/24/12
% fundamental TM mode, 2d mim waveguide calculation

function  [gamma_c,km,kd] = waveguide_mim(d,epsm,epsd)

nm = 1le-9; c=299792458;
lambda = 1550*nm;
omega = 2*pi*c/lambda;
k=omega/c;

gamma=zeros(1,2*length(d));
start = [0;2];
options=optimset( ‘TolFun' ,1e-16, 'MaxFunEvals' ,1024);
for ii=1:length(d)
[gamma,fval] = fsolve(@(gamma)
[real(tanh(sqrt(epsd-(-j gamma(1)+gamma(2))"2)/ j*k*d(ii)/2) -
sgrt(epsm-(-j*gamma(1)+gamma(2))"2)
[ sqrt(epsd-(-j*gamma(1)+gamma(2))"2)
* epsd/epsm);
imag(tanh(sqrt(epsd-(-j gamma(1)+gamma(2))"2)/1 *k*d(ii)/2) -
sgrt(epsm-(-j*gamma(l)+gamma(2))2)
[ sqrt(epsd-(-j*gamma(1)+gamma(2))"2)
* epsd/epsm)],start,options);
% [gamma,fval] = fsolve(@disp_func_mim_multi,start, options);
alfa(ii)=gamma(2);
beta(ii)=gamma(2);
gamma_c(ii) = alfa(ii)+beta(ii)*j;
km(ii) = sqrt(epsm-(-j*gamma(1)+gamma(2))*2)/j;
kd(ii) = sqgrt(epsd-(-j*gamma(l)+gamma(2))*2)/j;
end

10.B Matlab code to implement transfer matrix method, sngle layer case

% 4/24/12

% transfer matrix review for off-axis SPR
% Simple case, prism-coating-substrate
% clc;clear;

% Constant

C = 299792458,

nGlass = sqrt(2.1);

n_Ag500 = (sqrt(-8.56-1i*0.6225));

nAir = 1.0;

% Material and Spectrum Definition. lambda = 500 nm
lambda = 500e-9; k=2*pi/lambda;

nin = nGlass;

nout = nAir;

% Structure Definition, d1 as nl's thickness
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din =0;
d1 = 20e-9;

% Input Angle tin for theta_input
t = linspace(20,90,200);
tin = t/180*pi;

% t calculation

% costl for cos(tl), costout for cos(tout)
costl = (sqrt(1-(nin/n1.*sin(tin)).”2));

costout = conj(sqgrt(1-(nin/nout .*sin(tin)).*2));

% 1. Phase term f for phi and

% 2. polarization based ref. index np for n_prime r
polarization

% 3. a factor

% Details seen in p253, Salen and Teich, 2nd Ed
% TM polarization

% Two interfaces case, described by 7.1-27

fin = nin*k*din.*cos(tin);

f1 = n1*k*d1.*cost1,;

npin = nin./cos(tin);

npl =nl./costl;

npout = (nout./costout);

ain = (cos(tin)./costl); %al2

aout = ((costl)./ costout); %a2l

% Setup Matrix, Min and Mout
M11 = (npl+npin)/2./npl .*ain;
M12 = (npl-npin)/2./npl .*ain;
M21 = (npl-npin)/2./npl .*ain;
M22 = (npl+npin)/2./npl .*ain;
Minl1l = M11; %.* exp(-1i*fin);
Minl12 = M12; %.* exp(+1i*fin);
Min21 = M21; %.* exp(-1i*fin);
Min22 = M22; %.* exp(+1i*fin);

M11 = (npl+npout) /2.*aout./npout;
M12 = (npout-npl) /2.*aout./npout;
M21 = (npout-np1l) /2.*aout./npout;
M22 = (npl+npout) /2.*aout./npout;
Moutll = M11.* exp(-1i*f1);
Moutl2 = M12.* exp((+1i*(f1)));
Mout21 = M21.* exp(-1i*f1);
Mout22 = M22.* exp((+1i*(f1)));

% Calculation

M11 = Moutll.* Minl1l + Moutl2 .* Min21;
M12 = Moutll.* Min12 + Moutl2 .* Min22;
M21 = Mout21.* Minl1l + Mout22 .* Min21;
M22 = Mout21.* Min12 + Mout22 .* Min22;

S11 = (M11.*M22-M12.*M21)./M22;
S12 = M12./M22;
S21 = -M21./M22;
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S22 =1./M22;

% Plot
figure(1), plot(t,abs(S21).72, --'); hold on
plot(t,abs(S11).72.*real(nout.*costout/nin./cos(tin ), '--r' ); holdoff

curve = abs(S21)./2;
spr=find(curve==min(curve))
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