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Using a fully vectorial formulation, the normal mode analysis method is used to model
for what is believed to be the first time, the radiative spreading of surface plasmon-
polariton modes input into regions where the bound surface mode is cutoff, or radiative.
The analysis was performed at A = 1.55um for embedded infinite-width slabs and finite-
width strip metal waveguides where the metal was Au and the surrounding dielectrics
were Si0p and LiNbOs. Mode cutoff is induced by an asymmetry between the index
of refraction of the top clad and the bottom clad. Comparisons between predictions
and experimental results for cutoff finite-width waveguides show very good agreement.
The analysis was performed for a range of waveguide dimensions and results show that a
dynamic range of better than 20dB is possible for an appropriate waveguide and dielectric

asymmetry. Practical applications are outlined to make use of this cutoff effect.
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Introduction

Simply put, surface plasmon-polaritons (SPPs) are electromagnetic waves propagating
at the surface of a metal and a dielectric, where the metal has a negative dielectric
constant. This class of modes has been studied since the turn of the century in the context
of radio waves travelling along the surface of the earth.! In the 1940’s Fano® studied
these modes at optical frequencies to explain the Wood’s anomalies in metal diffraction
gratings. Later, Ritchie,® Stern and Ferrell’ and others contributed theoretically to
the understanding of these surface modes. SPPs were first observed in electron energy
loss experiments® and were later observed optically in attenuated total reflection (ATR)
experiments devised by Otto® and Kretschmann.” These methods are still used today in
surface characterization and measuring the optical constants of metals.®

Once the surface modes at one interface were understood, research moved on to thin
metal slab waveguides®'? and it was found that if the slab was made thin enough that

a special class of coupled SPPs emerged with longer propagation distances. This led to

14-16 7

a number of device applications such as modulators, sensors,!’ and polarizing de-
vices.!® Plasmons have been associated with a number of other recent ideas, from optical

transistors'® to plasmon lasers?®?' and light emitters.? The broad term plasmonics is



now used popularly to describe plasmon-based technologies.
In recent vears, as fabrication techniques continue to improve, this field has seen

a number of exciting and active branches develop. These include photonic band gap

4 26

waveguides,? plasmons in nanoparticle chains,? channel plasmons,?® and nano-wires.
Recently, finite width SPP waveguides were predicted?” % and experimentally realized.?
These are analogous to the low loss slab waveguides, but have mode confinement in two
dimensions rather than one and are a candidate for a new integrated optics technology.
The slab and finite width SPP waveguides will be the primary subject of this work.
The bound modes of these waveguides can be cut off if there is a sufficiently asymmet-

ric index of refraction between the top and bottom clads surrounding the metal %3931

SPP optical modulators in thin slabs!41%

are often based on, or related to this concept of
mode cutoff. In these modulators the SPP waveguide is not the fundamental guiding el-
ement in the devices, but is used to couple the light out of the main dielectric waveguide.
The high loss in the SPP waveguides or the coupling to SPPs extinguishes the signal in
the off-state of the modulator. These surface plasmon rescnance or attenuation based
modulators often require bulk items like prisms to couple the light into the metal and
are not necessarily suited to planar lightwave circuits. In this work the SPP waveguide is
the main guiding element. Light is coupled into and out of a region where an asymmetry
is switched off and on in the cladding index of refraction so that mode cutoff is induced
and the mode radiates away from the core. The input and output source can be other
planar SPP waveguides in parallel, or edge coupled fibers. If the asymmetric region is
long enough a large dynamic range can be found between the off and on states. Mode
cutoff is analyzed for a range of slab and finite width waveguides using the normal mode
analysis method. Radiation spreading loss is predicted in order to find lengths necessary

for sufficient dynamic range. To our knowledge an investigation of SPP mode spreading

in cutoff waveguides has not been performed in slabs or in strips.



This document is set up as follows: chapter 2 outlines the requisite theory and back-
ground for SPP waveguides. New results are given for silica and lithium niobate clad Au
waveguides. The current basic knowledge of SPPs waveguides is put into a consistent
formalism and most of it is generalized for diagonally anisotropic, lossy media.

In chapter 3, the mode cutoff effect is introduced and analyzed, and new cutoff results
are presented. The normal mode analysis method is then introduced and validated and
radiation loss curves are given for infinite width (slab) waveguides in silica and lithium
nicbate.

Chapter 4 is similar to chapter 3 and here we lock at finite width strip waveguides,
as opposed to the infinite width slabs. We also compare the theoretical predictions with
some recent experimental results and discuss some practical device applications.

Chapter 5 has some concluding remarks and suggestions for future work.



2.1 Introduction

We now look at the necessary theory behind plasmon based waveguides. A plasma is
an neutrally charged group of positively and negatively charged particles (approximately
the same number of each). A plasma oscillation®* is when one group of charges moves
relative to the other, such as in a metal with electrons moving with respect to the positive
ions. The quantum of the plasma oscillation is a quasi-particle referred to as a plasmon.
It is a boson,® so it follows Bose-Einstein statistics and has integer spin, although we
will not look at it in that much detail in waveguide analysis.

At optical frequencies, the Drude model of the permittivity of the plasma (or metal)
predicts a negative permittivity. This is not quite the same concept as negative refrac-
tion, which requires both negative permittivity and negative permeability®® to create an
effectively negative index of refraction. At certain frequencies light may freely propagate
through the metal while at others it will be sharply attenuated and surface modes may
exist at the interface with a dielectric.

The field of plasmons has matured to the point where an introduction to the optical



properties of metals and sometimes even surface plasmons is included in many stan-

35-39 4044 45-47

dard texts in solid-state physics, optics and electrodynamics. Some of the
material in this chapter is thus found scattered in one place or another in varying no-
tations and systems of units, and not specifically focused on waveguiding. A number of

Vv’OI'kS’QS‘SI

are also devoted to SPPs themselves, but these works are now out of print
and of limited availability. The goal here was to bring together the background necessary
for proper introduction to SPP waveguides, and place it into an updated and consistent

notation generalized for lossy, anisotropic media.

2.2 Relative Permittivity of Metals

As mentioned earlier an SPP propagates at the interface of two materials of opposite
sign of permittivity. In this section we look at the origin of the relative permittivity in
metals and show how it may change signs depending on the frequency. We consider the
metal to be a free electron gas where conduction electrons are free to move about in the
metal with no restoring force from a host atom. Assume now that these electrons are
subject to a time harmonic electric field (optical wave) of the form E = Eye ') where
w is the angular frequency of oscillation. If treated classically’? as a free particle, the

equation of motion of the electron is

>y 1dy e it
Et‘é‘ + ;EZ = ——TEEoe ; (2.1)

where 7 is the average time between collisions for the electron, and its reciprocal w, = 771

is referred to as the collision frequency.?® m is the mass of the electron and e is the
elementary charge. The following derivation follows Kittel®® and adds damping courtesy

of the second term in (2.1). The end result can also be found from the Lorentz model for



the optical properties of lossy dielectrics by setting the resonant frequency wg to zero.”’
Bquation 2.1 has the solution y(t) = yee™™*, and upon substitution we find the

position of the electron at a time ¢ to be

el
Flm e e 2.2
yit) m{w? + w/T) (2:2)
The polarization P is defined as the induced dipole moment (p = —ey for an electron

at position y) per unit volume so if NV is the number of free electrons per unit volume

the polarization is

P = —Ney
e?N

We also define the polarization for linear dielectrics in terms of the permittivity of

free space ¢g, and the electrical susceptibility x. as
P =eoxE =€ (e, — 1) E. (2.4)

¢, the relative permittivity, or dielectric constant of the metal, is found by equating

(2.3) and (2.4)

2 2 2
w w } weT

w(w +i/7) e +Zw(1+w2'r:’)’

(2.5)

where wy, = ‘/%NTE; is the plasma frequency. This is commonly called the Drude model
for the dielectric constant of a metal since it is based on the Drude theory of electrical
conductivity.?®

Often it is useful to work backwards from (2.5) and find the plasma frequency and



relaxation time in terms of the dielectric constant ¢, = ¢ + i¢! | resulting in

1— R
P = 1 - BV R (2.6)

7
Wey,

Note that a heavily doped semiconductor will optically have the same behavior as a
metal and a similar derivation can be done for its dielectric constant. It turns out to be
similar to that of a metal with the only alteration being the replacement of the ‘17 in the
first real term in (2.5) by the relative permittivity of the undoped semiconductor.?

In the following sections we will discuss the consequences of a relative permittivity

of this form.

2.3 Plane Waves in a Metal

2.3.1 Dispersion Relation

We first look at plane waves propagating freely in a metal, away from any boundary or
surface. This can be more simply understood as an optical wave propagating through a
material with relative permittivity e,.

We assume a plane wave travelling in the z-direction with wavenumber (or propaga-

tion constant) £ and frequency w with an electric field of the form
E = Foel2—by, (2.7)

where

B =w\/<h. (2.8)

i is the permeability which from now on is assumed to be the permedbility of free

space p = lp (nonmagnetic media) unless otherwise noted and € = ¢,,¢q. If the relaxation



time 7 — oo {the lossless approximation) then the relative permittivity of the metal

simplifies to

€m=1— j;. (2.9)
3 simplifies to
W, w?
B= E\/1 - (2.10)

where ¢ is the speed of light in vacuum.

For w > wy, €, is real and positive and [ is real and the wave propagates along z.
However, if w < wp, €, is real and negative, § is imaginary and the fields attenuate as
e~ P along z. The wave is evanescent along z and therefore does not propagate.

Rearranging (2.10) we find the dispersion relation
w=,/*F* +wp, (2.11)

from which we see that for all real 8, w > w,. The consequences of (2.11) are discussed

in the next section.

2.3.2 Phase and Group Velocity

From the dispersion relation (2.11) we can easily find the phase and group velocity

remembering that w > w, for propagation. For the plane wave described in (2.7) the

w w? w? -1z
?}p:E:c 1+c2/32:6( ——w—2-) s (212)

phase velocity is




and is always greater than the speed of light in vacuum ¢. The group velocity

Jw
Y
w2
= 1- L (2.13)

and is always less than ¢.%8

In the limit that § — oo the frequency approaches the light line w = ¢ and the wave
becomes photonlike as it propagates identically to a photon in free space, i.e. the phase
and group velocity converge to c. As # — 0 the group velocity falls to zero and the wave
reaches a resonance at the plasma frequency wy, the natural frequency of oscillation of
the free electrons in the material. Between these extremes there is coupling between the
two excitations (the plasma oscillation and the photon) and we refer to the excitation
as a plasmon, although commonly it is referred to as a plasmon for all 4. This curve is

plotted later in comparison with the dispersion curves for SPPs (see Figure 2.3).

2.4 Surface Plasmon-Polariton at One Interface

2.4.1 Surface Polaritons vs. Surface Plasmon-Polaritons

The situation of surface plasmon-polaritons is much different from that of plane waves in
metals. A surface polariton is a surfacé electromagnetic wave at the interface between a
material with a negative dielectric constant (surface active medium), and a material with
a positive dielectric constant (passive medium) which induces a polarization in the active
medium and couples to it. When the polarized medium is a metal the surface polariton is
termed a surface plasmon-polariton, because of the plasma contribution to the negative

dielectric constant. Other types of surface polaritons exist such as exciton-polaritons®



and phonon-polaritons.5®

In the development of this field there have been several naming conventions where
‘surface plasmon’, ‘surface plasma wave’, ‘surface electromagnetic wave’, ‘surface po-
lariton’, and ‘surface plasmon-polariton’ all referred to the same excitation. Today fhe
situation has improved and most authors now refer to these waves by the less ambiguous

term surface plasmon-polaritons, for the case of waveguides.

2.4.2 Dispersion Relation for TM Surface Plasmon-Polaritons

We begin by solving for the dispersion relation of a transverse magnetic (TM, some-
times called p-polarized) surface polariton (ie. independent of the cause of the negative
permittivity) at one interface, and then apply it to the case of SPPs. For a TM mode
only the fields H,, F, and E, exist. Modes are solutions to Maxwell’s equations which

maintain their shape when propagating through a geometry constant in the direction of

propagation.

Y

1
¥
&

Fas ‘,32
Y=g T

L3
£z

Figure 2.1: Single interface structure for analysis of TM SPP. Interface at y=0.

We assume the coordinates as shown in Figure 2.1 with the z-axis out of the page
and two infinite half spaces joined at y = 0 with €; for all y > 0 and & for all y < 0.
We solve for bound modes, that is square integrable or normalizable modes whose fields

go to zero at y = +o0o0. Modes typically have discrete 8 values for a given geometry, in

10



contrast to plane waves which take on a continuum of values.
The TM mode is solved in terms of the H-field and we assume z-propagating fields

of the form
H1 = Ho@i(ﬁz_wt)‘klyi y > 07

——
o
et
isN

N

H, = Hyellewiithayg y <0,
where [ is the wavenumber or propagation constant along 2. £y and ky are the transverse
wavenumbers in media 1 and 2 respectively and the real parts of k; and k; are greater
than zero to maintain evanescent fields into regions 1 and 2.
The fields must satisfy Maxwell’s equations for source-free, time-harmonic fields in

anisotropic media®®

VxE = iwuH, (2.15)

VxH —iweg ¢; E, (2.16)

t

where €; is the relative permittivity tensor. We assume the materials are oriented so

that g will be diagonal with the form

€rz; U 0
€= 0 € O ) (2.17)
0 0 €y

where the elements are in general complex to account for material losses and the subscript
j denotes the layer.
Substituting (2.14) into (2.16) gives the electric field components in terms of the

H-field. The e™** time dependance is understood.

11



Ly __Hap eiﬁz—klyg
1 WEnEs .
weacuy y > 0, (2.18)
E21 — iHQAkl eiﬁz—-klyg
WEQEzzy

EW _ _ _Hp ea‘,@z+kzy§,
LWIE o1
y < 0. (2.19)
. iHgko ifztkoy s
ot Z
WEQLzzg

z2
H, is a normalization constant. The transverse wavenumbers are found by substitut-

ing the fields E and H into (2.15). We find

/)’2
ki = 4| €, (———kg) j=1,2. (2.20)

Eyy;

kg = % is the free space wavenumber.

The boundary conditions at y = 0 require continuity of the tangential fields. For the
case By, (0%) = E,,(07), where y = 07 and y = 07 are the points just above and just

below the interface, respectively, we find

k1+’f2

6221 6222

=0, (2.21)

and since &y > 0 and ky > 0 this shows that the surface polariton can only exist at the
interface between media with permittivity of opposite sign.
Now substituting for k; and kg in (2.21) and solving for 8 leads to a new dispersion

relation for single interface surface polaritons.

ﬁ — kﬂd (6322 - szzl) Eyyleyyz . (2‘22)

€zz9€yyz 7 Crz Cyyy

To our knowledge this is the first time the dispersion relation for the surface polariton

at the interface between two anisotropic media has been reported. This may be use-

12



ful for anisotropic metals and other composite nano-materials behaving like anisotropic
metals.?® The consequences of this new form may be quite broad and heavily specific to
individual materials. We will look at results for some anisotropic dielectrics later. If one

of the media is isotropic this reduces to the result reported by Stegeman®

3= kOJ oz (€2~ n) (2.23)

2
€5 ™ Ca by

Now allowing both media to be isotropic leads to the more common result®

g = ko\/ oz (2.24)

€1 + €2

Inserting the permittivity function for a metal into (2.22), (2.23), or (2.24) results in
the dispersion relation for surface plasmon-polaritons.

These dispersion relations place more conditions on €; and e for lossless media,
namely that in addition to the requirement that e;e; < 0 it is also required that €;+€ < 0
so that R{3} # 0 and the mode can propagate along z. This result holds approximately
for the lower loss modes we are most interested in. Workers have classified four different
surface plasmon type modes,® three of which only exist because of the damping in the
metal, which allows (2.24) to pick up a real part so that a mode can still propagate. By
that classification, the modes we will be looking at are termed ‘Fano’ modes although
Fano? himself referred to them as ‘Sommerfeld! waves’. The existence of the Fano modes
is not dependant on having loss in the metal.

The range of possible 3 values can be found from (2.24) assuming ¢; > 0 and setting

€3 = —(e1 + 0) with § > 0 since €1 + e < 0. We have

g = k@\/‘ €1€2

€1 + €2

13
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In the limit of § — 0%, 8 — oo and in the limit of § — oo, § — /e€1ko. Therefore,

=)

for bound surface polaritons 8 > /e1ko.

Figure 2.2 shows the propagation constant J = B7 + i3 for a range of values of &
above a gold® layer with ¢, = —131.95 + 712.65 for the wavelength Ag = 1.55um. ¢ is
given in terms of its associated index of refraction n; where the index of refraction is
given by

L€

Ny = 4 —, 2.26
! Ho€o ( )

where € = ee;. For nonmagnetic materials this reduces to n; = /¢;. We tend to work
with the relative permittivity for metals since for lossless metals a real negative relative
permittivity seems conceptually less abstract than an imaginary index of refraction. It is
often convenient to switch between the relative permittivity and the index of refraction,
and subscripted variables ¢; and n; should generally be taken to be related by (2.26)
throughout this work, if not explicitly stated.

The mode power attenuation (MPA) shown in curve (i) is the power loss per unit

length and is found from the imaginary part of the propagation constant B

MPA =0.02log,,(e)3" (dB/mm), (2.27)

where 87 > 0 for attenuating modes by our convention and has units of m™.

The phase part of the propagation constant shown in curve (ii) is given in the usual
normalized form referred to as the effective index of refraction 5% /kg or ness. Curve (iil)
is the curve 3%/ky = n; and is plotted as a reference. 3% /ky can usually be compared

to the cladding index of refraction to determine a relative confinement where higher

14



relative 3%/ky typically means higher confinement to the waveguide core, or in this case
the interface. Hence for increasing ny, the confinement increases and as curve (i) shows,
the MPA also increases. MPA is more than 10dB/mm for all n,, so single interface SPPs

are very lossy, and have limited range.

551

4.5+

R
Bk,
w
o
T

@

w
T

25} 0

Mode Power Attenuation (dB/mm)

Figure 2.2: Propagation constant of a Au single interface SPP vs. index of refraction of
dielectric. (i) MPA, (ii) effective index of mode, (iii) 8%/ko = ni.

2.4.3 Phase and Group Velocity

As mentioned, the dispersion equation derived above holds for all surface polaritons. To
apply it to SPPs we insert the relative permittivity value for the metal.

Substituting the lossless version of ¢, (2.9) into (2.24) we solve for the dispersion



equation in a form with w a function of £,

2
: 1/2
i+ 2EPA(L - 1e) + AL+ e + /)] (228)

1
w = {- (2 + 71+ 1/e)

Note that €; is also generally a function of w for dispersive dielectrics. For a metal-vacuum

interface €; = 1 for all frequencies and (2.28) reduces to

2

1 Y
w= {5 (2ﬁ202 +wl = [40%A + wh )} . (2.29)

Using (2.9), (2.24), and the constraint €; + €; < 0, we find an upper bound on the
range of possible frequencies for lossless, single-interface SPPs

Wp

\/€1+1‘

w < (2.30)

This upper limit is the so called surface plasmon frequency, wsp,.

Note that for doped semiconductors the upper limit is

Wp

€1+ 656,

w< (2.31)

where ¢, is the relative permittivity of the undoped semiconductor.

Equations (2.28) and (2.29) are better understood after plotting them versus 3. Fig-
ure 2.3 shows generic dispersion curves for plane waves and surface plasmons. Curve (i)
shows the dispersion curve for the plane wave in a metal (as discussed earlier) and we see
that as /3 increases the curve converges to that of the dispersion of light in free space (the
‘light line’ w = ¢8/+/€1), curve (iii). For decreasing 3 the result converges to the plasma

frequency w, as discussed earlier. Curve (ii) is (2.29) or the dispersion equation of an
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SPP at a metal-vacuum interface. At low [ it converges to the light line in free space
while for high § it converges to w,/v/2 as expected from (2.30). Curves (iv) and (v) are
the dispersion curves for the SPP at an interface between a metal and a dielectric with
€ > 1 and the light line in that dielectric, respectively. Notice that this curve always
lies below that of the metal-vacuum SPP case. We have left ¢, independent of w here for
this example, but since € >1 for all dielectrics the curve will remain below the free space
curve for any value.

We see from Figure 2.3 that the phase velocity, v, = w/f3, and the group velocity
vy = Ow/0p for SPPs are always less than ¢. At low 3 they both converge to the speed of
light in the material €, and at high § they both converge to zero with the group velocity

converging much more quickly.

2.4.4 Excitation

From wave-particle duality we can say that the momentum of a photon with wavenumber
k = 0 is p = hk, where k is Planck’s constant divided by 2#. During any excitation,
energy and momentum (or proportionally the wavenumber) must be conserved.®® Re-
ferring again to Figure 2.3, we see that at a given frequency, the wavenumber of the
SPP is always to the right of the light line. This means that SPPs are not excitable
by light sources out of the plane of propagation or reciprocally that an SPP is a non-
radiative or bound mode, as we have shown. SPPs can however be launched by end-fire
excitation, 2% attenuated (ATR) or frustrated (FTR) total reflection,® and grating or

roughness coupling.?®4%

17



B

Figure 2.3: Generic dispersion curves for plane waves and surface plasmons. (i) plane
wave in a metal, (ii) metal-vacuum SPP, (iii) light line in vacuum, (iv) metal-¢; SPP, (v)
light line in ¢;.
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2.4.5 Plasmon Band Gap

From Figure 2.3 we see that for SPPs with small §, w — ¢f/./€; while for large j,
w — wy/ve1 + 1. Surface plasmon-polaritons are then limited to the frequencies w <
wp/ /€1 + 1 while plane waves (or radiating modes) are limited to the frequencies w > wy.
There exists then a so called ‘plasmon band gap’ in the region w,//e1 +1 <w < w, in
which no plasmon related fields can propagate. As ¢ increases the band gap widens as
seen by the differences between curves (ii) and (iv). This is an idealization for lossless

metals. If loss is included we find that damped excitations are possible within the gap.®

2.4.6 Power Flow

Power flow in optical waveguides can be found from the real part of the Poynting vector

which gives the time averaged energy flux density.*

s = -;—%{E « H'}
_ %m {3 (B,H; — B.H]) — §(E.H: ~ E.H)

+2 (B Hy — B,H2)}, (2.32)

where R{} represents the real part of the quantity in the brackets and * is the complex

conjugate operator acting on the field to its left. For TM modes this reduces to
1 .
S= 53% {4E.H; — 2E,H}}. (2.33)

For the single interface fields, using the fields (2.14), (2.18) and (2.19) gives the power

fiow on each side of the interface

19



Wen€zzy

2
{ Hyp 6~2k{2y
Weotyy,

R {—ih—ﬁ;ﬁl—e‘%f{y} 1
y >0, (2.34)
R ;

S =
ve y <0, (2.35)
g =

22
where kf’ is the real part of k; = kf + zkf . Sy, is zero in lossless media since k; and
€5, are both real. Taking the ratio of S, (y = 0) to S,,(y = 07) referring to the fields

just above and below the interface leads to (for lossless media)

S., = Y28, (2.36)

€y,

which shows that the power flows in opposite directions in region 1 and region 2, specif-
ically power flows backwards (negative z) in the metal region because €y, €y, < 0. This
result holds for all values of y for lossless modes.

For lossy modes this result still holds near the interface, provided the loss is not too
high. If the metal is in region 2 then the ratio of S,, (y = 07) to S,,(y = 07) leads to

the requirement:

Rl + el <0, (2.37)

which holds well for most cases such as an Au/SiOy SPP at A\g = 1.55um with e =

—131.95 4 412.65 and ¢, = 2.085 (values from Palik®®) for which the left side of (2.37) is
778, |



2.4.7 Normalization and Orthogonality
Modes are normalized according to

%/ExH*-sz =1
L JA

1y * % 4 ’ N
5 /A (B.H — B,H)dA = 1, (2.38)

so that the mode carries unit power along z. The integration is over the entire mode
cross section A. For 1D slab modes the integral is only along y, while for 2D modes the

integral is over the zy plane. For TM modes (2.38) reduces to
1 A
5 / _E,HdA=1. (2.39)
4

For lossless modes the power is constant along the length of the waveguide, but
for lossy modes the power attenuates as e 26"z The unit power interpretation of the
normalization therefore does not hold for lossy modes.

Normalized fields {E,H} are related to the original fields {E’,H'} by {E,H} =

{E',H'}/V N, where the normalization constant N is found from®
1 ' 14 I£3 ~
N:~1/E><H -,szl. (2.40)
21/a
Orthogonality between the normalized modes is then found from

H 1 A

S B, xH,-2d :—/En o BdA=G, 41

. /A x dA =5 [ BoxHy' -2 (2.41)

The indexes m and n refer to different modes and §,,, is the Kronecker delta,®® which is
Gifm#nand 1 fm=n.

For lossy modes the unconjugated versions of (2.40) and (2.41) are used although in
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practice to a good approximation the conjugated versions can be used for low-loss modes
if the complex part of the propagation censtant is taken into account when calculating
the fields and the field propagation.’? The modes we deal with in this report are in the

low-loss regime since for Au based waveguides, 37 < 3%, even for very thick layers.

2.4.8 Mode Spot Size

The mode spot size is usually defined as the width where the fields outside of the waveg-
uide core diminish to 1/e of their maximum value. With a surface mode this is easily
found since the fields decay exponentially away from the surface according to the trans-
verse wavenumbers k; and k. For low loss modes the mode spot size is

1 1

Wije = —% + —=. 2.42

For very high loss modes the imaginary part of &, ; is large and the fields are damped
oscillations moving away from the interface. Mode spot size and also the concept of a
propagating mode begin to break down in this regime.

The fields typically decay very quickly into the metal region so the mode spot size is
dominated by the field in the dielectric. Figure 2.4 shows that the spot size decreases
rapidly for the case considered previously with Au (e; = —131.95 4 i12.65) in contact

with an increasing index of refraction n;.

2.4.9 Example: Gold on Silica SPP

We now give an example of a gold (Au) on silica (SiO;) single interface SPP. The relative
permittivity values are €4, = —131.95+1412.65 and eg,0, = 2.085 at Xy = 1.55um, giving
a propagation constant § = 5.8099 + 10.004499 pm ™! so that MPA=39dB/mm.

Figure 2.5 shows the real (R{}) and imaginary (3{}) components of the flelds. The
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Figure 2.4: Mode spot size of a single interface SPP with Au as the metal, as a function
of index of refraction of the dielectric layer.
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fields spread much farther into the silica (y > 0) than into the metal (y < 0). Note also
that E, is much larger than F, in the silica. Although not visible on this scale the F,
component is larger in the metal.
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Figure 2.5: Fields for a Au-silica single interface SPP. Silica is in the region y > 0. The
H-fields are in units of A/um and the E-fields are in V/um.

Figure 2.6 shows the power flow for this case where Sy in (a) is more than 2 orders
of magnitude smaller than S, and is negative for all y indicating energy being directed
slightly into the metal. For lossy modes the mode shape stays the same, but the amplitude
diminishes. Since the metal is the only lossy medium, energy must be directed into it
from the lossy clads to maintain the distribution of energy in the mode.®? For lossless
modes S, = 0 for all y. In the z component we see the difference in signs between the

Au (y < 0), and the silica (y > 0) regions, as discussed earlier. The inset (c) shows a
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close up of the Au region and the negative sign of S,.
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Figure 2.6: Power flow for Au-silica interface. Silica is in the region y > 0. S is in units
of W/um? and the axes in (c) are identical to (b).

2.4.10 Note on TE Surface Modes

A similar derivation to above can be made for the case of transverse electric (TE, also
called s-polarized) surface modes. TE modes consist of only the fields E;, H,, and H..

We begin by assuming electric fields of the form

E, = Egei(ﬁz“wt)—klyﬁf y > 0,
(2.43)
E2 — Eoei(ﬁz‘“Jt)+k2yQA3 y < 0’
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eventually leading to a continuity condition for the fields similar to (2.21)

k .
Bk _y (2.44)
Ly He

However, for nonmagnetic media we have y; = pg = pp so {2.44) reduces to k) + ko =

which cannot be satisfied for bound modes since k; > 0 and ky > 0. As well naturally
occurring materials have 4 > 0, so bound TE surface modes cannot be supported whether
the material is magnetic or not. Recent progress in negative refraction and left handed
materials® has led to composite materials which effectively have p < 0 and this may

open up the possibility of TE surface modes.

2.4.11 Polarization

We have seen that SPPs are exclusively TM polarized for single interfaces and within
each mode, Yariv and Yeh have noted that the fields above and below the interface are
elliptically polarized and orthogonal to each other.**? This highly polarizing property
has led to applications in fiber optic polarizing devices.'® We will see next that for double
interface SPPs, the modes are again TM polarized. Later on when looking at finite width

guides, the situation becomes more complicated.

2.5 Surface Plasmon-Polariton Coupled Between Two
Interfaces

2.5.1 Introduction

Imagine now an optically infinite (thick) metal having interfaces with a dielectric at

y = *+oo. Let two single interface SPPs then also exist at y = Foo. If the thickness of
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the metal is decreased, eventually the fields of these two modes begin to couple through
the metal, creating supermodes. We can guess that there will be two bound surface
modes for this sort of structure, a symmetric supermode corresponding to both modes
having fields with the same sign of amplitude (polarity) and an antisymmetric supermode
corresponding to the modes having oppesite polarity at the interfaces. These modes are
denoted as s, and ap vespectively, with the subscript referring to the bound nature of the
modes {leaky modes are also known to exist!?).

We now have a three layer structure with a metal slab between two semi-infinite
dielectrics. Quite often SPPs can be investigated using only three layers and we outline
the modal solutions for that case later. First though we look at the more general case of

a multilayered structure. This will be used in the analysis of radiation in chapter 3.

2.5.2 Modal Methods for Multilayered Slab Structures

To analyze multilayered waveguides we use the common transfer matrix method. 45
A transfer matrix is used to calculate the field strength at each interface, relative to
some other point in the structure. The method gives a transcendental equation for the
propagation constant (.

The formulation used closely follows Chen® so it will only be summarized here. The
structure is shown in Figure 2.7 where the layers are infinite along z and along the
propagation direction z.

Within each layer j we assume TM fields of the form

Hy = 3H, (y)e®, (2.45)

By = [§E, () + 2B, (y)] 0. (2.46)



Putting these into Maxwell’s equations (2.15) and (2.16) gives the wave equation

d*He, (y)

S+ ki Hy(y) = 6, (2.47)

dy

where k; within layers 1 to r has the form

ki = o kG — %/ eyy;- (2.48)

We also find the electric field components

E.(y) = ez A2 .

;) e dy (2.49)
-f

B, (y) = Hy (y). .

H,, and its y-derivative must be solutions to the wave equation (2.47). For the
intermediate layers we assume a sine and cosine dependance of the fields and after some

algebra we may relate the fields at the bottom of one layer to the fields at the bottom of

y?«i"»l 4—-} /\d

Yy f—r T

i3] S,

; ]

Yz 2 2
P dl \
h=0-9—2= e
£, &

Figure 2.7: Architecture for multilayered slab structure.
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the layer above it through

Ha,(ys) | cos(hydy)  ~Fsin(ksdy) Ha, o (Y1) (25)
i He(ys) 2hsin (kydy)  cos (kydy) iy Hay (W)
My

In the substrate and cover layers we assume flelds which exponentially decay away
from the waveguide core

Hys (y> = Aseksy y < 0, (2 52)

Hyc (y) — Ace_kc(y'yr+1) y > O7

where 1,41 is the position of the bottom of the cover layer. A, and A, are constants of
which only one of them will be independent and is determined by normalization of power

in the fields. The transverse wavenumbers k, and k. are given by

2
ks = o|€m (—ﬁ———kﬁ), (2.53)

o

2
ke = o\l (—~ —/qg>. (2.54)

The fields at the top of the substrate (y = 0) can be related to the fields at the

bottom of the cover (y = y,41) through repeated applications of (2.51)

Ag My M2 A,
= , (2.55)
Ak Ack
o Mgy Ma2 -
8 C
where
My T2 r
= H M. (2.56)
Moy  Tgg J=1
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M; is given in (2.51).

Removing A; and A, from (2.55) leads to an equation for the propagation constant

ks kok, k.
mMiy — Mg — Moy +
€, €prp €2 €22,

22 zzgCz2e

F(B) = ) (2.57)

If the waveguide is symmetric we can exploit this property by separately solving for
symmetric and antisymmetric modes. We have previously found simplified equations for
this case.% For symmetric modes we place a so-called electric wall halfway through the
structure parallel to the other layers where i x E = 0 (7 is the normal vector to the

interface, pointing in the y-direction). The equation (2.57) then simplifies to

€zzg
F(B)=mu — L e = 0. (2.58)

For antisymmetric modes we place a magnetic wall halfway through the structure

where 7 x H = 0. For this case (2.57) simplifies to

6223
F(B) = G a2 T Mg = 0. (2.59)

After looking at the simplified case with three layers we will lock at modal solutions

to these equations.

2.5.3 Modal Methods for Three Layered Slab Structures

For the special case of a three layer structure the problem is greatly simplified. Although
broadly known for ¢sotropic layers, solutions for anisotropic three layered slabs are not

41,42,62,67-71 11451 in the standard work on SPP

given in the standard texts on waveguides,
waveguides with the exception of Stegeman who assumed anisotropic clads in one work®”

and Zhizhin who assumed anisotropic metal.®® The formulation for three anisotropic
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layers is now derived and given here. The basic structure is shown in Figure 2.8 and the

layers are again infinite along z and 2.

y .
b
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~ ,»\Z =
i.j 2 ey gt
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Figure 2.8: Architecture for three layer slab structure.

We begin by looking at the three layer slab where €, is generally different in each

layer. TM fields within each layer must again be solutions to the wave equation (2.47),

and are generally of the form

H = &H,(y)eP (2.60)

E = [§B,(y) + 2E.(y)] 0. (2.61)
The y-distribution of the H-fields for the bound modes take the form

| Ho (cos (nt) + 2% sin (kt)) e 7400y > ¢

Huy) = y Ho (cos (kmy) + ﬁi%ﬁf sin(kmy)) O<y<t (2.62)
| Hgeksv y <0

where k. and ks are the same as (2.53) in the previous section and k,, is found from

(2.48) with j = m. Hy is a normalization constant. The electric field components can

again be found from (2.50) and (2.49)
Enforcing continuity of tangential fields at the boundaries leads to the coeflicients

for the fields in (2.62) above, and gives a transcendental equation for the propagation
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constant

:.:.ml,u ! EZ_Z_’LYL,"
AE e ) (2.63)

€rze€rzg

Bl - . . - o . - s Rand >
There is a sunplification if the waveguide is symmetric (e.=¢,) where (2.63) becomes

2k ko,

tan (knt) = o ERTTY (2.64)
€z2m m €22 [
For symmetric modes of symmetric structures (2.64) becomes
ke €.
tan (kt/2) = —o (2.65)
k'm €zze
and for antisymmetric modes (2.64) becomes
km ~Z7
tan (knt/2) = = Crze (2.66)
,‘C EZZWL

These results reduce to the common results referenced above, for isotropic media.

2.5.4 Mode Spot Size

The mode spot size is defined and found similar to the case of a single interface SPP,
however this time the thickness of the core must also be accounted for. In lossless modes
ks and k. are real, but in lossy modes they is complex. The imaginary part of k; (j = s,¢)
will also contribute to the mode spot size if it is large enough. If (k)> >> (k])* where

kj = kf + ikf, the mode spot size is

Wl/e:—é-F———_-f—f/ (2.67)
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where ¢ is the thickness of the core. If { is large enough to significantly contribute to the

mode size, the interfaces will usually be decoupled.

2.5.5 Validation of Mode Solver

To validate the model we compare with an often cited result’® for a three layer, asym-
metric slab structure with €,=-19+i0.53 (silver), ¢,=4.0, and ¢,=3.61 at a free space
wavelength of Ag=0.633pum. We solve for the two bound modes: s, and a;, (we will
discuss these modes further in the next section), using the multilayer slab model and
compare with values extracted from the referenced curve. Figure 2.9 shows that the
current implementation of the model is in agreement with the reported results. The new

equations derived for the three layer cases concur with these results.
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Figure 2.9: Validation of mode solver for 3-layer SPP modes. Real (a) and imaginary (b)
parts of the normalized 5. Circles are approximate values taken from curves reported by
Burke.!?
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2.5.6 Bound Modes of Symmetric Slabs: Silica and Lithium

Nigbate

The topic of bound modes in symmetric slabs has been thoroughly documented, 0137273
so we will only briefly go over the fundamental modes for the two materials we are
interested in, those being silica (Si03) and lithium niobate (LiNBO3). We use Au for the
metal throughout.

421949 and are reminiscent

Dispersion curves {w vs. ) for thin slabs have been reporte
of the curves for the single interface case only with the plasmon band-gap smaller. These
curves differ considerably above the surface plasmon frequency when material damping
is considered.®! The approach here, however, will be to look at design curves for a single
frequency, well below the plasma frequency.

The equations for the propagation constant are transcendental, so they must be solved
numerically. They are rewritten with all terms moved to one side of the equality and set
equal to zero as in (2.57). Zeros of these complex functions are then found using Muller’s
method.”

Figure 2.10 shows the propagation constant for a Au film of thickness ¢ surrounded
above and below by silica at Ag = 1.55um. The material properties are the same as
before. Only two bound modes exist for this case in contrast to dielectric slabs where
many higher order modes exist for large {. This makes sense remembering that plane
waves in metals do not propagate in the frequency range that surface plasmons do, so
oscillations within the metal are not expected. The symmetric mode is labelled s, while
the antisymmetric mode is labelled a;, based on the symmetry of the H, or £, fields
about the center of the metal layer.

The a;, mode should not be thought of as a higher order mode than the s; since they

have quite distinct behavior. As ¢ decreases the MPA for the s, mode decreases to zero
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in the limit that ¢ — 0. In this limit the mode becomes a plane wave in the surrounding

material as we see the effective index 5% /k; — 1.444, the index of refraction of the silica.

Just before this limit at ¢ ~~ 0 the mode is infinite in extent as seen in Figure 2.11. The

ap mode does exactly the opposite as shown in both figures. Ast — 0 the mode becomes

tightly confined to the metal core region. Neither mode has a cutoff thickness and for ¢

large enough they share the same propagation characteristics as a single interface SPP.

Because the s, mode has relatively lower MPA for thin films it is sometimes called

the “long-range SPP” with the a; mode then being termed the “short-range SPP”.
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: Propagation constants for s, and a, SPPs for a Au film with silica clads.

Figure 2.12 shows the shape of the H-fields for (a) the s, and (b) the gy modes at

{ = 20mm. The a, mode is significantly more confined to the waveguide core than the s

mode and hence has a larger amplitude for the same power normalization.
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Figure 2.11: Mode spot size for a, and s SPPs for Au film with silica clads.
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Figure 2.12: Real part of the H-fields in A/um for (a) s, and (b) a; SPPs for a Au film
(0 < y < 20nm) with silica clads. Insets show closeup of field in the metal (same axes).
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Similar calculations were done for lithinm niobate (LN). LN is a uniaxial anisotropic
crystal,®h ™ meaning that the relative permittivity along one crystal axis (the extraordi-
nary axis, denoted with a subscript e) is different from the other two axes {the ordinary
axes, denoted with subscripts ord). As in silica, there are two bound modes for this struc-
ture, but in this case they will have different properties depending on the orientation of
the LN crystal axes relative to the interface. Since we are only considering symmetric
structures in this section, we assume that the crystals are oriented the same above and
below the Au film. At Ay = 1.55um e, = 2.1377? = 4.5698 and €,q = 2.2125% = 4.8952.

Figure 2.13 shows the propagation constants for the three crystal orientations. The
sp and a, modes show analogous behavior to the silica case, but we see some significant
differences within each mode depending on the crystal orientation. The solid curves
correspond to €;, = ¢, the dashed curves ¢, = ¢, and the dotted curves ¢;, = €. In
the limit as t — 0, £,(y) — 0 (since dH,(y)/dy — 0) and E, becomes the only electric
field component. The effective index of the mode then converges to that of a transverse
electromagnetic mode polarized along the y-direction, n.s; = n,, = /€, which we see
from the s, curves in Figure 2.13. We can also see this analytically from (2.65) if we take
the limit as ¢ — 0.

The solid and dotted curves are very similar as § is much less dependant on the value
of €,. (both curves have ey = €5rq). On this scale MPA is the same for each mode.

Where § was more dependant on ¢y, the mode spot size is more dependant on ¢,
as shown in Figure 2.14. This difference is more subtle than for § and will probably
be harder to verify experimentally than the § curves. In these figures the dotted and
dashed curves are overlapping. The inset shows a zoom in on the spot size for values less
than 2um and for a larger thickness range (with the same units as the main figure). For
t > 0.15um the spot size begins to increase linearly due to the increasing core size. At

this point the fields at each interface are essentially uncoupled.
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Figure 2.13: Propagation constants for a, and s, SPP modes for a Au film with LiNbO;
clads. Solid curves: €,, = €., dashed curves: ¢, = ¢, dotted curves: €;; = €.
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2.5.7 Metal-Insulator-Metal Slabs

The converse of the three layer structure described in the introduction is one where the
core is the dielectric and the clads are metal, known as a metal-insulator-metal (MIM)
structure {also known as metal-oxide-metal). Using the same model we can investigate
modes of this sort. There again exists one symmetric and one antisyminetric surface
mode for the symmetric waveguide case. Traditional dielectric core modes with the field
maximum in the core rather than at the surface are also supported. The H-fields for the
two surface modes are shown in Figure 2.15 for a bum thick silica core with Au clads
at Ap = 1.55pum. The propagation constants are shown in Figure 2.16 and we see that
these modes are less useful for waveguiding since the loss never decreases below that of
the single interface mode. The antisymmetric mode seems to have a resonance around
t = 0.5um and below this thickness, the propagation constant approaches zero. This
mode still appears to be guided with the same shape for a thin dielectric core, but the
term guided mode is only used loosely here as the mode has attenuation greater than
1000dB/mm.

These structures have been shown to emit light in what is called a tunnel junction
where the dielectric layer is very thin (of the order of 10nm) and a bias is applied to the
top and bottom metal.?? We mention these modes here for completeness only and will

not discuss them further as they have been well documented elsewhere 10257378
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Figure 2.15: Real part of H, fields in A/um for (a) symmetric and (b) antisymmetric
modes of MIM waveguide.




3 T T T T 1 T T T
25 @ |
° 2 symrmetric 7
mé
s T 4
1+ ] 4
05 antisymmetric
0 A 1 ! I 1 4 L i 1
0 0.5 1 15 2 2.5 3 35 4 4.5 5
t{pm)
10s T T T T T T T T T
(b)
- .
E 10 © antisymmetric 1
E .
i
<
o
2 0P T .
SYMMBHG e
100 L L 1 t 1 1 L 1 L
0 0.5 1 15 2 25 3 3.5 4 45 5
t{um)

Figure 2.16: Propagation Constants for MIM surface modes. Silica core with Au clads.
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Waveguides

3.1 Introduction

In this chapter we look at mode cutoff in SPP waveguides, specifically cutoff of the s,
mode outlined in the last chapter for the three layer dielectric-metal-dielectric waveg-
uides. We lock at cutoff caused by an asymmetry in the relative permittivities of the
layers above and below the metal layer, so that Eotes.

For small asymmetries the mode is still supported while if the asymmetry is too large
the mode becomes cutoff and no low loss bound modes are supported.'>3® We will see
that the a, mode is still supported, but recall that it has a high loss. Light input into
this structure then radiates away from the core.

This feature of SPP waveguides has been employed in the modulation of light!416
where the existence of the mode, or coupling to it, can be controlled by index of refraction
changes caused by the thermo-optic or electro-optic effects. In these methods the SPP

modes are used as the ‘off’ state, where light is coupled into them to produce a diminished
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output. The opposite approach is used here, with the s, mode being the input and output
state and the asymmetric region being used to radiate the energy away from the metal
(rather than into it). We seek in the next two sections to have a better understanding of
the length required to sufficiently attenuate an input mode in a region where the bound

mode is asymmetric or cutoff.

3.2 Cutoff of Bound Modes

3.2.1 Antisymmetric Mode

We begin our study of mode cutoff by looking at the antisymmetric a; mode. The
bound modes of asymmetric structures keep the same names for simplicity and they
are identified as the modes evolving from the symmetric and antisymmetric modes of a
symrmetric structure.

Figure 3.1 shows the effect of a changing index of refraction of the cover n, on the
propagation constant. The bottom clad is silica (n,=1.444) and the metal is an idealized
lossless Au layer with €,,=-131.95. The free space wavelength for all cases in this chapter
is Ag = 1.55um. Three metal thickness values are shown and the dotted curve represents
the higher of the index values of the substrate and cover layers. We see that 3%/kq is
greater than the index of either clad for the large range of n, shown, and for all thickness.
The q; mode then does not have a cutoff asymmetry and remains a bound mode. This

mode is therefore not of interest for this cutoff application.

3.2.2 Symmetric Mode in Isotropic Media

As mentioned in the introduction, the symmetric s, mode is susceptible to cutoff. Figure

3.2 shows the same structure as above with n,=1.444 and ¢,,=-131.95 and changing n.,

44



R
Bk,

1.1 12 13 1.4 1.5 1.6 1.7 1.8 1.8

Figure 3.1: Propagation constant of the lossless a; mode for labelled metal thickness with
ns=1.444 and €,,=-131.95 and with changing cover index of refraction n.. The dotted
curve represents the larger of n,; and n..
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for several metal layers. The dotted curve again represents the higher of the two cladding
index values. In this case we see cutoff occurring where 3%/k; is equal to either 1.444 or
n. for certain index asymmetries. Notice that the asymmetries are much smaller than
those applied to the g, mode. As the thickness is increased a larger asymmetry is needed
t0 cut off the mode. This also means that for a given asymmetric structure there will be

a thickness cutoff, which is something we did not see in symmetric structures.

1.454

1452+

1.45¢

Bk,

1.448

1.4461

Figure 3.2: Cutoff curves for the s, mode of a lossless Au layer of labelled thickness,
ne,=1.444 and €,,=-131.95. The dotted curve represents the larger of n, and n..

Recall that the fields above and below the core exponentially decay away from the
interface according to the transverse wavenumbers k. and kg which for isotropic media

reduce to

At the cutoff points % — ¢;k2 where ¢; is the higher of €; or €. so the corresponding
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transverse wavenumber goes to zero. At this point the mode is infinitely large into the

higher index media and we consider the mode cutoff. It is essentially a plane wave

travelling in that medium and this mode can no longer be excited by a finite source.
Figure 3.3 shows the spot size for the above case. Near the cutoff points the spot size

increases sharply so that the mode is only of a practical size for a limited range of n..
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Figure 3.3: Spot size of the s, mode for changing cladding index n. and labelled Au
thickness. n,=1.444 and ¢,,=-131.95.

In Figure 3.4 we see an example of the evolution of the s, mode as the index of
refraction asymmetry is increased from 0 to 18 x 107* which is very close to the cutoff
point. In this example, the waveguide is a 9nm Au slab (¢, = —131.95 + 412.65) with
ne = 1.444 and a varying cover layer {n, = 1.444 4+ én}. The normalization of unit power
(at z = 0) is consistent between the four plots, and we see the mode spreading into the

higher index region (y>9nm). Notice the horizontal scale on the fourth plot compared
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with the others.
Near the metal itself, the field peak at the interface with the low index (y = 0)
side has a higher amplitude than the field at the interface with the high index region,

y = 9nm, as seen in the inset in the fourth plot.
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Figure 3.4: H,-field profiles for a 9nm Au film in SiO; for successive index asymmetry
dn, where n, = ng + én. All vertical axes are the same. Inset in fourth picture is a
closeup of the metal region with the same axes.

We now look at cutoff curves for lossy Au (e,=-131.95-+112.65) and see that the
results are very similar for thin Au, but the cutoff points differ for thicker Au. Figure
3.5 shows these results. Assuming that n, is increased to the point where 3%/ky=n, (the

cutoff point for the lossless modes), for isotropic, lossy media we have

ke = /82 —n2k}
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Figure 3.5: Cutoff curves and propagation constants for the s, mode of a lossy Au film
of labelled thickness with an SiO, substrate. ng=1.444 and ¢,=-131.95+112.65. The
dotted curve represents the larger of n, and n,.
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but BE = n.ky and 8% > 3! so

ke = \/BRBT iy pRAL

Here we have used that +/z = + {\/(!z{ + ) /2 + (sign(y))iy/{lz| — 2)/2| for z = z + 1y

courtesy of Kreyszig.”

The real part of the transverse wavenumber k, is not quite zero, because of the small
imaginary part of 8 so the mode is not cutoff. From Figure 3.5 we see that a slightly
larger n. is needed for cutoff. This is more noticeable in thicker metals (higher loss,
larger 1), as shown by the t=30nm curve where the mode cuts off just past the dotted
line. The t==40nm curves cuts off for much larger asymmetry and the cutoff point is not
shown here. This blurring of the cutoff point occurs at a point on the curve where the
mode is very large and the imaginary part of the wavenumber causes the fields to be
oscillatory into the high index media rather than constant as in the lossless case.

At the cutoff points, the attenuation goes to zero as all of the power resides in one
of the clads, and is not absorbed by the metal. Some authors have interpreted this as
a means to increase the propagation length by many orders of magnitude.®® This may
work in some experimental techniques such as ATR, but we caution that for integrated
optics applications which use an end-fire excitation scheme the mode will be difficult to
excite since at the cutoff or low attenuation point it is impractically large (infinite in the

limit), while typical input and output fiber modes have spot size of the order of 10um.



3.2.3 Symmetric Mode in Anisotropic Media

In this section we present the results for LINbO3 (LN). LN is electro-optic, meaning that
its permittivity tensor varies with an externally applied electric field. LN has its largest
change in index of refraction along the extraordinary axis.** It will be shown that cutoff
only occurs for changes to ny, so we orient the LN above and below the Au layer to
have ny, = N, to make the results applicable to the optimal LN orientation. This is the
so-called “z-cut LN” or “z-LN” referring to the crystal axis of the LN (not to be confused
with the z-axis in our coordinate system).

Figure 3.6 shows the results where we use the value for lossy Au given above and
Ao=1.55pm. In the cover n,, varies as shown (corresponding to an externally applied
E-field along y) while n,,=2.2125 remains constant. In practice n, also varies with this
electric field, but to a lesser degree. In the substrate ny, = 2.1377 and n,, = 2.2125 to
match the cover. We will look at how this E-field can be applied in the next chapter.

The behavior here is similar to the silica case and a comparison is made between the
two in the next section. The full cutoff curve is again not shown for the t=40nm case
since its cutoff points are much farther out.

Recalling the transverse wavenumber now in anisotropic media

2
ks,c == \JEZZS,C < ,6 - k'g) . (32)
nys,c

From Figure 3.6 the cutoff points (lossless) are when % /ko = ny, = /&, so that either

ks or k. (corresponding to the high index clad) again go to zero.

For completeness we look at cutoff based on a change in the n,, component of the
tensor for the cover with n,,=2.1377 in the cover, and all other values as above. As seen
from Figure 3.7 no cutoff point exists even for the large range of n,. and small thickness

of 2nm. We conclude that mode cutoff is achieved by varying the component of the
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Figure 3.6: Cutoff curves and propagation constants for the s, mode of a Au layer of
labelled thickness with an LN substrate. Varying ny, in top clad. The dotted curve
represents the larger of n,, in the substrate and the cover.
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index of refraction tensor normal to the interface, the ny, component. Recalling that the
electric field £, was much larger than E, it makes sense that the mode is more sensitive

to the n,, component.
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Figure 3.7: Cutoff curves for the s, mode of Au with an LN substrate. Varying n.. in
the cover. Curves labelled with Au thickness.

3.2.4 Comparison of Silica and Lithium Niobate Modes

Modes in each media (Si0O; and LN) are now compared based on their relative confine-
ment (compared to the background index) which we define as én.5; = nesy —ny,. For sil-
ica them: 0ngfr = Nefs—n = Nepp—1.444, and for LN: dneps = nepp —ngy = Nepy —2.1377.
This has been found to be a good indicator of cut off sensitivity since this is approxi-

mately the amount of change in nesp = 6% /kg required for the mode to cut off. Figure
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3.8 shows that for a given thickness, the LN modes are much more confined than the
Si0, modes. This agrees with the earlier analysis of mode properties in Figures 2.10 to
2.14 where we saw a decrease in mode spot size, and an increase in attenuation for a
given Au thickness when switching from silica to LN. This is due to, among other things,
the smaller guided wavelength in LN where the constant metal thickness is now a larger

percentage of the wavelength.
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Figure 3.8: Comparison of mode confinement dngsp = negy — 7y for various Au thick-
nesses in SiO, and LN. n,, = 1.444 for SiO; and n,, = 2.1377 for LN.

Because of the higher n.s;, a larger change in the index ny,, defined as dnyy is
required for cutoff of the s; mode in LN than in a similarly thick metal in SiO,, as shown
in Figure 3.9. For modes with similar n.ss, the dn,, required for cutoff converges as

both values tend to zero for low confinement. The asymmetry required for cutoff diverges
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rapidly for higher confinement with the s, mode more easily cutoff in Si0G,. Cutoif points
are generally very similar for positive and negative dn,, (Figure 3.9 shows the average)
and are larger than the actual dngs;.
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Figure 3.9: Positive and negative dn,, cutoff points for s, modes of different confinement
in 8105 and LN.

A number of mode parameters are summarized in tables 3.1 and 3.2. 5ngyo is the
index asymmetry for cutoff. The three middle columns are mode properties for symmet-
ric structures. There are no parameters which generally correspond to modes in both
materials. For example, modes with similar dn.ss have different MPA and cutoff points,
while modes with similar MPA have different spot size.

The metal thickness in table 3.2 for the first two cases (2.1nm and‘ 4.7Tnm) are probably

not currently physically realizable as a continuous film, but are used for comparison with
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Snepy (x107%) | t (nm) | MPA (dB/mm) | Spot size (um) (x107%)
1.0 4 0.01 29 4
5.8 9 0.1 13 18
8.0 11.8 0.2 10 29
10 13 0.3 5.1 34
20 19 1 6.5 59

Table 3.1: Thickness, attenuation, spot size and 5n§zf values of specific s, modes for Au
in SiO, for a range of dngysy.

Onepr (x107%) | t (nm) | MPA (dB/mm) | Spot size (um) (x107%)
1.0 2.1 0.023 23 4
5.0 4.7 0.13 10 20
10 6.7 0.28 9.6 39
20 9.5 0.67 5.2 73

Table 3.2: Thickness, attenuation, spot size and 5n5y0 values of specific s, modes for Au
in LN for a range of dngg;.

Si0, guides with similar confinement. In the next section we will look at what happens

when light is propagated in a region where these specific s, modes are cutoff.
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3.3 Normal Mode Analysis of Radiation

3.3.1 Introduction

If the conditions for cutoff of the s, mode are met as described above, and the cutoff
portion of the waveguide is sufficiently long we can be confident that no energy will be
coupled back out of this waveguide, since there are no other low loss bound modes. The
question remains about what happerns to the energy in the intermediate region closer
to the excitation point. In this region we must consider all of the bound and radiative
normal modes of the waveguide.*

Although no low-loss bound modes are supported when the s, mode is cutoff, radiative
modes will still be supported. Radiative modes will be oscillatory in the regions above
and/or below the waveguide. These modes are approximated by enlarging the waveguide
system with thicker regions above and below the metal and additional free space clads
outside of these thicker regions as shown in Figure 3.10 (we will continue to refer to the
regions above and below the metal layer as the cover and substrate). As the thickness of
the €, and €, regions in section 1 increases, the number of normal modes supported tends
to infinity and approaches a radiation continuum. Since the radiation continuum is not
practically realized, the modes are discrete, with each mode having a unique number of
oscillations in the substrate and cover regions. To model radiation of our input mode
we decompose it into a basis of these normal modes. The basis is said to be complete
(for this application) if it captures all of the input energy. Finding a complete basis that
contains all possible modes is typically unnecessary and inefficient since coupling into
many of these modes is negligible. The modes of this structure are now bound not to the
metal region, but to the region between the free space layers. The system is closed, but
it is possible to model free radiation over a finite distance if the system is large enough.

This method is analogous to Fourier optics where free space radiation is calculated
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by decomposing the input excitation into a basis of plane waves. However plane waves
are not supported by this structure since even though the bound mode is cutoff, there
still exists a waveguide and two cladding regions and any optical wave must still be a
solution to Maxwell’s equations in this region.

Electric or magnetic walls could also be used at the outer boundaries rather than free
space layers, and would be necessary if radiating into free space, but for this application
are unnecessary. Using free space layers, the multilayer slab model used previously may
be employed by simply adding two thick layers, and a new equation for § does not need
to be derived. Either method would produce identical results for this application, as the
outer walls are moved far enough away from the core so as not to impact the results.

This common method is known as normal mode analysis, but is also referred to as
the eigenmode exzpansion method.”™ Related applications to this one were to model end-
fire excitation, reflection, transmission and radiation of single interface SPPs at abrupt

geometry boundaries™ and modelling cutoff of higher order dielectric modes.®® Another
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Figure 3.10: Geometry for normal mode analysis. 1: input region, 2: asymmetric region,
3: output region.
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common method for modelling wavegnide radiation is leaky-mode analysis, but Smith
and Houde-Walter showed recently that this approximate method fails for waveguides
near and beyond cutoff, since incorrect results are predicted.®

To our knowledge, neither the normal mode analysis technique nor any other method

has been used to calculate the radiation of cutoff SPP modes in slabs or in strips.

3.3.2 Transmission Between Regions

We will consider three regions for this analysis, the input region 1, the radiating region
2, and the output region 3, as shown in Figure 3.10.

Strictly speaking, a portion of the input field in region 1 is transmitted into region
2 while the remainder is reflected back into region 1. To calculate the transmission we
assume a local plane wave like behaviour at each point in the mode cross section and use
the transmission and reflection coefficients for plane waves. The transverse electric field
of the input just to the right of the interface (z = 0%) in terms of the field just to the
left (z=07) is

Esy (x, Y,z = O+) =1, F, (:c, Y,z = 0") ) (3.3)

where t| = 2n,/(n; + ny) for normal incidence and n; and ny are the index of refraction
values in regions 1 and 2, respectively.®® The corresponding H-field is then found from
(2.50).

The energy coupled across is found from the transmissivity, which for normal inci-

dence {which is the case here) is

47217?;2

2 3.4
(n]_ + 77@)2 ( )
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The corresponding reflectivity is

Ty — Tig

r={ Y, (3.5)

\ 1y + 7

80 that energy is conserved with B+ T= 1,

For our analysis we will be looking at the input mode from a symmetric waveguide
coupled into an asymmetric waveguide. For much of the mode cross section, ny = ng so
T = 1. In the remaining region we increase the index of refraction by an amount dn.

Putting ne = n; + dn into (3.4) gives

N 4ny (ng + dn)
4y (ng + 6n) + (6n)?”

(3.6)

Now since dn & ny, T =~ 1. Specifically for n; = 1.444 (SiO) and én < 0.094, T > 0.999
and for n; = 2.1377 (LN) and én < 0.14, T > 0.999. Since we will not be using
asymmetries larger than this, we may safely assume 7' = 1 and ignore reflections from
interfaces. This simplifies the analysis as we only have to account for forward propagating

modes and can ignore coupling to backwards propagating modes.

3.3.3 Modal Decomposition

We now represent the input field in region 1 in terms of a basis of orthonormal modes of

region 2.
Hpa(2=0) =Y aHX(z=0), (3.7)
k=1
where
_ 1 TTRPAS L
ck—§LE1x&k(z—M]-dA. | (3.8)
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As alluded to in Section 2.4.7, an unconjugated version of (3.8) would be used for very
lossy modes, but since we are in the low-loss regime the conjugated version works to a
good approximation.

It should be checked that the basis is complete enough to capture all of the input

mode.

i lee)? = 1. (3.9)
k=1

A minimum of 0.99 was set, but usually the value is within 1£0.001. In lossless and
low-loss modes |ck{2 can be thought of as the fractional power or percentage power in the
k-th mode.®? In the low-loss modes this is the power distribution at z = 0 only, since as
the basis modes propagate they in general have different power attenuation.

This basis is propagated according to the discrete propagation constants [ of each
mode a length z = [, and then coupled into the bound mode of region 3, which is set to

be the same as in region 1. We then find a coupling coeflicient for the whole system

1 . n *
oL = -/ Es X [Z ckH(zk)(z:L)} - 2dA
2J4 P!

1 LI i
= = / Es X [Z e THE (2 = 0)] L 2dA
2Ja =1

= >y [(ckeiﬁ’“L)*%/AEg X {H(Qk)(z - 0)]* ) 2dA}

k=1

= el (52, (3.10)

k=1

where the last step was found using B3 = F; and (3.8). The |ez|* factor in the last line
looks similar to the fractional power described above, but is here caused by the input
and output modes being the same and thus having the same coupling coefficient ¢; to

the k-th mode.
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The insertion loss {IL) for the whole system is now found from
) J
il = QOlOgm(!CL!). (311)

Since a minimum of 99% of the energy is found there is an approximate error in the

insertion loss of £201log,(0.99) = £0.09dB.

3.3.4 Validation of Normal Mode Analysis Method

Although the method is accepted and well known, we validate it here to highlight the
importance of the outer boundary position and the accuracy of the method and also to
validate this implementation of method. We do this by computing the free-spreading
of a Gaussian beam. Analytically this is computed using a common formula and the
derivation is found in many references.*! 67

Using the notation from Saleh and Teich,®” the Hy-field of a two dimensional (2D)
Gaussian beam varying spatially in z and y and propagating along 2 has the form

ik (2% + y?)

) +i(z)], (3.12)

22
Hx(fﬁ,y,z):Ho Wo eXpI: (:E +y)

W W) } exp {—ikz —

where

The last exponential factor of (3.12) contains the phase with the first term represent-
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ing a plane wave, the second term accounting for wavefront bending and the third term
adding phase retardation.%” z; is known as the Rayleigh range. The spot size at z =
is 2Wy and Hy is a normalization constant. Also A = Xg/n, where n is the background
index, and k = 27/A.

The one dimensional {1D) Gaussian beam form keeping in line with our siab model

can be found from (3.12) by removing the = dependency.

—y° iky?

Wo .
Hy(y,z) = W exp [m} exp {-zlm — SR(Z)

FiC(2)] - (3.13)

For both cases we will need the y component of the electric field which can be found
from (2.50)
i ;
Ey(y,2) = =/ —Ha(y,2). : (3.14)

€r€0

8 = ko\/€, with the Gaussian beam spreading into a medium with relative permittivity
€.

The insertion loss (IL) of the Gaussian beam coupled into its original state after
travelling a distance L is

ILGauss = 20 1Oglo (ICD ’ (315)

where ¢ is

c= %/AE(Z = 0) x H*(2) - 2dA. (3.16)

Modes are normalized according to (2.39).

Figure 3.11 shows the analytical curve as obtained from (3.15) and values computed
using the normal mode analysis approach for three different separations of the outer
boundaries. The input mode is a 1D, 10um spot size Gaussian beam and the medium
is Si0y (n=1.444) at Ag=1.55um. In the normal mode analysis the Gaussian beam is

centered in the middle of the thick slab of SiO; (with the free space boundaries above
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and below the slab).
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Figure 3.11: Spreading of a 10pum Gaussian beam in silica after a distance z. Analytical
spreading (solid curve) vs. normal mode analysis for three sizes of boundary separation
(50, 100 and 200um).

The method predicts the correct results up until a certain propagation length, de-
pending on the outer boundary separation, and better results are obtained for larger
separations. For a 200pum separation accurate results for the beam spreading are ob-
tained up to about 1700um. It is very apparent when the boundary positions begin to
influence the results as the curves begin oscillating rapidly.

Note that the spreading IL loss for a 2D Gaussian beam is twice that of the 1D case,
as spreading is then occurring in the x and y directions and since the Gaussian spreads
the same in all directions. An SPP excited on a slab in 2D will not necessarily have twice

the spreading loss of the values given here however, and we should keep in mind that the
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results in this chapter are only for 1D confinement and a comparison with experiment
will need to account for the distribution of the source with an additional factor. This
can probably be done to a good approximation by assuming a given source profile in
z, e.g. Gaussian, and determining analytically the additional spreading factor in the

x-direction.

3.4 Radiation of Surface Plasmon-Polaritons

3.4.1 Introduction

Using the method described in the last section, radiation of SPPs in varying degrees of
asymmetry and cutoff are calculated, for a range of propagation distances.

The loss in the waveguide in the symmetric state must be subtracted from the amount
of IL added with a change in index to accurately determine the additional loss, or dynamic
range due to the asymmetry. Doing this, the same value of dynamic range was found
using a lossy and lossless version of the same SPP waveguide, within the basis error
stated above. If the bound mode is not entirely cutoff, a portion of the input will
continue to propagate without radiating over the length of the asymmetric region at a
similar attenuation to the symmetric case. In this case the loss due just to the asymmetry
is approximately the coupling loss into the asymmetric bound mode. We have used a
lossless approximation for all guides, implemented by assuming a purely real dielectric
constant for the metal. From a design standpoint, if two waveguides have the same
dynamic range for a given asymmetry, it would be best to choose the one with the lowest
loss for no agymmetry, in order to have the lower on-state IL.

All index of refraction changes are done by adding an amount dn,, to ny, of the cover

region immediately above the metal for the anisotropic media or an analogous amount



dn to n of the cover for isotropic media. The results will be essentially the same for
subtracting this amount because globally the refractive index is about the same in both
cases (lowered only by an amount dn,, < ny, ). We will see more of a difference when
comparing the two materials, 510, and LN.

The asymumnetries used may not all be achievable in Si0; and LN, but the results are
not meant to be entirely applicable only to these materials. They were chosen in order
to first of all, use two common materials, and second of all to cover a range of refractive
indexes. Many polymers and crystals have similar refractive indexes, while having vastly

different electrooptic or thermooptic coefficients.*!

3.4.2 Estimation of Boundary Separation

Approximate outer boundary separations can be determined using a ray tracing method
where the total internal reflection condition, used in reverse (for the index values of
the clads), determines the angle of refraction away from the surface of the metal. If
a ray reaches the outer boundary it will be reflected back towards the core region and
unreliable results will be found. This method gives a good estimate of the size required,
but the method shown for the Gaussian beam spreading example with successively larger
boundary separations was used to determine it more accurately. All results in this section
were obtained using 500um of cladding above and below the metal layer for a total outer
boundary separation of 1000um. The thickness of the lower clad is not as critical since
the radiation is preferentially directed upwards, however a portion of the uncoupled
light spreads into the lower clad. 500pm was found to be a good approximation of the
radiation continuum in each clad, for the asymmetries considered and the propagation

lengths used.
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3.4.3 Radiation in Silica

Looking at the case of spreading in SiOs, in the asymmetric region we use n, = 1.444,
ne = 1.444 4+ én, Ao = 1.55um and the lossless Au is approximated with ¢, = —131.95.
The input and output regions are identical with én = 0 and the s, mode of the symmetric

region is the input and output field. Results for four metal thickness are given in Figure

3.12.
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Figure 3.12: Radiation loss curves for SiO;. Curves labelled with én with a factor of
10~* suppressed. Metal thickness and s; cutoff point: (a) 4nm, 6n°Y = 4 x 107%; (b)
9nm, 6n¢C = 18 x 107%; (c) 13nm, 6n°C = 34 x 107%; (d) 19nm, §n°° = 59 x 107%.

Ripples are seen in the curves for large én. This is interpreted as interference of the

z-directed plane waves in the substrate with those in the cover. The radiation modes
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are excited over a range of nep; = 3% /ky values as seen in Figure 3.13, but are typically
centered near the refractive index values in each clad. The plane wave in the cover will
have an effective index ngsre &~ n + 0n and the plane wave in the substrate will have
Nefss ~ n. Constructive interference will occur when there is a phase difference of 27

between the waves. This leads to a length for the first constructive interference point of

{ = Ao/(ﬁ,effﬁc - neffys) = )\0/’571. (317)

For plot (a) in Figure 3.12, the dn = 50 x 10™* curve has its first peak at 318 um with the
predicted peak at [ = 1.55/50 x 107* = 310pm while the dn = 20 x 10™* curve has its
first peak at 795um with the predicted peak at [ = 1.55/20 x 107* = 775um. The small
difference in values is because a large number of plane waves with a range of individual
ness values are excited to varying degrees in each region. Ripple is more pronounced for
thinner films and for larger dn. This suggests that the interference is suppressed by the
metal film, as seen in plots (a)-(d) with the dn = 50 x 107* curves. This could be because
more of the mode energy is in the metal for thicker films so the interference of the energy
in the clads is less pronounced. This ripple should be experimentally realizable and for
thin metal with large asymmetries any modulating device based on this should account
for a possible 12dB swing in radiation IL caused by choosing the wrong propagation
length.

It is now useful to recall the bound mode cutoff dn values calculated earlier for each
of the curves in Figure 3.12: (a) 4 x 1074, (b) 18 x 1074, (c¢) 34 x 1074, (d) 59 x 1074
In all cases the IL at the cutoff én point is no greater than -15dB, even after 5mm. For
case (a) the IL is only about -5dB after 5mm. This case was for the largest mode so it is
expected to spread less rapidly than the smaller modes. Along this line, the slope of the

cutoff curves decreases for larger z since as the mode expands it spreads less rapidly. The
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low loss after 5mm means that although the bound mode is cutoff the radiative modes
are not always radiating very rapidly and a considerable portion of the energy can still
be coupled out of the system. An asymmetry significantly larger than the cutoff value is
necessary to reach the -25 or -30dB IL level.

In each case, asymmetries that do not cut off the bound mode are also analyzed.
For these curves there is a transient region near the source after which the IL oscillates
around the coupling loss into the asymmetric bound mode eg. the én = 10 x 107* curve
in (b).

In the other extreme where the bound mode is well past cutoff (6n = 50 x 107*
in (a)-(c)) similar IL of about -30dB after 5mm is found in each case. This means
that changes to the metal between 4nm and 13nm only slightly perturb the radiation
for this asymmetry. Figure 3.13 shows the fractional power coupled into each mode in
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Figure 3.13: Fractional power in each mode in the basis for cutoff in SiO;, with t=4nm
and dn = 50 x 1074,

the basis for the case t=4nm, dn = 50 x 107%. We see several distinct regions in this
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curve. As discussed earlier, bound SPPs must have 8% /ky greater than the larger of the
two cladding regions, so no bound SPP modes exist for this case. The curve is smooth
hetween 1.444 and 1.449 since normal modes in this region are bound to the high index
upper clad and are exponentially decaying into the lower clad, so they always overlap to
some extent with the input mode which has an exponential tail into both clads. Below
1.444, the normal modes are oscillatory in both clads and do not necessarily overlap well
with the input. The asymmetric bound mode g, has a much larger n sy and was never
needed to complete the basis. Its overlap with the s, mode in a symmetric structure is
identically zero and this does not change considerably for asymmetric structures.

The modes necessary to form a complete basis are typically contained in a small region
of the complex S3-space. The equation for § is then plotted on a very fine grid over this
region and a simple algorithm finds the minima of the equation. These minima are then
refined using Muller’s method as before. A tolerance of 107® away from a minimum is
set for refined eigenvalues.

The number of modes needed depended greatly on the asymmetry of the structure
with small asymmetries only requiring the bound mode plus a few radiation modes to
capture the input, while large asymmetries may require 200-300 radiation modes. Good
basis orthogonality was found with cross coupling power coefficients between any two
modes in the basis typically below 1077,

Figure 3.14 gives a visualization of the H-field intensity, ]H¢|2, spreading into the
top clad (y > 500um) for t=4nm, én = 50 x 10™*. For y < 500um a portion of the
light slowly spreads into the lower clad. Near y = 500um the complicated interference
behavior manifesting itself as ripples in the cutoff curves is seen. For y > 500um, light
is leaving the core at roughly the total internal reflection angle, throughout the length.
At z = 5000um the intensity is very oscillatory in the top clad, characteristic of a leaky

mode.
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Figure 3.14: Evolution of the H-field intensity |H,|* along z in SiO,, with t=4nm and
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3.4.4 Radiation in Lithium Nicbate

Te compare with silica, the spreading in a medium with a much different index of re-
fraction, namely LN, is computed. This will give an idea of the variability of changing
material platforms. The next section compares the materials directly.

For LN we use n,, = 2.2125 in all substrate and cladding regions, thus ignoring
any variation in this parameter, seen before to have minimal effect. In the substrate
Neyy = 2.1377 and in the cover n.,, = 2.1377 + dny,. Au keeps the same lossless value
as before. In the input and output regions dn,, = 0, with the input and output mode
again being the s mode of these symmetric regions.

Figure 3.15 shows the results for LN. A similar ripple pattern is found again for large
asymmetry and thinner guides.

The cutoff points 6nycy0 for the s, modes in LN for these cases were (a) 4 x 1074, (b)
20 x 1074, (c) 39 x 1074, (d) 73 x 107*. In case (a) there is only about -5dB of IL at

5mm so the mode energy is not significantly attenuated.
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Figure 3.15: Radiation loss curves for LN. Curves labelled with dn with a factor of 107
suppressed. Metal thickness and s, cutoff point: (a) 2.1nm, §n°? = 4 x 1074%; (b) 4.7nm,
6nC0 =20 x 107%; (c) 6.7nm, 6n°° = 39 x 107%; (d) 9.5nm, dn®C = 73 x 1074
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3.4.5 Comparison of Radiation in Lithium Niobate and Silica

It is difficult to find comparable waveguides in LN and SiG,. Generally if one param-
eter such as loss, confinement, or spot size is the same, the others are different. The
waveguides analyzed in the above two sections were chosen with the idea of comparing
waveguides with similar dneps = nesr — nyy. Plots (a)-(d) in Figure 3.12 for SiOy have
the same dn.sr as the corresponding plots in Figure 3.15 for LN. Figure 3.9 showed that
LN and SiO; s, modes have similar cutoff points for small dn.;r, but that the cutoff
points diverge for larger dn.ss, with the SiO, modes cuting off easier. The same is found
when looking at the radiation loss curves. Plot (a) for both is very similar, while in plot
(d) the IL is more than 10dB higher after 5mm in SiOs.

Comparison of modes with 10um spot size is shown in plot (a) of Figure 3.16. The
solid curves are for a t==11.8nm thick Au film in SiO,; and the dotted curves are for a
t=4.7nm thick Au film in LN. For low én (10-30x107*) the LN modes have a much
deeper cutoff, but for 50 x 107%, the cutoff curves have nearly converged. The higher
dness in SiOy seems to make it more difficult to radiate this mode away from the core.

Plot (b) of Figure 3.16 compares two of the more similar waveguides, the t=6.7nm Au
guide in LN (dotted curves) and the t=13nm Au guide in SiO, (solid curves). Each have
loss of about 0.3 dB/mm and 6ns; = 10 x 107%. The IL curves show larger attenuation
for the SiQ; case for the three asymmetries, which may be expected since the SiO3 mode
will be more cutoff than the LN mode when they both have the same dn.;;.

In the next chapter we repeat this normal mode analysis for finite width SPP waveg-

uides.
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Figure 3.16: Comparison of radiation loss for Au waveguides in SiO; (solid curves)
and LN (dotted curves) for (a) modes with 10um spot size and (b) modes with similar
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utoft Finite

Waveguides

4.1 Introduction
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Figure 4.1: Geometry for finite width SPP waveguide. Metal waveguide ¢, surrounded
by dielectric ¢,.

Finite width SPP waveguides are similar to the three layer slab SPP waveguides
studied in chapters 2 and 3 only with the extent of the metal limited to a fixed width
along the z-axis, with cladding filling the region all around the metal core as shown
in Figure 4.1. The modes of these structures were theoretically predicted recently by

27,

Berini?"?® and were subsequently experimentally verified by Charbonneau et al.?® for

Au films embedded in SiO;. More recently Nikolajsen et al.®! have demonstrated these
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modes for Au films in polymers.

These waveguides confine the mode both vertically and horizontally as opposed to
the slab modes which only provide vertical confinement. The main long range {low-loss)
mode is the ss) mode.®® Tt is symmetric along the horizontal and vertical directions
allowing it to couple well to optical fiber for certain geometries. This suggests the use of

this mode in integrated optics and it will be the mode we focus our attention on in this

chapter.

4.2 Modal Solutions for 2D Hybrid-Modes

4.2.1 Formulation

In finite width waveguides we must now include all six electric and magnetic field com-
ponents. These modes are termed hybrid-modes since they are no longer TE or TM but
a combination of the two.

The fields take the general form

E(z,y,2,t) = Eo(z,y)e# ™, (4.1)
H($7 Y, 2, t) = HO("L.: y)ei(ﬂz—wt)7 (42>
where
Eo = Eui+ B,j+ E.k, (4.3)
Ho = Hgi+ Hyj+ H.k (4.4)
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Removing E from Maxwell’s equations leads to the wave equation for the H-fields

e
o
e

Vx (67 x H) = k{H. (

e, is a function of z and y but is independent of z, the propagation direction. It is
assumed to be a diagonal tensor as before.

Putting the above fields into Maxwell’s equations leads to

8@% = 8B, + iwpeH, (4.6)
%%. = BB, — iwuoH, (4.7)
%~8£”’ — iwpoH. (4.8)
S = B, — oty (4.9)
381[:1;2 = i0H, + iweoey, B, (4.10)
%_ng = —iwege,E, (4.11)

In addition to satisfying the above equations, the fields are also constrained by the

5 as used in the slab model.

boundary conditions arising from Maxwell’s equations?
If we assume ¢, is a scalar constant (isotropic) rather than a tensor, a new wave
equation in terms of the two transverse components of the H-field is found from (4.5) to

be
Ve x (W, x Hy) = 7'V, (V, - Hy) — (B — B¢, ) Hy = 0, (4.12)

where the transverse nabla operator is V, = %3%- + 5—(% and H; = (Hﬁﬁ -+ Hyj) gilBz—wt),
This is an eigenvalue equation for A = — 3% which is solved using the commercially
available software package FEMLAB.®2 FEMLAB implements the finite element method

(FEM)®® specifically to solve optical waveguide problems and is an accepted method in
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optics.®® In the next section we compare the results from FEMLAB with other methods

and test the convergence of the software for SPP waveguides.

4.2.2 Convergence

When using a mode solver for a waveguide it was perhaps not intended for, such as
ultrathin, high aspect ratio SPP waveguides, it is wise to test its convergence and compare
it with other methods.

We begin by checking the appropriateness of the initial adaptive mesh generated by
FEMLAB. There are two regions of interest here: the mesh across the thickness of the
metal, and the mesh near the corners of the metal.

We begin with the thickness of the metal by modelling a simple three-layer slab using
the same hybrid-mode package that is used for the finite width simulations. In general
‘the initial mesh in the metal has two triangles between the interfaces for metal thickness
between 10nm and 30nm.

Propagation constants were generated using FEMLAB and the transfer matrix model
(discussed earlier) for Au slab waveguides of thickness between 4nm and 19nm in SiO,
at Ag=1.55um using the same material properties as before, recreating Table 3.1. The
values of the real part of the propagation constant differed by at worst 3x107°% and at
best by 2x107%%. The imaginary parts of § were different by at worst 0.9% and aﬁ best
8x10™4%. We then conclude that the default mesh generated by FEMLAB inside the
metal away from the corners is sufficient.

The question then remains if the mesh is adequate near the corners since some of the
field components can be very localized there.®® Triangles in the default mesh may be
refined so that there is a greater density of triangles in a sensitive area than FEMLAB

automatically generates. For this test we refine the density of triangles in the immediate
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vicinity of the corners, along the height of the metal waveguide, as shown in the cross
section in Figure 4.2. Refinement of these triangles spreads to other triangles in close
proximity. Away from the corners we see the default mesh density in the metal of two
triangles through the thickness, determined above to be sufficient in this region. (Note
that for symmetric modes the optical properties of the substrate and cover regions are
identical, as shown in Figure 4.1, and the regions are only distinguished in this model in

preparation for cutoff simulations later.)
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Figure 4.2: Example of finite element mesh refinement near the corners of a metal waveg-
unide.

We test for convergence based on the height of the individual triangles along the
vertical wall of the metal. Table 4.1 shows the convergence of the propagation constants
for a thin, wide waveguide and a thicker, narrower waveguide. Generally, the mesh can
be refined four times, as shown, after which the limits of the computers memory are
reached. This is typically around 15,000 triangles, but can sometimes be more. The

values listed for the triangle height of zero are obtained using Richardson’s extrapolation
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algorithm.

This method can be used for smoothly converging functions where the
independent parameter is successively halved, as we have with the height of the triangles.
For the 15nm thick waveguide, the percentage differences between the last computed
value and the extrapolated values are 107*% for n.s; and 1% for MPA. For the 30nm
thick waveguide the differences are 8 x 107*% for nes; and 0.2% for MPA. From this
we conclude that refining the mesh density four times in the immediate vicinity of the
corners gives sufficiently converged values.

One last check of the accuracy of the model is done by recreating some reported
values for finite width SPP waveguides® which were generated with the method of lines
(MoL), a different numerical technique. We recreate the values from Figure 11 of that
work for the ss) mode of a lum wide silver film (e, = —19 + i0.53) surrounded by
dielectric (e, = 4) at a free space wavelength of Ay = 0.633um. The values are given in
Tables 4.2 and 4.3. The values for n.s; agree well and the attenuation values (37 /ko)

differ by less than 3%, similar to what we had found above for the difference between

the converging and extrapolated values. FEMLAB and the MoL model seem to generate

| Waveguide | Triangle Height (nm) ness | MPA (dB/mm) |
t=15nm, w=8.52um 15 1.4444893 0.3675
7.5 1.4444962 0.3510
3.75 1.4445005 0.3378
1.875 1.4445029 0.3306
0.9375 1.4445044 0.3265
0 1.4445061 0.3220
t=30nm, w=1.9um 30 1.4440366 0.3109
15 1.4440603 0.3795
7.5 1.4440806 .4084
3.75 1.4440945 0.4165
1.875 1.4441035 0.4179
0 1.4441145 0.4170

Table 4.1: Convergence of FEMLAB results with increasing mesh density near corner
for a Au strip embedded in SiO,.
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comparable results since the error estimated in the latter was between 1% and 6%.
The model implemented in FEMLAB generates results in good agreement with two
well known methods (the transfer matrix and the method of lines) and so should produce

reliable design data for new waveguides as well.

| Thickness (nm) | This model | Referenced work | % difference |

3 2.0029098 2.004133 0.06
i0 2.0062267 2.00729510 0.05
15 2.01949 2.02008816 0.03
20 2.038109 2.03857848 0.02

Table 4.2: Comparison of FEMLAB model with referenced MoL model: nejy.

| Thickness (nm) | This model | Referenced work | % difference |
8 5.715x 107" 5.738x107° 0.4
10 1.102x107* | 1.073x107* 2.7
15 3.161x10™ 3.184x1074 0.7
20 6.336x 1074 6.486x1074 2.3

Table 4.3: Comparison of FEMLAB model with referenced MoL model: 87/ kq.
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4.2.3 Waveguide Results for Silica and Lithium Niobate

We now present new results for the ss mode of a Au waveguide embedded in SiO, with
€, = 1.444%, ¢,, = —131.95 +412.65, and A = 1.55um.

Figure 4.3 shows the effective index, the attenuation and the mode spot size. The
curves in (a) and (b) show the propagation constant tending to that of a slab waveguide
as the width increases. These modes are y-polarized, with only a small electric field
component along z. As the width increases the E, component diminishes to zero (the
TM limit).

With the width of the waveguide available as a parameter, it is now possible to have
modes for different metal thickness with the same 57 /ko. This will again be an important
point of comparison in the radiation curves. While this parameter may be the same, the
attenuation and spot size are generally different.

MPA lower than 0.1dB/mm appears possible for spot sizes smaller than 15um, for a
range of realizable thicknesses. The 15nm curve shows less sensitivity to width changes
at the 0.1dB/mm point than does the 30nm curve.

The spot size is found numerically from mode plots and is measured along horizontal
(solid curve) and vertical (dotted curve) cuts through the center of the waveguide. Along
the vertical cut the spot size converges to the slab value as changes to the fields by
increasing the width no longer affect the field near the center of the guide.

In the horizontal, starting from a small width the mode is weakly confined, so widen-
ing the guide causes a rise in the confinement, and a reduction in the spot size. As the
width continues to increase, the spot size must eventually stop decreasing and meet the
size of the guide, as the spot size can never be less than the width of the metal. For large
widths the spot size increase almost linearly with width.

When 8%/ko ~ 1.444 the mode becomes very large and the 1/e point is far away
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Figure 4.3: Propagation constants and spot size for the ss) SPP of a Au strip embedded
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three plots.
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from the core. The actual waveguide core shape is then less important and so the spot
size along the horizontal and vertical directions converge.

A sample field is shown in Figure 4.4. In (a) the real part of the H, field for a t=20nm,
w=4.95um guide is shown, plotted on a coarse grid. The peak is not well resolved on
this scale, but the circularity of the mode away from the peak is very visible. In (b), cuts
along z (solid) and y (dotted) through approximately the center of the waveguide on a
finer grid better resolve the peak of the mode. Along x the mode has a more Gaussian
like shape, while along ¥ it retains the exponentially decaying fields characteristic of a
surface mode. Away from the peak at about the 1/e point (=0.37) the mode is essentially
the same size in each direction. Later, we will look at the cutoff characteristics of this

waveguide.
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Similar calculations were performed for a Au strip embedded in Lithium Nicbate
(LN). Here we treat the LN more simply by assuming it is isotropic with ¢, = 2.13772.
This simplification is not expected to impact the results since changes to the tensor
elements other than ey, were seen in chapters 2 and 3 to have little impact on the
propagation constants, especially for the lower confinement modes we are interested in.

The curves shown in Figure 4.5 have similar shapes and much of the discussion for
the silica case applies here as well. Low loss propagation (< 0.1dB/mm) is also possible
in LN for modes smaller than 10pum. The 25nm curve was removed from plot (c) for

clarity, but it would fall roughly halfway between the 20nm and 30nm curves.
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[t (am) | w (um) | dnesy (x107%) | MPA (dB/mm) | Spot size (um) [x,y]
15 4.45 1.0 0.114 120,114
15 5.5 2.0 0.186 10.8, 9.9
15 3.52 5.0 0.327 11.4, 8.7
20 3.0 1.0 0.1990 10.2, 10.2
20 3.6 2.0 0.186 9.0, 8.7
20 4.95 5.0 0.603 84,75
30 1.9 1.0 0.418 8.4, 84
30 2.18 2.0 0.700 7.5, 7.2
30 2.78 5.0 1.362 6.3, 6.6

Table 4.4: Propagation constants and mode spot sizes through the center of the waveg-
uide for ss) modes of a Au strip in SiO,.

[t (nm) | w (um) | dnegy (x1074) | MPA (dB/mm) | Spot size (um) [x,y] |

15 1.5 1.0 0.193 6.9, 6.75
15 1.73 2.0 0.333 6.0, 5.7
15 22 5.0 0.660 5.1, 4.8
20 1.05 1.0 0.299 6.3, 6.3
20 1.19 2.0 0.520 54,51
20 1.46 5.0 1.051 42,42
30 0.665 1.0 0.561 5.7,54
30 0.745 2.0 1.002 48,45
30 0.885 5.0 2.048 3.6, 3.6

Table 4.5: Propagation constants and mode spot sizes through the center of the waveg-
uide for ss) modes of a Au strip in LN.

Specific results are compiled in Tables 4.4 and 4.5 for each material and waveguide
radiation will be compared for these eighteen waveguides based again on énesr = nesy —
ne. This time dn.s; values of 1, 2 and 5 x 107 are used with three waveguides of each

found for each material system.
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4.3 Cutoff in Finite Width

aveguides

In Chapter 3 it was shown that for waveguide asymmetries larger than a specific amount
that the low loss s, mode was cutoff. An analogous situation occurs for the ssj mode
of a finite width waveguide where the cladding above the plane of the metal is changed
relative to the cladding below it.*! Recall that as the mode was cutoff it spread very far
into the high index clad. Cutoff curves are therefore not generated here since the model
in FEMLAB has a finite box size and any cutoff curve would inevitably be influenced by
the size of the box. Similarly, any device measuring this cutoff phenomenon is also finite
sized so the cutoff point in practice is influenced somewhat by the size of the device.
While cutoff curves have some importance, we saw in Chapter 3 that the actual cutoff
points were not indicative of the loss after a given length since the radiative IL of a mode

at cutoff could be anywhere from -5dB to -15dB in silica after 5mm.

4.4 Normal Mode Analysis of Mode Cutoff in Finite

Width SPP Waveguides

4.4.1 Introduction

The normal mode analysis follows the same theory as in chapter 3 and the waveguide
structure is shown in cross section in Figure 4.6. For this case the entire cladding around
the metal is surrounded by a free space outer region.

Two approximations are made for this analysis. The lossless material approximation
used and validated in Chapter 3 for the radiation IL is again used here. Also, the
dominantly z-polarized basis modes are neglected. Recall that slab modes were solely

TM polarized, meaning the only transverse electric field component was £,. For the



SPP of a finite width waveguide all three F-fields exist, but the E, component is still the
dominant one for the large aspect ratio waveguides we are looking at. The cladding region
however, supports normal modes polarized along z and y although the fractional power
coupling between the input SPP mode and the z-polarized normal medes is typically well
below 0.0001. The computer memory and computational time are halved by discarding
the z-polarized modes.

In the next sections we look at radiation IL results for 510, and LN, grouped by
thickness as outlined above in Tables 4.4 and 4.5. The asymmetry is dn = 25 x 107 or
smaller because of the reduced box size. Larger asymmetries in the same boxes would

not be accurate for the propagation length of 2400pm used.
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Figure 4.6: Geometry for radiation analysis of finite width SPP waveguide.
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4.4.2 Radiation in Silica

The results for radiation in silica are shown in Figures 4.7, 4.8, and 4.9, for metal thickness
15nm, 20nm, and 30nm respectively. The material parameters are €, = 1.444% ¢, =
(1.444 + 5n)2, and ¢, = —131.95 at a free space wavelength Ap = 1.55um. For each
figure, plots (a), (b), and (c) have dness equal to 1, 2, and 5 x 107* respectively.

For the lower dn.s; plots (plots (a) and (b) in each figure), the strong ripple from
the interference of the normal modes near the waveguide is again seen and the location
of the peaks again agrees with the predicted location. For example, the 25 x 107 curve
in plot (a) of Figure 4.7 has its first peak at z = 627um and the predicted peak is at
2 & Ag/6n = 620pm. Thicker waveguides again suppress this interference even though
the waveguide is now only finite in width. While strong interference may still occur
between normal modes away from the waveguide, the input and output modes are still
highly concentrated near the core and the interference away from this region is not
noticed.

The ripple should be accounted for in any design. Comparing the én = 20 and
25 x 107* curves in plots (a) and (b) (of each figure) shows that because of the ripple a
larger dynamic range is found for the higher confinement modes at z = 2400um, while a
slightly shorter or longer asymimetric region would yield the opposite result.

The results for the three thicknesses are practically identical, for a given dn.ss, with
less than 1dB difference in the IL after z = 2400um for any particular case. It is best
then to use a thinner waveguide of 15-20nm in an application since the dynamic range

from the radiation loss is the same, but the on-state attenuation is lower.
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Figure 4.7: Radiation loss curves for SPPs of 15nm thick Au in Si0,. (a) w=4.45um,
Sngpr = 1 x 1074 (b) w=5.5um, dnepr = 2 x 1074 (¢) w=8.52um, dnepp = 5 x 1074
Curves labelled with 6n asymmetry, with a factor of 10™* suppressed.
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Figure 4.8: Radiation loss curves for SPPs of 20nm thick Au in SiO;. (a) w=3.0um,
Snepr = 1 x 1074 (b) w=3.6pm, dnerp = 2 x 1074 (¢) w=4.95um, dnesp = 5 x 1074
Curves labelled with dn asymmetry, with a factor of 107 suppressed.
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Figure 4.9: Radiation loss curves for SPPs of 30nm thick Au in Si0O;. (a) w=1.9um,
Snepr = 1 x 1074 (b) w=2.18um, fness = 2 x 107%; (c) w=2.78um, Ongsy = 5 x 1074
Curves labelled with én asymmetry, with a factor of 10™* suppressed.



4.4.3 Radiation in Lithium Niobate

Next we compute the radiation loss in LN using ¢, = 2.1377%, ¢, = {2.1377 + 6n)?, and
em = —131.95 at a free space wavelength g = 1.55um. Figures 4.10, 4.11, and 4.12 show
the results for metal thicknesses 15nm, 20nm, and 30nm respectively. Plots {(a)}, {(b), and
(c¢) have dngs; equal to 1, 2, and 5 x 107*, respectively.

The results for the three thicknesses are again nearly identical for a given dn.sy, with
differences less than 1dB at z = 2400um so thinner metal should be used in application
to have the lowest on-state 1L.

The interference phenomenon also occurs in these results and the discussion on this
topic for silica applies here as well.

Since the LN and SiO, results are each nearly the same for a given dn.y it is easy to
compare the two materials. Looking for example at the t=20nm figures for each (Figures
4.8 and 4.11), the results are within about 1dB again. This similarity between materials
was seen for the slab results for dn.;y = 1 and 5 x 107, and the earlier discovery that
the s, mode cutoff points are very similar for low dnss. Evidently the ssj) modes chosen
here also fall into this regime.

Applications of the results in SiOy and LN are discussed in Section 4.6.
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Figure 4.10: Radiation loss curves for SPPs of 15nm thick Au in LN. (a) w=1.5pm,
Snesr = 1 x 1074 (b) w=1.73um, dnesr = 2 x 1074 (¢) w=2.2um, dnepp = 5 x 1074
Curves labelled with én asymmetry, with a factor of 107 suppressed.
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Figure 4.11: Radiation loss curves for SPPs of 20nm thick Au in LN. (a) w=1.05pm,
Snepr = 1% 1074 (b) w=1.19um, nesp = 2 x 107% (¢) w=1.46pm, dnerp = 5 x 107%,
Curves labelled with dn asymmetry, with a factor of 10™* suppressed.

98



IL (dB)

i
1600 2400
z (um)

24 i i D4 i
0 800 1600 2400 0 800

o4 i i
0 800 1600 2400
z {(um)

z (um)

Figure 4.12: Radiation loss curves for SPPs of 30nm thick Au in LN. (a) w=0.665um,
bnepr =1 x 1074 (b) w=0.745um, dnepp = 2 x 1074 (¢) w=0.885um, dneps = 5 X 1074
Curves labelled with dn asymmetry, with a factor of 1074 suppressed.
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4.5 Comparison With Experimental Results for Sil-

ica

Experiments were performed® to test the predictions of the radiation loss in Si0O,. Sam-
ples were prepared and tested by staff of Spectalis Corp. in the Micro-Electronics Labo-
ratory of Carleton University. A thin gold layer of about 20nm of thickness was e-beam
evaporated onto an Si wafer with 15um of SiOy on top of the Si. The Au was then pat-
terned using contact lithography into waveguide strips with the remaining metal being
lifted off.

The top clad used to provide the index change was an index matching, thermo-optic
oil (Light-span LS-5246). The temperature of the entire sample was controlled using a
thermo-electric cooler and monitored by a micro-thermistor. Temperature changes were
converted to index changes using the dn/dT value supplied by Light-span (dn/dT =
—3.55 x 107 /°C).

The waveguides were end-fire excited by polarization maintaining fiber and the output
was captured by an SMF-28 single mode fiber.

The structure used for the normal mode analysis of these waveguides is nearly the
same as in the last sections. The only exception is that the bottom free space area is
replaced by Si, 15um below the plane of the metal. The top clad is 130pum thick and the
box is 200pm wide. We use ¢, = 1.448%, ¢, = (1.448 + 6n)2, and €, = —131.85+412.65 at
a free space wavelength Ag = 1.55um. For the silicon layer eg; = 12.085 was used.’® The
metal strip is 4pm wide and results are compared for two propagation lengths: 1.20mm
and 2.55mm.

Some approximations were necessarily made since mode attenuation and coupling loss
measurements were not made on these samples, and their respective values in the on-state

could not be separated. Coupling loss in this case is input light not coupled into the metal
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waveguide that propagates through the system and then does not couple to the SMF-28
output fiber. We assume that this coupling loss remains relatively constant throughout
the cutofl curve so that the total on-state IL and coupling loss can be subtracted from
the results and the additional radiation loss due to the asymmetry can be found.

As well, an accurate theoretical model of the polarization maintaining input fiber used
in the experiments is necessary to predict the input coupling loss, but this would require
mode profiling experiments, beyond the scope of this work. In the absence of models
of the input and output fiber we use the same approach as before with a symmetric
waveguide used as the input and output condition. The coupling loss in the on-state for
the theoretical predictions is then zero.

Figure 4.13 shows the results for a 1.20mm long waveguide. The circles are the
results from the normal mode analysis computations, the solid curves are measurements
from sample A and the dotted curves are from sample B. Measurements were repeated
to account for any drift of the input and output fibers. The two curves (from each
sample) are the best and worst fits from about six trials with each sample. There is good
agreement between the predictions and the measurements with a difference of a little
more than 1dB in the worst case, at the maximum asyminetry.

Figure 4.14 shows results for longer 2.55mm waveguides from two different samples.
As expected the radiation loss is higher for the longer sample. The results in this case
are better centered on the predicted values, and are still within about 1dB.

The small discrepancies between the predicted and the measured results can probably
be accounted for by imperfections in the waveguide shape and size and changes to the
coupling loss as the asymmetry is changed. From these results though, the theory is in

good agreement with experiment.
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Figure 4.13: Comparison of experimental radiation loss for a 20nm thick, 4um wide
Au waveguide in SiOs for two samples (solid and dotted curves) with predicted values
(circles) for a 1.20mm long sample.
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Au waveguide in SiOq for two samples (solid and dotted curves) with predicted values
(circles) for a 2.55mm long sample.



4.6 Applications of Mode Cutoff

4.6.1 Introduction

We saw that waveguides in LN and silica with similar dn.s; had very similar radiation
loss curves. A choice between these two materials {or other active materials with similar
index of refraction) based then on the on-state mode attenuation favors the lower index
Si0s, since identical dynamic range can be obtained for lower loss. It is important to note
that virtually identical radiation performance is found in these vastly different materials.
A designer then does not sacrifice radiation performance by using one particular material
over the other (assuming identical index changes are possible). In practice other issues
such as device speed may be more important than small differences in on-state attenua-
tion. In this section we briefly discuss some possible applications for slower thermo-optic

based devices and faster electro-optic based modulators.

4.6.2 Thermo-optic Applications

Deep extinction will be difficult in actual silica with IL < —20dB requiring én ~ 25x10™*
and silica having a thermo-optic coefficient of only dn/dT ~ 107 K~'. However, some
thermo-optic polymers have coefficients more than an order of magnitude greater so deep
extinction should be possible in other materials.

Figure 4.15 shows the cross-section of a possible realization of a slow modulator or
variable optical attenuator (VOA) based on the mode cutoff effect. The layout is similar
to that of the experiments compared with in the last section.

Heating elements are placed away from the metal waveguide so that they do not
contribute additional loss. They can be placed above and/or below the cladding material,

as shown. Two heaters may be required to reduce thermal gradients within the device.
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One of the cladding materials would be thermo-optic while the other passive materical
would have a negligible thermo-optic coefficient. Heating of this structure would result
in an index asymmetry leading to radiation loss.

Some materials have coefficients such that heating reduces the index while others
have the reverse situation where heating increases the index. If materials are chosen
such that the index of refraction increases with temperature, then more care needs to be
taken in designing the width of the heaters. If the heaters are too narrow a thermally
induced waveguide will be created between the heater and the metal waveguide and light
will not radiate away from the core effectively, but will move into the new waveguide.

When choosing the waveguide it is best to choose dimensions so that the lowest
attenuation possible is obtained for the on-state as it was seen that waveguides with
the same relative confinement dn.r; (but different attenuation) have nearly identical
radiation insertion loss in the off-state.

Another heating scenario is to use the metal waveguide as a heater. This is a natural

advantage of the metal waveguide and it eliminates the need for external heaters. The
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Figure 4.15: Schematic cross-section of thermo-optic based mode cutoff device.
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physical lifetime of the very thin waveguide could be an issue with this scenario.

A third related possibility is to again use the waveguide as a heater, but to have both
clads comprised of thermo-optic material where the coefficient is such that the index of
refraction reduces when heated. This does not cut off the mode as we have discussed in
this report, but would create an anti-guiding region around the waveguide where the light

will leak away from the core into the higher index clads away from the heated region.

4.6.3 Electrooptic Applications

Large dynamic ranges should be possible in LN since the largest index change in this
electro-optic crystal is around 10— 15x 1074 leading to radiation IL of about -14dB. Other

41 and it should

electro-optic crystals and polymers have larger electro-optic coefficients,
be feasible to have better than -20dB dynamic range in a short length (a few millimeters).
The dynamic range here is comparable to much longer LN Mach-Zehnder modulators.
These are based on Ti-indiffused waveguides and are typically several centimeters long.%¢
Extrapolating the results obtained from the normal mode analysis in LN to z = 5000um
would give much improved performance and much shorter lengths than traditional LN
modulators.

Figure 4.16 shows the schematic for a possible implementation of a cutoff modulator
in an electro-optic material such as LN. Electrodes are placed above and below the clads
as shown, far enough away to be optically non-intrusive to the mode.

Several material scenarios are possible here. If the crystal is aligned in the top clad
such that the index of refraction increases it is necessary to orient the crystal in the lower
clad anti-parallel to the top so that the index decreases in the bottom clad (for linear

electro-optic materials). The lower clad could also consist of a passive material with no

index change occurring, however this discards half of the possible effect.
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Care must be taken in designing the electrodes as an electro-optically induced waveg-
uide can also be formed above or below the metal waveguide in these scenarios.

Again the natural advantage of the metal waveguide is its use as an electrode. In this
scenario the crystals in each clad would be aligned parallel since the fields above and
below the waveguide would be oppositely directed. The outer electrodes in Figure 4.16
would in this case both be grounds if the waveguide is raised to a potential.

Another scenario is to have the electrodes placed vertically on each side of the waveg-
uvide (a sufficient distance away) since some materials such as KDP have changes to the y
component (in our coordinate system) of their index tensor resulting from fields applied
along z. Yariv?! has a very good discussion on this and electro-optic crystals in general.

Clearly there are many design considerations for applications to thermo-optic and
electro-optic devices, not the least of which is the electro-static and thermal analysis of

the devices, especially if the metal waveguide is used as an electrode or heater.

wavegiide

Figure 4.16: Schematic cross-section of electro-optic based mode cutoff device.
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Conclusion

5.1 Thesis Contributions

The concept of cutoff for the bound modes of a slab SPP waveguide was revisited and
analyzed. The effect of this mode cutoff on the propagation characteristics of an in-
put excitation was analyzed using the normal mode analysis, and the radiative cutoff
characteristics of SPP modes were computed for the first time in both slab waveguides
and new finite-width waveguides. Results for finite width waveguides agree with exper-
imental results. All modes were computed using a full vectorial analysis and waveguide
attenuation was accounted for. New design curves were also calculated for the important
materials silica and lithium niobate. Applications of these results for practical devices
are proposed and discussed.

A secondary contribution was the collection and development of all necessary back-
ground for a proper understanding of SPP mode waveguiding in thin metal strips and

films into a consistent formalism.
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5.2 Suggestions for Future Work

An initial round of experiments were made to verify the predicted radiation loss. This
analysis could be improved with a better understanding of the experimental waveguide
attenuation and coupling loss. The predictions could also be improved by accurately
modelling the input and output fibers.

An important investigation would be a practical implementation of a modulator based
on mode cutofl as discussed briefly in this work. This would need to account for a
practically sized region of index asymmetry, placement of electrodes or heaters near the
waveguide to induce the asymmetry, or possibly using the waveguide as an electrode or
heating element since it is metal.

The normal mode analysis approach could be applied to analysis of cutoff in other
SPP waveguide structures such as edge-couplers and broadside couplers. In a coupler, the
antisymmetric supermode is more sensitive to horizontal and vertical asymmetries than
the symmetric supermode and can be cutoff.3” A proper normal mode analysis would
show whether this could be used effectively in a directional coupler type modulator.

Because the SPP waveguide platform is typically lossy, the length of components is
important. It would be useful to be able to predict the optimal length of integrated
optics components such as y-junctions, tapers and multimode-type splitters using SPP

waveguides. The normal mode analysis technique is also able to handle this.™
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