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Abstract

Broadly wavelength-tunable bandpass filters based on long-range
surface plasmon-polaritons

Jongwon Lee, M.S.E.
The University of Texas at Austin, 2011

Supervisor: Mikhail A. Belkin

Broad spectral tunability is a desired feature of many photonic and plasmonic
components, such as optical filters, semiconductor lasers, and plasmonic materials. Here I
show that unique properties of long-range surface plasmon polaritons (LR SPP) allow
one to produce optical components with very wide tuning range using small variations in
the refractive index of the dielectric cladding material. As a proof-of-concept
demonstration, I present operation of LR-SPP-based bandpass optical filters in which a
0.004 variation in the refractive index of the cladding dielectric translates into 210 nm of
bandpass tuning at telecom wavelengths. The tuning mechanism proposed here may be
used to create monolithic bandpass filters with tuning range spanning over more than an
optical octave, compact and widely-tunable diode and quantum cascade laser systems,
multi-spectral imagers, and other plasmonic components with broadly-tunable optical
response.

vi

Table of Contents
Acknowledgments ............................................................................................. v
Abstract …………………………………………………………………………...vi
List of Figures ................................................................................................ viii
Chapter 1. Introduction ...................................................................................... 1
1.1 Motivation .......................................................................................... 1
1.2 Surface plasmon-polaritons ................................................................. 3
1.3 Long-range surface plasmon-polaritons ............................................... 6
Chapter 2. Characteristics of LR SPP ............................................................... 10
2.1 Mode profiles of LR SPP for a symmetric and asymmetric structure ... 10
2.2 Mode power attenuation and mode cutoff for refractive index
asymmetry of claddings ...................................................................... 13
2.3 Coupling and total insertion loss calculation for refractive index
asymmetry of claddings ...................................................................... 15
Chapter 3. Filter operation based on LR SPP ................................................... 18
3.1 Operation principle of bandpass filters based on LR SPP .................... 18
3.2 Output transmissions for different refractive index dielectrics and
different metals ................................................................................. 20
Chapter 4. Proof-of-principle demonstration .................................................... 22
4.1 Device fabrication ............................................................................. 22
4.2 Experimental setup ............................................................................ 24
4.3 Experimental result for the bandpass filter ........................................ 25
Chapter 5. Conclusion ..................................................................................... 29
References ....................................................................................................... 30
Vita

............................................................................................................... 33

vii

List of Figures
Figure 1.1: Schematic cross section of a single interface between a metal and
dielectric for SPP propagation. ........................................................ 3
Figure 1.2: Dispersion relation of SPP at the interface between a metal using Drude
model without damping and air and fused silica. ............................. 5
Figure 1.3: Schematic cross section of an insulator/metal/insulator (IMI) structur
....................................................................................................... 6
Figure 1.4: Normalized phase and attenuation constant of the odd (anti-symmetic,
bound mode, ab ), even (symmetic, bound mode, sb ) modes supported by
an asymmetric metal slab at 0  632.8nm , assuming Ag for the metal
with  2  1.52 and  3  1.552 .. ....................................................... 9
Figure 2.1: Cross-sectional view of LR SPP waveguide structure. The metal layer is
positioned between top and bottom dielectric layers with refractive
indices nt and nb , respectively.. ................................................. 10
Figure 2.2: (a, b) Calculated intensity profile of a LR SPP mode at   1.55 m
supported by a 20nm thick and 4μm wide gold stripe embedded between
loss-less dielectrics with identical refractive indices. (c, d) Calculated
LR SPP mode profile of the same structure with slightly mismatched nt
and nb . ....................................................................................... 12

viii

Figure 2.3: Top panel: calculation of the mode power attenuation (MPA, solid line)
as a function of n=nt-nb for a LR SPP waveguides with different width
(W) and thickness (t) of the gold stripe.
Bottom panel: effective refractive index (neff) of LR SPP mode for as a
function n for LR SPP waveguides with different values of W and t
(green, blue, and red solid lines). Dashed lines in the figure show the
value of the largest of the two cladding indices, nt or nb. LR SPP mode
becomes leaky when neff is smaller than the largest of nt or nb. We
assumed λ=1.55μm, nb=1.5, and nt=1.5+n for the calculations... . 14
Figure 2.4: Calculation of the coupling loss (per facet) as a function of n=nt-nb for
a LR SPP waveguides with different width (W) and thickness (t) of the
gold stripe... .................................................................................. 17
Figure 2.5: Calculation of the insertion loss including a propagation loss (MPA
times length of the Au stripe) and coupling loss for the input and output
facet as a function of n=nt-nb for a LR SPP waveguides with different
width (W) and thickness (t) of the gold stripe................................. 17

ix

Figure 3.1: Schematic of the LR SPP filter operation. Top panel: refractive index
dispersion curves of the bottom dielectric (black line; assumed to be
BK7 glass) and the refractive-index-tunable top dielectric (blue solid
line and red dashed line). Bottom panel: calculated optical throughput of
the single-mode fiber system with 5-mm-long LR SPP filter inserted.
Calculations are done for LR SPP filters with different values of W and
t. Filter transmission is calculated for the two refractive index dispersion
curves of the top dielectric (blue line and red dashed line in the top
panel). Filter transmission is maximal at the index matching point of the
top and bottom dielectrics and drops rapidly as wavelength goes away
from the matching point.... ............................................................ 19
Figure 3.2: Calculation of output transmission as a function of n=nt-nb for a LR
SPP waveguides with different refractive indices of bottom dielectric
using a 4μm-wide, 20nm-thick, and 3mm-long Au stripe............... 21
Figure 3.3: Calculation of output transmission as a function of n=nt-nb for a LR
SPP waveguides with different metal layers using a 4μm-wide, 20nmthick, and 3 mm-long stripe..... ...................................................... 21
Figure 4.1: Device fabrication steps. (a) AZ5214E photoresist was coated on the
substrate. (b) Pattern was made by using standard image reversal
process. (c) E-beam evaporation of 20nm-thick gold and (d) lift-off was
done subsequently.... ..................................................................... 23

x

Figure 4.2: The LR SPP waveguide structure and the experimental configuration.
The waveguide was made of 4-μm-wide and 20-nm-thick stripe of gold
on top of an 11-μm-thick layer of thermally-grown SiO2 on a silicon
substrate. Five types of the refractive index matching fluids were used at
the top dielectric. The TM-polarized input light source coupled to a
polarization-maintaining fiber (PMF) was end-fire coupled to the LR
SPP waveguide; the output light was collected via single mode fiber
(SMF).... ....................................................................................... 23
Figure 4.3: Experimental setup for the proof-of-principle demonstration ..... ... 24
Figure 4.4: Experimental demonstration of the LR SPP optical filter. (a) Refractive
index dispersion curves for SiO2 (black line) and five different refractive
index matching fluids (type 1-5) used in experiments. (b) Calculation
and experimental results of the filter transmission for the five different
types of index matching fluids. A 0.004 variation in the refractive index
of the top filter dielectric translates into 210 nm of bandpass tuning
range..... ........................................................................................ 26

xi

Figure 4.5: Experimental measurement of the horizontal and vertical mode profiles
in the LR SPP filter with type 5 refractive index matching fluid at
different wavelengths. (a) Horizontal mode profile for 4μm-wide and
20nm-thick Au stripe. (b) Vertical mode profile for 4μm-wide and
20nm-thick Au stripe. (c) Horizontal mode profile for 5μm-wide and
20nm-thick Au stripe. (d) Vertical mode profile for 5μm-wide and
20nm-thick Au stripe. (e) Horizontal mode profile for 6μm-wide and
20nm-thick Au stripe. (f) Vertical mode profile for 6μm-wide and 20nmthick Au stripe. LR SPP mode becomes distorted as light wavelength ()
moves away from the spectral point at which nt=nb; the values of

n=nt()-nb() are specified in the figures for each ..................... 27

xii

Chapter 1
Introduction

1.1 MOTIVATION
Broad spectral tunability is a desired feature of many photonic and plasmonic
components, such as optical filters, semiconductor lasers, and plasmonic materials. The
operating principle of compact monolithic photonic filters, such as Mach-Zehnder
interferometers, Bragg reflectors, micro-resonator filters, and distributed feedback lasers,
relies on light reflection and interference phenomena [1,2]. As a result, a change in
dielectric constant of a filter medium results in the shift in bandpass wavelength
according to the equation:

1 n1   2 n 2

where 1, 2

(1.1)

are the two device operating wavelengths that correspond to the two

values of the refractive index of the device medium, n1 and n2. Since the relative
refractive index variation in transparent dielectrics is limited to ≤1% for thermo-optic and
electro-optic materials and ≤15% for liquid crystals, the tuning range of these devices is
limited. Optical systems with broader tuning range are required for many applications, in
particular for various spectroscopic and imaging systems. As a result, a number of
approaches to produce optical elements with widely-tunable response have been
developed, using mechanical and micromechanical elements [2,3], acousto-optic
modulation [4], and employing coupled-cavities or multi-section filters [5-7]. However,
all these approaches increase optical system complexity and size.
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Here we show LR SPP waveguides may be used to produce simple monolithic
optical components in which a given variation of the refractive index of the dielectric
cladding material may be translated into any desired filter tuning range.
The LR SPP is a symmetric TM-polarized optical mode that exists in thin (~1050nm) metal films embedded in dielectrics with similar refractive indices above and
below the metal [8-11].
Because of low modal loss, good mode matching to optical modes in fibers, and
very simple fabrication steps, LR SPP waveguides attracted a considerable attention
recently. A large number of LR-SPP-based lightwave devices, including waveguides,
couplers, modulators, distributed Bragg reflectors, and optical amplifiers, have been
proposed and demonstrated recently [12,20-25]. However, the possibility of using LR
SPP modes to create very-broadly-tunable plasmonic devices that we propose here has
been unnoticed and unexplored before.
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1.2 SURFACE PLASMON-POLARITONS
Surface plasmon polaritons (SPP) are coherent electron oscillations that exist at
the interface between metal and dielectric interface. This SPP is evanescently confined in
the metal/dielectric interface. These electromagnetic surface waves are excited via the
coupling of the incident electromagnetic fields to induce oscillations of the electron
plasma of the metal. The surface excitations are determined in terms of the SPP
dispersion relation and we can derive the dispersion relation by applying and solving
Maxwell’s equations with appropriate boundary conditions.
In order to derive the SPP dispersion relation, we assume in all generality
harmonic time dependence E (r , t )  E (r )e  it of the electric field. From the Helmholtz
equation assuming absence of external charge and current densities, the electric field can
be expressed by
 2 E  k02 E  0

(1.2)

where k0   / c is the wave vector of the propagating wave in vacuum [26]. The most
simple geometry supporting SPPs is a flat single interface between a dielectric (z>0) with
positive permittivity  2 and metal (z<0) with dielectric function 1 ( ) (see Fig. 1.1).

2
1 ( )
Figure 1.1: Schematic cross section of a single interface between a metal and dielectric
for SPP propagation [26].
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For TM polarized case, the Helmholtz equation can be expressed separately in
these forms
H y ( z )  A2ei x e  k2 z
1
k2ei  x e  k2 z
 0 2

E z ( z )   A1
ei x e k2 z
 0 2
E x ( z )  iA2

(1.3)
(1.4)
(1.5)

for z > 0 and
H y ( z )  A1ei x e  k1 z
1
k1ei x e k1 z
 01

E z ( z )   A1
ei x ek1z
 01
E x ( z )  iA2

(1.6)
(1.7)
(1.8)

for z < 0, where complex parameter  is the propagation constant of traveling SPP
mode at the interface [26]. Continuity of H y and  i Ez at the interface requires that

A1  A2 and
k2

 2
k1
1

k12   2  k021
k22   2  k02 2

(1.9)

.

(1.10)

The relation (1.9) indicates that the surface waves exist only at the interface between
materials with opposite sign of the real part of their dielectric permittivities. Combining
equation (1.9) and (1.10) we can get the dispersion relation of SPP propagating at the
interface between the metal and dielectric layer in this form [26]

  k0

1 2
.
1   2

4

(1.11)

For TE polarized case, there is no solution for satisfying the boundary conditions at the
interface. Therefore surface plasmon polaritons only exist for TM polarization. Fig. 1.2
shows plots for light and SPP dispersion for an air (  2  1 ) and a fused silica (  2  2.25 )
interface on a metal using Drude model. Since the SPP dispersion curves are lying to the
right side of the respective light lines of air and fused silica, special phase-matching
techniques are required to compensate momentum mismatch. There are several SPP
excitation techniques such as prism coupling, grating coupling, highly focused optical
beam coupling, near-field excitation, and end-fire excitation. For small wave vector
corresponding to low frequencies (mid-IR or lower), the SPP propagation constant is
close to k0 at the light line, and the waves extend over many wavelengths into the
dielectric space. In this regime, SPP acquire the nature of a grazing-incidence light field,
and are also known as Sommerfeld-Zenneck waves [9].

Figure 1.2: Dispersion relation of SPP at the interface between a metal using Drude
model without damping and air and fused silica [26].
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1.3 LONG-RANGE SURFACE PLASMON-POLARITONS
The long-range surface plasmon-polaritons (LR SPP) is a symmetric TMpolarized optical mode that exists in thin metal films embedded in dielectrics with similar
refractive indices above and below the metal [8-11]. Physically, LR SPP originates from
coupling of the two SPP waves at the metal/top dielectric and metal/bottom dielectric
interfaces to form a low-loss symmetric mode [8-11]. In order to explain the general
properties of coupled SPPs, we can start from an insulator/metal/insulator (IMI), a thin
metal layer (I) sandwiched between two thick dielectric claddings (II, III), heterostructure
(see Fig.1.3). A general description of TM modes that are non-oscillatory in the zdirection normal to interfaces for z >a can be expressed in these forms [26]

H y ( z )  Aei x e  k3 z
1
k3ei x e  k3 z
 0 3

Ez ( z )   A
e i  x e  k3 z
 0 3
E x ( z )  iA

(1.12)
(1.13)
(1.14)

Figure 1.3: Schematic cross section of an insulator/metal/insulator (IMI) structure [27].
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while for z < -a we get
H y ( z )  Bei  x e  k2 z

(1.15)

1
k 2 ei x ek2 z
 0 2

Ez ( z)   B
ei x ek2 z
 0 2

(1.16)

E x ( z )  iB

(1.17)

and for –a < z < a
H y ( z )  Cei x e k1 z  Dei x e  k1z

(1.18)

1
1
k1ei x e k1 z  iD
k1ei x e  k1 z
 01
 01


Ez ( z)  C
ei  x e k1 z  D
ei x e  k1 z
 01
 01
E x ( z )  iC

(1.19)
(1.20)

We can get an expression for the dispersion relation linking  and  by applying
continuity boundary conditions at z   a and solving this system of linear equations
[26].
e 4 k1a 

k1 / 1  k2 /  2 k1 / 1  k3 /  3
k1 / 1  k2 /  2 k1 / 1  k3 /  3

(1.21)

In the case when  2   3 and thus k2  k3 , the dispersion relation (1.21) can be split
into a pair of equations, namely
k 21
k1 2
k
tanh k1a   1 2
k 21
tanh k1a  

(1.22)
(1.23)

It can be shown that equation (1.22) describes modes of odd vector parity ( Ex ( z ) is odd,
H y ( z ) and Ez ( z) is even functions), while (1.23) describes modes of even vector

parity ( Ex ( z ) is even, H y ( z ) and Ez ( z) is odd functions). Odd modes have the
interesting property that upon decreasing metal film thickness, the confinement of the
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coupled SPP to the metal film decreases as the mode evolves into a plane wave supported
by the homogeneous dielectric environment. For real, absorptive metals described via a
complex  ( ) , this implies a drastically increased SPP propagation length [9]. This
mode is called long-range surface plasmon polaritons (LR SPP). The even modes exhibit
the opposite behavior their confinement to the metal increases with decreasing metal film
thickness, resulting in a reduction in propagation length.
These coupled modes are denoted here as ab and sb for asymmetric bound and
symmetric bound, respectively, since their main transverse electric field component ( Ez )
varies either asymmetrically or symmetrically across the structure (along the z axis). In a
symmetric structure with lose-less dielectrics, the attenuation and effective index of the

sb mode decrease smoothly as metal thickness is reduced, with its mode fields
increasingly expelled from the metal film and penetrating more deeply into the
dielectrics. The ab mode exhibits increasing confinement and penetration into the metal
with decreasing metal thickness and, consequently, increasing attenuation. For large
metal thickness the ab and sb modes are degenerate with the single-interface SPPs
supported by the uncoupled top and bottom metal-dielectric interfaces. The trends are
similar in an asymmetric slab except that the sb mode cuts off below a certain thickness
that depends on the permittivities and operating wavelength, and with increasing metal
thickness the ab mode evolves into the SPP supported by the metal interface with the
high-index cladding, while the sb mode evolves into the SPP at the interface with the
low-index dielectric.
Fig. 1.4 shows the effective index and normalized attenuation of the ab and sb
modes in an asymmetric slab at 0  632.8nm assuming Ag for the metal and claddings
of relative permittivity  2  1.52 and  3  1.552 [27]. In this figure,  and  are the
attenuation and phase constant, respectively. The normalized propagation constant is
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 eff   /  0   /  0  j  /  0  keff  jneff , where

 0  2 / 0   / c0 is the phase

constant of plane waves in free space, 0 the wavelength in free space, and c0 the
speed of light in free space. The complex effective index of a mode N eff is then given by
N eff   j eff  neff  jkeff , where neff is the effective index and keff the normalized

attenuation. The mode power attenuation (MPA) in decibels per meter is given by

MPA   20 log10 e . The propagation length Le is the distance from the launch point
where the mode power decays by a factor of 1/e and is given by Le  1/ (2 ) .

Figure 1.4: Normalized phase and attenuation constant of the odd (anti-symmetic,
bound mode, ab ), even (symmetic, bound mode, sb ) modes supported by an
asymmetric metal slab at 0  632.8nm , assuming Ag for the metal with

 2  1.52 and  3  1.552 [27].
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Chapter 2
Characteristics of LR SPP

2.1 MODE PROFILES OF LR SPP FOR A SYMMETRIC AND ASYMMETRIC STRUCTURE
Mode profiles of LR SPP for an asymmetric structure is affected by refractive
index mismatch, since the two excited SPP mode are determined by the two different
metal/dielectric refractive index conditions. In order to calculate the mode profiles of LR
SPP for a thin metal stripe surrounded by a top and bottom dielectric, a commercial
finite-element package (COMSOL 3.5a) was used to solve. Waveguide structure used in
this calculation is depicted in Fig. 2.1. Fig 2.1 indicates cross-sectional view of LR SPP
waveguide consisting of a metal stripe positioned between a top dielectric with refractive
index nt and a bottom dielectric with refractive index nb . In this calculation, I used
4μm-wide and 20nm-thick gold stripe and nb  1.5 and

nt  1.5   n at   1.55 m

wavelength.

Figure 2.1: Cross-sectional view of LR SPP waveguide structure. The metal layer is
positioned between top and bottom dielectric layers with refractive indices
nt and nb , respectively.
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Fig. 2.2 shows the calculated intensity profile of a LR SPP mode at   1.55 m
supported by a 20nm thick and 4μm wide gold stripe embedded between loss-less
dielectrics with identical refractive indices and with slightly mismatched refractive
indices. For this calculation, proper refractive index data of gold at   1.55 m
( n  0.55  11.5i ) was used from Handbook of optical constant of solids [18]. As
illustrated in Fig. 2.2 (a), when the refractive indices of the dielectrics are the same, the
LR SPP mode has symmetric and circularly distributed intensity profiles. In this case, the
LR SPP optical mode is well-confined and well-matched to modes in optical fibers and
ridge waveguides. However, as soon as the refractive indices nt and nb of the cladding
dielectrics are even slightly mismatched (here  n  0.0014 ), the LR SPP mode first
becomes severely distorted spreading out to dielectric with higher refractive index (see
Fig. 2.2 (c)). And when the refractive index mismatch further increase, then there is no
bound mode in the metal stripe and the LR SPP mode becomes leaky, i.e. radiation mode
[9,13-17]. In this case, the LR SPP mode is not well matched to optical fiber and ridge
waveguide mode and a coupling loss to optical fiber mode becomes high.
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Figure 2.2: (a, b) Calculated intensity profile of a LR SPP mode at   1.55 m
supported by a 20nm thick and 4μm wide gold stripe embedded between
loss-less dielectrics with identical refractive indices. (c, d) Calculated LR
SPP mode profile of the same structure with slightly mismatched nt and

nb .
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2.2 MODE POWER ATTENUATION AND MODE CUTOFF FOR REFRACTIVE INDEX
ASYMMETRY OF CLADDINGS

A significant asymmetry in the refractive index of the top and bottom dielectrics
relative to stripe leads to the cutoff of the LR SPP mode. Beyond the cutoff, the LR SPP
mode is no longer purely bound but becomes leaky, radiating into the higher-index
dielectric as it propagates. It is therefore important to know where the cutoff and the
onset of leakage occur if index asymmetry is expected. Finding the cutoff points involves
varying the index of one of the dielectrics until the effective index becomes
approximately equal to the larger of the indices of the dielectrics. It is particularly
important for the structure to be modeled as open since the mode expands as it tends
towards the cutoff, eventually becoming infinitely extended into one of the dielectrics at
the cutoff.
Top panel of Fig. 2.3 shows the mode power attenuation (MPA) and cutoff curves
of the LR SPP mode at   1.55 m for straight waveguides having various Au stripes.
The curves were computed as a function of refractive index mismatch (  n ). In this
calculation, three different dimensions as 4μm wide/20nm thick, 3μm wide/20nm thick,
and 3μm wide/18nm thick Au stripes were used. Bottom panel of Fig. 2.3 shows effective
refractive index ( neff ) of LR SPP mode for as a function of  n for LR SPP waveguides
with different values of width (W) and thickness (t) of the metal stripe. Dashed lines in
the figure show the value of the largest of the two cladding indices, nt or nb. LR SPP
mode becomes leaky when neff is smaller than the largest of nt or nb. We assumed
λ=1.55μm, nb=1.5, and nt=1.5+n for the calculations. It is note that the cutoff occurs for
an effective index that is slightly smaller than the larger of the cladding indices rather
than for values that are exactly equal. This is due to the small attenuation constant of the
mode engendered by the loss in the metal.
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Figure 2.3: Top panel: calculation of the mode power attenuation (MPA, solid line) as a
function of n=nt-nb for a LR SPP waveguides with different width (W) and
thickness (t) of the gold stripe.
Bottom panel: effective refractive index (neff) of LR SPP mode for as a
function n for LR SPP waveguides with different values of W and t (green,
blue, and red solid lines). Dashed lines in the figure show the value of the
largest of the two cladding indices, nt or nb. LR SPP mode becomes leaky
when neff is smaller than the largest of nt or nb. We assumed λ=1.55μm,
nb=1.5, and nt=1.5+n for the calculations.
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2.3 COUPLING AND TOTAL INSERTION LOSS CALCULATION FOR REFRACTIVE INDEX
ASYMMETRY OF CLADDINGS

LR SPP mode coupling from the input fiber mode or to output fiber mode is a
critical factor to a total insertion loss (overall loss from input source to output detector)
calculation. An overlap factor C for two modes of different shape and size butt coupled to
each other is given by

 E
C

y1

E y*2 dA

A




  E y1 E y*1 dA   E y2 E y*2 dA  .
A
 A

 
 


(2.1)

The integral in the above are taken over the entire computational domain A at the
transverse plane where the modes meet and are evaluated numerically. The E y field
component of the respective modes is used since it dominates in the LR SPP mode for the
waveguide geometries considered herein ( W  t ).
2

The coupling efficiency is given by C in the case where there is no material
discontinuity and is usually expressed as a percentage. The coupling loss expressed in
decibel is then given by

CLdB  20 log10 C .

(2.2)

Fig. 2.4 shows calculated coupling loss between the LR SPP mode of Au stripe
with single-mode optical fibers (SMF-28). In this calculation, three different geometries
of Au stripes which are the same as previous section were used. As indicated in Fig. 2.4,
the coupling loss between single-mode fiber mode and LR SPP mode increases sharply as
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the refractive index mismatches increase. In addition, for metal stripe with smaller
dimensions becomes more sensitive to the surrounding dielectrics’ refractive index
mismatch.
Total insertion loss can be calculated by including a propagation loss (MPA times
length of the device) and coupling loss at the input and output facets. Fig 2.5 shows the
total insertion loss from input fiber to output fiber which includes a propagation loss for
5mm long device and input and output facet mode coupling losses. We can see from this
figure that the total insertion loss also increases sharply as the refractive index mismatch
increase and coupling loss is dominate for the total insertion loss from the input fiber to
output fiber. As shown in Fig. 2.5, the insertion loss is extremely sensitive to  n  nt  nb .
Thus we can use this characteristic of LR SPP mode that is extremely sensitive to
refractive index mismatch in order to build a widely tunable bandpass filter when this
characteristic is integrated with dielectrics with dissimilar refractive index wavelength
dispersion as top and bottom cladding.
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Figure 2.4: Calculation of the coupling loss (per facet) as a function of n=nt-nb for a
LR SPP waveguides with different width (W) and thickness (t) of the gold
stripe.

Figure 2.5: Calculation of the insertion loss including a propagation loss (MPA times
length of the Au stripe) and coupling loss for the input and output facet as a
function of n=nt-nb for a LR SPP waveguides with different width (W) and
thickness (t) of the gold stripe.
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Chapter 3
Filter operation based on LR SPP

3.1 OPERATION PRINCIPLE OF BANDPASS FILTERS BASED ON LR SPP
As shown in Fig. 2.5, the insertion loss is extremely sensitive to δn. To build a
widely-tunable bandpass filter out of LR SPP waveguide, we propose to use dielectrics
with dissimilar refractive index wavelength dispersion as top and bottom cladding. The
filter operation is schematically shown in Fig. 3.1. Due to an extreme sensitivity of LR
SPP loss on δn, LR SPP mode is only supported at wavelength λ for which nt()nb(). A
small change in the refractive index of the top dielectric (nt) may now be translated into
the large shift in the LR SPP filter bandpass () according to the equation:

 

 nt
 dnt dnb 



 d d 

,

(3.1)

where dnt/d and dnb/d are the refractive index dispersion of nt and nb. Since the value
of (dnt/d -dnb/d) may be controlled by a proper choice of materials (or a combination
of materials for composite cladding layers), we can control the tuning range of the filter
() for a given value of nt. The bandpass width of the LR SPP filter is determined by
the sensitivity of the coupling/propagation loss in the LR SPP waveguides to δn=nt-nb,
(see Fig. 2.4 and 2.5), and the difference in the refractive index dispersions of the top and
bottom dielectrics, see Fig. 3.1.
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Figure 3.1: Schematic of the LR SPP filter operation. Top panel: refractive index
dispersion curves of the bottom dielectric (black line; assumed to be BK7
glass) and the refractive-index-tunable top dielectric (blue solid line and red
dashed line). Bottom panel: calculated optical throughput of the single-mode
fiber system with 5-mm-long LR SPP filter inserted. Calculations are done
for LR SPP filters with different values of W and t. Filter transmission is
calculated for the two refractive index dispersion curves of the top dielectric
(blue line and red dashed line in the top panel). Filter transmission is
maximal at the index matching point of the top and bottom dielectrics and
drops rapidly as wavelength goes away from the matching point.
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3.2 OUTPUT TRANSMISSIONS FOR DIFFERENT REFRACTIVE INDEX DIELECTRICS AND
DIFFERENT METALS

As shown in Fig. 3.1, the output transmission can be controlled by adjusting the
Au stripe width and thickness. The transmission bandwidth is also affected from the
bottom reference refractive index and can be changed using different metal layer. In order
to optimize transmission bandwidth, the transmitted output was calculated for different
bottom refractive index values which will be the refractive index matching points. Fig.
3.2 shows calculated transmission output for four different refractive indices of bottom
dielectrics using 4μm-wide, 20nm-thick, and 3mm-long Au stripe. The transmission
bandwidth becomes narrower for smaller refractive index of the bottom dielectric
because the LR SPP mode becomes more distorted to higher refractive index region.
Using three different metal layers (Au (n=0.55+11.5i), Ag (n=0.469+9.32i), and
Al (n=1.44+16i)), transmission output was calculated and the resulting transmissions are
shown in Fig. 3.3. Since each metal has their own refractive index dispersion curves and
most of metals has relatively high loss factor. The best choice for the metal layer is Au or
Ag, however oxidation problem of Ag layer, best metal layer which can support LR SPP
mode is Au layer at telecom wavelength region.
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Figure 3.2: Calculation of output transmission as a function of n=nt-nb for a LR SPP
waveguides with different refractive indices of bottom dielectric using a
4μm-wide, 20nm-thick, and 3mm-long Au stripe.

Figure 3.3: Calculation of output transmission as a function of n=nt-nb for a LR SPP
waveguides with different metal layers using a 4μm-wide, 20nm-thick, and
3 mm-long stripe.
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Chapter 4
Proof-of-principle demonstration

4.1 DEVICE FABRICATION
To demonstrate the proposed tuning mechanism experimentally, we operated at
near-infrared wavelengths (=1.2-1.8m) and used a set of five refractive-indexmatching fluids (Cargille Labs, Series A and AA) as the top dielectric and thermally
grown 11μm-thick SiO2 layer as the bottom dielectric.
The device was fabricated on an 11-μm-thick layer of thermally-grown SiO2 on a
silicon substrate (Silicon Quest Inc.). For making patterns, I used standard image reversal
process with AZ5214E photoresist (PR). First, AZ5214E PR was coated on the substrate
with 4000rpm for 1min, and the sample was placed on a hot plate at 90 0 C for 6min. Then
mask patterns was exposed on the sample for 3sec (light intensity~7mW/cm2) using
MJB4 mask aligner and the sample was placed on the hot plate at 110 0 C for 90sec and
subsequently exposed for flood exposure (for 100sec) to make a reversed pattern image.
Next, the sample was developed in AZ726 MIF developer for 1min and 20nm-thick gold
layer was deposited using an e-beam evaporator (CHA) with less than 0.5Ǻ/sec
deposition rate, followed by lift off in acetone gently (see Fig.4.1). Finally the sample
was cleaved to for 3~5mm-long waveguide sections.
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Figure 4.1: Device fabrication steps. (a) AZ5214E photoresist was coated on the
substrate. (b) Pattern was made by using standard image reversal process.
(c) E-beam evaporation of 20nm-thick gold and (d) lift-off was done
subsequently.

Figure 4.2: The LR SPP waveguide structure and the experimental configuration. The
waveguide was made of 4-μm-wide and 20-nm-thick stripe of gold on top of
an 11-μm-thick layer of thermally-grown SiO2 on a silicon substrate. Five
types of the refractive index matching fluids were used at the top dielectric.
The TM-polarized input light source coupled to a polarization-maintaining
fiber (PMF) was end-fire coupled to the LR SPP waveguide; the output light
was collected via single mode fiber (SMF).
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4.2 EXPERIMENTAL SETUP
For the experimental demonstration of LR SPP optical filter, the sample was
mounted and covered by refractive index matching fluids (Cargille Labs Mod. Series A
and AA). A tunable laser (Santec Mod. MLS-2000, λ=1482nm-1592nm) and a broadband
supercontinuum source (Koheras Mod. SuperK versa, λ=400nm-2000nm) coupled to a
polarization-maintaining (PM) fiber (Oz optics Mod. PMJ-3S3S-1550-8/125-3-1-1) were
used to excite the LR SPP mode via end-fire coupling of light. The output light was
collected by single-mode fiber (Corning Mod. SMF-28) coupled to an optical power
meter (Newport Mod. 1830-C) or optical spectrum analyzer (Ando Mod. AQ6317B).
Both fibers were mounted on three-axis auto-alignment system. The positions of the input
and output fiber were adjusted to maximize the transmitted output power. The transmitted
broadband output power was recorded and properly normalized with the input power.

Figure 4.3: Experimental setup for the proof-of-principle demonstration.
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4.3 EXPERIMENTAL RESULT FOR THE BANDPASS FILTER
The refractive index dispersion curves for SiO2 and 5 different refractive-indexmatching fluids are shown in Fig. 4.4 (a). There are five refractive index matching points
with SiO2, thus we can expect that five different transmission curves corresponding to
each refractive index matching points. Fig. 4.4 (b) shows simulated and experimental
power transmission spectra through the 3.1-mm-long LR SPP filter. Simulated
transmission spectra were calculated using the refractive index dispersion data in Fig. 4.4
(a) and assuming the LR SPP mode is coupled and out-coupled to a single-mode optical
fiber (SMF-28). As expected, the filter peak transmission occurs at wavelengths for
which nt()= nb(); the experimental data of the transmission bandwidth is in good
agreement with the theoretical curves. However, the experimental output transmission
maximum values of each peak is lower than calculated output due to possible defects on
the Au stripe and cutting edge quality issue. Experimentally, a 0.004 variation in the
refractive index of the cladding dielectric translates into 210 nm of bandpass tuning at
telecom wavelengths.
Fig. 4.5 (a-f) show measured horizontal and vertical mode profiles in the LR SPP
waveguide for different width of Au stripes using different wavelengths of light. In this
experiment, type 5 refractive index matching fluid used as the top cladding dielectric and
a diode laser tunable in the range 1482-1592 nm was used as the light source in the endfire geometry. As expected, the vertical profiles of the LR SPP mode become more
distorted as light wavelength moves away from the spectral point at which nt=nb. At the
same time, the horizontal LR SPP mode profiles become slightly broader maintaining
their symmetric shape. And as also expected, Au stripe with wider width are less
sensitive to change of refractive index of the index matching fluid (top dielectric).
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Figure 4.4: Experimental demonstration of the LR SPP optical filter. (a) Refractive
index dispersion curves for SiO2 (black line) and five different refractive
index matching fluids (type 1-5) used in experiments. (b) Calculation and
experimental results of the filter transmission for the five different types of
index matching fluids. A 0.004 variation in the refractive index of the top
filter dielectric translates into 210 nm of bandpass tuning range.

26

Figure 4.5: Experimental measurement of the horizontal and vertical mode profiles in
the LR SPP filter with type 5 refractive index matching fluid at different
wavelengths. (a) Horizontal mode profile for 4μm-wide and 20nm-thick Au
stripe. (b) Vertical mode profile for 4μm-wide and 20nm-thick Au stripe. (c)
Horizontal mode profile for 5μm-wide and 20nm-thick Au stripe. (d)
Vertical mode profile for 5μm-wide and 20nm-thick Au stripe. (e)
Horizontal mode profile for 6μm-wide and 20nm-thick Au stripe. (f)
Vertical mode profile for 6μm-wide and 20nm-thick Au stripe. LR SPP
mode becomes distorted as light wavelength () moves away from the
spectral point at which nt=nb; the values of n=nt()-nb() are specified in
the figures for each .
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To make practical solid-state filters, one can use thermo-optic materials, electrooptic crystals, or liquid crystal films as the dielectric with tunable refractive index. The
bandpass width of the filters may be controlled by changing the design parameters of the
LR SPP waveguides to make them more or less sensitive to δn, see Fig. 2.5. We note that
the cutoff point in LR SPP waveguides may be set at an arbitrarily small value of δn by
reducing the width and/or thickness of the gold stripe [22]. The bandpass may be
narrowed (at the expense of tuning range) by choosing top and bottom dielectric cladding
materials with a larger difference in refractive index dispersions, see Eq. (3.1). We note
LR SPP filters are expected to operate equally well in mid-infrared spectral range (=315m), which is very important of chemical sensing and spectroscopy.
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Chapter 5
Conclusion

In summary, we have demonstrated that LR SPP waveguides may be designed to
operate as tunable optical bandpass filters. The filter design allows one to translate a
given refractive index tuning range of the top dielectric cladding into a desired filter
bandpass tuning range. The filters are simple in fabrication and may be integrated with
fiber-optic and semiconductor laser systems to create optical components with widelytunable spectral response. While it may be difficult to reduce the bandpass of these filters
to that of high-fidelity Bragg or micro-resonator filters, broad tuning range of these
devices is appealing, in particular, for spectroscopic applications and imaging.
For the future work, more practical solid-state filter will be fabricated and tested
using thermo-optic and electro-optic materials. In order to test the solid-state filter with
thermo-optic polymers, temperature controllable stage should be prepared and material
composition between top and bottom dielectrics should be chosen carefully. Furthermore
modified metal structure is needed to make narrower and widely tunable bandpass width.
One possible candidate is a tapered metal stripe that may alleviate huge loss at the input
and output coupling losses so that may can be achieved higher output transmission with
narrower passband.
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