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Abstract

ABSTRACT OF THESIS ENTITLED:

Surface Plasmons In Sub-Wavelength Structures From Near

Infrared To Terahertz Range

Submitted by ZHANG Zhonexiang
‘J. [1

For the degree of Doctor ofPhitesophv in Electronic Engineering

at The Chinese University of Hong Kong in December 2011

Surface plasmons, also known as surface plasmon polaritons (SPP), belong to a
kind of electromagnetic waves existing on the interface between metal and
dielectric. In general, a metal's intrinsic plasma frequency is in the ultraviolet or
visible range. The incident electromagnetic wave is highly localized at the
metal-dielectric interface when its frequency gets close to the plasma frequency.
According to the dispersion relationship, the confinement breaks down when the

propagation constant is reduped at low frequencies from near infrared to terahertz
t

range, where the permittivity of metals described by the Drude Model is much
larger than that in the UV and visible range.

The introduction of roughness on a smooth metal surface provides a way to
modify the terahertz wave behavior at the metal-dielectric interface. This idea has
led to the research on the designs of structures which produce “spoof plasmons" and
extraordinary transmission in the optical and terahertz ranges. We demonstrate a
3-dimensional (3D) structure composed of two metallic layers of complementary
cross patterns sandwiching a polyimide dielectric. Three transmission peaks in the
terahertz range are clearly observed experimentally for devices with different

dimensions of the same structure. These resonant peaks agree very well with those



Abstract
obtained from simulation. A simplified dual-layer metallic structure then is
developed to demonstrate polarization-dependent plasmonic coupling. They exhibit
polarization-dependent transmittance with large extinction ratios. Simulation and
experimental results on structures with different wire-to-hole orientations provide
strong evidence that the resonance peaks are caused by plasmonic coupling between
the two metallic layers. A simplified JLC-circuit model is proposed to explain the
coupling mechanism and to estimate the peak frequencies. Our results suggest that
specific electromagnetic response can be achieved by appropriate design of the
geometrical patterns on the two metallic layers and a suitable polarization of the
incident wave. The phase response of the structure is studied and 2n phase shift is
found in this structure which depends on the dimension of the structure. The devices
may help the design of multi-mode THz filters, THz waveguide, THz wave plate,
THz planar lens etc.

An important future application of SPPs may be the integration of photonic and
electronic circuits at nanometer-scale dimensions. In order to achieve that goal,
plasmonic waveguides are indispensable. Initial studies of SPPs on metal films have

stimulated the search for methods of transmitting SPPs in tiny waveguides such as

metallic nanowires, SPP band gap structures, nano-particle chain arrays, metal

stripe waveguide and hybrid plasmonic waveguide consisting of a dielectric wire
I

placed close to a metal surface. The hybrid waveguide has been further developed
into a plasmon nanolaser. To develop high-performance sub-wavelength scale

plasmon waveguide, we propose a nano-scale fiber with embedded metal wires and
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show by simulation that a hybridization of the gap plasmon mode and the
single-wire SPP mode can produce a low-loss plasmonic waveguide mode. Our

approach demonstrates how complex plasmonic structures can be realized by
v .

versatile fiber technology to achieve a good balance between confinement and loss.
The research on plasmon waveguide would provide a straight-forward way to
access better lasing scheme. Quantum cascade laser (QCL) emits in the mid- to
far-infrared and terahertz range. The repeated stack of-semiconductor multiple
quantum well heterostructures provide the gain media in this spectral range. In this
thesis, we also demonstrate how plasmonic structures can be used to improve the

performance of a QCL in mid-infrared to terahertz range.
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Introduction Chapter 1

Chapter 1: Introduction

1.1 History and Development of Surface Plasmon

Surface plasmon (SP) is a rapid developing research area which has been
applied in many fields such as nanophotonics, biosensor, Surface Enhanced Raman
scattering (SERS), photonic circuits, semiconductor nanofabrication, microscopy,
display technology et al. SPs are collective charge oscillation which occur at the
dielectric and conductor interface. Mathematically, the wave function of the surface
plasmons originates from the opposite sign of the real part of permittivity across the
interface. Compared with bulk or volume plasmons which are also called plasma or
electron gas, SPs have lower energy. When SPs are coupled with photons, the
resulting surface wave generating at the interface is called surface plasmon
polariton (SPP). In the past decade, SPP has attracted many researchers’ attention
for its potential to demonstrate the integration of optical and electrical systems and
enable a wider scope to understand the interaction between photon and electrons
with abundant physics.

Though the scientists began to study the surface plasmon at the beginning of
twentieth century, the unique properties of surface plasmon had been employed by
ancient people. A very good example is the Lycurgus cup, which dates from
century AD. The cup is made from dichronic glass - it is a jade green color but it

turns to ruby red if held to light. The cup gets it's name from the depiction of the



Introduction Chapter 1

triumph of Dionysus over Lycurgus from the 6th book of Homer's Iliad. The cup is
in the British museum, London. It is shown by Fig. 1-1. The scientific investigation
on surface plasmons dates back to early twentieth century. In 1902, Robert W.
Wood observed the uneven distribution of light in the reflection measurements on
metallic gratings [1]. Later soon in 1904, based on the development of Drude model
for metal [2, 3] and electromagnetic theory of "Rayleigh scattering™ raised by Lord
Rayleigh, Maxwell Gamett described the bright colors observed in metal glasses
and metallic films, which is the earliest scientific work trying to study the nano
metallic particles [4]. At the same year, Lord Rayleigh earned the Nobel Prize for
Physics for his discovery of element Argon. Rayleigh also discovered the
phenomenon now called Rayleigh scattering, explaining why the sky is blue, and
predicted the existence of the surface waves now known as Rayleigh waves. In the
year 1908 > Gustav Mie published his famous theory for the light scattering by

spherical particles, which is named "Mie scattering” [5].

Fig. 1-1 Lycurgus cup without (left) and with (right) light passing through the glass.

In the following almost fifty years, no significant progress was made on the
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f . . . . ..
theory related to surface plasmon. Until 1956, David Pines tried to study the origins
/I

of the loss in metal [6]. David described the intrinsic energy loss experienced by
fast electron traveling through metals and gave out the concept that the collective
oscillation of the free electrons in metals would introduce losses. This kind of
oscillation was named "plasmon™. Another famous researcher, Robert Fano,
introduced the concept of "polariton” to describe the interaction between the bolind
electrons and the incident light [7]. Fano is famous for "Fano resonance”, whose
line-shape is due to interference between two scattering amplitudes. One is due to
scattering within a continuum of states (the background process) and the second due
to a excitation of a discrete state (the resonant process). A milestone was made by

Rufus Ritchie in 1957. Ritchie published his work in this year to show that the

. \
plasmon modes can exist on the dielectric-metal interface and discuss the loss in
metallic thin films [8]. This is the first theoretical study on surface plasmon. In 1968,

Ritchie and his coworkers published their work to describe the Wood's anomaly for
[

metal grating by introducing the theory of surface plasmons [9]. It has been almost
seventy years after Wood observed the unexplained features on metallic gratings.
Another milestone made in this year was from Andreas Ottos, Erich Kretchmann
and Heinz Raether. They presented their methods to excite the surface plasmons on
metal film by frustrated total reflection [10, 11]. Until now, this is the most popular
commercialized design in the application of surface plasmon sensor.

By the year 1968 - it seems that all the theoretical issues for surface plasmon had

been solved. Actually, another important branch for the research of surface plasmon
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has not been paid much attention to, which was described by Maxwell Gamett in
1904. This will lead to broad applications for localized surface plasmon (LSP) in
biophotonics and nanophotonics. In 1970, Uwe Kreibig and Peter Zacharias tried to
compare the electronic and optical response of gold and silver nano particles [12].
This is the first description of the optical response of nano particles by introducing
the theory of surface plasmons. In 1974 > Stephen Cunningham and his coworkers
raised the term of "surface plasmon polariton” (SPP) which emphasized the
coupling between light wave and oscillating electrons and reflect the hybrid nature
[13]. In this year, another important work was done by Martin Fleischmann and his
coworkers. They observed strong Raman scattering from pyridine molecules in the
vicinity of roughed silver surface [14]. This was the first presentation of the
enhancement of Raman scattering by the surface plasmons. But they did not
realized theoretical explanation at that time. This discovery leaded to another
popular research field of the surface plasmons: surface enhanced Raman scattering
(SERS). A systematic presentation of the diffraction of light by metallic gratings
from the view of phase matching was made by H. Raether in 1988 [15]. The current
research stage for surface plasmon had been set by all these effortsand discoveries.

To extend the study on surface plasmons from fundamental theory to
applications, many research areas have been established in different technological
fields including biosensor, photolithography, optical data storage, nano lasers et al
to approach the physical limits. All these development leads to the notion of

"plasmonics™ which means a subject of metal-based optics and nanophotonics. The
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first commercialized surface-plasmon-based biosensor was developed in 1991.
Large amount of papers were published on bio sensor in the coming decade. In
1997, Junichi Takahara and his coworkers presented the surface plasmon
waveguide in nano scale based on metallic nano wire [16]. Later in 1998, Ebbesen
and his coworkers reported the discovery of optical extraordinary transmission
(EOT) in the periodic subwavelength structures [17]. This work stimulated large
amount of publications on EOT and subwavelength structures. A brief review will
be given on this area in Chapter 2. In 2001, J.B. Pendry suggested that a thin
metallic film can demonstrate a "perfect lens" to overcome the diffraction limit of
traditional lens [18] by introducing the concept of "negative refraction™. This kind
of perfect lens was experimentally demonstrated by Xiang Zhang and his coworkers
by a silver thin film in 2005 [19]. To extend the application of the lens from near
field to far field, hyperlens was developed by the same group in 2007 [20]. Another
popularly investigated area is cloaking which is predicted by J.B. Pendry in 2006
[21] and experimentally demonstrated in microwave range at the same time [22].
Tremendous publications form the explosive areas of metamaterials and
transformation optics.

The rapid development of the research on surface plasmon can be reflected by
the growth of the publications. A simple statistic is performed on the website of

ScienceDirect (http://www.sciencedirect.com) by searching the key word “surface

plasmon™. The annual numbers of the related publication are shown by the column

chart in Fig. 1-2. From this figure, we can see that during 1990s and 2000s, the
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amount of the publications experiences an over five-time growth. In 2011, the
number of the first four months has exceeded the half of 2010. The rapid
development on this field in the past twenty years should attribute to the

development of nano fabrication, imaging and analysis tools.

=03 X0—00--0C0

1955 1960 1965 1970 1975 1980 1985 1990 1995 2000 2005 2010
Year

Fig. 1-2 The annual numbers of the publication related to **surface plasmon*".
1.2 Surface plasmons in subwavelength structures
Surface plasmons represent electromagnetic surface waves that have their
intensity maximum in the surface and exponentially decaying fields perpendicular
to it. It has lower energy than bulk (or volume) plasmons which quantise the
longitudinal electron oscillations about positive ion cores within the bulk of an

electron gas (or plasma). When surface plasmons couple with a photon, the
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resulting hybridised excitation is called a surface plasmon polariton (SPP) [13].
This SPP can propagate along the surface of a metal until energy is lost either via
absorption in the metal or radiation into free-space. Fig. 1-3 shows the schematic of
the electron surface wave propagating along the metal-dielectric interface. The
oscillation is coherent and coupled with the incident electromagnetic wave. The
|
wave can be expressed by the equation: O
E = Eoexp[-i(/c"x £-~2- a)0]. (1.1)

Here kx and k. are the k-vectors in x direction and z direction, respectively. And kx
and k: has the following relation:

9 (=12. (1.2)
Here e means the permittivity of metal or dielectric shown in Fig. 1-3. The dispersion of
surface plasmon defines that kx is larger than the wave vector in dielectric. Then kj, is an
imaginary number and the electric field in z direction exponentially decays from the maxima at

the interface:

S:Dexp(-]A:,]z). (1.3)

Dielectric

+ o+ o+ o+ o+ —

Metal Hy©

Fig. 1-3 Schematic representation of the surface plasmon propagating along the
metal-dielectric interface. The exponential dependence of the electromagnetic field

intensity on the distance away from the interface is shown on the right.
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The most popular application for the surface plasmon at metal-dielectric
interface is the SP-based biosensor, which has been commercialized. It seems that
all the theory about SPs at the single interface has been clear and set the stage for
the application. For most SP-based applications, we have to excite the surface wave
and characterize it. To search diverse design and application for the devices,
structures or roughness is introduced into the surface. A systematic study on rough
surface was performed in 1988 [15]. Another reason for introducing the roughness
is that it can convert the bounded surface wave (nonradiative) to radiative wave for
the measurement. The metallic structures then provide a versatile platform for
designing the devices for different applications.

The scattering of electromagnetic waves in periodic structures plays an
important role in solid state physics or material science such as electron diffraction
[23], light in photonic crystals [24, 25] et al. In the absence of nonlinear effects, the

scattering light is defined by the shape and permittivity or permeability of the

diffracting objects. When the ot”ct is larger than the concerned wavelength, then

the problem would be classical ray scattering problem which can be solved by

classical optics or electromagnetics. When the object is smaller than the wavelength,
this is a subject we called "subwavelength optics”. In this thesis, we focus on the
light scattering by the planar or 3-dimensional metallic subwavelength structures,
which have become a subject of intense research driven by the development of
modem micro and nano fabrication technique.

As we mentioned before, the research on the metallic structures has begun at the
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beginning of last century. Before that time, Babinet's study connected the shape of
the objects with the reflected fields, which is called "Babinet's Principle” today [26].
Babinet's principle is also important for the discussion of metallic structures.
Focusing on the arrays under normal incident. Wood's observation stimulated the
discussion on diffraction of lights in gratings [1 - 27, 28]. Rayleigh and Fano then

tried to give out the interpretation for Wood's anomaly. Two types of anomalies

«if

were identified by Rayleigh and Fano respectively. The first one is called Rayleigh
condition which shows that when a diffracted beam is incident to a grating surface,
it will become grazing to the plane, which means that it is bounded at grating
surface. The Rayleigh condition gives rise to the "bright band" in the structure.
Another band called "dark band" is discovered by Fano showing up at the longer
wavelength which cannot be excited by the optical signal even on resonance.

By the end of last century, a significant discovery, EOT, stimulated the research
on this kind of periodic arrays. In 1998, Ebbesen and his coworkers [17] showed
that periodic arrays of subwavelength holes in a metal film can transmit much more
light than the expected amount predicted by Bethe in 1944 [29]. According to
Bethe's theory, for large wavelength k compared to the hole radius, the
transmission of the incident light is proportional to{h! XY. Ebbesen tried to explain
EOT by using the theory* of surface plasmon but. this is still a subject of debate.
Anyway, in the past decade, many researchers tried to solve this theoretical problem
and find out the experimental verifications in different frequencies ranging from

visible to far infrared. Most researchers tend to understand that EOT originates from
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the interaction of the surface plasmon with the subwavelength holes [30-34]. But
some others emphasize the dynamical light diffraction in the structure [35-38].

Some more studies in the longer wavelength, where the metal can be treated as

perfect electric conductor (PEC), support the former explanations more in this
argument [39-41]. Some more extensive researches focus on how the hole shape or
periodicity affect the transmittance of the structures [40 - 42]. The periodicity of the
holes was thought crucial, but new experiments show that this is not so [43].
Though randomly distributed holes arrays with quasicrystal or approximate
quasicrystal structure do. Microscopy theory for the EOT has given out the
analytical expression for the transmission spectrum characteristics [44]. All these
efforts are motivated by the potential applications of EOT in near-field optical
microscopy, photolithography - displays and elsewhere.

When the single layer structures become well-investigated, double-interface and
multi-interface structures come into view. The basis of the multi-layer structure is
the coupling between the metal-dielectric interfaces. The simplest cases are the
metal-insulator-metal (MIM) and insulator-metal-insulator (IMI) structures. The
coupling results in the mode-splitting which lead to the symmetric and
anti-symmetric modes [45]. Based on these simple models, tremendous amounts of
designs were proposed and demonstrated combining with other popular research
topics such as metamaterials, negative index materials (MIM) [46]. The localized
plasmonic effect plays an important role in the resonant structures which

demonstrate the negative refractive index. Among all the designs of negative-index
‘ 10
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metamaterials (NIM) is the "fishnet" structure. This kind of structure aroused much
interest because of their easy fabrication and convenient designs to achieve
optimized properties. The design of fishnet structures has been primarily focused in
both microwave and optical regimes. Furthermore, the inductor-capacitor (LC)
circuit model which was proposed earlier [47 > 48] in the microwave regime has
been successfully verified. Even until today, the simple LC model is popularly used
to understand the physics and electromagnetic dynamics in basic [49] or complex
plasmonic structures. Besides negative refraction, the fishnet structure also finds
application in magnetic plasmon polariton (MPP) nanolaser, waveguides, selective
switches and etc. The dispersions of the magnetic and electric resonant modes are
closely related to the mechanism of the coupling between the two metallic layers.
The multiple MPP modes in the optical regime have been analyzed in the last three
years [50 > 51] and the results show abundant physics in the two-layer coupled
system. ‘

In summary, the research in surface plasmon provides versatile stage for the
subject of subwavelength optics and metal optics. Many discoveries have provided
novel designs for electromagnetic and integrated optical devices in this exploding
field. But still there are many unclear issues whose solving may lead to optimal and
ultra .r%ew devices, r.10 r’%atter\in visible range or infrared range.

1.3 Organi'zétion of Jthe thesis.
The structiu:e of fhi's thesis is shown by the flow chart in Fig. 1-4. The excitation

of the surface plasmon is a very important topic, in the field of surface plasmon. The

\ . un . /
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Structure can be treated as one method to excite the surface waves though the
discussion is much more abundant. Besides the structure, there are a lot of other
techniques to excite the surface waves, such as using particles to excite the localized
surface plasmons, using prism to excite the propagating surface wave at
metal-dielectric interface, highly focused optical beam et al. Our research is mainly
performed in the infrared range with long wavelength. In this range, the properties
of metal will evolve from lossy metal to perfect electric conductor. A powerful tool,
terahertz time domain spectroscopy (THz—TDS) is setup and applied to characterize
our samples.

In Chapter 1:a brief introduction to the history and development of surface
plasmon is given. A selective review on the progress cf surface plasmon in

subwavelength structures which is related to our discussion is presented.

Surface Plasmon

Surface Plasmon Excitation

H
Sub- wavelength Structures Il'Jt THz TDS

Applications:

Fig. 1-4 Structure of the thesis shown by flow chart.
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In Chapter 2 - basic mathematics related to the calculation of surface plasmon is
summarized. Drude model is introduced to show the difference in physics for the
metal in visible range and mfrared range. This difference will be reflected
throughout our discussion of surface plasmons ranging from near infrared to far
infrared. The dispersion of the metals or metallic structures plays a key role when
discussing the mechanism of the propagating of the surface plasmon. Basic
calculation about the dispersion relationship will be shown in this part. At the end
of this part, terahertz wave will be introduced which is our discussion frequencies.
The THz—TDS system will be described and some primary measurements on this

system for some extension discussion on the fishnet structure will be performed.

In Chapter 3, we propose and demonstrate a 3-dimensional subwavelength
structure with periodic complementary metal patterns operating in terahertz range.

The multimode resonance due to the coupling of the two layers in this structure will

be discussed. The polarization-dependent coupling is shown in a simplified
wire-hole structure. We propose an LC-circuit model to explain the coupling
mechanism. Our results suggest that specific electromagnetic response can be
achieved by appropriate design of the geometrical patterns on the two metallic
layers and a suitable polarization of the incident wave. At the end, the phase

response of the complementary structure will be discussed. The 2 ;r-phase-shift due

to the coupling of the two layers will make the structure get broad potential
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applications as phase modulation planar devices like THz wave plate, THz lens et

al.

Plasmonic waveguide is a very important component for the application of

surface plasmon, no matter for passive or active devices. In Chapter 4, a fiber-based

plasmonic waveguide is presented. The inclusion of a structured pattern of

nano-scale metal wires in a silica fiber to form a symmetric plasmonic waveguide is

proposed. The surface plasmon polariton modes within the waveguide are studied

by varying the wire diameter and wire spacing. Simulation results show that

hybridization of the single-wire mode and the gap plasmon mode can yield a hybrid

mode with optimum propagation lengths comparable to those reported for other

structures but with better light confinement. The fiber can be easily doped with a

gain material to offset the loss so that the resultant waveguide will be useful for

integration with electronic circuits at nanometer dimensions. The discussion of the

waveguide will go straightforward to the cavities. Plasmonic cavity is a very new

and fertile field with a lot of unknowns to be explored. A high-Q plasmonic ring

cavity with whispering gallery mode (WGM) will be discussed in this part which

shows potential biosensor applications.

In Chapter 5> we focus on the gain mediums in the plasmon subwavelength

structures. Loss is a very big problem which originates from the intrinsic property

of metal and is a very big obstacle for the plasmonic applications. The quantum

cascade semiconductor material will be introduced into the plasmonic structures in

deep subwavelength. A tradeoff between the propagating group velocity and the loss

14
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will be shown in the structure. The simulation result shows the possibility to obtain

a low-threshold plasmon laser in mid infrared or terahertz range. The experimental

technique and primary result will be shown.

Chapter 6 gives a summary on the whole work. Potential and current

applications of related techniques are introduced, and some important works from

other groups are also introduced. Then we propose some ftiture works based on

current results.
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Chapter 2: Surface plasmons in infrared range

2.1 Surface waves at the metal-dielectric interface

The interaction between electromagnetic wave and metal originates from the
coupling between the periodic oscillation of the electromagnetic wave and the
re-distribution of the charge in metal. This kind of interaction can be firmly
understood in classical framework based on M~well's equation. The high density
of free carriers results in minute spacings of the electron energy levels compared to
thermal excitation energy at m temperature. Then in metal optics, quantum
mechanics is unnecessary even in nano scale. However, this would not prevent a
rich physics in the field of surface plasmon.

2.1.1 Drude model and metal
When the electromagnetic wave is coupled with any materials, the dynamics can

be described by macroscopy Maxwell's equation [1, 2]. Four macroscopic
I

parameters can be connected by Maxwell's equation: charge density (p), current

density (J), electric polarization (P) and magnetization (M). The Maxwell's
equation can be written as the following form:

» dH dM ,, O O

= +— (2.16)
£0 O

= 4—+y; 2.1c
w7y @l
e 5 =0. {2 Ad)
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Here E and H are the electric field and magnetic field. Due to the polarization and
magnetization in the materials, the electric and magnetic field in the materials can

be described by electric displacement D and magnetic induction B:

D = £0oE + P = SoeE; (2.2a)
B= + (2.2b)

Here e andfi denote the permittivity and permeability of the materials. These two constants
define the electromagnetic response of the materials to the external fields. Then Maxwell's

equation can be simplified:

dB
. = — 2.3
X " o (2.3a)
(2.36)
2.3
dt (2:3¢)
e o5 =0. (2.3 ...

For a system with p=0 and 7=0, the electric field and magnetic field can be

extracted as the wave equations:

= (2.4a)
c ot

e x(VXx/0 =-"VEH""; (2.46)
c ot

Here c = {eMi")'"""is the light speed in vacuum. Supposed the electromagnetic

wave is a harmonic oscillation whose variation with time can be expressed as
x

exp[z(yter-cot)], we can deduce that the wave vector should satisfy the following
equation:

K'-ASM. (2.5)

In metal, there are lots of free electrons and these electrons' behavior when applied

- 23



Surface plasmons in infrared range Chapter 2

external electric field reflect the electromagnetic properties of metal. Under a driven

electric field, the electrons move along the reversed direction of the electric field

and then form the current. Consider the metal with electron density N. The electrons

can be accelerated to a speed of v under the applied electri_c field. Then we define
I.

the current density as:

J =N{-e)v. (2.6)

Then the current is:

I=JeA  (27) “
where A is the cross-sectional area (shown by Fig. 2-1(a)). In a wide frequency
range, the properties of metals can be described by Drude model, which is a simple
but effective model assuming the free electrons have no electromagnetic coupling
with the ion cores but just follow the Newton's law of motion. When the electrons
oscillate in response to the external electromagnetic field, their motion is damped
for the collision with the ion cores (shown by Fig. 2-1(b)). We define the damping

rate as

L. (2.8)
where r is the relaxation time of the free electron gas with typical value of
The relaxation time approximately equal to the ratio of mean free path / and Fermi

velocity v”. Considering the force and momentum of each electrons, we have:

F(t) =-eEx- - (2.9a)
p{t) = mv. (2.9b)

At the time period of t and t+dt, if there is no collision happens at this interval, we

24



Surface, plasmons in infrared range Chapter 2

have the 'mo'mentump(t) + F(f)dt. "This event’happens with the probability!

r

. - o . .. dt -
Another case, if collision happens in this interval with a probability — - the original
T
J
momentum of the electron will be set to zero in this period. Then the variation of

A Y ]

the momentum will bQ F{t)dt. We can obtain the average momentums for all

electrons:  pit +dt) = (1 ——)(p(0 + F{t)dt) +—F{t)dt.

Ht Ht
: (gbloi)
Ignoring the second-order term when dt becomes very small, we obtarn:
- %‘
(2.11) ~
, at  r
(2.11) is the most important equation to describe Drude model.
lon Cores
o Electrons

Positive Chm'ge
yegathv Chaise

Fig. 2-1 (a) Driven by external electric field, the free electrons in metal form the
current density J; (b) The schematic of the motion for electrons in metal; (c) When
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bound electrons in lattice respond to the external electric field, the temporary
.separation of positive and negative charges forms the polarization.
According to Equation (2.6) and (2.9b), we can modify (2.11) as:

dl 1, Ner 2 ;.. O
— ELE. (2.
at + T - tL.(2.12)

When the external field is zero, then according to equation (2.12), the transient
current will h~t~ the formatJ = Jg™"™ |, This current will decay rapidly with time so
it almost would not affect the electromagnetic properties of metal. When the electric
field is a constant static field, then cUldt=0 and according to (2.12), we can obtain:

Mer
f=——E®W.(2.13)
m

Sincey = according to Ohm's law, then:

Ne ~T [..M
cJo = (2.14)
m

Here cr(] istatic conductivity of metal. For another case when E* - E{r)e~""

according to equation (2.12), we have:
(2.15)
\-1IQ}T

where

= 2.16
\-ICOT (2.16)

Equation (2.16) means that the conductivity of metal is a frequency-dependent
parameter.
Besides free electrons, there are large amount of bound electrons in metal. Their

response to the electromagnetic wave is similar to dielectric. The separation of
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positive and negative charges in lattice will result in polarization in the materials

which is shown by Fig. 2-1(c). Supposed the deviation of negative charge from the
center of positive charges is r, the polarization can be expressed as: P=Nb(-e)r. Here
Nb means the bound electron density. Then we have:

A= = (2.17)
In this equation, v* means velocity of the electrons when oscillating. In another
opinion of view, if we treat the current density induced by the free electrons as a

time-varied polarization, according to equation (2.15), we can obtain:

" 4 ACTAN RN

-|ICO at ot 0

Combining equation (2.16), (2.17) and (2.18), the polarization due to the free

electron can be expressed as:

P—= 1.~ E /= # 2 1 9 )
Q) m (a) +5c0y)
Herey in the equation is the damping rate (or collision frequency) of the electrons.

According to equation (2.2a), we have the permittivity of metals:

)y = = . (2.20)
£9Q) CO +iwy

Here o £ * Ne” mSof"" is the defined as plasma frequency of metal. Equation
(2.20) is a very important conclusion of Drude model. In this equation, the real and

imaginary parts can be respectively expressed as:
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KG[e(a))] =1 —O)—r-" ) (2.213)

Inif[g_= , 2 20. (2.216)
When the frequency is much larger than the damping rate, £(q)) is dominated by

the real part. Then equation (2.20) can be simplified to:
6(0)= 1(2.22)
CcO

For general metals such as gold (Au), silver (Ag), copper (Cu), aluminum (Al) et al.,

plasma frequency [p is usually at ultraviolet range.

In the free electron model, e(Q)) 1wheno)»co®. For some noble metals such as
gold, silver and copper, an extension to this model is needed in the region of

0)> Op due to the interband transitions. This effect therefore modifies equation

(2.20) to be:

) }ED -{-loy (2.23)

The validity of the equation (2.23) is illustrated by-Fig. 2-2 [2]. The experimental
data of gold is extracted from Ref. [3] and fitted to the equation. It shows that at
visible and ultraviolet (UV) range, the applicability of this model breaks down due
to the occurrence of interband transitions. For our discussion frequencies from near
infrared to far infrared, Drude model can describe the properties of metal pretty

good.
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Fig. 2-2 The validity limits ofDrude model.
The parameters of Drude model for several noble metals described by equation
(2.23) are shown by Table 2-1 [4 > 5]. All these four metals satisfy the requirement
for plasmonic applications.

Table 2-1 Drude model parameters for metals

% (eV) r (eVv)
Silver 3.7 9.2 0.02
Gold 6.9 8.9 0.07
Copper 6.7 8.7 0.07
Aluminum 0.7 12.7 ’ 0.13

The real part and imaginary part of Al, Ag, Au and Cu are plotted in Fig. 2-3. In
high frequencies, both the real and imaginary parts of permittivity vary quickly
when the frequencies change. In low frequency range, the metals tend to be perfect
electric conductor (PEC). Fig. 2-3 (b) and (c) show the zoom view of the curve in
low frequencies. In general, the intrinsic plasma frequency of a metal is in the
ultraviolet or visible range. The electromagnetip wave becomes highly localized at

0J
the metal-dielectric interface when its frequency approaches the plasma frequency.
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We will show that according to the dispersion relationship, the confinement breaks
down when the propagation constant of the surface wave is reduced at lower
frequencies, such as in the terahertz range, where the permittivity of metals
described by the Drude Model is much larger than that in the UV and visible range.

Hence the terahertz wave will decay very fast in the metal.

<a).

100000 100000
10000 10000
1000 1000
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10 10

10 100 1000
Frequency (THz)

-en(Al)
<> (Ag)
-¢j (Au)
-t (Cu)

Froguoooy fTHi)
Fig. 2-3 (a) The real and imaginary parts of Al, Ag, Au and Cu in wide
frequency range; Zoom view of the curve in low frequency range of the real

part (b) and imaginary part (c).
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In summary, the properties of metal play a very important role in the discussion
of surface plasmon. We mathematically show that the negative sign of permittivity
IS a necessary condition supporting the excitation and propagation of surface
plasmon in next part. The dispersion of permittivity directly defines the dispersion
of the surface wave.

2.1.2 Propagation of surface plasmons on metal surface

In the last century, the interaction between the electromagnetic radiation and
materials interface has become a popular research "area due to the interesting
physical phenomenon. And the development of nano fabrication technique provides
a possibility to experimentally demonstrate some ideas. Surface plasmon is among
this kind of subjects. The theoretical basis has been solved with some very simple
mathematics but the physics is fascinating. In this part > we will introduce some
basic calculations which is related to the basic properties of surface plasmon,
especially for the dispersion of surface wave.

In bulk metal, the oscillation of free electrons is called "volume plasma
oscillation”. Its resonant frequency is metal's intrinsic plasma frequency 0)*. At the
metal-dielectric interface, the dynamics is different. When considering an incident
electromagnetic wave with transverse magnetic (TM) mode, there is an electric
component in z-direction, which is a discontinuous component. This discontinuity
results in different electric field intensity between inside metal and outside
dielectric, which is shown by Fig. 2-4. Then free electrons will form a periodic
distribution of the charge density at surface »which is proportional
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The distribution is a function of the k-vector of the surface
wave which can be written as:
~ ]~ — . (2.24)
But for transverse electric (TE) wave, the electric field is paralleled to the interface
and there is no electric component in z-direction. In this direction, the electric
displacement is continuous. Then there will be no polarized charge accumulated at
the interface.
Then we consider the mathematical model for the metal-dielectric interface. All
the deduction comes from Maxwell's equation based on classical electromagnetics.
We use the same coordinate system shown in Fig. 2-4 with /[-axis perpendicular to

the XZ plane.

Fig. 2-4 The discontinuity of E™ at the interface between metal and dielectric.
According to equation (2.3a) and (2.3c), we can obtain the following equation in

the absence of external charge and current density:
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VXVXE =-Mo” (2.25)
Simplified this equation, equation (2.25) yields the Helmholtz equation:
VAE+KIEE =0 (2.26)

Applied to the surface problem by assuming the electric field can be described

aise{xy, 2) = » We can obtain:
AN — 0o=0 (227
0z

A similar equation can be obtained for magnetic field.
Now let's look at the simplest case shown by Fig. 2-4. By solving equation

(2.27), we can obtain the solution for TM mode incidence in z>0 regions:

HO& /., , 0>  (2.28a)
EO =(CFf,” 0" 7 K ) "(2.286)

For z<0 regions, we have:

=0 H2I" ) (2.29a)
FL(2)=(FH2, >0 AMMM(2.296)

The evanescent decay length in metal and dielectric is defined as the reciprocal of

£x-vector in z-direction:

z=— (=12« “ (2.30)

Ko

The decay length quantifies the confinement of the surface wave.

Continuity of magnetic field in 7[>-direction and electric displacement in z-direction

leads to a relationship:
NN =0 (2.31)
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With our convention of the signs in the exponents in equation (2.28) and (2.29), the
real part of permittivity of two materials must be opposite sign. That means the
surface wave only exist at the interface with opposite sign of permittivity, such as

metal and insulator.

Go back to the wave equation for the magnetic field, we have:

,0)

Q= (2.32)

Combining (2.31) and (2.32), we can obtain:

= 0 A (2.33)
C M|

This equation combined with equation (2.20) or (2.22) or (2.23) leads to the
dispersion configuration of the surface plasmon at single metal-dielectric interface

which is shown by Fig. 2-5.

Nonradiative (Bound) Mode
(Surface Plasmon)

Wave Vector k c/co.

Fig. 2-5 Dispersion configuration of SPs at single metal-dielectric interface.
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Fig. 2-5 shows rich physics about surface plasmon at single metal-dielectric
interface. Between the surface plasmon (bound mode) and radiative mode, there is a
forbidden band which is called Frohlich mode, which is fully discussed in other area
especially for localized surface plasmons in nano particles. In this region, the
‘propagating surface plasmon is very lossy. For the surface plasmon, when the wave
vector goes to larger, the group velocity of the surface wave goes to zero and the
dispersion curve is a asymptote to a certain frequency. We define this frequency as

characteristic surface plasmon frequency:

o=t 7 A (2.34)
Al

where e" is the permittivity of the dielectric.

At low frequencies, the dispersion curve is very close to the light line.
According to equation (2.30) and (2.31), the decay length in the metal is very small
compared with that in the dielectric. That means the confinement breaks down
when the surface plasmon goes to low frequency such as THz frequencies. This
point has been experimentally verified by measuring the field distribution in metal
wire waveguide in THz range [6]. Then the introduction of roughness on a smooth
metal surface provides a way to modify the low-frequency wave behavior at the
metal-dielectric interface [7]. This idea has led to the research on the designs of

structures which produce “spoof plasmons™ [8-10].
2.2 Spoof surface plasmon

Before we discuss spoof surface plasmon, one issue should be highlighted here
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to make our discussion clear. Until now, many papers have been published for the

surface plasmon in structured surfaces. Among all these investigations, the structure

>

dimension compared to the concerned wavelength should be paid attention to since
it directly affect the electromagnetic mechanisms for the structures. A very simple
example is the ID grating. Subwavelength gratings are usually used for excitation
of surface waves. But when discussing spoof surface plasmon, grating or groove
structures are also commonly used. The physics and mathematics for these two
discussions are different. The subwavelength gratings for surface plasmon
excitation will follow the momentum conservation:
“Xe — # % (2 .35)

wheresGx and Gy are the reciprocal lattice vectors, m and n are integers of SP modes.
But for the spoof surface plasmon we are now discussing in this part, the patterned

surface is described in long wavelength limit (dimension of the structure is much

v

smaller than wavelength) as effective medium.

We have seen that due to the large permittivity of metals at low frequencies,
surface plasmons in this regime are highly delocalized. In the limit of PEC, the field
penetrating into the metal is identically zero. Perfect metals thus do not support
surface modes. Pendry and his colleagues show that the corrugated surfaces can
mimick the SPP Dby the bound electromagnetic wave [8 - 11]. We take the

one-dimensional array of grooves as an example for our discussion.
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Fig. 2-6 (a) 1-D array of grooves; (b) Effective medium approximation.

If the size and spacing of the textured surface is much smaller than the
wavelength, it can be described effective medium dielectric function of the plasma
form with plasma frequency determined by the geometry of the structure. This kind
of materials with subwavelength structure exhibiting such an effective photonic
response is called "metamaterials”. Metamaterial is another popular research area.
Here we just take concept "effective medium" for our discussion. Fig. 2-6 (a) shows
the geometry of the structure [12]. The array of grooves has the width a and depth h.
The lattice constant is d and the material of the structure is supposed to be PEC. The
dispersion relation co{k")of the surface waves propa”ting along the grooves can
be calculated by launching a TM-polarized incident wave and examining the

reflectance. Here £ is the propagating constant of the surface wave. As shown in Fig.

2-6(b), we define the structure's permittivity as
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SE dla - Sy= e: oo (2.36a)
=1 » {2 36 b)

The dispersion relation of the surface mode of this anisotropic structure can be

expressed as:

= (2.37)

Fig. 2-7 shows the plot of the dispersion relation for a/d=0.2 and h=d. The
dispersion curve is very similar to that in real metal. Here the plasma frequency or

characteristic surface plasmon frequency is determined by the geometry:

TIC

o (2.38)

This equation reflects the physical interpretation of the surface mode in PEC
grooves. This frequency corresponds to the fundamental cavity waveguide mode
inside the groove in the limit a/d—O. These resonances arise due to the interference
between modes propagating in the forward and backward z-direction. The surface
mode is then established due to coupling between cavity modes localized in

individual grooves [2].

P
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e
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ke units of nid)
Fig. 2-7 Dispersion relation of the spoof SPs in a groove array.
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A direct measurement of the confinement in structured surfaces for THz spoof
surface plasmon is'described by Ref. [9]. In this measurement, THz time-domain
spectroscopy (THz TDS) system is applied to make it. THz TDS is a powerftil tool
to study the materials' electromagnetic dynamics.
2.3 Introduction to THz wave and THz—TDS
2.3.1 THz wave and THz_TDS system

In pl~sics, terahertz radiation refers to electromagnetic waves propagating at
frequencies in the terahertz range. Terahertz time-domain spectroscopy (THz_TDS)
is a very important and successful research field of THz waves. In physics,
THz-TDS is a spectroscopic technique in which the properties of a material are
probed with short pulses of terahertz radiation [13 > 14]. The generation and
detection scheme is sensitive to the sample material's effect on both the amplitude
and the phase of the terahertz radiation. In this respect, the technique can provide
more information than conventional Fourier-transform spectroscopy, which is only
sensitive to the amplitude.
THz radiation has several distinct advantages over other forms of spectroscopy:
many materials are transparent to THz, THz radiation is safe for biological tissues
because it is noifi-ionizing (unlike for example X-rays), and images formed with
terahertz radiation can have relatively good resolution (less than 1 mm). Also, many
interesting materials have unique spectral fingerprints in the terahertz range, WhichJ

means that terahertz radiation can be used to identify them.



Surface plasmons in infrared range Chapter 2
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Fig. 2-8 Electric field of a measured THz pulse and the simulated field of the
exciting optical pulse are shown in (a), whereas the amplitude spectrum is shown
in (b).
The most significant difference between THz pulses and visible, infrared, or
ultraviolet light more familiar to most researchers is THz spectroscopy, directly

S
measures the electric field of the pulse rather than the intensity. The direct

measurement of field is possible simply because of the much slower variation of the
field as can be seen in Fig. 2-8. This figure shows the typical electric field of a
measured THz pulse and the simulated field of exciting optical pulse in time
domain (Fig. 2-8 (a)) and frequency Homain (Fig. 2-8 (b)).

Two types of THz TDS base on two types of generation and detection schemes.
The first one is based on the nonlinear crystal such as Zmc Teliuride (ZnTe) crystal.

J
The principle of the process is optical rectification (generation) and electro-optical

sampling (detection). A typical characteristic of this kind of system is that it works
at about 2THz (300nm) demonstrated by a simple optical setup. Another type of the

THz—TDS is based on photoconductive antennas, on which we will have detailed
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discussion in the following chapters.

Until now, THz_TDS has got applications in the field of real time THz imaging,
studies of carrier dynamics in semiconductor and conductivity processes in novel
electronic materials, optical response of semiconductor nanostructures,
biomolecules, Pharmaceutical and Security et al.

A THz_TDS system is a time-resolved spectroscopy system with active THz
components. The generation and detection components photoconductive
antennas. In principle, the technique can be extended to any process that leads to a
change in properties of a material, which leads to the optical-pump-and-probe
technique. With the help of pulsed lasers, it is possible to study processes that occur

on very short time scales.

GaAs substrate

Laser Pulse. THz
(800nm) Pulse

/1

Band gap 1.42¢eV
(869nm)

Fig. 2-9 Schematic of bowtie photoconductive antenna (left-hand side) and THz
wave generation pumped by a femtosecond laser pulse with 800nm wavelength
(right-hand side).

Fig. 2-9 shows the schematic for the bowtie photoconductive antennas as a THz
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emitter. When a femtosecond laser pulse is incident on the GaAs semiconductor
with bowtie metal patterns, carriers in high-mobility compounds accelerate rapidly,
leading to fast rise times. The DC-biased antenna produces the electric field. This
capacitive structure stores energy with a capacitance in the order of pF. The
bandgap of GaAs is about 1.42 eV and an excitation source with higher energy is
necessaiy for THz generation. Usually, we use the Ti Sapphire fs laser with 800nm
wavelength as the excitation source. The electron-hole pairs are formed in the GaAs
and driven by the electric field. The time dependence of the carrier dynamics in the
GaAs has been written explicitly to illustrate the transient nature of the
photoconductivity on subpicosecond time scales. It is the transient current that
generates the THz pulse. When the current goes through the simple coplanar
stripline structure such as bowtie, spiral, dipole et al., an impulse excitation to the
antenna is produced and the radiation pattern and THz pulse are determined both by

the response of the semiconductor as well as the antenna.
/

For the THz detection scheme, we also use a photoconductive antenna as
detector. To measure the electric field with high temporal resolution, the
semiconductor should have similar response time compared with the picosecond
THz pulse. To suppress the additional resistance in semiconductor and to get
stronger localized electric field between the antenna gaps, we usually use small-gap
(around 5"m~30nm) antenna as detector. The electric field is provided by the
incident ps THz wave and the carrier is excited by the synchronized fs pulse. The fs

laser pulse will sample the ps THz pulse controlled by the optical delay line in the
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detector.

With feasible THz emitter and detector, we have to couple these two
components together in the system. Usually we use silicon ball lens to collimate the
THz wave. The silicon ball lens mainly have two functions in the system: 1.
collimate or focus THz wave; 2. the interface between the GaAs wafer and air will
become GaAs-Silicon interface which will suppress the reflection of THz wave at

the interface.

+V N signal out

i TH

Emitter silicon Tenses 7 Detector

Fig. 2-10 Schematic of the coupling between THz emitter and detector.

Fig. 2-10 shows the schematic of the coupling between the THz emitter and
detector in free space. In THz TDS system, the beam path of pumping laser plus
THz wave is equal the beam path of probing laser in length, one of which is tunable
to scan the THz pulse in time domain. The sampling process of THz pulse is
described by Fig. 2-11. By tuning the spatial difference of the pumping and probing
beam path, the amplitude and phase of the THz electric field can be measured. After

the Fourier transform, the spectrum information can be retrieved.
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train of THz
pulses

train of fsec
optical pulses

Fig. 2-11 The sampling process of THz pulse by using femtosecond optical pulse.

The schematic of our THz TDS system is shown by Fig. 2-12. The laser is a
mode-locked Ti: Sapphire femtosecond with 800nm wavelength, 30~50fs pulse
width and ~82MHz repetition rate. Some parameters of the laser will be shown
below. The laser beam goes through a beam splitter (BS) and was split into
pumping beam and probing beam. M1~M5 are mirrors with HR coating for the light
wave with 800nm wavelength. LI and L2 are the objective lens focusing the optical
beam on the photoconductive antennas. Antennal and Antenna! are emitter and
detector for THz wave with silicon ball lens. Four parabolic golden mirrors (P1P4)
are used in this system to form the 8-F confocal setup for THz wave. The samples
to be measured are placed at the middle of the THz beam path. The beam wait of
THz wave at the focusing point is about 45mm > which is simply measured by
knife-edge method. A very important component in this system is the optical delay,
which consist of a Newport miniature linear stage and a Newport broadband hollow

retroreflector.
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Fig. 2-12 Schematic of THz_TDS setup.
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Fig. 2-13 Typical output of THzJTDS setup.
A typical output of the system is shown by Fig. 2-13. The figure on the
left-hand side shows the time-domain THz pulse. The inset figure shows the noise
level with optical pumping but no THz is generated by photoconductive antenna.

The noise level is at about -3~+3pA and the signal magnitude is about 33nA. The
{E

figure on the right-hand side shows the spectrum in frequency domain under single
measurement in log scale. The inset figure shows the spectrum in linear scale.

2.3.2 Applications of THz-TDS on spoof surface plasmon

As we mentioned before, THz-TDS is a powerful tool to study the
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electromagnetic dynamics of the materials of devices. A typical application on
spoof surface plasmon is the transmission study for planar 2D plasmonic structures.
We take a popular metamaterials design, fishnet structure, as an example to give a
brief introduction to the THz-TDS's transmission measurement.

Recently metamaterials have attracted much attention as artificially engineered
materials with subwavelength structures. They exhibit fascinating properties, such
as negative refraction [15], can effectively alter the propagation of the

electromagnetic wave in a pre-designed manner [16] and make applications such as

superlens possible [17]. In particular, metamaterials with fishnet structure aroused
much interest because of their easy fabrication and convenient designs to achieve

optimized properties.

I
The design of fishnet structures has been primarily focused in both microwave

»

and optical regimes. Furthermore, the inductor-capacitor (LC) circuit model which
was proposed earlier [18 - 19J in the microwave regime has been successfully
verified. This study focuses on thel] isotropicfishnet structure, which is
polarization-independent by its isotropic nature, in the terahertz range. Samples
with a dual-layer structure were fabricated and measured in a terahertz time-domain
spectroscopy (THz-TDS) system to characterize their transmittance. Simulations
were also conducted to determine the variation of the resonant frequencies of such

structures under different geomQtrical dimensions.
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Fnqutney (THx)

Fig. 2-14. (a) Schematic of the structure; (b) Experimental result from
THz-TDS and the simulation result; (¢) and (d) the surface current
distributions of the two metal layers at 0.36 THz.

Magnetization waves have been observed in negative-index metamaterials with
fishnet structure [20] in the optical range. Hence the structure is expected to exhibit
both magnetic resonance (antisymmetric mode) and electric resonance (symmetric
mode) in the terahertz range as well. Fig. 2-14(a) shows a schematic of the
fabricated device. The structure can be described by P (period), L (cross member
length), W (cross member width) and t (spacing between the two layers). The
dielectric layer sandwiched between the metal layers is polyimide. The
transmittance o” the device measured by THz-TDS is shown in Fig. 2-14(b). The
sharp peaks at 0.55THz and 0.74THz are caused by water vapor absorption.
Simulation was performed using HFSS (High Frequency Structure Simulator). It is

observed that there is a good match between the simulation and experimental results.
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At around 0.35 THz, a peak is clearly seen in both curves. According to the theory
on fishnet structure, this peak and the main peak correspond to the magnetic
resonance and electric resonance respectively. To verify this point, we plot the
simulated surface current distributions on the two metal layers in Fig. 2-14(c) and (d)
corresponding to the peak at 0.36THz. The result verifies the antisymmetric mode
pattern which should correspond to a magnetic resonance. A symmetric mode

pattern was observed for the main peak at 0.49THz but is not shown here.

‘ Magnetic Resonance

40 « 'Ib ido lio'iio ‘'iic
Cro66 Member W»xdth (um) (um>

(a) (b) (c)

Fig. 2-15 Magnetic and electric resonant frequencies versus (a) L at

Cross Member Length (um)

F1=402[#f ; (b) W at L=260nm, P=402mn; and (c) P at /,.=260F -

In Refs. [18] and [19], the relation between the geometrical dimensions of the
structure and the resonant frequencies is presented in the microwave regime. In this
study, their circuit model is adapted here to derive the relationship between the
magnetic resonant frequency and the geometrical parameters in the following
equation:

L
+C 2.39
W (2.39)

where C is a constant. Fig. 2-15 shows the simulated magnetic and electric resonant

frequencies versus the geometrical parameters L, W and =~ at a constant spacing

48



Surface plasmons in infrared range Chapter 2

layer r=25jmi, respectively. The change of the magnetic r*onant frequency shown
in the figure can be qualitatively explained by equation (2.39). Hence equations
deduced from the circuit Z,C-model can provide a simple guidance to help design
the resonant modes in the structure. An example would be to widen the separation
between the magnetic and the electric resonant modes so as to obtain an optimized
polarization-independent left-handed band in the isotropic fishnet structure. Our
investigation thus provides a useful background for further theoretical and
experimental studies of fishnet devices in the terahertz regime, particularly for
understanding left-handed resonant modes.

Besides negative refraction, the fishnet structure also finds application in
magnetic plasmon polariton (MPP) nanolaser, waveguides, selective switches and
etc. The basic fishnet structure is the.metal-insulator-metal (MIM) structure which
can be magnetically excited and described by the LC-resonance model. The
dispersions of the magnetic and electric resonant modes are closely related to the
mechanism of the coupling between the two metallic layers. The multiple MPP

modes in the optical regime have been analyzed in the'last three years [21, 22] and

the results show abundant physics in the two-layer coupled system.

Our investigation described in below tries to understand the behavior of the
transmission spectra of the dual-layer fishnet structure by changing the incident
angle of the THz wave and the thickness of the dielectric layer separating the two
metallic films. The dispersion of the 3 major modes measured  in this structure

can be inferred from such behavior qualitatively. Simulation studies will be carried
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out to analyze and confirm the nature of these modes.
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Fig. 2-16 (a) The schematic of the fishnet structure, (b) The measured
transmittance of the sample with thickness of PI=12.5 u m under different incident
angles, (c) The measured transmittance of the samples with different thickness of
Pl under the 200 incident angle. The dips in the grey regions are the two MPP

modes and the main peak corresponds to the electric resonant mode

We conducted a detailed study on both the electric and magnetic resonances of

the MIM fishnet structure at THz frequencies. A flexible dual-layer symmetric

fishnet structure on the two sides of a polyimide (PI) dielectric thin film with

different thicknesses was fabricated by conventional photolithography. The

structure is shown in Fig. 2-16(a). The parameters of p, /, d denote the period of the

unit cell, the length of the hole and the thickness of the dielectric layer, respectively.
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In this study, the cell period and hole length are fixed at 300 u m and 150 u m,
respectively. The entire structure is free-standing by itself without the need to be put
on some substrate.

The transmittance of the structure was measured by THz-TDS, The emitter and
detector are both broadband photoconductive antennas driven by femtosecond .la™er
with 800nm wavelength. Fig. 2-16(b) and (c) show the experimental transmission of
the samples with different Pl thicknesses and at different incident angles. By
comparing our results with those reported in the literature, two MPP modes are
identified [MPPIl and MPP2] as shown in Fig. 2-16. The large peak between the
two MPP modes is the main electric resonant mode. From Fig. 2-16(b), one can see
that the MPPl mode has a weak dependence on either the incident angle or the
dielectric layer thickness. This represents a mode with weak dispersioji. On the
contrary, the MPP2 mode exhibits a strong dependence on the incident angle as well
as the dielectric layer thickness. For example, when the terahertz wave is at normal
incidence and d=\2.S u m, the dip at around O.STHz is quite weak. But when the
incident angle is increased to 10 degrees, the dip becomes deep. When the angle is
further increased to 20 degrees, the dip is split into two. If the dispersion curve for
the MPP2 mode were di”t”, one may actually observe this mode splitting due to
the change in the coupling of the two layers arising from the change of the incident
angle. From another point of view, when the incident angle of the terahertz wave is
fixed at 20 degrees and the thickness of the dielectric layer is varied from 50 u m to
12.5u m, the dip also experiences a change from a shallow dip to a sharp dip and
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then split into two dips as shown in Fig. 2-16(c). This mode then represents a mode

with a large dispersion. According the theory of MPP, the MPP modes with go

and Gijjti

[corresponding to the MPPI

and MPP2 modes shown Fig. 2-16,

respectively] are clearly observed inour samples. The main electric resonant mode

shows little dependence on the dielectric layer thickness but is a strong function of

the incident angle. This behavior is typical of an electric resonant mode that is

hardly affected by the coupling between two metallic films. The dispersion of these

MPP modes is shown by Fig. 2-17.
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-Our experimental results reflect that the coupling between the two metallic

layers greatly affect the dispersive MPP Gj,* niode. An analogy ofthe coupling

effect can be drawn by describing the structure by an LC-circuit model. In this

dual-layer structure, each layer itself can form an LC-circuit and becomes resonant

at a certain frequency. Since the two layers are coupled through the magnetic field
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in the dielectric, it forms a capacitor whose capacitance will change when the
thickness of the Pl varies. Hence the entire structure will be described by a variable
capacitor coupling the two LC-circuits that represent the two metallic layers. The
coupling mechanism will be studied in detail by numerical simulations of this
LC-circuit model.

2.4 Summary

The metal-dielectric interfaces support the propagation of surface plasmons. The
i

permittivity of metal greatly affects the electromagnetic properties of the surface
wave. At lower frequency ranging from infrared to far infrared, the confinement of
the surface wave breaks down at the interface. Structured surfaces provide an
efficient method to tailor the dispersion of the surface wave and make the effective
medium perform as real metal. In far infrared regime, THz-TDS system provides a

powerful tool to measure the response of plasmonic materials or devices.
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Chapter 3: THz transmission in plasmonic structure

3.1 Introduction

Periodic metal structure with unit cell dimension less than the wavelength has
been extensively investigated. The research on SPR has stimulated intense studies
on, micro- and nano-structures for a wide range of applications [I]. Many
fascinating features were found in metal optics, such as extraordinary optical
transmission (EOT) [2], negative refractive index [3] and etc. Although the physics
of plasmons has been extensively discussed for a long time [4 > 5], there is still a
lack of systematic study of how the geometric features of the structures, such as
hole-shape or periodicity, affect the electromagnetic properties of the devices [6 > 7],
In certain simple single-layer designs, some basic theory such as Babinet principle
[8] and Wood's anomaly [9] have been employed to understand their experimental
results. An introduction of surface roughness or artificial structures to these devices
provides a convenient way to modify their electromagnetic response. In the
terahertz (THz) range, the properties of metals are different from those in the optical
range. Plasmons in the THz range are called “spoof plasmons™ to indicate their
distinct features, such as poor confinement on the metal-dielectric interface [10, 11].
Recently, microscopic coupling in sub-wavelength structures has attracted much
attention for its interesting macroscopic behavior [12]. To explore more exotic

devices, a deep-insight understanding toward single layer case is necessary.
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As we. mentioned in Chapter 2, the dispersion of the surface wave in the
periodic structure can be given out by momentum conservation relation described
by equation (2.35). In terahertz range, due to the less dispersion and PEC-like
property of metal, some equations in optical range can be simplified. Suppose

k-vector is an complex number with real and imaginary part:

c enN4n2 (3'1)
Heref| = <t/  is.the permittivity of metal and is that of dielectric. In terahertz
frequencies, we have:
« ESU T (32)

This relation results in a simplified relation:

(3.33)

ML
(3.371)

¢ 2
This equation shows that in different dielectric interface, the resonant frequency fo”
the surface wave depends on the permittivity of the medium. Fig. 3-1 shows a
typical result of the transmittance for a free-standing THz bandpass filter. The
structure is formed by single-layer metal with array of cross holes. The dimension
of the unit cell is (G, K,J) = (413.75 > 280" 87.5) urn. G, K and J are shown in the
inset figure. The simulation was performed in Ansoft High Frequency Structure
Simulator (HFSS). The resonant peaks for (w, w) ~ (1, 0) and (1” 1) mode for the
air-metal interface are marked in the curve. According to Babinet's Principle - the

band-stop structure can be obtained by the array of cross particles. A detailed
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review on these two types of structure is given by Ref. [13]. But still there is a lack

»

of discussion on the interaction between these two types of structures.

Experimental data

0 ) A HFSS simulation
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Fig. 3-1 Free Standing Terahertz Bandpass Filter (Measurement Result and
Simulation Result),
3.2 Multimode transmission in complementary plasmonic
structure
In this part, we discuss a 3-dimensional (3D) structure composed of two
metallic layers of complementary cross patterns sandwiching a polyimide dielectric.
Three transmission peaks in the terahertz range are clearly observed experimentally
for devices with different dimensions of the same structure. These resonant peaks
agree very well with those obtained from simulation. The results will be presented
in detail and the origins of the resonances will be discussed later in this part. The

multi-peak spectra may I*lp the design of multi-mode THz filters, THz waveguide



THz transmission in piasmonic structure Chapter 3

and "potentially benefit future biosensing and communication applications.
3.2.1 Mode splitting due to the coupling

The schematic of our structure is shown in Fig. 3-2(a), where G is the
periodicity of the unit cell, K is the cross member length and J is the cross member
width. The dielectric layer between the two metal layers has been omitted for clarity.
The cross pattern is selected here as the unit cell because it has been studied widely
as terahertz bandpass filters with a multi-layer structure and negative refractive
index [14 > 15]. The upper metal layer is made of an array of periodic crosses while
the lower layer is a piece of metal film with periodic cross-holes exactly aligned
with the metal crosses above them. The thickness of the middle layer, //, is very
important as it greatly affectsthe multi-mode properties to be discussed in below.

The samples are fabricated by conventional photolithography technique and the
middle layer is polyimide with variable thicknesses. In this letter, two samples,
whose (G, K, J) values are (301, 195, 29) \im and (402, 260, 76) urn, are studied.
The metal films are deposited by sputtering LS”im-thick copper layers on the
polyimide thin film. Measurements are conducted in a broadband terahertz
time-domain spectroscopy (THz-TDS) system configured with a standard 8-F
confocal setup. The emitter and the detector of the system are two bowtie
photoconductive antennas. At the point where the sample is placed, the THz beam
waist is about 5.5mm. The simulated and experimental transmission characteristics
of two samples with dimensions (301, 195, 29) \im on 25nm polyimide (Sample A)
and (402, 260, 76) “m on 50|im polyimide (Sample B) are shown in Figs. 3-2(b)

I
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and (c), respectively. The simulation has been carried out by FIT-based (Finite
Integration Technique) software CST Micro Wave Studio (CST-MWS). The metal
layers modeled as a perfect electric conductor and the experimental

transmittance has been normalized with respect to that of the polyimide.
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(b)
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Fig. 3-2 (a) Schematic of the complementary structure. G, K and J denote the
period of the structure, the member length and the member width of the cross,
respectively. Measured and simulated transmittance through the structure for
samples with [G, K, J) = (301" 195 29) [im (b) and (402’ 260 76) \im (c). The
dashed lines show the resonant frequency for the single layer case. Wood'j
anomaly is indicated by*.

Three peaks can be clearl}/ observed in both samples and they match well with

those obtained by simulation. The sharp dip at around 0.55THz and the spike at
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0.74THZ are caused by the absorption of water vapor [16]. Because the samples are
free-standing, which helps to eliminate the effects arising from an additional
substrate, the curvature of the sample surface may generate some slight shifts in the
peak positions. The dashed line in each figure shows the experimental and
simulated resonant frequency, cos, of an identical structure fabricated similarly but
without the upper metal layer. These devices with a single metal layer patterned
with cross-holes are labeled as Sample As and Sample Bs, corresponding
respectively to the otherwise identical Samples A and B. The relationship between
@36 and the first two peaks in each figure will be discussed in the following analysis.

A deeper insight into the nature of the three resonant modes, labeled as ©-’ cot,
and @ from low to high frequencies as shown in Fig. 3-2, can be obtained by
comparing their corresponding current distributions on the metal surface. The
current distributions are also calculated by CST-MWS. Fig. 3-3(a) shows the current
distributions corresponding to the co- mode in Sample A. The solid arrow shows the
tdirection of the current on the upper layer and the two dashed arrows show those on
the lower complementary layer. The polarization of the incident wave is given as
shown. Similarly, Fig. 3-3(b) shows the corresponding surface current distributions
of the @+ mode on the same sample. The major difference between the two modes is
that the directions of the currents on the upper layer are opposite to each other,
which results in an entirely different coupling between the fields surrounding the
upper and lower metal layers. Similar current distributions are also obtained for

Sample B.
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© S S

3) @

A, A A,

Fig. 3-3 (a) and (b): The simulated current distributions calculated by CST
Micro Wave Studio for the cd- and (o+ modes, respectively; (c) and (d): a
pictorial pattern of the magnetic field corresponding to the co- and a)+ modes,
respectively, in the cross-section plane XX'.

Fig. 3-3(c) shows a pictorial pattern of the magnetic field corresponding to the
@3 mode in the cross-section plane along X-X’ when viewed along the direction of
the electric field vector. It is clear that in the regions around A and A’, the magnetic
field due to the upper layer is in the same direction as those due to the lower layer.
If one views magnetic coupling as the occurrence of mutual inductance, then the net
inductance responsible for resonance in this scenario will be increased by virtue of
the additional parallel field over that of the single layer device, such as Sample As,
thereby leading to a resonant frequency, co-, which is lower than cos of Sample As as
shown in Fig. 3-2(b). On the other hand, Fig. 3-3(d) shows the corresponding

magnetic field pattern for the ©+ mode, where the fields are anti-parallel around A
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and A . By the same argument, the net inductance will be reduced by the coupling
effect, which should result in a resonant frequency, cot, that is higher than cos. Hence
the GO and cot modes in this complementary structure can be considered to arise
from the field-coupling between one patterned metal layer and its complementary
counterpart. Furthermore, Figs. 3-2(b) and (c) show that both the experimental and
simulated relative strength ratios between the e+ and co- modes increase with the

spacing between the two metal layers [25 jim in Fig. 3-2(b) and 50 Am in Fig.

3-2(0)].
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jo- 3-4 Simulated transmission characteristics of Sample A as a function of

dieliectric thickness H. The circles indicate the resonant frequencies of Sample

oned above, the thickness H of the middle dielectric layer greatly
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affects the resonant modes in the structure by changing the field interaction between
the two metal layers. Intuitively, a large H implies very little interaction and a small
H will enhance the field coupling. Therefore simulations have been performed on
the structure represented by Sample A to obtain its transmission characteristics at
various dielectric thicknesses. The simulation results are shown in Fig. 3-4, where

X

the transmitted intensity is color-coded in order to show its dependence on both

!

frequency and polyimide layer thickness simultaneously. For comparison, the
resonant frequency, cos, of Sample As is also shown as a function of the polyimide
layer thickness (circle). It is very obvious that as H increases, the co- and o+ modes
tend to merge together to become one mode whose resonant frequency is identical
to 0)5 of Sample As with the same polyimide thickness. The current distributions of
the (o- and co+ mode on the lower (cross-hole) metal layer in Sample A are observed
to mimic those of Sample Aswhen H reaches 100 “m and that may explain why oo+
tends to merge with cos. Simultaneously, the current distributions on the upper (solid
cross) metal layer of Sample A become very weak, which also reflects the lack of a
distinct peak at The effects of varying the coupling between two stacked layers
of periodic split-ring resonators (SRRs) have also been analyzed by an equivalent
LC circuit model with a mutual inductance derived from the coupling of the SRRs
[12], although in that case the coupling is varied by changing the relative orientation
between the upper and lower SRRs instead of the spacing between them. Figure 4
also clearly echoes our earlier claim that the co- mode gradually loses its strength

relative to the o+ mode as H increases. Lastly, it is also observed that the aoq mode
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tends to shift to a lower frequency at large H. This happens because the effective
refractive index becomes larger, thereby increasing the wavelength of the surface
wave propagating along the patterned surface.
3.2.2 Bloch state in periodic structures

Regarding the third mode represented by Q3G it is believed to arise from the
excitation of the Bloch state in periodic structures. (The dip at around the lattice
period is due to Wood's Anomaly [9].) One evidence can be obtained by comparing
this mode in both Samples A and B, where the resonant frequencies are
approximately equal to the velocity of light divided by the respective periodicity of
the cross patterns. An indirect verification of this collective effect is obtained by
measuring Sample A in another ZnTe-crystal-based THz-TDS system where the
beam waist is just 0.8mm, which is much smaller than the 5.5mm in the previous
setup. The transmission curve is given in Fig. 3-5(a), which shows that the @5 mode
representing the collective effect of periodic unit cells becomes unobservable here
because the excitation area is too small (just covering a few cells). This is in sharp
contrast to the co- and @ modes which are still quite significant. Fig. 3-5(b) shows
the simulated surface current distributions in Sample A for this mode (Sample B
shows very similar distributions), which are very different from those for the other
two modes. Here the currents are dispersed throughout the whole surface of the unit
cell instead of being primarily concentrated around the cross region. This reaffirms
the global aspect of the present mode versus the localized effect in the other two
modes. To assess the effect of unit cell periodicity on the aoq mode, simulations
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have been performed by varying the periodicity of Sample A but keeping its
cross-pattern shape and size unchanged. The transmission characteristics obtained
from the simulations are sliown in Fig. 3-5(c). It is clearly observed that the
frequency of the coo mode varies distinctly with the periodicity of the structure
whereas the frequencies of the co- and ojt modes remain almost unchanged.
Consequently, all of these results corroborate the hypothesis that the wg mode
originates from the collective effect of the unit cells and is critically dependent on
the periodicity of the structure.

In conclusion, we have investigated the multi-mode transmission properties of a
complementary dual-metal-layer structure. The two lower frequency modes are due
to localized coupling of fields between the two layers. The highest frequency mode
is the propagating mode of the spoof surface plasmons and is therefore related to the
period of the structure. Our device differs from those with identical periodic
patterns on both metal layers, such as the fishnet device, in that the incident wave
can ‘see’ the entire area of the device here whereas only the metallic portion of the
device can be 'seen' by the wave in the fishnet structure. Hence very high
transmission efficiency at the resonant modes can be achieved. In addition, the
relative amplitudes of the three transmission modes can be tuned by changing the
geometrical design of the structure. Lastly, the free-standing nature of our device
eliminates all substrate effects and results in a good agreement between simulation

and experimental results.
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Fig. 3-5 (a) Transmission curve measured in a THz-TDS system wilh beam

waist around 0.8mm; (b) The simulated current distributions for the (Ug mode; (c)

Simulated transmission curves for samples with different unit cell periods but

the same patterned shape and size as Sample A.
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3.3 Polarization-dependent plasmonic  coupling in
duaHayer structure

As a continuous work of the previous part, dual-layer metallic wire-hole
structures were fabricated and their terahertz transmission properties were measured.
They exhibit polarization-dependent transmittance with large extinction ratios.
Simulation and experimental results on structures with different wire-to-hole
orientations provide strong evidence that the resonance peaks are caused by
plasmonic coupling between the two metallic layers. A simplified ZiC-circuit model
is proposed to explain the coupling mechanism and to estimate the peak frequencies.
Our results suggest that specific electromagnetic response can be achieved by
appropriate design of the geometrical patterns on the two metallic layers and a
suitable polarization of the incident wave.

3.3.1 Polarization-sensitive transmission

Complementary plasmonic structures have been proposed and demonstrated in
the THz range [17] and optical range [18 > 19]. They provide a simple but useful
platform for studies on the 3-dimensional couplings between two patterned metallic
layers separated by a dielectric.

In this chapter, the interaction between two patterned metallic layers in the THz
range is reported. Our simulation and experimental results show that when excited
by a certain polarized wave, the wire-and-hole structure proposed here can achieve
the same transmittance response as the complementary cross structure reported
earlier [17]. The numerical results demonstrate that the electric or magnetic fields of
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the incident wave can be modulated by the wire array or hole array, respectively, on

either of the two metallic patterns.

The proposed structure is composed of one layer of metal wire array (WL) and
one layer of metal hole array (HL) separated by a layer of polyimide of thickness d.
The schematic of the structure is shown in Fig. 3-6. The parameters /* if, and p
define the wire/hole length, wire/hole width and period of the unit cell respectively.
The angle between the long side of the holes and the y-axis,/?, can be adjusted
between 0° and 90° as shown in Fig. 3-6(b). A cross section view cut through the

holes shown in Fig. 3-6(a) is given in Fig. 3-6(c).

s

@ 1 (®) ©

Fig.3-6 Schematic of the wire-hole structure, (a) 3-dimensional view; (b) x-y

plane view; and (c) y-z plane view.

The patterns were written by conventional photolithography on both sides of the
polyimide film. The 2-}im-thick copper layers were deposited by sputtering
followed by liftoff. Samples with different P values but id<mtical p, /, w and d
values of 402 > 260 > 76 and 50 ~“m, respectively, were fabricated in this study. The
measurement was conducted in a standard 8-F confocal THz time domain

spectroscopy (THz-TDS) system. The THz emitter and detector in the THz beam
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waist is around 5mm. The system works in an environment of dry compressed air
with negligible water absorption. Our simulations were carried out by CST Micro
Wave Studio (CST-MWS). The copper layer was modeled as a perfect electric
conductor (PEC) and the permittivity of polyimide was taken as 3.9. The
experimental transmittance of the structures was normalized by that of a single
polyimide layier. Fig. 2 compares the experimental transmittance (red line with
circles) with the simulation results (black line with squares). Fig. 3-7(a) and (d)
show the transmittance of the sample with [ =0°The inset shows the polarization
directions of the incident wave. In Fig. 3-7(a), the electric field is parallel to the
wire and both the WL and HL are in resonance at the three major plasmonic peaks
shown. These plasmonic peaks are exactly the same as those obtained from the
complementary cross structure with cross dimensions identical to those formed by
the wire and hole in the present structure [17]. This result implies that the
complementary (complicated) structure can be replaced by the present (simple)
wire-hole structure to achieve the same transmittance. Fig. 3-7(d) shows that when
the electric field is perpendicular to the wire > the transmittance of the structure is
much smaller. In this case, both the WL and HL ait non-resonant with the incident
wave over the measured range of frequencies, with the WL exhibiting almost unity
transmission and the HL showing little transmission. Despite the nearly opaque
behavior of the HL, the WL-HL coupling produces some enhancements in the
transmittance at some frequencies. But the overall transmittance of the structure is
low. The physics of the coupling mechanism will be analyzed in below by
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introducing the LC-model. Similarly, Fig. 3-7(b) and (e) show the transmission
spectra with  =60°while Fig. 3-7(c) and (f) are for p=9Q°. All of the results show
a fairly good match between simulation and experiment. They demonstrate that p
affects the response of the device according to the polarization direction of the
excitation wave. In fact this polarization selection property with large extinction
ratios has indeed been observed in complementary structures in the optical range
[18].
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Fig. 3-7 Experimental and simulation result for (a) p =0, , £VAvire; (b) p
=60 OfiV/iwire; (c) p =90°, E/lwire; (d) p =00 jE_[.wire; (¢) p =60- > E
wire; and (f) p =90°,7 [ wire. The blue curves in (a)-(c) show the
transmittance obtained by using LC-circuit model.

3.3.2 LC circuit model

As the single layer structure can be described by an LC-circuit model, whether it
be WL (capacitive and corresponding to a series resonant circuit) or HL (inductive
and corresponding to a parallel resonant circuit), here we represent our dual-layer
structure by two AC-circuits coupled by a mutual inductance M as shown in Fig.3-8
(a). In this circuit, C;, C2 and Lj, L2 denote the respective native capacitance and
inductance of the HL and WL, with Zqand Za representing the impedance of air and
dielectric, respectively. The mutual inductance, Lj and L2 have been redistributed as
3 inductances Lj-M, L2~M and M and connected as shown in the figure. The parallel
circuit should behave like an open circuit whereas the series circuit should behave
like a short circuit at resonance. Hence Fig. 3-8(b) or (c) is the equivalent circuit at
resonance, differing only in the sign of the inductive coupling. In order to obtain a
simplified equation of mode hybridization or splitting due to the coupling effect,
two approximations are assumed: (1) The resonant frequencies of the single WL
and HL are the same, ®a: -, = =0)0= (i =1,2). This condition implies
that the Babinet principle is obeyed in this case. In reality, and <»[] 3will differ
slightly owing to the substrate effect. (2) Resistive dissipation is neglected so that
the equivalent circuit does not contain any resistor. Then two differential equations

r

can be obtained: ‘
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=0 (3.4a)

where gi and ql] denot¢he accumulated charges in the capacitors C/ and C2

respectively. The resulting hybridized resonant frequencies can be written as:

=1 A (3.5)

Frequency &) results from additive magnetic field coupling while o) results
from subtractive magnetic field coupling, as indicated by the additive induction
currents in Fig. 3-8(b) or by the subtractive induction currents in Fig. 3-8(c). The
magnetic field intensity in the structure is calculated to verify this mode
hybridization. Fig. 3-8(d) and (e) show the simulated magnetic field distributions in

the structure at the resonant frequencies of 0.21 THz and 0.52THz, respectively,

given in Fig. 3-7(a). They show clearly the additive and subtractive field effects as
expected. A pictorial description of the magnetic field vectors caused by conducting
currents is given by the white arrows. The surface currents, indicated by ® and ®,
flow in opposite directions on WL and HL for additive magnetic field coupling but
along the same direction for subtractive field coupling.

To get a deeper insight into the relationship between the parameters of the
LC-circuit to the coupling effect, the circuit shown in Fig. 3(a) was studied by
Advanced Design System (ADS). The inductance and capacitance values in the

LC-circuit are difficult to estimate without knowing the transmission loss of the
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Structure, although some empirical calculations of resonant frequencies and
transmittance of mesh structures have been reported [20, 21]. From the resonant
frequency and 3dB-bandwidth, the parameters in the LC-circuit of dual-layer
structure can be estimated. Table 3.1 lists the parameters which are used to calculate
the blue curves shown in Fig. 3-6(a)-(c). The parameters Cy, O, Lj and L2 were
estimated from the single layer case and mutual inductance M was deduced from
equation (3.5). It is clear that our simple LC-circuit model can reproduce

approximately the same frequency response as obtained by electromagnetic

simulation.

Li -M- tZrf [12-M

Cid= M

7 dlf”

]

oy - e

SN «1'jnwft)

Fig. 3-8 (a) Inductively coupled AC-circuit for the structure; (b) Equivalent circuit with additive
magnetic coupling; (c) Equivalent circuit with subtract]ve magnetic coupling; (d) Magnetic field

distribution for (b); and (c) Magnetic field distribution for (c).
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Table 3-1 Parameters in £C-circuit Model

P Lt(pH) C,(fF) Lo _ C2(fF) M(pH)

0° 11.577 615 250 0.7463 43.578
600 2.387 131 250 0.7463 8.549
900 0.419 3.6 250 0.7463 ~0

In order to demonstrate the effect of variable coupling between the two metal
layers without changing their spacing, the transmittance of the structure was
simulated while rotating the hole counterclockwise by 90°, i.e. changing the angle
p from 0° to 90°, for two orthogonal polarizations and the results are shown in
Fig. 3-9. For the single WL or single HL, each has two special states: the incident
electric (for WL) or magnetic (for HL) field is either parallel or perpendicular to its
long edge, labeled respectively as WL//, WL . » HLrand HL [.. The properties of the
single layer structures are quite well understood. For the WL/, it exhibits a
band-stop response where the electric field is strongly modulated at the resonant
frequency. When the wire is rotated by 90f@s in WL [ ,broadband unity
transmittance without resonance is obtained because of the large capacitive
reactance in the structure. According to the Babinet principle, the case of HL [‘and
HLi can be inferred as: HL// exhibits a bandpass resonance whereas HLi stops all
the energy in a broadband range. When these two layers are coupled together, mode
hybridization is produced and has been explained in above. When the two layers are
both at resonance (WL//, HL//), which is the initial state of Fig. 3-9(a), mode
hybridization is especially conspicuous and multi-mode transmission is

experimentally confirmed as shown in Fig. 3-7(a). When the initial state changes
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from (WL//, HL") to (WL//, HL1.) -te HL[. layer will stop most of the transmitted
energy and the two hybridized modes tend to merge together because of the
weakened coupling resulting from a significantly reduced mutual inductance M in
Fig. 3-7(a). Likewise, Fig, 3-9(b) shows the case when (WL [.- HL i) changes to
(WL _ » where the WLi layer is non-resonant throughovit while the HL layer
varies from non-resonant state to resonant state, finally resulting in a bandpass
response >which is also experimentally observed as shown in Fig. 3-7(f).
Intermediate values of p will produce intermediate response, such as that observed
experimentally for p = 60° [Fig. 3-7(b) and (e)]. Rotation of the wire will
produce similar results and not be discussed here. Figure 3-9 clearly shows that the
dual-layer structure can selectively modulate the electromagnetic wave as desired
according to how the coupling is varied. In this investigation, the wire and hole of
the same dimension have been chosen for modulating the electromagnetic wave.
Other geometric patterns with different dimensions and symmetry properties can be

employed to explore different modulations of the electromagnetic wave.
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CEONCDX-CIN=:

—
) 20 30 40 50 60

Fig. 3-9 State transition by changing; for (a) E // wire and (b) E_|. wire.
In conclusion, we have demonstrated *a dual-layer wire-hole structure and
analyzed its polarization dependent properties in detail and approximately
reproduced its frequency response by an LC-circuit model. When the wire and hole

structures are resonantly coupled, mode hybridization will lead to multi-mode

\

transmission. By varying the angle between the wire and the hole and their
orientation with respect to the polarization of the incident wave, one can tune the
resonant states and the coupling strength in the dual-layer structure. Hence such
structures and their variations should provide a versatile platform to custom-design

specific electromagnetic response for~seflil applications.
3.4 Phase response of dual-layer structure

In many discussions, we usually pay much of our attention to the amplitude
response of a device but ignore the phase. Actually, examination of phase response
in the devices may get more physics and results in more potential applications.

C
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3.4.1 O-to-2 n -phase-shift due to the coupling

As a continuous of our previous discussion, we choose the identical dimension

A S 3

structure for the discussion. The period of the structure is G=402um, and cross
width J=78um. The length of the cross is a variable ranged from 80 to 400um. We
examine the different amplitudes and phases during this variation process. The
simulation result is shown by Fig. 3-10. In Fig. 3-10(a), the two red spots
correspond to the coupled two modes. Look at the phase in Fig. 3-10(b). We can
find that at the region of these two modes, the phase shift has a stable variation
compared with other frequencies. When the wire width in the cross varies from

80um to 400um, the phase experiences a 2 ;rshift. This is impossible for a single

dipole resonance.

90 120 150 180 210 240 270 300 330 360 390

180 210 24D 270 T 360 390
Wire Length (urn)

(a)
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90 120 150 180 210 240 270 300 330 360 390
Wire Length (um)

Fig. 3-10 (a) Amplitude and (b) phase response of the complementary structure
with substrate.

The deeper investigation is needed for the mechanism f these two coupled
modes. But with the knowledge of our previous discussion, the 2 ;r-phase-shift is
obviously due to the coupling of the two layers: each mode provide a

s r-phase-shift. When the geometry of the structure varies, it is possible to make
these two modes resonant at the same frequency then they can be spatially coupled.
This point can be reflected by the equivalent circuit shown in Fig. 3-8(b) and (c).
3.4.2 Planar phase engineering devices

Making use of the phase "map" depending on the geometry can lead to many
devices in THz range similar to optical range. A proof-of-concept simulation is

performed to show how the unit cell with different phase response tuned by the
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geometry is spatially coupled

()

®)

Fig. 3-11 Electric field in the structure for complementary structure (a) at the
frequency without phase shift; (b) at the frequency with phase shift.

Fig. 3-11(a) shows the response of two unit cells with the same dimension. The
same phase front can be observed for these two unit cells. But for the second one
shown by Fig. 3-11(b), the dimension of the two unit cells is different. The wire
length of the left unit cell is 260um and the right one is 230um. The pitch and wire
width are both the same. The phase difference when passing through the sample is
obviQUsly different then the beam is bent to the right-hand side.

One batch of the complementary antennas in mid-IR range is fabricated and the
process is shown by Fig. 3-12 (a). The patterns are written by electron beam

lithography (EBL). With the mask of PMMA, we transfer the pattemslo”pJ hard

<
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mask and then to a GaAs wafer by Reactive lon Etching (RIE). After the deposition
of metal, the complementary dual-layer structure is created on the GaAs substrate.
To match the impedance of the upper and lower layers, we deposit a layer of
amorphous silicon on the structure using PECVD.

(a) SiN PMMA
PECVD

All
=] 2] Depositio

Woeosor L LyMTERL LTHI e w

Fig. 3-12 (a) Fabrication process; (b) SEM image of the fabricated samples
before a-silicon deposition.

Then we use the FTIR microscope setup in the Capasso lab to characterize the
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spectral response of the samples. The microscope allows both transmission and
reflection measurement. Fig. 3-13 shows the primary result for the reflection
measurement. We will compare the measurement results with the simulation results

to help understand the underlying physics of the structures.

0.7

)

B

:
~»~L=1.5um
—L=1.25um
-AL=1.0um
—T— L=0.75um

Wavenumber (cm')

Fig. 3-13 Reflection spectra for cross width Jf=250nm with different cross

length L.
3.5 Summary

In this chapter, a 3-dimensional sub-wavelength structure with periodic

complementary metal patterns operating in the terahertz range has been proposed
and fabricated. The device clearly exhibits three transmission modes under normal
incidence, where experimental results obtained by terahertz time domain
spectroscopy and simulated results agree very well with each other. The multi-mode

transmission characteristics are found to arise from both localized coupling of fields
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between the interacting layers and propagating surface waves due to Bloch
excitations on the surface of the periodic structure.

Based on the study of complementary structure, dual-layer metallic wire-hole
structures were fabricated and their terahertz transmission properties were measured.
They exhibit polarization-dependent transmittance with large extinction ratios.
Simulation and experimental results on structures with different wire-to-hole
orientations provide strong evidence that the resonance peaks are caused by
plasmonic coupling between the two metallic layers. A simplified LC-circuit model
is proposed to explain the coupling mechanism and to estimate the peak frequencies.
Our results suggest that specific electromagnetic response can be achieved by
appropriate design of the geometrical patterns on the two metallic layers and a
suitable polarization of the incident wave.

After the full discussion on the amplitude response of the structure, we pay our
attention to the phase response of the structure at the end of this chapter. The
coupled two modes result ina  phase shift. Further experimental and theoretical
investigation is needed for a deeper insight into the mechanism. Our future effort
will be to fabricate more samples with various 2D phase patterns for different
applications. The collected data is now being analyzed and further optimization of

the samples is needed.
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Chapter 4: Plasmon waveguide and cavity

4.1 Introduction to plasmon waveguide

In chapter two, we have discussed the basics of surface plasmon and in chapter
three, planar devices based on surface plasmons have been proposed and
demonstrated. The motivation for this kind of study is to control the propagation of
the electromagnetic wave. Based on this purpose and motivated by integration of
photonics and electronics, we continue the discussion to control the propagation of
the surface wave in the context of waveguiding structure. Based on the waveguide

designs, plasmon cavity is investigated.

There are three basic models which are shown by Fig. 4-1 for plasmon
waveguide:  metal-dielectric  interface  supporting SPP  (Fig.  4-1(a)),
insulator-metal-insulator (IMI) structure supporting long-ranged SPP (Fig. 4-1(b))
and metal-insulator-metal (MIM) structure supporting gap plasmon (Fig. 4-1(c)).
For the first case, we have detailed discussion in chapter two. In this chapter, we

will focus in the waveguiding related to MIM and IMI structures.

1

Metal

(@) (b) (©)

Fig. 4-1 Basic surface plasmon models: (a) metal-insulator interface; (b) MIM
structure; (c) IMI structure.

In order to achieve that goal of integration of photonic and electronics,

plasmonic waveguides are indispensable. Initial studies of SPPs on metal films [1 -
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2] have stimulated the search for methods of transmitting SPPs in tiny waveguides
such as metallic nanowires [3], SPP band gap structures [4] and nano-particle chain
arrays [5]. The most common plasmonic waveguide is the metal stripe waveguide,
an appropriate design of which can yield a long-range SPP (LRSPP) waveguide
whose loss is as low as 6-8dB/cm [6]. Unfortunately, the LRSPP waveguide has
poor confinement just like the dielectric waveguide at a similar dimension. To
produce better confinement, a hybrid plasmonic waveguide consisting of a
dielectric wire placed close to a metal surface was demonstrated [7]. The hybrid
waveguide has been ftirther developed into a plasmon nanolaser [8].

Plasmonic waveguiding actually is achieved by modifying the dispersion in the
structure to get a good confinement or low-loss propagation. In section 4.2, the
dispersion of gap plasmon and nano wire will be discussed. And in section 4.3, the
dispersion of MIM structure will be presented combined with the construction of

surface plasmon cavity to demonstrate fascinating applications such as biosensors.

4.2 Plasmonic waveguiding in a hexagonally ordered metal
wire array
In the fiber regime, the research on photonic crystal fiber (PCF) has been
extensively investigated in the past two decades [9]. The technique of fabricating
variable fibers with different cross-section structure has been well developed. Fig.
4-2 shows the schematic of fiber drawing in high-temperature furnace. A stack of
glass tubes and rods is constructed as the any required photonic crystal

arrangements. This stack-and-draw procedure proved highly versatile, allowing
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complex lattices to be assembled from individual stackable units of the correct size

and shape. Solid, empty, or doped glass regions could easily be incorporated.

&
5

Fig. 4-2 A stack of glass tubes and rods (a) is constructed as a macroscopic
"preform™ with the required photonic crystal structure. It is then fused together
and drawn down to fiber (c) in two stages using a stand¥#d fiber drawing tower.
To soften the silica glass, the ftirnace (b) runs at 1800to 20001 €9].

When the holes in photonic crystal fibers (PCFs) are replaced by metal wires,
metallic  mode  confinement [10] and  highly  polarization- and
wave length-dependent transmission [11] are obtained. Furthermore, tapering PCFs
[12] and direct fiber drawing [13] can result in nano-scale structured fibers. Here

we propose such a nano-scale fiber with embedded metal wires and show by
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simulation that a hybridization of the gap plasmon mode and the single-wire SPP
mode can produce a low-loss plasmonic waveguide mode. Our approach
demonstrates how complex plasmonic structures can be realized by versatile fiber
technology to achieve a good balance between confinement and loss.
4.2.1 Metal wire array in fiber

The proposed nano-scale PCF is shown in Fig. 4-3 which can by fabricated

mature fiber processing technology. Fig. 4-3(a) and (b) show the 3-dimensional and

2-dimensional schematic of our proposed waveguide, respectively. Six metallic
wires are embedded into the silica fiber and arranged in a hexagonal pattern. The

parameter s is the separation of two adjacent metal wires and d is the diameter of

each individual metal wire.

(a) (b)
Fig. 4-3 (a) 3-dimensional schematic of the metal wire array in fiber; (b) Cross
section of the hexagonaliy ordered wires.
The hybrid-wave modal profiles in the metallic waveguide are computed by the

finite element method (FEM) assuming eigen modes at our selected wavelength and
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the result is shown by Fig. 4-4. We select gold as the metal in our fiber, whose

4

permittivity is -104+3.68i according to Drude model [14] at the standard 1550nm
telecommunication wavelength and the refractive index of silica is 1.467. The

diameter of the fiber is fixed at 2nm and the separation s of adjacent wires is set at

200nm unless otherwise stated.

Max:1.61e9

Min:0.029r

Fig. 4-4 Calculated modal profiles are shown for: (a) i/=40nm; (b) cNIIOnm;
(c) iM30nm; (d) t~60nm. And ¢y=200nm. The white arrows in (a)-(d)

represent the orientation of the electric field.
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Fig. 4-4 shows the absolute intensity distribution and direction of the electric
field of the lowest-order eigen mode in the structure under different values of d
while keeping s constant. When <i=40nm, as shown in Fig. 4-4(a), the metal wires
are separated far away from one another and a mode very similar to the single-wire
mode dominates the field distribution because the interaction between the wires is
very weak. When d is increased to 1 IOnm and 130nm, as shown in Fig. 4-4(b) and
(c), the electric field in the region between the wires becomes larger while the field
pertaining to the single-wire mode also exists. As such, the electric field distribution
tends to form a continuous ring. When d reaches 160nm [Fig. 4-4(d)] > where the
gap between the metal wires is only 40nm, the electric field becomes strongly
confined in the dielectric between adjacent wires, thereby forming & predominantly
metal-insulator-metal (MIM) waveguide mode called "gap plasmon" in each gap
between adjacent wires. The modes described in Fig. 4-4 are a result of the different
degrees of hybridization between the single-wire mode and the gap plasmon mode,
and they are sensitive to the symmetry of the structure. In fact, such hybridization
has been clearly observed in nanowire arrays [15] and the symmetry properties and
energy splitting associated have been addressed [16].

4.2.2 Propagation and dispersion

The surface plasmon polarilon modes within the waveguide has been studied
by varying the wire diameter and wire spacing. In this section, simulation results
show that hybridization of the single-wire mode and the gap plasmon mode can

yield _a -hybrid mode with optimum propagation lengths comparable to those
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reported for other structures but with better light confinement.
Fig. 4-5(a) shows the real and imaginary parts of the effective mode index
versus the diameter of the metallic wire. The real part of the effective mode index is

defined as

4.1)
where p is the in-plane wave vector of the SPP and k™"is the free space wave
vector. The imaginary part of the effective mode index defines the propagation
length, L[} ofhe SPP mode by

= (4.2)

From Fig. 4-5(a), it is observed that when the diameter increases, both the real
part and imaginary part of the effective mode index follow a U-shaped curve. The
longest propagation length is obtained around ¢=130nm.

When the dian”eter of the wire is large, the gap plasmon mode dominates. When the
gap plasmon mode dominates, the dispersion of the waveguide follows the
dispersion curve of gap plasmons. From the MIM model, the dispersion relation is

described by [17, 18]
tanh[/t2(100nm - i/)/ 2]=- ~ (4.3f1)0
Vo
tanh[A2 (200mw-d)/2]=- ~ {4.3b)
where equation (4.3a) refers to the odd mode and (4.3b) refers to the even mode.

Here kt (/=1,2) is the propagation constant inside (/-1) and outside (/=2) the metal

with the relationship
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kAnpA-kls,, (/-1.2) (4.4)10
-
where  and £2are the permittivity of the metal and dielectric, respectively. In our

t

proposed design, multiple modes are supported because of the interaction of the

1

wire array. But for each mode at a given frequency, the propagating constant p is
inversely proportional to the gap width. The behavior of the real part of the mode
index in the region of ¢>130nm in Fig. 4-5(a) does reflect this relationship. For
small wire diameters, the interaction between the wires becomes weak so that the
dispersion relation of the waveguide follows that of the single wire. For a single

wire, the dispersion relation is given by pi 9]

(4.5)

where // > K are the /th-order modified Bessel fiinctions and d is the diameter of the
wire. Here we do not have an analytical expression between the wire diameter and
the effective mode index. But numerical computation (not shown here) shows that
the effective mode index decreases with an increase of the wire diameter, which is
also reflected in the same figure when d is less than about 80nm. Regarding the
imaginary part of the mode index, which is directly proportional to the loss, Fig.
4-5(a) shows that the loss is high when the gap distance is very narrow. This can be
explained by the tight confinement of the electric field between the metal wires,
which increases the relative field intensity inside the metal on both sides of the gap,

thus causing a huge metal loss. On the other hand, when the wire diameter is so

0
small that there is negligible interaction between adjacent wires, the loss is also high
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because of the intrinsic lossy, nature of very small single-wire waveguides. For
ntermediate values of d around 100nm, where a significant part of the electric field

in the dielectric and the field intensity on the metal surface is smaller than those

the previous two cases, the loss becomes much smaller. To characterize the
waveguide, a figure of merit (FOM), F(1 whichis defined as the ratio between the
real and imaginary parts of the effective mode index, is computed and shown in the
inset. A larger FOM means that the waveguide possesses a higher Q-factor, which
is desirable for resonator applications. A maximum F value of 192 is achieved when
G"=140nm.

To help optimize the design of less lossy waveguides, the variation of
propagation length versus the wire diameter at different wire separations is
computed and shown in Fig. 4-5(b). For comparison, the propagation length of the
single-wire waveguide is also calculated and shown. One obvious conclusion is that
the introduction of wire interaction always causes an additional loss. Maximum
propagation lengths of 12.1nm, 19.8|im and 27.2%{ are obtained when s= 200nm,
300nm and 400nm, respectively. These values are comparable to those of some
stripe waveguides or dielectric-loaded waveguides [20]. Despite their shorter
propagation lengths when compared with the single-wire waveguide of the same
wire diameter, our proposed waveguides exhibit better light confinement because a
significant part of the electric field resides in the dielectric between adjacent wires.
Therefore this structure may be more realistic than the single-wire waveguide,
especially when gain is inserted into the dielectric.
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*Fig. 4-5 (a) The real and imaginary parts of the effective mode index versus the
diameter of the metallic wire. Inset: FOM versus the diameter d. (b) Calculated
propagation length versus the diameter of the metal wire for the separation

j=200nm, 300nm, 400nm and the single wire.
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Fig. 4-6. The dispersion relations of the waveguide modes for d = 20nm (wire
modes ),130nm (hybrid modes “ <) e [J ¢)and 195nm (gap
modes [I (/7 « ). The grey region is the silica light cone.

The dispersion relations of the first six modes of the waveguide are next
computed and shown in Fig. 4-6 for <i=20nm, 130nm and 195nm. Some modes are
degenerate in all of the three cases. Clearly, the {x-vectors for the wire modes and
gap modes are large, confirming their dominant SPP nature. But the /r-vectors for
the hybrid modes at fIN130nm are smaller. In fact, their curves are quite close to the
light line of silica, thereby further iIILJstrating their Iérger composition of dielectric
guiding.

The modal polarization is actually an important issue in complex structures as
the reviewer rightly mentioned. For the fundamental mode shown in Fig. 4-4, we
have marked the direction of the electric field to make the modal profiles clearer.
Fig. 4-7 shows the directions of the electric field for 4 other modes with different

effective mode indices. Here we would like to emphasize the hybridization of the
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single-wire mode and the gap plasmon mode and the loss of this hybridized mode.

We shall investigate more fully the polarization effect in our further studies.

Fig. 4-7 Higher order modal profiles for <sf=130nm and j*OOnm with different
mode index.

To show whether the modal response in our cases where the wires are closely
packed is' the effect of the coupling of modes on the individual wires or the
response of the entire nanowire structure due to the symmetries inherent in a
hexagonal distribution, a study on the broken of the symmetry is necessary. The
symmetry issue has been studied in our proposed structure. We found that both the
structure symmetry and hybridization between individual single-wire modes and
gap plasmon modes are necessary to produce the results shown in Fig. 4-4 of the
revised manuscript. If the wires are randomly distributed, only the smallest gap
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may show a mode owing to the coupling between the two wires as shown in Fig.
4-8(a) in below. When the 6-fold rotational symmetry is broken by taking out the
wires one by one, the resulting modes will be quite different from what is shown in
Fig. 4-4 as shown in Fig. 4-8(b) to (f) in below. The simulation shows that the
hybridization property happens for single pair of nano wires and the cross-talk

effectdo not greatly affect the modal profile.

Fig. 4-8 Broken of s":ymmetry, (a) Random distributed wires; (b-f) 6-fold
rotational symmetry is broken by taking out the wires one by
In summary, we have proposed a nanorscaled symmetric fiber plasmonic
waveguide incorporating metal nanowires. Various propagation modes are analyzed
and the hybrid modes are found to exhibit the longest propagation length. The
proposed waveguide should make integration with nano-scale integrated circuits
easier to implement. Although the propagation length of this waveguide is limited,

its better light confinement property than the single-wire plasmonic waveguide
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makes it more practicable to use, especially when the dielectric is doped with a gain
material, such as erbium, to enhance the light propagation distance or to turn it into
a nano laser.
4.3 Plasmonic cavity

The study on microcavity has become a distinct subject of research in the past
two de”des. The physical demonstration and actual devices have been well
investiagated. Some designs have been commercialize such as vertical cavity
surface emitting lasers (VCSEL). The basic structures include Fabry-Perot cavity,
whispering gallery cavity and photonic crystal cavity et al. The ultra high Q factor
up to -10” has been obtained in whispering gallery cavity. Fig. 4-9 shows different

types of cavities and the corresponding Q factor and mode volume [21].

Fabry-Perot Whispering gallery . Photonic crystal
o
&
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Fig. 4-9 Different optical microcavities with different Qs and Vs, depending on
the confinement methods.

With the ultrahigh Q-factor, the samples are sampled many times compared to
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the one-time sampling in the optical waveguide sensors. For example, for a
Fabry-Perot cavity with mirror reflectivity of R, then the effective number of passes
equals to 1/(1-i?). An effective pathlength of nearly 100km has been realized with a
physical cell only Im in length using a diode laser coupled into a cavity formed by
mirrors with a reflectivity of 99.999% [22]. Building on the high sensitivity that
cavities bring to the biosensors, optical waveguides can take advantage of
evanescent wave to sample complex mixtures with minimal background
contributions.
4.3.1 Plasmonic ring cavity based on long-ranged plasmon waveguide

Based on the plasmon waveguides, plasmonic cavity would be an attractive for
its low-dissipation, fast modulation speed. Recently, research on plasmonic cavity
has become popular [23-25]. But still, the properties of the resonant modes in
plasmonic cavity are still a very hot topic for research and lots of exciting unknown
are to be discovered. Fig. 4-10 give out an example of whispering gallery mode

(WGM) in the microtoroid.

Fig. 4-10 WGM in microtoroid dielectric cavity.
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To have a proof-of-concept examination of the plasmonic cavity, we do a
simulation at infrared range selecting 1.5um as the observation wavelength. Fig.
4-11 shows two modes at this wavelength. The left one has higher mode index but
also higher loss than the right one in Fig. 4-11. The mode on left-hand size is just
the antisymmetric mode in long-ranged SPP waveguide. For some applications, for

example plasmonic biosensor, we prefer the mode on right-hand size with higher Q

factor.

Fig. 4-11 Photonic and plasmonic coupled modes in plasmonic WGM cavity.

4.3.2 Biosensor based on plasmonic cavity

At present, lots of optical methods have been developed to create biosensors,
including evanescent wave fiber optic biosensor, planar waveguide biosensor, flow
immunosensors, SPR biosensors, plasmonic surface-enhanced Raman scattering
(SERS) biosensors and so on. Each of them has advantage and limitations. For the
recent SPR biosensors, it exhibits similar fundamental advantages and limitations
with other kinds of thin film refractometry-based sensors such as the grating coupler

[26], integrated optical interfereometer [27]. All of them measure the refractive
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index changes produced by the biomolecular interactions occurring at the surface of
the sensor. One advantage of the approach is the ability to detect the molecular
interactions in "real time” - which means that no radioactive or fluorescent labels are
needed. Another advantage for the approach is that it provides a versatile platform
for the detection of different types of analytes or interactions since it do not have to
observe the fluorescence or absorption and scattering spectrum. In the field of
biophysical analysis of biomolecular interactions, SPR sensor allow for monitoring
of both weak and strong interactions (equilibrium constant Kd ranging from ImM to
IpM) and typically require less material and have higher throughput. The main
challenge for the SPR sensor is in the specificity of detection. It based on the ability
of biomolecular recognition coating to recognize and capture target analyte
molecules. Any changes in the refractive index of the samples will cause a false
response. This problem would be serious when the SPR sensors are used to analyze
crude samples in the out-of-lab environments [28].

To solve the problems and improve the performance of SPR biosensor, several
methods have been proposed and demonstrated. One is the SPR phase measurement
[29], which measures the change of phase instead of amplitude. The
phase-modulated SPR sensors lead to high-sensitivity biosensors but it requires a
rather bulky and complex instrument requiring and sophisticated data processing.
Another interesting technique which has been developed to enhance the sensitivity

and resolution of SPR biosensor is based on the exploitation of long-range surface

plasmon (LRSP) [30 - 31], which exhibit lower dispersion than classical surface
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plasmon wave. Besides yielding enhanced sensitivity, LRSP produces very narrow
angular or spectral dips more than 10-fold narrower than those produced by
conventional surface plasmons, which lower the sensor resolution down to the low
10" RIU (refractive index unit). Referencing approaches are being investigated for
improving the robustness and specificity of SPR biosensors. The compensation was
demonstrated by combining an SPR sensor with angular modulation with a critical
angle refractometer [32] or by multiple-surface-plasmon spectroscopy [33].

Advances in the development of new SPR biosensor hardware is driven by the
needs of the applications. Thus, in this proposal, we plan to take our effort to
demonstrate a conceptual new and practical approach to improve the performance
of SPR biosensors. Our approach based on the micro- or nano-fabrication technique
to form the surface plasmon resonator and the devices can be large-scale integrated.
At the same time, most of the improvement techniques in traditional SPR
biosensors such as phase measurement, LRSP and referencing channel, can be
easily applied to our design by traditional on-chip integral devices.

SPR biosensors are optical devices that exploit the sensitivity of the propagation
constant of the surface plasmons to the refractive index to measure changes in the
refractive index or changes in other quantities that can produce changes in the
refractive index [34]. Generally, two schemes can be applied to excite the surface
waves in SPR sensors. One is Kretschmann configuration and another one is Otto
configuration, shown by Fig. 4-12(a) and (b), respectively. Both surface waves in
these two configurations are excited by the total internal reflection method. The
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evanescent waves penetrating the metal (Kretschmann configuration) or dielectric
(Otto configuration) are generated when the light wave pass the prism with total

internal reflection.

| #feiii N feiiiS

"v'Lighl Wave Surface wave propagation constant change

Fig. 4-12 Excitation of surface plasmon on smooth metal surfaces (a)

—X

Kretschmann configuration and (b) Otto configuration, (c) Surface plasmon

resonance biosensor: principle of operation. n

Until now, most SPR biosensors can get the refractive index resolution in low

10.7 RIU range, which is. sufficient for a wide range of analytes. The principle of
I

\

operation for the SPR biosensor is shown by Fig. 4-12(c) as a flow chart. Any

phenomenon that gives rise to a change in the refractive index at the surface of the
metal can be observed and quantified by the means of an SPR sensor. SPR
biosensors are sensing devices that incorporate biomolecules, which recognize and
are able to interact with selected analytes. These biomolecular recognition elements

are immobilized on the SPR sensor surface. When a solution containing analyte

106



Plasmon waveguide and cavity Chapter 4

molecules is brought into contact with the SPR sensor, analyte molecules iin
solution bind to the recognition elements on the sensor surface, producing an
increase in the refractive index at the surface. This change results in a change in the
propagation constant of the surface wave and is determine by measuring the change
in the characteristics of the reflected wave including the wavevec™or, phase,
intensity or polarization. Each of them corresponds to some type xif sensing
scheme.

Sum those above, we could develop a new method using the plasmonic cavities
to demonstrate biosensors with high performance. The integrated cavity and
waveguide can make the sensor compact and most of the improvements of the
biosensor in free-space setup can be introduced in our design by integrated
components in our devices. Fig. 4-13 shows the proposed plasmonic cavity device
and the schematic of the experimental system. The proposed biosensor consists of
traditional waveguide with a dielectric cavity for light coupling, the plasmonic
cavity and the microfluidic channels (not shown in the figure). The light source can
be a broadband light source or a laser, depending on the design of the device we
finally select. An embedded waveguide couple the light wave into the device and
then couple to a dielectric ring cavity. On this dielectric cavity, a thin metal film
with ring pattern is deposited. The film is thin then the metallic ring is actually a
plasmonic cavity formed by long-rang plasmon waveguide which has an
Insulator-Metal-Insulator (IMI) structure. As our expectation, the LRSP waveguide

is suitable for our application for its long propagation length and have good
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performance as refractive index sensor [35, 36] Both waveguide modes (red arrows
in Fig. 4-13(a)) and surface plasmon modes (blue arrow in Fig. 4-13(a)) propagate
in the ring cavity. Optimal design can suppress the waveguide mode in the cavity
and enhance the surface plasmon modes. To reach this goal, we still have lots of job
to do. When the gain medium such as Erbium doped silicon dioxide, some other

kinds of waveguides to demonstrate the resonance are possible.

Channel Whispering Gallery

Waveguide Cavity

v B RERfijjig:? : BN

(a) (b)
Fig. 4-13 (a) 3-D and (b) top view of the SPR sensor element.

4.4 Summary

The inclusion of a structured pattern of nano-scale metal wires in a silica fiber
to form a symmetric plasmonic waveguide is proposed. The surface plasmon
polariton modes within the waveguide are studied by varying the wire diameter and
wire spacing. Simulation results show that hybridization of the single-wire mode
and the gap plasmon mode can yield a hybrid mode with optimum propagation
lengths comparable to those reported for other structures but with better light
confinement. The fiber can be easily doped with a gain material to offset the loss so
that the resultant waveguide will be useful for integration with electronic circuits at
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nanometer dimensions.

Based on the- study of plasmonic waveguide and some proof-of-concept
simulation results, we propose a WGM-cavity-based biosensor scheme. We plan to
study how to rightly select a plasmon waveguide and optimize the coupling
mechanism between the target molecule and the optical field to make the biosensor
sensitivity and robust. Here we propose a method by using the plasmon waveguide
and plasmonic cavity which might pave a new way to get a good label-free
biosensor. The proposed method maintains advantages of SPR biosensor and
potentially highly improve the sensitivity, integration and robustness than lead to an

optimal solution for the SPR biosensor.

09



Plasmon waveguide and cavity Chapter 4

1. H. Raether, "Surface Plasmons on Smooth and Rough Surfaces and on
Gratings,” (Springer-Verlag, 1986).

2. H. Raether, "Solid state excitations by electrons Plasma oscillations and single
electron transitions,” Tracts in modem physics (Springer-Verlag, Berlin) 38>
84-157(1965).

3. J.C. Weeber, A. Dereux > C. Girard, J.R. Krenn and J.P. Goudonnet, "Plasmon
polaritons of metallic nanowires for controlling submicron propagation of
light," Phys. Rev. B 60, 9061-9068 (1999).

4. C. Marquart, S.l. Bozhevolnyi and K. Leosson, "Near-field imaging of surface
plasmon-polariton guiding in band gap structures at telecom wavelengths,” Opt.
Express 13, 3303-3309 (2005).

5. M.L. Brongersma, J.W. Hartman and H.A. Atwater, "Electromagnetic energy
transfer and switching in nanoparticle chain arrays below the diffraction limit,"
Phys. Rev. B 62, R16356-R16359 (2000).

6. Te- Nikolajsen, K. Leosson, |. Salakhutdinov and S.I. Bozhevolnyi,
"Polymer-based surface-plasmon-polariton stripe waveguides at
telecommunication wavelengths," Appl. Phys. Lett. 82’ 668-670 (2003).

7. R.F. Oulton, V.J. Sorger, D.A. Genov, D.F.P. Pile and X. Zhang, "A hybrid
plasmonic waveguide for subwavelength confinement and long-range
propagation," Nature Photonics 2, 496-500 (2008).

8. R.F. QOulton, V.J. Sorger, T. Zentgraf - RM. Ma, C. Gladden, L. Dai, G. Bartal

110



10.

11

12.

13.

14.

waveguide and cavity Chapter

and X. Zhang, "Plasmon lasers at deep subwavelength scale,” Nature 461 -
629-632 (2009).

Philip Russell "Photonic crystal fibers," Science 299, 358 (2003).

J. Hou, D. Bird, A. George, S. Maier, B.T. Kuhlmey and J.C. Knight, "Metallic
mode confinement in microstructured fibres,” Opt. Express 16, 5983-5990

(2008).

HW. Lee, M.A. Schmidt, H.K. Tyagi, L.P. Sempere and P.S.J. Russell,

"Polarization-dependent coupling to plasmon modes on submicron gold wire in
photonic crystal fiber,” Appl. Phys. Lett. 93, 111102 (2008).

E.G. Magi, P. Steinvurzel and B.J. Eggleton, "Tapered photonic crystal fibers,"
Opt. Express 12, 776-784 (2004).

H.K. Tyagi, H.W. Lee, P. Uebel, M.A. Schmidt, N. Joly, M. Scharrer, and P.
St.J. Russell, "Plasmon resonances on gold nanowires directly drawn in a
step-index fiber,” Opt. Lett. 35, 2573-2575 (2010).

M.A. Ordal, L.L. Long, R.J. Bell, S.E. Bell, R.R. Bell, R.W. Alexander, and

C.A. Ward, "Optical properties of the metals Al, Co, Cu, Au, Fe, Pb, Ni, Pd, Pt,

y,Ag, Ti, and W in the infrared and far infrared,” Appl. Opt. 22 > 1099-1120

15.

16.

(1983).

A. Manjavacas and F.J.G. Abajo, "Robust plasmon waveguides in strongly
interacting nanowire airays,” Nano Lett. 9, 1285-1289 (2009).

A. Manjavacas and F.J.G. Abajo, "Coupling of gap plasmons in multi-wire

waveguides," Opt. Express 17, 19401-19413 (2009).

1



Plasmon waveguide and cavity Chapter 4

17.

18.

19.

20.

21.

22.

23.

24.

S.A. Maier, "Plasmonic: Fundamentals and Applications,” Springer (New York)
(2007).
B. Prade, J.Y. Vinet and A. Mysyrowicz, "Guided optical waves in planar

heterostructures with negative dielectric constant,” Phys. Rev. B 44’
13556-13572(1991).

J. Takahara, S. Yamagishi, H. Taki, A. Morimoto and T. Kobayashi, "Guiding
of a one-dimensional optical beam with nanometer diameter,” Opt. Lett. 22’
475-477(1997).

Alexey V. Krasavin and Anatoly V. Zayats, "Numerical analysis of long-range
surface plasmon polariton modes in nanoscale plasmonic waveguides,” Opt.

Lett. 35,2118-2120 (2010).

t

Kerry J. Vahala, "optical microcavities," Nature 224, 839 (2003).
John B. Dudek, Peter B. Tarsa, Armando Velasquez, Mark Wladyslawski, Paul
Rabinowitz, and Kevin K. Lehmann, "Trace Moisture Detection Using

Continuous-Wave Cavity Ring-Down Spectroscopy,” Anal. Chem. 75, 4599

(2003).

Bumki Min,  Eric  Ostby, Volker Sorger et a.> "High-Q
surface-plasmon-polariton whispering-gallery microcavity, ” Nature 457,
455(2009).

Yun-Feng Xiao, Chang-Ling * Zou, Bei-Bei Li et al., "High-Q exterior

whispering gallery modes in a metal-coated microresonator, ” Phy. Rev. Lett.

105, 153902 (2010).

112



Plasmon waveguide and cavity Chapter 4

25.

26.

217.

28.

29.

30.

31.

32.

33.

Yannic Sonnefraud, Niels Verellen, Heidar Sobhani et al., "Experimental
realization of subradiant, supenradiant, and Fano resonances in ring/disk
plasmonic nanocavities, “ ACSNano 4, 1664 (2010).

P.M. Nellen, W. Lukosz, "Integrated optical input grating couplers as chemo-
and immunosensors,” Sens. Actuators B 1, 592 (1990).

R.G. Heideman, R.P.H. Kooyman, J. Greve » "Performance of a highly sensitive
optical waveguide Mach-Zehnder interferometer immunosensor,” Sens.
Actuators B 10, 209 (1993).

Raimund J. Ober, E.' Sally Ward, "The Choice of Reference Cell in the Analysis

of Kinetic Data Using BIAcore," Anal. Biochem. 271, 70 (1999).

S. G. Nelson, K. S. Johnston, S. S. Yee, "High sensitivity surface plasmon
resonace sensor based on phase detection,” Sens. Actuators B 35, 187 (1996).
G.G. Nenninger, P. TobiSka, J. Homola, S.S. Yee, "Long-range surface
plasmons for high-resolution surface plasmon resonance sensors,” Sens.

Actuators B 74, 145 (2001).

Radan Slavik, Jiri Homola, ‘'Ultrahigh resolution long range surface
plasmon-based sensor," Sen. Actuators B 123, 10 (2007).

Timothy M. Chinowsky, Anita A. Strong and Dwight U. Bartholomew et al.,
"Improving surface plasmon resonance sensor performance using critical-angle
compensation,” Proc. SPIE 3857, 104 (1999).

Pave! Adam, Jakub Dostdiek, Jiff Homola, "Multiple surface plasmon

spectroscopy for study of biomolecular systems,” Sen. Actuators B 113, 774
113



Plasmon waveguide and cavity Chapter 4

(2006).

34. Frances S. Ligler, Chris Rowe Taitt, "Optical biosensors: Today and tomorrow,"
(2nd) Elsevier B.V. (2008).

35. Ouellet, E.” C. Lausted, et al” "Parallel microfluidic surface plasmon resonans:e
imaging arrays." Lab on a Chip 10, 581 (2010).

36. Qiao Min, Chengkun Chen, Pierre Berini, and Reuven Gordon, "Long range
surface plasmoys on asymmetric suspended thin film structures for biosensing

applications,” Opt. Express 18, 19009-19019 (2010).

114



Active plasmonics Chapter 5

Chapter 5: Active plasmonics

5.1 Introduction
Surface plasmon polariton (SPP) in different structures can be an emerging type

of information carrier. To demonstrate more information processing technique,

it

active control of surface plasmon is necessary to get more functional devices. These
functional active devices include the active modulator or switch [1], plasmon
detector [2], plasmon laser [3-6], plasmon amplifier [7], optical gates and memory
elements 9] et al. For active control, it can be demonstrated by utilizing the
phase transition of the materials. For example, the phase transition between metal
and dielectric of VO2 with the temperature can be used as the switch component.
Some types of semiconductor also can make this due the carrier density variation
under different optical pumping. Another type of active component is the gain
medium. For example, in near infrared, we can get the gain in GaAs at around
800nm wavelength. And in 1.5um wavelength, we have InGaAs or some rare earth
materials like erbium to get the gain. At longer wavelength to mid infrared (mid-IR)
to THz range where there is no natural semiconductor has such narrow bandgap,
quantum cascade structure provides an approach to get the gain in these
frequencies.

Why we need the gain medium? Gain mediums play a very important role in

the demonstration of population inversion which results in laser. No matter the

115



Active plasmonics Chapter 5

tradition laser or the plasmonic laser, the design approach is "gain medium+cavity".
Then the research of cavity will date back to the design of waveguide, which is
highlighted in chapter four. Another important reason, gain medium can compensate
the loss in the devices to demonstrate the wave amplifier or loss-free devices. Loss
is a very important issue in metal optics which is determined by the properties of
the metal, especially in visible or near infrared range. In some other research area
like metamaterials or negative refractive index materials, loss is also a fatal problem
to be solved.

For surface piasmon, dispersion relation is a key to discuss the propagation
properties in different waveguide. Plasmonic provide a powerful approach to
manipulate the photon in nanoscale. The deviation of the dispersion curve from the
light line shows that surface piasmon waveguide can provide a much larger Blector
than dielectric. But it is a pity that this large A:-vector, which means short
wavelength, is always associated with high loss. When we design a structure, it
actually means a tailor of the dispersion curve to demonstrate a tradeoff between the
KWQCKT and the loss. Then the gain medium in the piasmon waveguide becomes a
very interesting research topic attracting many researchers' attention.

In mid-ER. and THz range, the flexible design for the spoof surface piasmon
structure provides a versatile platform to tailor the dispersion curve. In introduction
of piasmon structure in gain medium devices such as quantum cascade laser (QCL)
results in a possibility of demonstration of compact devices with rich physics. And
the integration of gain medium and piasmon waveguide also results in a real
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plasmon laser which is a very good coherent source for the research in surface
plasmon.
5.2 Quantum cascade laser in mid-IR and THz range

Quantum cascade laser (QCL) [10, 11] emits in.the mid- to far-infrared and
terahertz range. The repeated stack of semiconductor multiple quantum well
heterostructures provide gain media in this spectrum range. In this part, we give a
brief introduction to the QCL and fabrication process of the laser which is related to
our design based on spoof surface plasmon.
5.2.1 Introduction

In 1994, the event that Bell lab in U.S. invented the QCL opens a virgin area for
the research on semiconductor laser in mid-IR range. The laser differs in
ftindamental way from diode laser has been demonstrated. It is based on
intersuband transition. In the spectrum, mid-IR with wavelength of 3-5um and
8-Hum is a very important atmosphere window. The laser in this range is very
important for national security applications. But the development of semiconductor
laser in this region is very slow. Before 1970s, all the design for lasing in mid-IR is
based on the recombination of electrons in conduction band and holes in valence
band. Then the lasing wavelength is defined by the bandgap of the semiconductor.
The lack of natural semiconductor in mid-IR makes the development slow. In 1971,
the scientist Kazatinov and Suris in Soviet Russia proposed amplification by means
of stimulated emission of electrons between quantized subbands in two-dimensional
quantum wells [12]. This concept was developed by the scientist in Bell lab. In
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1986, Dr. Capasso proposed the sequential resonant tunneling in multi quantum
well lattice. But scientists gradually recognized that the population inversion above
the optical phonon energy (36meV) is difficult to be demonstrated due to the carrier
life time is in nano second scale which is much higher than that of phonon (pico
second). To overcome this problem, the scientists in Bell lab successftilly invented
the first quantum cascade laser at the 4.3um wavelength in 1994 [14]. This is a
milestone in the development of mid-IR laser.

Fig. 5-1 [15] shows the difference between traditional diode laser (Fig. 5-1(a))
and quantum cascade laser (Fig. 5-1(b)). In diode laser, the light emission is due to
the electron-hole recombination which depends on the bandgap of the
semiconductor. The gain is limited by the absorption coefficient of the band
structures. In this case, one photon is generated by one electron-hole pairs during
the recombination event above the threshold. For QCL, the light is emitted by
quantum jumps between subbands which is defined by the thickness. The gain is
limited by the electron density in the excited state, for example, the, maximum
current one can injected. And each electron injected above the threshold can
generate N photons. N is the number of stages.

The QCL has many advantages. The flexible design can cover a wide range of
spectrum range from mid-IR to THz. And its wavelength is tunable by changing the
working temperature. The output power is high and it can work in room temperature
for mid-IR laser. Distributed feedback (DFB) quantum cascade lasers were first

commercialized in 2004 [16], and broadly-tunable external cavity quantum cascade
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lasers first commercialized in 2006 [17]. The high optical power output, tuning
range and room temperature operation make QCLs useful for spectroscopic
applications such as remote sensing of environmental gases and pollutants in the
atmosphere[18] and homeland security. They may eventually be used for
vehicular cruise control in conditions of poor visibility, collision avoidance radar,
industrial process control, and medical diagnostics such as breath analyzers. QCLs
are also used to study plasma chemistry. Their large dynamic range, excellent
sensitivity, and failsafe operation combined with the solid-state reliability should
easily overcome many of the technological hurdles that impede existing technology
in these markets. When wused in multiple-laser systems, intrapulse QCL
spectroscopy offers broadband spectral coverage that can potentially be used to
identify and quantify complex heavy molecules such as those in toxic chemicals,

explosives, and drugs [19].
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(a) (b)
Fig. 5-1 (a) Interband transition in conventional semiconductor laser; (b)
intersuband transition in quantum cascade laser.
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5.2.2 Laser fabrication and characterization

The wafer we used in our experiment is bound-to-continuum design with broad
gain at around IOum wavelength which is identical to Ref. [20]. Fig. 5-2 shows the
schematic of the quantum well structure. The 35 stages of AlGaAs-InGaAs
guantum cascade lattice is the gain region of the laser. Above the active region,
there is a 3um InP:Si cladding layer and a lum InPrSi plasmon layer. We also
fabricate our sample in THz range whose structure is based on GaAs multi quantum

well with 1 Oum-thick active region on which is a Sum cladding layer.
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Fig. 5-2 QCL with bound-to-continuum design for broad gain at IOum

wavelength'.

Before the fabrication of the QCL structure, we fabricate the nano grating on top
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of the gain region first. For the principle of the design, we will discuss in the next
section. The fabrication process is performed mainly by electron beam lithography
(EBL). The process is shown by Fig. 5-3. It includes the following steps:

Step#l: InGaAs top protection layer etching (not shown by the figure). The top
InGaAs layer will stop the etching of InP so we have remove this layer first. We
mix the etchants (50mL wateH-IOmL HBr+20mL Bromide water) in this order.

Etch the sample for 30-60s then rinse in water.

Step#2: Thin down the InP layer by using hydrochloric acid (HCI). The etchant is
-V

prepare by mixing HCL and DI water with 1:1. Clean the sample by plasma cleaner
after the etching.

Step#3: Reactive lon Etching (RIE) process to thin down the InGaAs layer.

Step#4: Plasma-enhanced chemical vapor deposition (PECVD) for depositing
silicon nitride (SiN) layer for mask of REE.

Step#5: Grating pattern writing. Electron beam lithography (EBL) is applied for this
process and the ebeam resist is PMMA 495A for our process.

Step#6: RIE process to etch down the InGaAs layer above the active region and the
SiN. Then remove SiN also by RIE.

The grating is done after these processes.
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Grating Done ] ) )
Grating widtli=100 15um

Fig. 5-3 Fabrication of nano grating on active region of QCL.

The fabrication process for mid-IR QCL is shown by Fig. 5-4 which is a
standard process for QCL fabrication. The whole process includes the following
steps:

Step#l: Photolithography to define the ridge waveguide. Before we start the
photolithography process, we put the bare wafer in beaker with acetone for 30s.
Immediately after this, put the sample in beaker with isopropanol for 15s then blow
dry sample with nitrogen gun. We use the photoresist (PR) SI1822 with primer
LOR3A for adhesive. Under the spinner setting of 4000rpm/40s, we can get a
2.2um-thick resist layer.

Step#2: Laser ridge etching. The etchant is mixed by 50mL water+lOmL
HBr+15mL Bromide water. After the etching process, strip the PR using acetone
and isopropanol. To make sure there is no PR remains, O2 plasma cleaning is

performed.
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Step#3: SiN deposition by PECVD. This layer of SiN is for isolation of the
electrode with the active layer.

Step#4: Another round of photolithography to define the metal contact region for
injection of electron. PR maP1275 is applied in this process. It is basically the same
with the previous step.

Step#5: Passivation by RIE. Etch the exposed SiN layer.

Step#6: Top metallization. This step includes two processes. We firstly define the
gap between different ridge waveguide by PL. Then one layer of gold is deposited
by ebeam evaporation. At the end, liftoff is performed to isolate the ridge
waveguides.

Step#7: Backside thinning and backside contact. After this, cleave the waveguide

for ridge length definition and mount the laser for testing.

Fig. 5-4 Fabrication process for mid-IR QCL
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After the device is prepared, we measure the spectrum of the laser in a
commercialized model of fourier transform infrared (FTIR) spectroscopy system

which is shown by Fig. 5-5 as an example. The system is provided by Bruker Inc.

Fig. 5-5 FTIR manufactured by Bruker Inc.

The fabrication of the laser is quite complicated though the number of steps is
limited. But attention to the details during the process is very critical. For the
fabrication of THz QCL, the process is similar but with simpler details since the
wavelength is much longer than mid-IR. But characterization of THz QCL is more
complicated since low-temperature bolometer is needed as THz detector.

5.3 Plasmon laser based on ID deep subwavelength
grating

With the discussion on the basics of spoof surface plasmon, theoretical
fundamentals for this part is clear. In this section, we combine the active medium in

mid-IR and THz with the spoof surface plasmon structures. The introduction of
¥

metal structure in the laser waveguide will make the laser properties changed a lot.
The possibility of demonstrating a tiny, low-threshold QCL with plasmon lasing is

demonstrated. The experimental result will be presented.
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5.3.1 Dispersion tailoring

We simulate the propagation of the by the commercial software COMSOL and
Lumerical FDTD. Fig. 5-6 shows a result for propagation for 1Oum-wavelength
TM-mode wave in QCL waveguide. The far field profile is also shown in this

figure.

Fig. 5-6 Propagation and emission in QCL waveguide.
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Fig. 5-7 (a) Model setup in FDTD. (b) Propagation of spoof surface
plasmon in QCL.

By introducing the deep subwavelength metal grating, the spoof surface

plasmon is excited. A proof-of-concept simulation is performed in Lumerical FDTD.

Fig.

5-7 shows the simulation model setup in FDTD (Fig. 5-7(a)) and the result (Fig.

5-7(b)) in the high-loss region of the dispersion curve. As we mentioned in chapter

4
A%

2 » the grating can be treated as coupled nano cavities. Each cavity is formed by the

bottom of the metal and the open end of the grating and the waveguide is the MIM

waveguide. The resonance in the cavity results in high loss which can be observed

in Fig. 5-7. The surface wave decays fast in both direction and x direction.
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Light source

Monitor

% Dielectric
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Fig. 5-8 Simulation setup for calculating the dispersion of the metallic grating in

Lumerical FDTD. .
oJ

The simulation shows that the design for the QCL with grating-capped active
region supports the propagation of surface plasmon. To go deeper insight of the
physics and to get a practical design for experimental demonstration, quantized
study is needed to determine the properties of the laser such as threshold. As we
emphasized before, the dispersion of the surface plasmon is very important for its
property discussion. How to calculate the dispersion of the grating? A solution is
demonstrated in FDTD. The schematic of the simulation setup is shown by Fig. 5-8.
The dielectric is defined by n-k material in the software with the parameters of
QCL. A point source is located in the groove and a monitor is located on top of the
grating to monitor the field. Bloch boundary condition is applied to the unit cell
boundary in ; : -diecion. With different kx, the value of the monitor will show the
field intensity. When phase matching condition is satisfied, the field intensity on top

of the grating will be larger than the mismatch condition. Then we can get the
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dispersion relation by scanning kx
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Fig.5-9 Simulated dispersion relation for 500nm-pitch grating with depth= (a)
250nm, (b) 400nm, (c) SOONm.

Fig. 5-9 shows the simulated result for the grating with fixed pitch (SOOnm) but
different groove depth. The white line is the light line in dielectric. From the
simulation result, we can get two primary conclusions. First, the spoof surface
plasmon can be described by effective medium whose dispersion can be determined
by Drude model. Since the importance of the equation for our calculation, we show
the equation here again:

0).
(5.1a)
CO + iyco

12
k—- - (SADb)

Another conclusion we can deduce here is that the surface plasmon frequency is
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roughly inverse proportional to groove depth h, which has been shown in chapter
two for the spoof surface plasmon discussion:
@, (5.2)

Through the dimension of the structure, we can tailor the dispersion curve to
make the laser waveguide work with different mode index.
5.3.2 Group velocity and loss

In QCL, the major loss comes from the material loss and the mirror loss related
to the reflection of the facet of the laser waveguide can be ignored. Then our
discussion on the waveguide loss makes sense to the actual properties of the laser
performance. According to basic laser theory, the laser gain is inverse proportional
to the group velocity. The surface plasmon can get a much larger propagating
constant which potentially results in large gain in the laser. But an interesting
argument here is that when the group velocity becomes larger, according to the
dispersion relation, the loss also greatly increased. Then how does these two factors

be balance in the plasmon laser?

We treat the deep subwavelength gratings as effective metals described by
Drude model. Then we have an effective e » co®and y. The first two parameters are
mainly determined by the dispersion curve shown in Fig. 5-9. The damping rate is
determined by the propagating length of the* waveguide which has a direct relation

with the imaginary part ofk”.
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Fig. 5-10 (a) The simulation result (color 3D image) and Drude model fitting
curve (white line) for 500nm-pitch grating with depth=500nm. (b) Propagating
length in different groove depth.

Fig. 5-10 shows the result in mid-IR range. The effective Drude metal fit the
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grating dispersion quite well in this case. Fig. 5-10(a) reflects that with the increase
of the fx-momentum of the surface wave, the propagating length dramatically
decreased. At the frequency of 30THz corresponding to 1 Oum wavelength, the loss
coefficient, which is defined as the imaginary part of the /~-vector, can reach as
large as 1000cm". But it is a pity that the QCL usually can only provide the gain of
40-60 cm*'. Fig. 5-10(b) shows the propagating length of'the surface plasmon in
different groove depth. Even when the depth is 200nm, the loss coefficient still has
166.7 cm". The introduction of metal into the active waveguide results in large loss
in mid-IR range which makes the experimental consideration not so optimistic.

But for the case in THz range, since the loss of the metal is smaller, the
situation is much better. Fig. 5-11 shows the simulation result for THz range. At the
frequency of 3THz, the loss coefficient is 8.33 cm™ which is much smaller than that
in mid-IR. This value shows a potentially lasing design since the loss is much

smaller than the gain in THz frequencies. For the balance between the loss and the

/

fr-vector, Fig. 5-11(b) shows the calculated group velocity and the loss versus
frequencies. At low frequencies, the propagating length drops dramatically with the
increase of the frequency but at this range, the group velocity just vary slowly. At

higher frequencies approaching the surface plasmon frequency, the group velocity

decreases dramatically with the curve approaching the surface plasmon frequency.
But at this range, though the value of propagating length is small, it varies slowly.
Then when our working frequency is located at this region, the increase of gain due

to the decrease of group velocity is possibly overcome the variation of the loss.
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Fig. 5-11 (a) The simulation result (color 3D image) and Drude model

fitting curve (white line) for Sum-pitch grating with depth=3um. (b)

Group velocity and propagating length v.s. frequency.
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Fig. 5-12 (a) SEM image of the SPASER chips; (b) Initial
measurement result for the chip with 4.2um-depth grooves.
Fig. 5-12 (a) shows the SEM image of fabricated chips. Three chips are

fabricated and their groove depths are around 4.2um, 4.8um and 5.2um, respectively.
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Fig. 5-12 (b) shows a initial measurement result for the chip with 4.2um-depth. The
result shows the evidence of lasing in the devices. Comprehensive characterization
is ongoing to elucidate the performance of these SPASERSs.
5.4 Summary

By introducing the gain medium into waveguide-based cavities with spoof
plasmonic structures in mid- or far-infrared range, novel devices with
geometry-tailored dispersion can be demonstrated. By optimize the structure, a very
good balance between the loss in the plasmonic waveguide and group velocity can
be demonstrated. Inspired by the research on low threshold laser with surface
plasmon propagating mode, the device in THz and mid-IR will be fabricated and

tested.
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Chapter 6: Conclusions and future work

6.1 Conclusions

Plasmonics is an exciting and fast-spreading frontier which involves rich
physics, and has been not only developing a lot of novel devices for integrated
optics resefechers, but also getting more and more significant results in fundamental
science. In our works, we build up a THz-TDS system to characterize the
electromagnetic dynamics of plasmonic structures in THz range. In this thesis, we
mainly investigated the planar structures in THz range. The dual-layer structure
provides a versatile platform to get the multi-mode transmission in amplitude and
2 K phase shift due to the coupling. These geometry-tunable properties make the
structure potentially for variable planar devices such asjjuilti-mode filter, THz wave
plate, THz planar lens, sensor et al.

In communication wavelength, we propose a plasmon waveguide based on
mature fiber fabrication technique with hexagonaily arranged wire array. The
coupling between the nano wires in fiber exhibit novel dispersion evolution with the
diameter variation. This is due to the hybridization of the gap plasmon mode and the
nano wire mode. The geometry study gives out a solution to reach an optimized
design for the fiber-based plasmonic waveguide. Based on the studies on plasmon

waveguide, plasmon cavity is investigated by FEM simulation. The result shows an
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optimistic result to get a high-Q plasmonic resonator. This kind of resonator takes
the advantage of traditional surface plasmon biosensor with integration potential.

At the end of this thesis, we examine the gain medium in mid-IR and THz range
integrated with the surface plasmon waveguide. The samples based on mature QCL
fabrication technique are being fabricated and to be tested. The high Ehomentum
provided by the spoof surface plasmon with an optimal low-loss design potentially
leads to a low-threshold plasmon laser in THz range.

The research on surface plasmon will pave an efficient way to get the
integration of photonics and electronics and results in more and more novel devices.
6.2 Future works
6.2.1 Phase engineering devices in THz range

As we mentioned chapter three, the coupling between the two layer structures
provide a geometry-dependent 2 ;rphase shift. Most dipole resonance may results

in V -phase shift. Then the phase response of the dual-layer structure gives much
y

more exotic and rich design flexibility for the phase engineering devices. We take
the THz wave plate as an example to show this point.

In optical range, the A/4 wave plate, which is shown by Fig. 6-1, can be easily
demonstrated by some crystals with birefringence. But in THz range, it is not that
easy. The birefringence materials and wave plate in THz range have been
investigated in one dimensional photonic crystal [1] and precisely stacked quartz
plate [2]. Circular single cycle THz pulse is also study [3]. Some of these designs

face the problems that the structure based on complex and precisely constructed.
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And some of them are based on bulk materials which will result in complex
alignment in the system. For the dual-layer complementary design, since we can
map all the phase depending on the geometry and polarization, we can look for any
phase value in this "map" to construct the planar devices, such as half-wave plate,
quarter wave plate. Another advantage for this kind of device is that it is a very thin
layer compared with the wavelength then it would not change the beam path a lot.
This may be convenient for the application in some well aligned system such as
THz-TDS system. Based on the basic phase profiles of the geometry, we can try to

design many phase-modulated planar devices such as THz planar lens.

6.2.2 Passive and active sensor in infrared range
We have discussed some primary simulation results in chapter four for the
applications of plasmon cavity in biosensor. There has been an explosion of new

and exciting science and engineering that has direct bearing on the ability of optical
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biosensors to have increased and widespread applications. The inherently
cross-disciplinary nature of biosensing creates fertile ground for new perspectives
for addressing critical challenges. Many methods have been developed and the
successful marriage of biomolecules, cells, and tissues with optoelectronic
platforms provides some powerful tools to construct the detection platform. Along
with the development of the research on plasmon, which is one kind of
evanescently-decay electromagnetic wave existing on the interface of metal and
dielectrics, surface plasmon resonance (SPR) technology has been commercialized
in the past 20 years and label-free SPR biosensor have become a main tool for
characterizing and quantising biomolecular interactions both in life science and
pharmaceutical research. Most of the recent SPR techniques base on the original
design of the simple metal layer design though many improvements have been
proposed and demonstrated, such as SPR phase measurement. Proper spatial
structuration of the biofiinctionalized surface into smaller subareas allows a biochip
to be achieved. We plan to study how to rightly select a plasmon waveguide and
optimize the coupling mechanism between the target molecule and the optical field
to make the biosensor sensitivity and robust. Here we propose a method by using

the plasmon waveguide and plasmonic cavity which might pave a new way to get a

good label-free biosensor. The proposed method maintains advantages of SPR

>

biosensor and potentially highly improve the sensitivity, integration and robustness
than lead to an optimal solution for the SPR biosensor.

The inclusion of active components in the sensor provides another solution for
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the sensor design. Rapid detection of chemical and biological samples is a
purchased goal in a variety of fields, including biology, health, environmental
monitoring, and homeland security. Laser based biosensors, such as Raman optical
tweezers [4] and biocavity lasers [5] have been used for the detection of human
blood cells. The limit for sensors bases on different mechanisms is shown by Fig.
6-2 [6]. Plasmon-based sensors including the label-free and labeled detection are
close to the line of "present state of the art". By introducing the plasmon cavity and

active components, new record for the SPR-based sensor may be created.
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Fig. 6-2 Fluidic detection limits for protein sensing [6]
6.2.3 Nonlinearity in pla®“monic structures
The efficient enhancement of nonlinearity optical phenomena in gold has been
demonstrated recently [7]. In this work, a novel plasmonic structure called
plasmonic nanocavity grating (PNCG) is shown to dramatically enhance surface

nonlinear optical processes. It consist of resonant cavities that are periodically
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arranged to combine local and grating resonance. The schematic for the structure is
shown by Fig. 6-3. The four-wave mixing (FWM) signal generated in the gold
nanocavity is enhanced by a factor up to 2000, two orders of magnitude higher than
that previously reported.

To follow this work, the enhanced nonlinearity of the structure can be applied in
observation of Raman scattering signals of molecules. A combination with the
research on graphene, which is a very hot topic recently, is possible to get much

more discoveries.

%

Fig. 6-3 Gratings in a metal surfece can enhance noniineanty originated from
intense field enhancement involving both localized and propagating surface

plasmons. (a) Light is coupled into a localized nanocavity mode, assisted by

Ay

propagating syrface plasmons (red wavy arrows), (b) An emitter positioned in a

groove exhibits enhanced emifkon and collimation effect, (c) Schematic of the
¥

four-wavemixing experiment.
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