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One of the characteristics of dealing with photons is that many interesting 

and potentially useful optical phenomena happen on the scale of the wavelength or 

smaller. The interaction of light with structures in this size range has garnered a 

great deal of attention in the past few years, and has been aptly named 

‘Nanophotonics’. One of the goals in this field is to study the behavior of different 

material systems at the nanoscale, in order to create new photonic applications in 

different disciplines. Metal structures have been used as optical reflectors for many 

centuries. However metals are not only good reflectors of light. As we shall see, 

they have properties similar to a collection of free electrons with negative 

permittivity. This unique characteristic leads to extraordinary optical properties, 
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which are collectively called ‘plasmonic’ and has led to the development of a 

corresponding branch of photonics, called ‘Plasmonics’. In this work we will be 

focusing on various properties and applications of plasmonic materials and 

devices. 

We start by reviewing the basic properties of metals together with their 

plasmonic and optical characteristics. Following that we investigate the properties 

of metal gratings, with special attention given to subwavelength metal gratings and 

their application to polarization control. Also two novel devices based on these 

gratings are introduced. 

Then we address the propagation of surface plasmon polaritons on metal 

slabs and stripes. Specifically, the long range plasmon polarition modes are 

investigated theoretically and experimentally. Fabrication approaches for making 

devices that utilize these modes are presented together with optical 

characterization results. In addition, the propagation of surface plasmon polaritons 

in the vicinity of an optical gain medium is treated theoretically. Also, the 

properties of various gain media are reviewed and the practical implementation of 

gain assisted plasmonic devices is discussed. 

 

We also revisit the use of metals as reflection devices and discuss their 

application for creating subwavelength resonators. Using the results of this study, 

resonant nanoscale structures are proposed with the goal of creating nanoscale 
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lasers emitting in the near infrared. In continuation, we explore the optical 

properties of metals at low temperatures, both theoretically and experimentally. 

The ellipsometric measurements carried out in this context suggest that it may be 

possible to enhance the plasmonic properties of metals by cooling them to 

cryogenic temperatures. 
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1 
Optical and plasmonic properties of  metals 

 

1.1 Introduction 
 

The past two decades have seen an unprecedented increase in the amount 

of available digital information. The rapid growth of computing power and data 

transmission speeds have changed the way we work, communicate and even seek 

entertainment. Gigahertz CPU clock rates, parallel processor technology and 

abundant data storage space have led to an explosion of data, which places an 

increasing burden on the telecommunications infrastructure responsible for its 

transfer. At this point of time, not only do photonic technologies form the 

backbone of modern information transfer (as a long haul transmission medium), 

but they are also being studied for inter-chip and on-chip communications, as a 

viable solution for handling the terabit transmission rates required for the next 

generation of multi-core processors (e.g., the advent of on-chip silicon photonics 

[1]).  
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However, telecommunications is not the only domain where photonics has 

its applications. Advances in photonics also heavily influence other areas such as 

biology and chemistry. Apart from traditional imaging applications (such as the 

microscope), we can cite protein sensing [2], manipulation of live cells using 

optical tweezers [3] and Raman spectroscopy detection techniques [4] as examples 

of the impact of photonics in these areas. These and other instances make 

photonics a fertile, multidisciplinary and exciting field of research.  

One of the characteristics of dealing with photons is that many interesting 

and potentially useful optical phenomena happen on the scale of the wavelength or 

smaller. The interaction of light with structures in this size range has garnered a 

great deal of attention in the past few years, and has been aptly named 

‘Nanophotonics’. One of the goals in this field is to study the behavior of different 

material systems at the nanoscale, in order to create new photonic applications in 

different disciplines. Quantum dots [5], subwavelength gratings [6] and porous 

silicon [7] are all examples of such endeavors. 

Metal structures have been used as optical devices for many centuries. The 

ancient Egyptians used polished metal plates as hand mirrors. Legend has it that 

Archimedes (Fig.1.1) used mirrors to destroy the Roman fleet attacking Syracuse 

(though the factual aspects of this story are debated). Today metal mirrors are the 

preferred choice for variety of optical equipment such as telescopes, since, unlike 

refractive lenses, they do not suffer from chromatic aberrations.  
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However metals are not only good reflectors of light. As we shall see, they 

have properties similar to a collection of free electrons with negative permittivity. 

This unique characteristic leads to extraordinary optical properties, which are 

collectively called ‘plasmonic’ and has led to the development of a corresponding 

branch of photonics, called ‘Plasmonics’ [8]. In this work we will be focusing on 

various properties and applications of plasmonic materials and devices. 

In the continuation of this chapter we will review the basic properties of 

metals together with their plasmonic and optical characteristics. Subsequent 

chapters will be addressing the following topics: 

 

 
Figure 1.1. Artist’s impression of Archimedes defending the city of Syracuse with a mirror. 
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• Chapter 2 investigates the properties of metal gratings, with special attention 

given to subwavelength metal gratings and their application to polarization control. 

Also two novel devices based on these gratings are introduced. 

• Chapter 3 deals with the propagation of surface plasmon polaritons on metal 

slabs and stripes. Specifically, the long range plasmon polarition modes are 

investigated theoretically and experimentally. Fabrication approaches for making 

devices that utilize these modes are presented together with optical 

characterization results. 

• In Chapter 4, the propagation of surface plasmon polaritons in the vicinity of 

an optical gain medium is treated theoretically. Also, the properties of various gain 

media are reviewed and the practical implementation of gain assisted plasmonic 

devices is discussed. 

• Chapter 5 revisits the use of metals as reflection devices and discusses their 

application for creating subwavelength resonators. Using the results of this study, 

resonant nanoscale structures are fabricated with the goal of creating nanoscale 

lasers emitting in the near infrared. 

• In Chapter 6, we explore the optical properties of metals at low temperatures, 

both theoretically and experimentally. The ellipsometric measurements carried out 

in this context suggest that it may be possible to enhance the plasmonic properties 

of metals by cooling them to cryogenic temperatures. 
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1.2 Metals as free electron gases: The Drude model 
 

In chemistry, metals are viewed as a lattice of positive ions surrounded by a 

cloud of electrons, resulting in zero overall charge. From a solid-state point of 

view, metals are defined as either having overlapping valence and conduction 

bands, or having partially filled conduction bands. In either case, the result is that 

the electrons are able to move around the lattice with relative ease. Consequently, 

in the simplest electronic model of metals, the positive ions are disregarded and 

the electrons are treated as a virtual gas. Since the electrons are fermions, they will 

interact with each other via collisions, which will dampen their motion. If the 

average collision frequency is taken to be ζ , the equation of motion for a single 

electron subjected to a field E  in the plasma can be written as [9]: 

 m m eζ+ = −x x E  (1.1) 

For a pure harmonic excitation 0( ) j tt e ω−=E E , the solution for x  will be: 

 2( ) ( )
( )

et t
m jω ζω

=
+

x E  (1.2) 

This displacement creates a macroscopic polarization -ne=P x and since 

 0ε= +D E P  (1.3) 

we have: 
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2

0 2(1 )p

j
ω

ε
ω ζω

= −
+

D E  (1.4) 

where 
2

0
p

ne
m

ω
ε

=  has frequency units and is called the plasma frequency. From 

(2.4), we see that the relative permittivity of a free electron gas is frequency 

dependent and can be written as: 

 
2

2( ) 1 p

j
ω

ε ω
ω ζω

= −
+

 (1.5) 

From (1.5), it is evident that for frequencies smaller than pω , the real part 

of ( )ε ω  is negative, which implies that the electric field and the displacement are 

antiparallel. As a result, the refractive index ( )n ε ω=  will be complex and wave 

propagation in the plasma will be lossy. From now on, we use the term plasmonic 

metal to denote this type of electromagnetic behavior.  

Looking at (1-5), we see that at low frequencies the real part of ( )ε ω  

approaches one while the imaginary part goes to infinity. This is in agreement with 

the common use of j∞  to model an ideal metal at low frequencies. Also, note that 

the sign of Re{ ( )}ε ω  is positive at frequencies above the plasma frequency. To 

demonstrate the effect of this sign change, we can calculate the change in 

reflectance of a vacuum-plasma interface at different wavelengths, which results in 

three areas of interest. In region I, the plasma behaves like an ideal metal, with a 

large imaginary part. In region II, the dominating factor is the negative real part of 
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( )ε ω  which still results in high reflection. In region III, the sign of ( )ε ω  is now 

positive and the plasma becomes much more transmissive. This phenomenon 

actually happens in metals and is known as ultraviolet transparency. 

1.3 Plasmons, surface plasmons and surface plasmon 
polaritons 

 

If we assume a hydrodynamic free electron gas model for metals, it is not 

hard to envision waves of varying electron density traveling through this medium. 

The quanta associated with these waves are termed ‘plasmons’ (similar to the way 

photons and phonons are the quanta of electromagnetic and mechanical 

oscillations). Of special interest are the plasmons that exist on the surface of a 

plasma or metal, which are appropriately named ‘surface plasmons’.  

As we shall see in the continuation of this chapter, negative permittivity can 

lead to the existence of a surface plasmon wave that is coupled to an 

electromagnetic surface wave. The quanta associated with this type of wave are 

called surface plasmon polaritons. Polaritons are quasi-particles associated with the 

coupling of a photon and a quantum of material oscillation (e.g., a phonon-

polariton is a coupled phonon and photon). Nomenclature aside, for the purposes 

of this text, it is sufficient to view surface plasmon polaritons as electromagnetic 

waves that are bound to the surface of an appropriate material. 
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1.4 Surface bound waves at the interface of a plasmonic 
medium 

 

At this point we will take a macroscopic point of view and assume that the 

plasma medium is simply a medium with complex permittivity 

( ) ( ) ( )m m mjε ω ε ω ε ω′ ′′= + . Having done this, we will now write down Maxwell’s 

equations for the interface between this medium and a lossless dielectric. (Fig.1.2). 

Since any charge disturbance requires a normal electric field component, we will 

assume a TM polarized wave at the interface:  

 
( )

( )

ˆ ˆ( ) 
, 1, 2

ˆ  

x zp

p

x zp

j k x k z t
p x z

j k x k z t
y

E E e
p

H e

ω

ω

+ −

+ −

⎧ = +⎪ =⎨
⎪ =⎩

E x z

H y
 (1.6) 

 
 

Figure 1.2. The chosen coordinate system for SPP propagation. SPP propagation along the x 
direction is accompanied by evanescent decay in the z direction. 

 



9 

 

From Maxwell’s equations and the boundary conditions, we have: 

 
1 2

1 2

2 2 2
0          1, 2

    ,      

p

p

p

z z

x z p

z x
x y z y

p p

k k

k k k p

k kE H E H

ε ε

ε

ωε ωε

⎧
=⎪

⎪
⎪ + = =⎨
⎪
⎪ = = −⎪
⎩

 (1.7) 

where 2 ( )mε ε ω= . From these we get the dispersion equation for the surface 

bound electromagnetic equation: 

 

2 2 1 2
0

1 2
02

02 2
0

1 2

2         ,       = =  ,   1, 2

p

x

p
z

k k

k p
c

k k

ε ε
ε ε ω π

ε λ
ε ε

⎧ =⎪ +⎪ =⎨
⎪ =⎪ +⎩

 (1.8) 

In accordance on our previous discussion on nomenclature, we call this 

surface-bound wave a surface plasmon polariton (SPP). Assuming that 

( ) | ( ) |m mε ω ε ω′ ′′− , we can write: 

 
1 1 3
2 2 2

1 1 1
0 0 0 2

1 1 1

( )
2

m m m m
x

m m mm m m

jk k k jk
j

ε ε ε ε ε ε ε ε
ε ε ε ε ε ε ε ε

⎛ ⎞ ⎛ ⎞ ⎛ ⎞′ ′′ ′ ′ ′′+
= +⎜ ⎟ ⎜ ⎟ ⎜ ⎟′ ′′ ′ ′ ′+ + + +⎝ ⎠ ⎝ ⎠ ⎝ ⎠

 (1.9) 

This shows that the propagation constant of the SPP is always larger than 

that of the dielectric, so that excitation of SPPs will require an evanescent coupler 

(such as a prism or a grating) to add to photon momentum. Also, it shows that the 

loss is inversely proportional to 
2

mε
ε
′
′′

, which we will designate as a figure of merit 
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(FOM) for a metal. In Fig.1.3 we have plots of the FOM for actual metals, and we 

see that the best choices in the infrared (the ones with the least losses) are silver, 

gold and aluminum.  

1.5 The ‘high k’ misconception 
 

As (1.9) shows, 1 1 0xk k kε> = , which is necessary for having a bound 

wave. This has led to the many theoretical claims about achieving a large 

propagation constant, or equivalently a large effective index, with possible 

applications to slowing down light. This misconception has been further extended 

 
Figure 1.3. Figure of merit for various metals in the visible and infrared.  
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by overzealous use of the Drude model. In many instances, the Drude losses are 

assumed to be zero, so that: 

 
2

2( ) 1 pω
ε ω

ω
= −  (1.10) 

If we substitute this in (1.8) the SPP propagation constant will now be: 

 

1
2 2

2

12

12

1
( )

(1 ) 1

p
x

p

k

ω
ω

ω ε
ω ε
ω

⎛ ⎞
−⎜ ⎟

⎜ ⎟=
⎜ ⎟

+ −⎜ ⎟
⎝ ⎠

 (1.11) 

which has a  pole at 
11

pω

ε+
, implying an infinitely large refractive index. However, 

this rosy picture is not very realistic. If we include the Drude losses, the largest 

achievable refractive index will be 8.5 (Fig.1.4). For a real metal this is actually 

worse, due to effects such as interband transitions (which results when higher 

energy photons excite electrons from lower bands). As seen, the maximum 

attainable effective refractive index is a just a little over one. Also, the maximum 

refractive index coincides with very high optical loss. These physical limitations 

raise serious doubts regarding claims of using SPPs for applications such as slow 

light, in which large effective refractive indices are needed, but in conjunction with 

a low optical loss. 
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Figure 1.4. Effective refractive index for lossy Drude model (blue) and real gold (red) for a 
gold-air interface. Note that for real gold, the maximum effective index is just 1.1. 
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2 
Metallic gratings for polarization control 

 

2.1 Diffraction gratings 
 

The diffraction grating is arguably one of the most useful and versatile 

optical devices ever invented. Using its dispersive properties, the spectral 

components of an optical signal can be spatially separated, which has led the 

grating to be used in applications ranging from investigation of the material 

composition of distant galaxies[10] to the analysis of ultrashort optical pulses [11] 

Indeed, the advances in modern physics which led to the development of quantum 

physics would not be possible without gratings. MIT professor George R. 

Harrison (1898-1979), one of the pioneers in the design of modern grating ruling 

engines, once wrote [12]  :  

 

“No single tool has contributed more to the progress of modern physics 

than the diffraction grating, especially in its reflecting form.” 
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 However, the dispersive far-field properties of diffraction gratings only 

manifest themselves when the period of the grating is larger than the incident 

wavelength. Otherwise the grating only produces evanescent diffraction orders 

that do not propagate into the far-field. This is predicted by the grating equation: 

 0sin( ) sin( )d i
g

m λθ θ− =
Λ

 (2.1) 

resulting in imaginary diffraction angles dθ  for subwavelength grating periods. 

Although subwavelength gratings do not have far-field dispersive 

properties, they are nonetheless very useful in other applications, one of which is 

polarization control. To control polarized light, two main components are 

required, polarizers, which only allow a specific polarization to pass (e.g., to be 

reflected or transmitted) and birefringent media, which map one polarization state 

into another by means of their anisotropy. 

 Many optical materials, such as quartz or calcite, exhibit birefringence, however 

their natural birefringence is relatively small, which results in requiring a long 

interaction length. To create larger birefringence, subwavelength dielectric gratings 

have been used as single wavelength [13] and broadband retardation waveplates 

[14], linear-to-radial polarization converters [15] and polarization encoders [16]. 

The basic principle behind all these examples is the creation of anisotropy in an 

isotropic medium through geometric shaping of the medium on a subwavelength 
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scale. Using a zero-order approximation, the TE and TM permittivities in a 

subwavelength periodic grating with fill factor F is [17]: 

 
1 2

2 1

1 2

(1 )
(1 )

TM

TE

F F
F F

ε εε
ε ε

ε ε ε

⎧ =⎪ + −⎨
⎪ = + −⎩

 (2.2) 

where  1ε , 2ε  and gΛ  are the  medium  and grating permittivities and the grating 

period, respectively. Obviously, the amount of birefringence is proportional to the 

index difference between the grating and its surrounding medium. For a grating 

etched in a semiconductor (such as silicon or gallium arsenide) in the vicinity of 

air, this difference is large (about 2.5 at 1550nm), so to achieve a specific 

retardation, a shallow grating depth would suffice. However, if the grating is in a 

polymer and is being used in an optofluidic application, this difference can be as 

small (on the order of 0.1). This requires a much deeper grating, which is much 

harder to fabricate. Later on in this chapter, we will revisit this problem and 

propose a solution based on metallic gratings. 

2.2 Metallic gratings as wire grid polarizers 
   

The wire grid polarizer is a fairly antique invention. Heinrich Hertz first 

used a wire grid as a polarizer in 1888 in his experiments with radio waves. He 

noticed that a wire grid with 1-mm copper wires spaced 3 cm apart reflected or 

transmitted 66-cm radio waves as the wires were turned parallel or perpendicular 
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to the electric vector of the radiation [18]. To understand the principle of a wire 

grid polarizer, one can imagine it as an array of one dimensional metal slot 

waveguides (Fig.2.1). It can be shown [19] that the lowest order TM mode (TM0) 

mode will always propagate in the waveguide, but the TE modes will all have a 

cutoff wavelength. Specifically, the TE1 mode will have a cutoff wavelength of 

2c bλ =  (for an air filled waveguide). In a grating array, this will result in the 

transmission of only waves that are TM polarized (i.e. their electric field is normal 

to the grating grooves). Obviously, this model disregards important issues, such as 

finite grating depth, mode overlap and non-ideal metal effects, however in practice 

these do not detract from the basic function of the polarizer and only affect the 

extinction ratio of the device. It may also be argued that real metals at optical 

frequencies have a very different dielectric constant than the ideal metal ( j∞ ). 

 
 
Figure 2.1. (a) A wire-grid polarizer consisting of an array of metal-clad waveguides. (b) A single 
dielectric ridge can be viewed as a metal clad waveguide. 
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However, an analysis of the eigenmodes of the structure shows very similar 

behavior when plasmonic materials are used in place of the ideal metal [20]. The 

only main difference is the introduction of additional plasmonic TM polarized 

modes, which do not affect the TE extinction. Current commercial designs have 

extinction ratios of about 1000 [21] and they have the advantages of normal 

incidence and broadband operation, low cost, and small form factor, which has led 

to their extensive use (for example in LCD displays).  

 In the following sections, we will present two novel applications of metal 

gratings in polarization optics.    

2.3 Wire grid polarizer based retardation controller 
 

As mentioned in the previous section, the form birefringence in a 

subwavelength grating can be used to create retardation plates. However, the 

amount of birefringence depends on the index difference of the grating and the 

ambient medium, which may not be large. For example, one may decide to create a 

tunable optofluidic retarder by flowing a variable index liquid in the grating 

grooves, thereby changing the birefringence and hence the retardation. However, 

as is the case in many instances, the grating may be fabricated from polymer or 

glass, which have refractive indices very close to most liquids. In this case, the 

grating grooves will have to be very deep to compensate for the small 

birefringence. Another problem with this approach is the difficulty of flowing 
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liquids over the grating and ensuring that the liquid penetrates into the 

subwavelength grooves. 

To overcome both problems, we can use a wire grid polarizer in 

conjunction with a reflecting backplane, as shown in (Fig.2.2). Since the polarizer 

only transmits the TM portion of the beam, the reflected TE wave will experience 

a delay approximately equal to the twice the optical path inside the channel. Since 

the channel depth can be increased or decreased according to the refractive index 

variation of the liquid, this design does not suffer from a restricted tuning range. 

Also, the operation of the device does not require the liquid to flow into the 

grating grooves 

Optofluidic tuning is usually achieved by intermixing proportionate 

amounts of two miscible liquids with different refractive indices [22]. An 

 
 

 

Figure 2.2. (a) A wire grid polarizer and a mirror forming a reflective retarder that can be tuned 
using three optofluidic flows.  (b) The Poincaré sphere, with the points indicating the area that a 
linear polarization at 45º can be mapped using the tunable optofluidic retarder  
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interesting variation is to introduce a third liquid flow that is absorptive at the 

wavelength of interest (Fig.2.2.a).  This will add another dimension to the 

polarization control (e.g., if it is completely absorptive, it will result in a linear 

polarized reflection (T.E.) This will enable the mapping of a 45º linear polarization 

state to about half of the Poincaré sphere (Fig. 2.2.b). 

2.4 Metal gratings for polarization metrology  
 

In any optical experiment dealing with polarization, one needs to define a 

frame of reference in order to define the axes of polarization. In a free space 

optics setup, this is usually done with respect to the surface of the optical table. 

However, ensuring that the axes of the polarization components are aligned 

accurately to the table surface is not trivial. A standard approach for doing so is 

shown in Fig.2.3. The polarizing beamsplitter’s transmitted output will be 

polarized vertical to the table when the beamsplitter's bottom facet is parallel to 

the table. Assuming that the laser beam is parallel to the table (which can be easily 

achieved using a pair of irises) the beamsplitter can be aligned by adjusting the 

reflected beam to pass through a third iris, identical to the first two. Although this 

process is relatively straightforward, it relies on the use of a polarizing beamsplitter 

(a bulky element and a relatively expensive investment). Also, any deviation from a 

perfect cube will result in alignment errors, due to beam refraction at the facets. 
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We will now show that the same process can be implemented using metallic 

gratings and the wire grid polarizer concept. 

A conventional wire grid polarizer is always subwavelength, so that all the 

light is contained in the zero order and no diffraction orders exist. However, if the 

period is increased while keeping the groove width small enough for TE mode 

cutoff, the grating will create diffracted modes in reflection and transmission 

(Fig.2.4.b). Using irises and a leveled laser beam, similar to the beam splitter case, 

these modes can be used to adjust the rotation and tilt of the grating, thereby 

ensuring that the output beams are polarized parallel to the table top. This will be a 

reference for adjusting the rest of the polarization components. 

Figure 2.3. Optical setup for aligning a polarized beam to a tabletop using a polarizing cube 
beamsplitter. For an ideal cube, output polarization is aligned to table when the plane of the 
beams is parallel to the table top. 
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This approach, while being quite simple and effective, creates several 

diffracted orders in transmission. It may be desirable to only have one beam at the 

output.  In that case we can combine the subwavelength and superwavelength 

approaches into a single space variant grating which achieves the desired purpose 

(Fig.2.4.b). 

The design consists of a transmissive subwavelength metal grating, 

operating as a wire grid polarizer, surrounded by a reflective superwavelength 

grating to create the reflected diffraction orders. Since the whole pattern can be 

lithographically created using an electron beam mask, one can ensure that the lines 

of both gratings are parallel, which is crucial to the correct operation of this optical 

metrology device.  

 

 

 
(a)      (b) 

 
 
Figure 2.4. Two metal grating designs for use as polarization alignment devices. (a) A 
superwavelength grating with polarizing grooves. (b) A space variant grating with only one 
transmitted diffraction order. 
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3 
Long range surface plasmon polariton 
waveguides 

 

3.1 Plasmonic modes on a metal slab 
 

As we saw in chapter 1, the interface of two media with positive and 

negative permittivities supports a TM polarized surface bound propagating wave, 

which is called a surface plasmon polariton. There we derived analytic expressions 

for dispersion and loss of this propagating mode. Having done this, it is natural to 

advance one step and investigate the solutions for a slab of finite width. This has 

been addressed by several researchers with varying levels of detail [23], [20]. Here 

we briefly present the analysis done by Burke et al [23]. 

The structure under consideration is shown in Fig.3.1. Assuming a TM 

polarized wave of the form ( ) ˆ( ) j x tf z e β ω−=H y , and applying continuity of the 

magnetic field we can write the following: 
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and from the wave equation we have: 
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Figure 3.1. A plasmonic metal slab sandwiched between two dielectric media. Media 1 and 3 in 
general have different indices of refraction. 
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Finally, by applying the continuity of the electric field at z=h we end up with the 

following dispersion equation:  

 2 2
2 1 3 2 1 3 2 1 3 3 1tanh( )( ) [ ( ) ] 0m mS h S S S S S Sε ε ε ε ε ε+ + + =  (3.3) 

This equation does not have an analytic solution, however numerical 

techniques can be applied to find the roots. In general there are four bound or 

unbound solutions. For the purposes of this work, we are concerned with the 

bound modes. For the special case of 1 3ε ε=  we have two bound modes, one 

symmetric and one antisymmetric. These modes can be thought of as the in-phase 

and out of phase superpositions of the single-surface SPPs on each side of the 

slab. 

The interesting point about these eigenmodes is that their propagation loss 

and confinement is not only dependent on the material properties of the dielectric 
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Figure 3.2. Variation of the symmetric and anti-symmetric mode parameters with metal slab 
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and the metal but also on the metal thickness. Fig.3.2 shows the dependency of the 

effective index and propagation length for a gold slab suspended in air 

at 0 1.55 mλ µ= , normalized to corresponding single interface SPP quantities. As 

indicated in the figure, we see that decreasing the metal thickness results in an 

increase in the effective index and a decrease in the propagation length for the 

antisymmetric mode, while the reverse happens for the symmetric mode. This was 

first predicted by Sarid [24] and resulted in the nomenclature ‘short range’ and 

‘long range’ for these modes. 

The antisymmetric mode has a zero in the center of the metal slab and it 

might be argued that this should result in lower overall loss and thereby a longer 

propagation length. However, the overall distribution of this mode is such that a 

large proportion of its energy is confined to the metal, whereas the symmetric 

mode resides mainly in the cladding, and so it is less lossy. 

The symmetric and antisymmetric modes are a result of symmetry in the 

upper and lower claddings. If this symmetry is broken, the mode shapes will 

change and we will have to entertain the possibility of unbound modes. This has 

been investigated in [23] and here we present similar results, with parameters 

relevant to this work. To investigate the effect of a nonsymmetric cladding, we 

start with a symmetric structure and gradually change one of the cladding’s 

refractive index while solving (3.3). To ensure convergence at each point, we use 

the solution for the previous point as the initial guess for each current point. 
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Fig.3.3 shows the result of unbalancing the symmetry for a film with thicknesses 

of 20nm. The symmetric mode, however, loses its symmetry and will gradually 

move into the higher index cladding. Also, when the imbalance passes a cutoff 

point, the mode will cease to be bound to the surface. This cutoff point is highly 

dependent on the metal thickness. As the metal thickness is reduced, the tolerance 

for imbalance is lowered. For example at a thickness of 5nm, the cutoff point is at 

.001n∆ = . Given this strong dependence on cladding symmetry, it easy to see why 

it is not common to observe phenomena based on long range SPPs (LRSPPs) in 

nature. This also places restrictions on fabrication procedures, as we shall see in 

future sections. 

  

 

 

 
Figure 3.3. Effect of cladding imbalance on the mode shape of the long range SPP for a 20nm 
gold film. Imbalance cutoff is dependent on the metal thickness. 
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3.2 Long Range SPPs on metal stripes 
 

In the previous sections, we looked at the SPP modes existing on infinitely 

wide metal boundaries. However, in practice, the edges of these structures are not 

at infinity and thereby the effect of finite metal width should be taken into 

consideration. The moment that a metal slab is truncated laterally, a plethora of 

modes are introduced into the structure. The shapes and propagation 

characteristics of these modes vary with the metal thickness and width and have 

been investigated fairly recently [25], [26] . In Fig.3.4 some of these modes are 

shown. Since our focus is on long range modes, we will not dwell too much on 

most of them, except for the mode dubbed 0
bss  (which implies bound symmetric 

behavior in both dimensions), which is the natural extension of the long range 

mode in infinite slabs (Fig.3.4).   As the stripe width is increased, this mode will 

evolve to the symmetric LRSPP mode in the case of the infinite slab.  

3.3 Excitation of SPPs on slabs and stripes 
 

In Chapter 1 we discussed the excitation of SPPs through evanescent 

coupling with a grating or a prism. In principle, one can use the same techniques 

to excite the modes on a slab or a stripe. Quail et al. [27] and Craig et al. [28] carried 

out experiments using prism coupling in an attenuated total reflection (ATR) 

approach, and they observed dips in the reflection spectrum, corresponding to the 
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long and short range modes. However, using a grating for exciting the long range 

mode is not as straightforward for two reasons. Firstly, it is not easy to preserve 

symmetry in the presence of a dielectric grating. Secondly, in order for the film to 

support the LRSPP, it has to have a thickness of no more than a few nanometers. 

At these thicknesses, the diffraction efficiency of a perforated metal film will be 

 
 

Figure 3.4. Selected plasmonic modes of a metal stripe. The 0
bss  mode shown  is the equivalent 

counterpart of the long range slab mode. Note the lower confinement of this mode, which leads 
to longer propagation lengths. 
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very small, and as a result most of the incident light will be transmitted through the 

film. 

Obviously, evanescent excitation of modes is not peculiar to SPP modes. In 

a dielectric waveguide it is also impossible to directly couple light into the 

waveguide from the interface parallel to the direction of propagation, since to have 

a bound eigenmode, the momentum in the waveguide direction should always be 

greater than the cladding momentum. As a result, grating and prism couplers are 

also required for dielectric waveguide excitation.     

However, all of the arguments mentioned above are only valid for 

excitation from the interface parallel to the direction of propagation. If we 

consider the interface normal to the waveguide, the coupling will be through a 

generalized Fresnel reflection and transmission process known as ‘end-fire’ 

coupling. In this case, part of the incoming beam will be reflected into backward 

and forward free space propagating modes and the rest will excite modes in the 

waveguide. The percentage of energy coupled into waveguide modes will depend 

on the number of available modes, their propagation constants and their mode 

shape. The efficiency for a mode Em excited by an incoming mode Ei is quantified 

by the overlap integral: 
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which has a maximum of one when the excitation mode shape is equal to the 

waveguide mode. This method of excitation can be applied to any waveguide 

system and was proposed for SPP excitation as early as 1983 [29], but was never 

implemented till 2000 [30]. Since then, the method has been refined and currently 

coupling efficiencies of .5dB are reported [31]. In our work, we have exclusively 

used this method for LRSPP excitation. 

3.4 Applications of LRSPP waveguides 
 

Since their first experimental demonstration of LRSPP propagation in 2000 [30], a 

variety of photonic devices based on this waveguiding technique have been 

proposed and demonstrated, most of them being applications that utilize the 

1550nm telecommunications wavelengths. This is not surprising, since shorter 

wavelengths would probably incur to much loss. Among the various examples in 

this area, we can cite the realization of passive components such as straight 

waveguides, S-bends, Y-splitters and directional couplers ([32],[33], [31], [34], 

[35]and [36]),  switching devices using thermo-optic ([37] and [32]) and electro-

optic ([38]) effects and resonant devices such as Bragg filters and Z-add-drop 

filters([39] and[40]). Using the Bragg resonators and an external gain element, 

lasing has been also demonstrated using this technology [41]). A somewhat exotic 

in-line power meter, operating as a combined bolometer and Wheatstone bridge 

has also been demonstrated [42]. Some of these devices are shown in Fig.3.5. 
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While being quite interesting, the common characteristic of all these devices is that 

they all have dielectric counterparts that operate just as well or even better than 

these examples. Consequently, a valid question may need to be posed regarding 

the practical use of this technology. In response, we will cite three unique traits 

that may result in applications unique to these waveguides. First of all, the method 

of fabrication these waveguides is fundamentally simple. As we shall show in the 

next section, the very thin metal core can result in a unique and economically 

 
 

 

Figure 3.5. A collection of different photonic devices based on long range surface plasmons. (a) 
A fiber coupled Bragg reflector[38]. (b) A Z-add-drop filter[39]. c) Result of 40Gbps 
transmission through a 4cm LRSPP waveguide[35]. (d) An in-line thermoptic LRSPP 
modulator[36]. (e) An in-line LRSPP optical bolometer in Wheatstone bridge configuration[42].
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viable method of fabricating these waveguides. Secondly, these waveguides have 

no confining boundary, so interaction with any environmental agent can be 

facilitated, which could result in unique applications in sensing. Finally, the 

extreme sensitivity to cladding mismatch can be utilized for more advanced 

switching applications. With this in mind, we will now go over two related but 

quite different methods of fabricating these waveguides.  

3.5 Fabrication of LRSPP waveguides 
 

In this section we will describe different methods of fabricating LRSPP 

waveguides. In all instances, the waveguides are gold stripes embedded in a 

suitable medium. As mentioned before, due to the extreme sensitivity of the 

LRSPP mode to cladding imbalance, it is imperative that the refractive index 

difference between the upper and lower claddings be less than 0.005. In practice 

this means that the claddings have to be made of the same material. This places 

restrictions on the type of material and method of fabrication. For example, using 

crystalline semiconductors as claddings would pose many problems, since it is not 

possible to grow a crystalline material on top of the non-ordered metal layer. In 

this work, polymers were chosen as claddings due to the relative ease that they 

could be spin coated or flowed to create multiple layers. Specifically we present 

results for the polymers SU-8 and polydimethylsiloxane (PDMS). 
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Since the core of these waveguides consists of a nanometer thin layer of 

metal, one of the main steps is metal deposition. This can be done through a 

variety of methods, such as thermal evaporation, electron beam deposition and 

plasma sputtering. During various stages of this work, all three of these techniques 

were used. Apart from film quality, the most important parameter to consider is 

the thickness of the metal layer, which has to be controlled with sub nanometer 

accuracy. The two approaches for doing this were to either use a calibrated crystal 

oscillator thickness monitor (in case it was available for a particular machine), or to 

use evaporation time as a measure of deposited metal thickness. (The calibration 

was done by depositing a thick layer of gold over a measured period of time and 

then measuring the film thickness with a stylus based profilometer (a Veeco 

Dektak 150) ). 

3.5.1 Fabrication of LRSPP waveguides in SU-8  
 

SU-8 is a chemically amplified epoxy based negative resist with relatively 

good optical transparency and is sensitive to near UV radiation [6]. Cured films of 

SU-8 are highly resistant to solvents, acids and bases and have excellent thermal 

and mechanical stability, making it well suited for permanent use applications. 

Since SU-8 does not dissolve in any solvent after exposure and bake, it is very easy 

to spin coat and bake several layers in stacked formation. Also, the higher viscosity 

solutions can be spun to form layers that are tens of microns thick. Since the 
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cladding around the metal stripe should be thick enough to contain most of the 

optical mode, this feature of SU-8 is very useful for fabricating LRSPPs. 

The fabrication steps are shown in Fig.3.6. As a first step, a single layer of 

SU-8 25 was spin coated on top of a silicon wafer at 2000rpm.. The wafer was 

prepared using ultrasonic cleaning in acetone, and subsequently rinsed with 

isopropyl alcohol and deionized water and dried for 5 minutes at 200°C. Then a 

two-step pre-bake was used (3 mins @ 65°C and 7 mins @ 90°C). After pre-

baking, the wafer was exposed to UV flood exposure in a Karl Suss MJB3 mask 

aligner. As a final step, SU-8 requires a post exposure bake to induce crosslinking. 

 

Figure 3.6. Fabrication steps for creating metal stripe waveguides in SU-8.  
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This was done in another two- step process (1min @ 65°C and 3mins @ 90°C). 

At this point the SU-8 had hardened into a 25um thick layer, which comprises the 

lower cladding. 

Since the deposited metal thickness is very small, a liftoff process was used 

to pattern the metal wires. However, the usual liftoff process involves using a 

negative resist with negative sloping sidewalls.  Getting the profile correct requires 

tight control over parameters such as exposure dosage and pre- and post- 

exposure bakes, which can be difficult to maintain on a day to day basis in a shared 

fabrication facility. Instead, a bilayer liftoff process was used in which a layer of 

polymethylglutarimide (PMGI SF13 from Microchem) is first spun and baked and 

 
 

Figure 3.7. Controllable photoresist undercut using PMGI for metal liftoff. Photoresist is 
Shipley S1805. 
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then a layer of positive photoresist (Shipley S1805) is spun on top of the PMGI. 

Since PMGI does not dissolve in most photoresist solvents, no interlayer mixing 

will happen between it and the S1805.  

After exposure of the S1805 (using a patterned quartz photolithography 

mask and the Karl Suss aligner), the pattern was developed in Shipley MF-321 

developer. After the exposed photoresist is dissolved, the developer will start 

dissolving the underlying PMGI, resulting in a controllable undercut (Fig.3.7). This 

undercut makes the liftoff process repeatable and reliable. 

At this point the sample was ready for metal deposition. However, since 

the adhesion of gold to substrates is notoriously weak, it is common practice to 

deposit a few nanometers of another metal with better adhesion (e.g., chrome or 

titanium) in between the gold layer and the substrate. Since the total metal 

thickness in the LRSPP waveguides is 20nm or less, it was expected that the 

deposition of an adhesion layer would adversely affect the waveguide 

characteristics. This is due to two reasons, firstly the symmetry is destroyed and 

secondly, the chrome layer will add to the metallic losses of the waveguide.  

 In order to estimate the effects the adhesion layer, a set of finite element 

simulations were carried out, with gold as the waveguide material and chrome 

( -6.63 41.09jε = +  [43]) as the adhesion layer. The gold thickness was kept 

constant at 20nm and the chrome layer thickness was increased. The results are 

shown in Fig.3.8. As seen, the chrome layer has a detrimental effect on the 
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waveguide and increases propagation loss. For example, a 2nm adhesion layer will 

increase the loss by 2cm-1 in each of the scenarios mentioned above.  Given these 

results, we decided to refrain from depositing an adhesion layer and carried out 

liftoff on a directly deposited metal layer, in contradiction to ‘conventional’ advice. 

Fortunately, the process worked very well and there was no detachment of the 

metal waveguides from the SU-8 cladding during the liftoff process. We will revisit 

this topic at the end of the chapter. 

After liftoff, we spun another 25 um layer of SU-8 on top of the metal 

wires and repeated the bake and exposure steps. At this point, the metal wires are 

embedded in the SU-8 cladding. 

 
 

 

Figure 3.8. The detrimental effect of a chrome adhesion layer simulated using a finite element 
mode solver (COMSOL Multiphysics). 
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3.5.2 Fabrication of LRSPP waveguides in polydimethylsiloxane 
 

The previous section described our fabrication approach for SU-8 clad 

metal waveguides. This approach is fairly general and can be used for other 

polymers, such as PMMA or BCB [31]. However, this is not the case for the 

polymer polydimethylsiloxane.  

PDMS is a silicon based organic polymer. It has good optical transmission 

and its hyrophobicity and flow properties have led to its widespread use as a 

microfluidic and optofluidic fabrication medium (e.g. [44] and [45]). As we 

mentioned, one of the potential applications of LRSPP waveguides is in 

optofluidics, so it was a natural step to consider the fabrication of these 

waveguides in PDMS. 

One of the characteristics of PDMS is its hydrophobic nature. This feature, 

while very useful in applications such as microfluidics, poses a problem for 

lithography, since any attempt to spin coat a photoresist layer will result in the 

photoresist to fly off the PDMS surface. One way to circumvent this problem is to 

use an oxygen plasma treatment for activating the surface, which results in a 

temporary change in the surface chemistry and will allow the photoresist to stick 

to the PDMS surface, as reported in [46]. This will enable us to pattern the 
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photoresist using a non-contact imaging technique (for example, in [46], the 

authors create a grating using a two beam interference technique. However, due to 

the elastic nature of PDMS, any attempt to do a contact lithography step will cause 

cracks to appear in the baked photoresist (Fig.3.9)). Cracks can also appear if the 

sample is baked at high temperatures, due to the thermal expansion difference 

between PDMS, silicon and the photoresist. Given these complications, we 

decided to find other ways of fabricating LRSPP waveguides in PDMS, by making 

use of the unique features of this elastomer. 

 Placing embedded metal structures in PDMS has been investigated in the 

past by different groups, (e.g., [47] and [48]), for the purpose of creating electrodes 

and other metal structures for lab-on-a-chip, biosensing and electrophoresis 

 

 
 

Figure 3.9. Cracks in S1805 photoresist on a PDMS substrate, spun on top of a silicon wafer. 
The cracks happen for two reasons, mechanical stresses applied to to the photoresist layer, due 
to the elasticity of PDMS and different thermal expansion ratios.  
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applications. One approach, used by Lee et al. [47] uses a pattern transfer 

technique, which seemed to be appropriate for our purposes. In this method, gold 

patterns are first created on top of a clean silicon substrate, and then treated with 

an appropriate adhesion agent. This process results in making the gold surface 

adhesive through the formation of a self assembled monolayer (SAM). 

Subsequently, uncured PDMS is poured on top of the sample and then cured. The 

gold patterns will adhere to the PDMS and will be transferred to it after peeling off 

from the silicon substrate (Fig.3.10).  

 Silicon wafers were treated to a sequence of cleaning processes including 

acetone bath, isopropyl alcohol/deionized water rinse and a Nanostrip® 

(commercial buffered piranha solution) etch, to ensure their cleanliness. 10 and 

 

Figure 3.10. Method of gold pattern transfer to PDMS using self assembled monolayers (SAMs).
(from Lee et al. [Ref]) . 
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20nm thick layers of gold were deposited and patterned using bilayer liftoff. Then 

the samples were vapor treated with 3-mercaptopropyl trimethoxysilane (MPT 

from Aldrich) for 40 minutes in vacuum and tridecafluoro-1,1,2,2-tetrahydrooctyl-

1-trichlorosilane (TFOS from Gelest Inc.) for 4 minutes at atmospheric pressure. 

MPT has two types of chain terminators, thiols, which can bond to gold and silane 

alkoxy terminations, which can bond to PDMS. After the MPT treatment in 

vacuum a SAM forms on top of the gold layer. The TFOS is a silane release agent, 

which facilitates the separation of PDMS from the silicon surface. After this 

treatment, PDMS (standard 10:1 ratio of base:curing agent) was poured over the 

samples and was cured at 70°C for 40mins.  

After the curing process was finished, the PDMS was peeled away from the 

silicon substrates. However, the results were not satisfactory. The 10nm thick 

samples did not adhere at all to the PDMS and in the case of the 20nm samples, 

only the millimeter wide separation borders were transferred in their entirety. Also, 

some parts of the wider patterns (20µm wide) were transferred to the PDMS. This 

was unexpected, considering the notoriously weak adhesion of gold to substrates. 

This led us to carry out a more detailed investigation of the adhesion process, 

which we will describe in the next section. 

Having failed to get the desired results, we decided to try another approach. 

PDMS has excellent flow properties, which allow it to form microstructures from 

a master mold. On the other hand, SU-8, being a negative photoresist, can form 
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structures with negative sidewalls, which can then be transferred to PDMS in the 

molding process. This negative sidewall can be used to create a shading effect 

during a metal deposition.  

Gathering all these properties together, we devised the fabrication approach 

shown in Fig.3.11.a Positive SU-8 patterns were fabricated on a silicon substrate, 

The sample was treated with a silane release for 4 minutes at atmospheric pressure. 

Then PDMS was poured over the sample and subsequently was cured (70°C for 1 

hour) and peeled off. As seen in inset of Fig.3.11.b, the SU-8 mold leaves an 

impression with negative slope in the PDMS.  

The PDMS sample is then placed inside a deposition chamber and the 

desired thickness of gold is deposited. As a result, the gold will settle down at the 

bottom of the trench and on the top surface of the PDMS. At this point, two 

 

Figure 3.11. (a) Soft lithography method for creating gold patterns embedded in  PDMS. (b) A 
PDMS sample with 8 micron wide metal wires embedded in it. Inset shows a cross section of 
PDMS after it was removed from the mold.  
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options present themselves. If the depth of the trench is large enough to isolate 

the LRSPP mode from the top gold covered surface, we can simply pour uncured 

PDMS over the sample and cure it. However, the presence of the top metal layer 

may not be desirable, in which case we add an additional step. Since the adhesion 

of gold to PDMS is extremely weak, we can easily remove the top layer of gold by 

applying a sheet of adhesive material (such as Scotch Tape®). This process will 

not disturb the gold inside the trench. Fig. 3.11.b shows the final result of this 

process, with the LRSPP waveguides embedded in PDMS. 

The unique virtue of this approach is that it is simple and repeatable. To 

the best of our knowledge, in terms of the number of steps, it is probably the 

fastest method of creating optical waveguides. 

3.6 LRSPP waveguide characterization 
 

To characterize the waveguides, an endfire coupling approach was adopted. 

The optical setup is shown in Fig.3.12.a.  The laser is operating at 1550nm and the 

laser output is coupled into a single mode polarization maintaining optical fiber, 

teminated in either a tapered or a cleaved output. The fiber is positioned on a 

rotating fiber chuck mounted on a three axis micrometer stage with tip-tilt adjust. 

Using a free space polarizer, the fiber output was aligned so that the output beam 

had a vertical polarization.   
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For imaging the output, a 4-f magnification system was used, with different 

microscope objectives, ranging from 5x to 40x. The fixed lens had a focal length 

of 375mm, which resulted in a total magnification of approximately 10-100. For 

viewing the image, an Indigo Alpha NIR InGaAs camera was used. To examine 

the polarization of the output, a Glan Thompson polarizer was placed at the 

camera aperture. 

 Figs. 3.12.b and 3.12.c show the output captured from the smaples clad 

waveguides, when the polarizer is aligned vertically (TM). In 3.12.b, the fiber is 

exciting a dielctric mode, but in 3.12.c, the positioning if the fiber is such that it 

mainly excites the LRSPP mode. By comparing the output to the calculated 

eigenmode, it is obvious that the spatial properties of the calculated and measured 

modes are very similar. These are both sufficient evidence that the waveguides are 

operating as expected. Further optical measurements (such as measuring 

propagation loss and/or bending loss) are possible and have been well 

documented by other researchers(e.g., [49], [33] and [34]).      

 

3.7 Adhesion properties of nanometer thin layers of metals  
 

As we saw in the previous sections, the adhesion properties of our thin 

gold layers did not seem to follow the generally accepted behavior of such films. 

Gold is notorious for its weak adhesion and it was therefore surprising to see that 
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our experience with the gold pattern liftoff using PDMS and SAM adhesion 

promoters [47] was not successful. Also, the plasmonic waveguides on SU-8 

seemed to adhere well, without any need for an adhesion layer.  

To investigate this in more detail, we carried out a simple experiment. 

Taking a silicon wafer (which had been thoroughly cleaned by subjecting it to an 

ultrasonic acetone bath and a Nanostrip treatment), we deposited gold layers of 

Figure 3.12. (a) Optical setup for characterizing the LRSPP waveguides. (b) Output of SU-8 clad 
waveguide when a dielectric slab mode is excited(c) Output of SU-8 clad waveguide with correct 
end-fire excitation. The mode is a TM mode.   

 



46 

 

100nm, 20nm and 10nm thickness using the Denton sputter coater. After that we 

applied the so-called ‘Scotch Tape’ test, in which a piece of sticky tape is applied to 

the surface and then removed. Depending on the quality of adhesion, some or all 

of the surface film may be removed. In Fig. 3.13.a we see the result of this test to 

our three samples. As seen, the 100nm layer of gold is completely removed, while 

 

Figure 3.13. Results of gold adhesion experiment. (a) Different samples showing the success of 
gold film removal using tape (b) SEM of a nominally 10nm thick gold film. (c) Image of a 
gecko’s foot, showing the microstructured array of setae, which enable it to climb walls.  
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parts of the 20nm film are left on the substrate. Interestingly enough, the 10nm 

film does not seem to have become detached from the silicon surface.  

To find a reason for this phenomenon, we took an SEM image of the 

10nm film. As seen in Fig. 3.13.b, it is still in island form, and a continuous layer 

has not been formed. It would seem that the minute gold islands have adhesion 

properties that are quite different from a continuous film.  

A reason for this may be the strong Van der Waals forces that exist 

between nanoparticles. Among other things, this has been suggested as a reason 

for the adherence of reptile limbs to surfaces, which enables them to climb on 

vertical structures and has been mimicked artificially under the catchphrase of 

‘Gecko nanotechnology’ [50] . 

The net result of this experiment was to provide an explanation for the 

observed behavior of the nanometer gold films, and remind us that at the 

nanoscale, things do not always behave as expected. 
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4 
Gain-assisted propagation of  surface 
plasmon polaritons 

 

4.1 Introduction 
 

As we have seen in the previous chapters, surface plasmon polaritons, while 

having the potential to be used in different areas of photonics, are inherently lossy. 

The source of this loss is the overlap of the surface plasmon polarition field with 

the negative index medium, which is invariably a metal, with its associated ohmic 

losses. 

As a possible solution to this fundamental problem, in this chapter we 

study the propagation of SPPs on metal waveguides in the presence of an optical 

gain medium. The influence of a gain medium on SPP propagation has previously 

received some attention.  Plotz et al. [51] have considered gain-enhanced total 

internal reflection [52] in the presence of a metal film, where the gain medium 

enhances the free space TIR wave through the mediation of excited SPPs on the 

metal surface. They show that above a certain threshold, a reflection singularity 

exists for any metal thickness. The authors also estimate the amount of gain 
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required in the case of a silver metal film, which was found to surpass what was 

available in dye based gain media at that time. Sudarkin and Demkovich [53] 

continue this work by studying the propagation of surface electromagnetic waves 

on the boundary of a metal and a gain medium for transversally bounded and 

unbounded excitation laser beams. They also mention the possibility of creating a 

surface plasmon based laser.  

In this work we will expand upon these concepts from a guided wave 

standpoint, by investigating gain-assisted propagation of SPPs on planar metal 

waveguides for different waveguide geometries. Instead of using Fresnel reflection 

coefficients for the analysis, as in [52] and [53], we will directly work with 

propagation constants and Poynting vectors, as these are better suited for treating 

wave propagation on the surface of planar slabs and stripes. Also, the Poynting 

vector approach will enable us to investigate the wavefront behavior when the gain 

is varied. The analysis is carried out rigorously for the case of an infinite metal-gain 

medium boundary, and later supported by finite element analysis simulations of 

SPP propagation in thin slab and stripe waveguide configurations.  

In order to assess the practicality of using gain to compensate the SPP loss, 

we will first briefly overview available options for implementing an optical gain 

medium.  
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4.2 Optical properties of various gain media 
 

The macroscopic function of an optical gain medium is to increase the 

amplitude of an electromagnetic wave as it propagates through the medium. If we 

consider ( )
0 ˆ( , ) xj k x tx t E e ω−=E z  being a wave propagating in the +x direction, 

amplification of this wave requires a kx with a negative imaginary part. This in turn 

requires that the complex refractive index of the medium have a negative 

imaginary part. Since 2j nε ε ε′ ′′= + = , this results in a complex permittivity with a 

negative imaginary part. Optical gain is usually expressed by the power gain 

coefficient γ , where: 

 x
out inI I eγ=  (4.1) 

Usually γ  is expressed in inverse centimeters. It can be easily shown that [54]: 

 0k εγ
ε

′′
=

′
 (4.2) 

Although methods have been suggested to create lasers without inversion 

[55], the current practical method for producing optical gain is stimulated emission 

of an inverted population. In all cases the gain medium is pumped optically [56], 

electrically [57], or in some rare cases, chemically [58]. Assuming a two level 

system, with population densities N1 and N2 and degeneracies g1 and g2, the gain 

coefficient is given by [59]: 
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If 2
2 1

1

0gN N
g

− > , the medium will amplify light over the spectrum of ( )g ν (the 

frequency spectrum of the spontaneous emission probability). Obviously, high 

gain will require a large number of emitters in the N2 state, so media with a low 

density of emitters will not have a high value of gain. Theoretically ( )g ν  is also the 

absorption spectrum of material in question. (In some cases this correspondence 

does not hold in practice, resulting in shifts in the absorption and emission spectra 

(e.g., the Franck-Condon shift in fluorescent dyes [60])). With this introduction, 

we will now briefly review different gain media. 

 

Gas discharge gain media: This type of gain medium operates by energy 

transfer from excited electrons to gas molecules, which in turn undergo a 

transition and emit a corresponding photon [59]. The mixture of appropriate gases 

creates a three or four level system that can achieve population inversion. Since the 

operating pressures are low, the number of emitters and hence the optical gain is 

quite small (
3 110 cmγ − −≈ ). This is the reason for centimeter long tubes in gas  

lasers. 
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Solid state gain media: In this case, the emitters reside in a host that not 

only provides a physical medium to house the emitters ((for example ruby 

(chromium doped aluminum oxide) [61], erbium doped fibers [62], or quantum 

dot doped polymers [63]), but also in some cases provides interactions that affect 

the gain spectrum of the emitters (for example the phonon terminated or vibronic 

gain media, such as Ti:Sapphire, which leads to broadband gain). In these cases, 

the gain can be higher than in gas gain media (
110cmγ −≈ ). 

 

Fluorescent dye gain media: The emitters in these cases are organic 

molecules, specifically molecules containing chains of conjugated double bonds 

Figure 4.1. (a) A conjugated double bond, forming a particle in a box effect (b) Absorption and 
emission spectra of a typical fluorescent dye. Note the Stokes shift due to the Franck-Condon 
effect. 
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[60] (Fig.4.1). The double bonds can absorb photons above 200nm, and the 

molecule creates an elongated pi bond that creates energy levels, similar to the 

classical particle in a box scenario. Due to the rotational states in the molecule, the 

gain spectrum is broadened. Pumping is always achieved using optical means, 

however, due to the Franck-Condon effect there is always a red shift in the 

emitted photons (Fig.4.1) Efforts have been underway to achieve electrical 

pumping, though not without controversy [64].  

The dyes are dissolved in a suitable solvent that acts as a liquid host for the 

dye molecules. Due to the existence of triplet states, certain pumping conditions 

need to be fulfilled for achieving optical gain. For a stationary (non-flowing) setup, 

the pump duration should not be more that a few nanoseconds. Also, due to the 

quenching effect that the molecules will have on one another, the dye 

concentration should be regulated (10-2 to 10-4 mol/lit is the usual range used in 

practice). Again, the low number of emitters results in an optical gain coefficient of 

about 110cmγ −≈ . 

 

Semiconductor gain media: In semiconductors, the two energy levels 

required for creating a radiative transition are provided by the valence and 

conduction bands, which are separated by the bandgap. The electron and hole 

pairs are created through electrical or optical pumping. Through electron-hole 
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recombination, photons are generated with wavelengths corresponding to the 

energy bandgap. The gain coefficient in a semiconductor can be found from: 
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− −⎛ ⎞
= −⎜ ⎟⎜ ⎟′ ⎝ ⎠

 (4.4) 

where Fn and Fp are the quasi-Fermi levels in the valence and conduction 

bands (quasi-Fermi levels are used, since the system is not at thermal equilibrium). 

Ne is the density of the electrons in the conduction band (which is related to the 

pump power, or injected current) and rτ  is the recombination lifetime. From (4.4), 

it is evident that to have gain, we should have n ph F Fν < − . Considering that the 

emitted photon has at least enough energy as the bandgap, we have: 

 g n pE h F Fν< < −  (4.5) 

which is known as the Bernard-Duraffourg law for population inversion [59]. This 

results in gain profiles that have a finite gain spectrum. 

The gain coefficient in semiconductors is strongly temperature dependent. 

With increasing temperature, the gain spectrum broadens and the gain peak 

decreases with temperature increase. The main reasons for this are twofold. First, 

the Fermi distribution function broadens with increasing temperature, leading to a 

spreading of the carrier densities over a wider energy range. The increase of 

temperature also results in reduction of the bandgap, so the two limits in the 

Bernard-Duraffourg inequality are widened.  
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Secondly, increasing the temperature contributes to more free carriers. This 

increases the chance of nonradiative transfers, such as free carrier absorption (in 

which a photon is absorbed by an electron in the conduction band), or Auger 

processes (which is the three body process in which an electron and hole 

recombine and transfer their energy to a third free electron, which then dissipates 

the energy through thermal vibrations). These nonradiative processes serve to 

increase internal loss and thereby reduce the gain. Depending on the temperature, 

pumping conditions and the semiconductor in question, gain values from a few 

hundred [65]  to a few thousand [66] cm-1  can be achieved. 

4.3 SPP propagation on an infinite metal-gain medium 
boundary 

 

As in chapter I, we will assume SPP propagation in the positive x direction 

on a metal-dielectric boundary lying in the x-y plane with the following dispersion 

equation:  
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where the subscripts 1 and 2 refer to the dielectric and metal regions, respectively. 

As we saw, the imaginary part of kx, which results from the non-zero imaginary 

component of the metal permittivity, is responsible for lossy propagation of the 
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SPP along the interface. As mentioned, this. Apart from choosing a metal with a 

high plasmonic figure of merit (i.e. 
2

2

2

1ε
ε
′
′′

), there seems to be no other method to 

reduce the metallic losses to increase the SPP propagation length in the metal-

dielectric configuration.  

However, replacing the passive dielectric medium in region 1 by a dielectric 

medium with gain will enable us to compensate for the losses in the metal. We 

start by assigning to region 1 a gain medium with complex permittivity 

1 1 1jε ε ε′ ′′= +  (with negative 1ε ′′  representing gain) and investigating the conditions 

for a bound wave to propagate at the interface. At this point our only assumption 

is that 2ε ′  is negative and its absolute value is much larger than the other 

permittivity components. The equations governing the SPP propagation for this 

material configuration are: 
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 (4.7) 

First, we find the limits on 1ε ′′  for a bound solution (i.e. 
1

Im{ } 0zk > ). From (4.7.b) 

we have: 

 
1

1 2 1 2
0 1 12 2

1 2 1 2 1 2

| | ( )( )(1 )
( ) ( ) 2( )

zk k i iε ε ε εε ε
ε ε ε ε ε ε

′ ′ ′′ ′′+ +′′ ′− + −
′ ′ ′′ ′′ ′ ′+ + + +

 (4.8) 
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From Eq. (5) and the condition 
1

Im{ } 0zk >  we have: 

 2
1 2 1 1 1 2( ) 2 ( ) 0ε ε ε ε ε ε′′ ′′ ′′ ′ ′ ′+ + + <  (4.9) 

which is satisfied if: 
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The conditions we set on the size of 2ε ′  guarantee that these bounds are 

real and have opposite signs. This places a limit on the allowable amount of 

absorption or gain in the dielectric for bound waves to exist. The longitudinal 

propagation characteristics of the SPP are given by kx in (4.7.a), which simplifies 

to: 
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Assuming 1ε ′ , 2ε ′ , and 2ε ′′are fixed by the choice of the metal and gain 

medium, we solve for 1ε ′′  to find the roots of the imaginary part of (4.11), which 

have to be zero for lossless propagation of the SPP, yielding: 
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where the approximation is valid assuming a metal with high plasmonic resonance. 

Note that the sign of 1ε ′′  is opposite to that of 2ε ′′ , which implies gain in region 1. 

The magnitude of the solution in (4.12.a) is very large and outside the bounds 

given in (4.10), so we will only consider (4.12.b). Note that for this solution, the 

higher the plasmonic FOM, the less gain is required for lossless propagation. To 

relate the value of 1ε ′′given by (4.12.b) to the gain coefficient, we use Eq. (4.2) to 

get: 
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λ ε
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where 0γ  is the gain coefficient required for lossless SPP propagation. Evidently, if 

the gain coefficient is less than 0γ  SPP propagation will still be lossy, but the 

propagation length will increase accordingly. If the gain is increased past 0γ , the 

SPP amplitude will increase as the SPP propagates along the interface. In practice, 

the gain medium will saturate at a specific amplitude level, which will inhibit 

further increase of the amplitude. An interesting point to note is that if the metal-

gain medium interface is placed inside a longitudinal cavity and the gain is high 

enough to compensate for both cavity and SPP losses, sustained oscillations (i.e., 

lasing) will occur. The experimental realization of surface plasmon quantum 

cascade lasers in the middle to far infrared range [67], where surface plasmon 

losses are relatively small, give support to this prediction.  
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Under zero gain conditions, the wavefront is tilted towards the interface as 

a result of the absorptive character of the metal. For our material system the 

wavefront tilt will be affected by the presence of gain, which we demonstrate next 

by calculating the Poynting vector in region 1: 

 1

2
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1 1
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2 2

zy x
kH k

ω ε ε
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The tilt direction depends on the sign of 1

1

Re{ }zk
ε

. From (4.6.b) we have: 
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We observe that the tilt direction changes at the point 1 2ε ε′′ ′′= − . As the gain 

grows larger than this amount, the wavefront tilt increases away from the interface, 

until at the limit specified in (4-10), the wave is no longer bound to the interface. It 

should be noted that this amount of gain cannot be achieved for the 

visible/infrared range, so the wavefront will always be tilted towards the metal 

surface. Fig.4.2 shows the different operating regions of the SPP for different 

values of 1ε ′′ .  

To investigate the practical validity of a planar integration scheme based on 

gain-assisted SPPs we next use realistic material properties to see if the gain 

indicated in (4.13) is attainable in practice or not. For our simulations and 
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calculations we will consider the propagation of an SPP excited by a 1550nm light 

source propagating on a silver surface ( 2ε =-116.38+i11.1 @ 1550nm) [43]. For 

the gain medium, we assume 1ε ′  to be 11.38, which approximates an InGaAsP-

based gain medium. From (4.12.b) and (4-13) we find 1ε ′′=-0.106 and 0γ =1275 

cm-1 which borders the limits of available semiconductor based optical gain media, 

depending on temperature and method of pumping.  

Fig.4.3 shows the effect of varying gain on selected parameters of the SPP 

propagation, namely Im{ }xk , the propagation length, 1

1

Re{ }zk
ε

,  and
1

Im{ }zk . From 

these, the gain values for lossless propagation, zero wavefront tilt and bound 

propagation limit are found to be equal to 1264.3cm-1, 13341cm-1 and 67045cm-1 

respectively. The slight discrepancies between these numbers and values predicted 
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Figure 4.2. Diagram showing the various regimes of SPP propagation for different gain or 
absorption conditions. Note that the gain levels for creating unbound waves are inordinately large, 
compared to the gain required for zero-loss propagation.  
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from (4.10) and (4-13) are due to the first order Taylor approximations used 

throughout the derivations.  

4.4 Gain-assisted propagation of SPPs in slab and stripe 
geometries 
 

In chapter 3 we saw that metal slabs and stripes support SPP modes that 

are much less lossy than the single surface SPP. Since the metal penetration depth 

of the long range mode decreases with decreasing slab thickness, we can expect 
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that the gain requirement will also be reduced. Fig.4.4 shows finite element mode 

calculation results (calculated using COMSOL Multiphysics) for a 40nm thick 

silver slab and 400x40nm stripe embedded in the same dielectric/gain medium of 

the previous example. In the first case, the propagation constant for the passive 

(no gain) case is found to be 14.06+i0.0197 µm-1, the complex part corresponding 

to a loss of 0.17 dB/µm. Once the gain is set to 360.4cm-1, the propagation 

constant becomes a real number and equal to 14.06µm-1  

 
Figure 4.4. Finite element simulations of total electric field for SPPs propagating on a silver 
interface embedded in an InGaAsP-based gain medium: (a) Symmetric mode in slab 
configuration without gain, kx =14.06+i0.0197 mm-1. (b) Symmetric mode in slab configuration 
with gain, kx =14.06 mm-1. (c) Symmetric mode in stripe configuration without gain, kx 
=13.76+i0.0094 mm-1. (d) Symmetric mode in stripe configuration with gain, kx =13.76 mm-1.
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Applying the same approach to a stripe geometry, the gain requirement will 

be even less than that of the slab, since for the symmetric stripe mode, the 

interaction area of the SPP with the metal is further reduced. In this case the 

propagation constant and propagation loss are 13.76+i0.0094µm-1 and 

0.081dB/µm, respectively. The loss is completely compensated by a gain equal to 

180.24cm-1.  

Compared to the value of 0γ  originally predicted in (4.13), the stripe 

configuration shows a substantial (almost an order of magnitude) reduction in the 

gain requirement for the same material system. Decreasing the metal thickness can 

reduce this even more. Note that the mode profiles of the uncompensated and 

compensated cases in Fig.4.4 are nearly identical, as predicted by (4.8). 

Figure 4.5. Stimulated emission ATR experiment, showing a very small change in the reflection 
dip due to the presence of a pumped dye gain medium (From [68]). 
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4.5 Issues in practical implementation of gain assisted SPPs 
 

The gain values obtained in the previous section would seem to suggest 

that using a gain medium to compensate for the SPP propagation loss is a viable 

approach. However, a detailed look at the nature of gain media leads to several 

stumbling blocks, which tend to dampen the optimistic outlook provided by the 

theoretical predictions. 

As we saw in the previous section, the amount of gain needed to create any 

noticeable reduction in the SPP loss is about a 1000cm-1. As we saw in the first 

section of this chapter, only semiconductor gain media have the capability of 

supplying so much gain. Indeed, Seidel et al. [68] have conducted an experiment 

with dyes in which the presence of an optical pump changes the reflected beam in 

an ATR surface plasmon excitation setup (Fig.4.5). In this experiment the changes 

in reflection were so small that a sophisticated lock-in detection system was 

required to detect the changes. 
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If we accept that the only way to create an appreciable change in SPP 

propagation is through using semiconductor media, then we encounter a major 

setback.  Since all semiconductors have a high refractive index (usually n=3 or 

more), substituting air with any semiconductor in the single interface SPP setup 

will immediately reduce the propagation length to about 1/50 of the original air-

metal bound SPP. As Fig.4.6 shows, to reach the original propagation length, we 

would need to supply about 1000cm-1 of gain, which leads one to ask what has 

been gained in this process. The answer is that by substituting air with the gain 

medium, we have decreased the evanescent tail of the SPP into the dielectric, and 

increased the field localization. Whether this achievement warrants using such a 

high gain medium is an open question, and will depend on the potential 

application at hand. 

 
Figure 4.6. Simulation showing the amount of gain that should be incorporated in a 
semiconductor to attain the propagation length of SPPs in polymer. 
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Another scenario proposed in the previous section is to make use of the 

long range SPPs in conjunction with the gain medium. This will incur two major 

complications. Firstly, fabricating such a structure is not an easy task, as we 

discussed in Chapter 3. The only method for constructing such a device seems to 

be metal assisted wafer bonding. Even though it seems to be possible to bond two 

wafers using an intermediate metal layer, it is far more complicated to sandwich a 

patterned metal layer in between two semiconductor wafers. 

The other complication relates to the relation between refractive index and 

energy bandgap. It is well known (Moss’ scaling law [69]) that refractive index and 

energy bandgap are inversely related, so that in most cases a smaller bandgap 

semiconductor will have a larger refractive index. To create an optically pumped 

gain layer around a metal stripe, one would need to first grow the gain layer on top 

of an appropriate semiconductor wafer, which has a larger band gap than the gain 

layer, otherwise the optical pump will not reach the embedded gain layer. (For 

example a widely used material system for telecommunication wavelengths is 

InxGa1-xAsyP1-x (n=3.54, Eg=1.6eV@x=0.56, y=0.938) on top of InP (n=3.17, 

Eg=1.35). In accordance with Moss’ law, the gain layer will have a larger refractive 

index, and will form a slab waveguide, with much less loss than the SPP 

waveguide. This waveguide will compete for the stimulated emission photons with 

the SPP waveguide and will serve to interfere with any SPP measurements (for 

example, if the objective is to create a laser, the dielectric slab modes will reach 
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lasing much earlier than the SPP modes. With these obstacles, it may very well be 

that combining LRSPPs with gain may be very hard to attain experimentally.     

In this chapter, we considered the question of SPP propagation in the 

vicinity of gain. Estimates and simulations show that the values of gain required to 

make a noticeable difference are high. Thus, the value of this work is not that it 

offers a practical way to make SPPs less lossy, but that it defines the limits of 

achievable performance in a realistic setting. 

 

 

The text of Chapter Two in part is a reprint of the material as it appears in 

the following publication: 

• M. P. Nezhad, K. Tetz, and Y. Fainman, “Gain assisted propagation of 

surface plasmon polaritons on planar metallic waveguides”, Optics Express 12, 

4072 (2004). 

The dissertation author was the primary researcher and author. The 

coauthors listed in these publications directed and supervised the research which 

forms the basis for this chapter. 
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5 
Metallo-dielectric cavities and nanoscale 
lasers 

 

5.1 Physical limits of subwavelength resonators 
 

One of the driving factors in photonics research has been to emulate the 

extraordinarily rapid progress in microelectronic technology [70]. The dense 

integration of electronic components on a single platform has enabled, among 

other benefits, increased functionality and lower fabrication costs. However, dense 

integration of photonic elements is limited by the wavelength of light. This affects 

the dimensions of most, if not all elements of a photonic system.  The width of a 

waveguide, the length of a modulator and the size of a resonant cavity are all 

dependent of the wavelength of interest.  

Resonant cavities are an indispensable subset of the photonic component 

suite. They are the building blocks for creating resonant filters and coherent light 

sources (lasers). Many different types of resonators exist, ranging from large Fabry-

Perot type cavities used in gas lasers [71], to distributed Bragg resonators (DBRs) 
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in waveguides [72], to micron scale photonic crystal [73], microdisk [74] and 

microsphere [75] cavities.  

Close proximity of photonic elements is the key to large-scale integration. 

For resonators, this requires that both the physical resonator and the optical mode 

should be isolated from interference other components. However, as we decrease 

the size of the structure, the limitations posed by the wavelength start to show 

their effects. This effect is shown in Fig.5.1a-c, where we have a Fabry-Perot cavity 

formed by two DBR mirrors. As seen, the mode is well confined to the cavity, 

however due to the large number of periods in the mirrors, the total size of the 

structure is large. If we attempt to reduce the size by reducing the number of 

periods in the DBRs, we end up with a mode that is not well contained.  

 
Figure 5.1. Fabry Perot cavities created with (a) seven layer dielectric mirror, (b) three layer 
dielectric mirror, (c) two layer dielectric mirror and a pair 100nm gold mirrors. 
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As can be seen, the size of the mode is also limited by the wavelength (in 

this case the smallest cavity size is 0 2λ ). A straightforward way of making the 

cavity smaller is to use a higher refractive index medium inside the cavity, which 

results in a cavity size of 0 2nλ . Given that the largest available refractive index is 

about 3.5 (at 1.5µm), this means that the smallest one-dimensional cavity at 1.5µm 

is about 200nm wide. So if we could find a way to implement highly reflective 

mirrors with a small footprint, we could create resonators with this size. 

An ideal metal ( 1 jε = + ∞ ) has the qualities needed for this purpose since 

the infinitely large imaginary part results in a Fresnel reflection coefficient of 

100%. Obviously, real metals do not possess infinitely large refractive indices, 

however they still contribute to a large reflection coefficient. For example, at 

1.55µm the refractive index of gold is –95.92+j10.96 [43], which results in a 

reflectance of 97.7% for an air-gold interface and 93.1% for a semiconductor 

(n=3.5) and gold interface. 

Fig.5.1.d shows the aforementioned cavity, but with 100nm thick gold 

mirrors instead of the dielectric Bragg mirrors. Several points are worthy of note in 

the results. First, the size of the mode is greatly reduced, almost to the 0 2λ  limit. 

Secondly, the resonant wavelength is shifted from 1.55µm to (since due to mode 

penetration into the gold mirrors, the mode size is slightly larger than the cavity 

size. Lastly, the quality factor has been reduced from 4.5e7 , 2e3 and 164 in the 
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three dielectric cavity cases to 146. It should be noted that in contrast to the 

previous chapter, we are not using the metal in a waveguiding role, but rather as a 

reflective component. 

However, the one dimensional cavity model under discussion does not 

completely address all practical issues. Specifically, the radiation losses incurred in 

a practical three-dimensional device are completely disregarded. To demonstrate 

this loss mechanism, a full 3-D finite element simulation of a halfwave dielectric 

cavity with metal mirrors is shown in Fig.5.2. As seen, the device generates a 

 
Figure 5.2. 3D simulation of a metal Fabry Perot resonator with 1x1 micron mirrors. Note that 
the field is not completely confined to the resonator. 
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radiation pattern, similar to a dipole antenna. So in this case, the mode starts to 

become bigger and part of it leaks out of the cavity.  

These results are not restricted to Fabry-Perot cavities, and exhibit 

themselves with varying degrees and forms in all metallo-dielectric structures. In 

the following pages, we will approach the problem of designing subwavelength 

cavities, and all of the points mentioned above will come into play in the design    

5.2 Cylindrical  cavities and whispering gallery mode 
resonators 

 

An important group of optical resonators are dielectric structures that 

exhibit cylindrical or circular symmetry (Fig.5.3). These resonators have been well 

Figure 5.3. Some examples of whispering gallery mode resonators. (a) A silica microdisk 
resonator[74]. (b) A silicon disk microresonator [77]. (c) A silica microsphere laser [79].  
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studied in the past and have been used for a variety of applications such as 

add/drop filtering ([76] , [77]), microlasing ([78] , [79])and sensing [80]. Depending 

on the size and fabrication quality of these resonators, Q factors in the range of 

108-1010 have been achieved [81]. 

In an initial approximation, the fields inside these cylindrical structures 

(assuming infinite longitudinal length) can be written as: 
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where we have: 
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where z, ρ and φ are the standard cylindrical coordinates. For disk sizes that are 

many wavelengths in radius, it is useful to imagine them as whispering gallery 
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structures, in which a ray or photon is being reflected off the rim through total 

internal reflection. However, this may result in a common misconception about 

radiation loss in these modes, i.e. that due to total internal reflection, these modes 

are lossless. It is true that for large disk diameters, the radiation loss is much 

smaller than absorption or scattering loss (due roughness), however it has been 

shown that for small radii, this loss can become dominant [82]. 

To illustrate this point, we have calculated the resonant eigenmodes of a 

disk, with a one micron radius, thickness of 200nm and refractive index of 3.55, 

using a full 3-D vector solver (COMSOL Multiphysics). Fig.5.4 shows one 

representative mode, which is of the whispering gallery type.  Also shown is the 

various mode Q factors over the spectrum of interest (1.5-1.6um). As seen, there 

are a few modes that exhibit high Q, and are promising candidates for lasing. In 

 

 
 

 
Figure 5.4. 3D FEM eigenmode solution for a 2µm radius disk (n=3.55) and the spectral 
distribution of modes with different Q factors for this structure. 
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contrast, Fig.5.5 shows the same simulation for a 400nm radius disk. As seen, the 

Q factors have dropped considerably. This means that it is very difficult to achieve 

lasing in small radius disks. 

As indicated previously, the main reason for the drop in Q is the increase in 

radiation loss. In line with our theme of using metal structures to confine light, we 

will now explore the effect of a strategically placed metal structure on the resonant 

behavior of the device. 

As Fig.5.6 shows, we have placed a shield in the form of a cylinder of gold 

around the disk and concentric with it. The cylinder extends to about a wavelength 

or two above and below the disk. At this point, our intuition suggests that the 

shield will reflect the stray radiation and will serve to increase the Q. Since the 

 

 
 

 

Figure 5.5. 3D FEM eigenmode solution for a 400nm radius disk (n=3.55) and the spectral 
distribution of modes with different Q factors for this structure. 
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metal will absorb some energy through resistive heating, its radius is chosen to be 

slightly larger than the disk, so it does not interact with the mode too much. 

Fig.5.6 shows the eigenmodes of the new structure. As can be seen, there is 

a significant improvement in the Q factors. Specially, there are a couple of modes 

with a Q factor of more than 5000 and can be potentially used for lasing. It may be 

suggested that by increasing the radius of the shield, one may reduce the overlap 

between the mode and the shield and thereby increase the Q. However, at the 

specified radius, the shield acts as a waveguide in cutoff for the wavelength of 

interest. Increasing the radius past a critical point will result in a waveguide that 

will funnel the radiated photons and as a result the Q factor will not be drastically 

changed. This also suggests a method for controlling the emitted output of the 

laser. We can simply reduce the height of the shield in a controlled manner to leak 

some of the radiation out. 

 
 

Figure 5.6. 3D FEM eigenmode solution for a shielded 400nm radius disk (n=3.55). Note the 
increase in the cavity Q, due to the confining effect of the shield 
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At this point, we have a promising approach for a subwavelength nanoscale 

resonator. In the concluding chapter of this text, we will explore methods of 

implementing this type of resonator on the path to fabricate a nanolaser. 
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6 
Optical properties of  metals at low 
temperatures 

 

 

6.1 Motivation 
 

As we saw, the main obstacle in using surface plasmons for photonic 

applications is their inherent loss. Even though we explored the possibility of 

using optical gain to reduce this loss, it would be more advantageous if we could 

somehow change the material properties of the metal to decrease the losses. 

According to the Drude model, the main culprit for plasmonic loss is the 

metal conductivity, which in turn relates to the mean free path of the electron in 

the metal. On the other hand, it is well known that a metal’s conductivity increases 

as its temperature is lowered. This leads us to pose the question of whether 

reducing the temperature, possibly to cryogenic levels would have any effects on 

the plasmonic properties of metals. 

The obvious step at this point was to refer to the existing literature and use 

measured values of the complex refractive index at different temperatures to 
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calculate plasmonic measures such as propagation length and figure of merit. 

However, much to our surprise, the existing literature on this topic was quite 

sparse and antique [83], [84]. In particular, we could not find measurements that 

swept the temperature over a wide range, and data was only available for a few 

fixed temperature points, which was probably due to the unsophisticated cryogenic 

equipment at the time. Also, very few direct ellipsometric measurements were 

carried out. This led us to carry out our own measurements, using null 

ellipsometry. However, before describing the results, we present a preliminary 

theoretical estimate of the temperature effects, based on the Drude model. 

6.2 Temperature effects in the Drude model 
 

As we saw in the first chapter, the Drude model for an ideal plasma is 

described by: 
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 (6.1) 

Out of all the parameters in this model, only two are affected by a 

temperature change. As we will see, ζ  is temperature dependent. Also, the 

thermal expansion or contraction will change the density of free electrons, so the 

plasma frequency will be changed. However, since the coefficient of thermal 

expansion is very small, we will neglect this small change and assume a constant 
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density of carriers. From basic electromagnetics [85], we know that ζ , the 

collision frequency is related to the DC conductivity, through 
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As is well known, 0σ  in metals increases with decreasing temperature. 

Fig.6.1 shows the measured change in 0σ  for gold over a range of different 

temperatures [86]. If we assume that the same Drude model can be used for gold 

over this range (which is most probably not a very good assumption), we can 

calculate ζ  for each temperature using (6.2) and then simulate the behavior of the 

Drude model over this range. Since the curve in Fig.6.1 is almost linear, we use 

linear interpolation to find the points in between. Fig.6.2 shows the change in the 

 
 
Figure 6.1. Resistivity of gold at different temperatures. (From [86]) 
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real and imaginary parts of the Drude permittivity, with varying temperature. The 

real part has extremely little change while the imaginary part varies quite a lot. 

Also, the amount of change is higher for longer wavelengths. Also in Fig.6.2 we 

see that the plasmonic figure of merit increases with decreasing temperature. This 

predicts that the propagation length will increase by an order of magnitude or 

more with this temperature change. 

These somewhat optimistic results are not very reliable, due to the very 

simplified model that was used, however they generate enough curiosity to take us 

to the next step, namely the actual measurement of the optical constants. 

 

 

 
Figure 6.2. Simulated effect of temperature on a Drude model of gold using the resistivity values
of Fig. 6.1.  



82 

 

6.3 Null ellipsometry 
 

Measurement of the optical constants of a material requires knowledge of 

the complex Fresnel reflection coefficient. Although various methods have been 

suggested for measuring the complex optical constants [87], null ellipsometry 

remains as the most versatile and precise method for this type of optical 

metrology. The basic principle in null ellipsometry is to impinge a certain 

polarization state onto a surface, such that the reflected beam is linearly polarized. 

This linear polarization can then be nulled with an orthogonally aligned polarizer 

(called the ‘analyzer’ in the technical nomenclature of the field). From the angles of 

the polarizer and analyzer, the complex quantity s

TM
j

s TE

rT e
r

δρ = =  is found, which 

Figure 6.3. Optical setup for null ellipsometry 
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leads to identifying the optical constants of the surface. Null ellipsometry can be 

carried out in different configurations, but here we will focus on one approach, 

namely the fixed quarter-wave compensator with rotating polarizer and analyzer 

[88]. Fig.6.3 shows the optical setup of this system. Elliptically (ideally circular) 

polarized light is converted to a linear polarization state with polarizer P. 

Depending on the polarization angle the output of the quarter-wave compensator 

(which is aligned to 45°) will have an arbitrary but controllable elliptical state. If 

the polarizer and analyzer are rotated such that the detector output is minimized, 

we will have: 
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For a semi-infinite, absorbing material, the complex refractive index can be 

calculated with a single angular interrogation [88]. We have: 
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where n0 is the index of the medium. Since the measurement relies on nulling or 

minimizing the measured signal and does not depend on absolute power 

measurements, it is very straightforward to implement. 
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6.4 Low temperature ellipsometric measurements 
 

To carry out the low temperature measurements of the optical constants of 

gold, we built a null ellipsometry setup around a helium-cooled cryostat (Janis 

Research CCS150). During measurements, the cryostat chamber was kept under 

vacuum using a liquid-nitrogen-cooled sorption pump. Liquid helium cools the top 

end of the finger to about 8°K, which is balanced out by a heating element on the 

other end of the finger. The heating current is supplied through a closed feedback 

control loop. Feedback data is provided through one of two selectable 

thermocouples, mounted at different points of the sample holder. Throughout the 

measurements, these two thermocouples were within 0.2°K of one another, 

indicating a good thermal conduction. With this configuration, the cryostat was 

able to vary the sample temperature from room temperature to nearly 20°K. The 

wavelengths used for the experiment were 632.8nm (from a HeNe laser) and 

1550nm (from a telecommunication grade semiconductor laser). The beams were 

aligned parallel to the tabletop using a pair of irises, which were also used to 

constantly monitor the beam position, in order to eliminate any errors due to 

thermally induced mechanical shifts of the sample. The incidence angle was set to 

be around 80° for maximal sensitivity to any variation in the optical constants.  

The samples were prepared using a Denton Discovery 18 sputter coater. 

The substrates used were either silicon wafers or a polished metal disk, of the same 
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type of metal alloy as the sample holder. The reason for using the disk was to allay 

any doubts about thermal conduction through the substrate. To ensure good 

thermal conduction, Apiezon-N® grease was used to mount the samples. Since 

the surface quality of the disk was not as good as the silicon wafers, the measured 

optical constants differed slightly, probably due to scattering. To cover both 

 
 

 
 
Figure 6.4. Change in the optical constants of gold at 632.8nm with varying temperature.  Note 
that the FOM does not change appreciably 
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samples in this text, here we present data at 633nm for the silicon substrate and 

data at 1550nm for the metal disk, noting that both behaved in a similar fashion. 

The sample was cooled and reheated in several cycles from room 

temperature down to 20°K and back. At each point, the sample was allowed to 

thermally stabilize and the polarizer and analyzer were adjusted for a minimum 

output. Fig.6.4. shows the values of the refractive index and the complex 

permittivity obtained from this process for the 633nm and the gold covered silicon 

wafer. Since one of the motivations in carrying out this experiment was to explore 

the reduction of plasmonic losses, we also show the plasmonic figure of merit. 

There are several points of interest in the result. First of all, we note the 

existence of a hysteresis loop in the results, which was not expected. Secondly, on 

the return path, the null point would stay relatively unchanged until a critical point, 

which was always in the vicinity of 170°K. AT this point, the null would suddenly 

change drastically and then the measured parameters would start returning to the 

room temperature values. It was as if on the upward curve, the sample was 

retaining its low temperature optical properties until reaching a specific 

temperature, after which the optical constants changed in an avalanche-like 

process. These phenomena have not been observed before, since, as we 

mentioned before, no other experiment has monitored the gradual change optical 

constants at a succession of different temperatures. 
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Apart from this inexplicable behavior, we see that both the real and 

imaginary parts of the permittivity are reduced in magnitude compared to their 

room temperature values. Our simple Drude model does not predict this and the 

discrepancy is probably a result of assuming a constant plasma frequency in our 

model. However, the change in both parameters does not bode well for reducing 

 
 

 
 
 
Figure 6.4. Change in the optical constants of gold at 1550nm with varying temperature.  Note 
that the FOM is increasing slightly with decreasing temperature. The blue rectangle shows the 
region where the ellipsometric null was not stable. 
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the losses by cooling down the metal. Since both real and imaginary parts are 

changing together, the FOM does not change noticeably, which means that 

propagation length will not be increased at 633nm. 

 For the measurement at 1550nm (Fig. 6.5), we observed another 

inexplicable phenomenon. At temperatures lower than 180°K, the null signal 

would not stabilize, even if left for a long time. (It should be noted that the 

temperature was stable at this point, since both thermocouples were showing a 

stable number. In this case, we also saw a hysteresis loop (not shown), and 

avalanche behavior on the return path.  

However, for the region above 180°K, the optical constants show a trend 

similar to what was predicted by our Drude model. Even though both real and 

imaginary parts are changing, the imaginary part is decreasing faster, which results 

in an increase in the FOM (from 600 to 700). It remains to be seen in future 

experiments if lowering the temperature even more would result in a higher FOM.  

These findings, though quite interesting and in some cases very unexpected, 

will need to be verified through further experimentation. In the next and final 

chapter of this thesis, we will discuss some future directions that can be taken 

along this route. 
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7 
Future research directions 

 

 

 

Several pathways exist for continuing the work presented in this 

dissertation. To present these, we will group them according to the contents of 

each chapter 

7.1 Metallic gratings 
 

The metal grating polarization alignment devices are fairly simple to 

fabricate. Obviously, fabrication imperfections will affect the device performance. 

These should be taken into account through rigorous modeling.  

Similarly, the tunable fluidic retardation device can be fabricated using 

PDMS micromolding. The three inlet version of the device requires two liquids 

with different refractive indices and one with high absorption. One possible 

candidate set for these fluids can be water(n=1.3), ethylene glycol (n=1.45) and 

graphite solution (absorption as high as 200cm-1) . For characterization a 
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polarization analyzer can be utilized to measure the tunung range and stability of 

the device. 

7.2 Long range surface plasmons 
 

The justification for using the LRSPP waveguides for telecommunication 

wavelengths has not been complexly evident, given the wide range of similar 

dielectric solutions for this area. However, given that the losses become less as the 

longer infrared wavelengths are approached, one option may be to create an 

integration platform based on these waveguides, for wavelengths of a few microns 

and more. 

7.3 Metallo-dielectric resonators 
 

The metal-shielded cylindrical resonators seem to hold promise for creating 

dense arrays of emitters. In addition to extensive modeling and development of a 

design strategy, it is important to consider fabrication approaches for this type of 

resonator. 

One such approach is shown in Fig.7.1. Assuming that the microdisk 

resonators are fabricated in an appropriate gain medium, the entire structure can 

be coated with a layer of Teflon AF (n=1.29). Then the film is patterned using 

optical or e-beam lithography, and pillars are etched out, with the microdisks 

embedded in them. Subsequently gold is deposited at an angle over the whole 
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wafer, so that the sides of the pillar have a thicker layer of gold. Then the gold on 

the tops of the pillars are removed via RIE etch. At this point the microdisks can 

be pumped electrically, or optically. 

7.4 Low temperature measurements 
 

The low temperature measurements suggest that there may be unexplored 

ground in the optical behavior of metals at low temperatures. To further explore 

this area, two sets of experiments are possible. 

 
 

 

Figure 7.1. Fabrication approach for creating shielded microdisk resonators 
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One problem of the traditional ellipsometry setup is that it only gives 

results for one wavelength at a time (since precision retarders are designed for a 

single wavelength). It would be extremely useful if at each temperature, we could 

take a snapshot of the optical constants over a wide spectral range. For this 

purpose, a spectroscopic ellipsometer  would be extremely useful. 

The change in the real part of the permittivity in the low temperature 

measurements seems to suggest a change in the plasma frequency. One simple, but 

extremely useful measurement would be to monitor the change in the UV 

transparency wavelength of metals, through normal reflection/transmission 

measurements. 
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