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Abstract

Plasmonics is a promising field of nanophotonics dealing with light inter-
action with metallic nanostructures. In such material systems, hybridization
of photons and collective free-electron oscillation can result in sub-wavelength
light confinement. The strong light-matter interaction can be harnessed for,
among many applications, high-density photonic integration, metamaterial
design, enhanced nonlinear optics, sensing etc. In the current thesis work, we
focus on experimental fabrication and characterization of planar plasmonic
metamaterials and waveguide structures. The samples are fabricated based
on the generic electron beam lithography and characterizations are done with
our home-made setups. Mastering and refinement of fabrication techniques
as well as setting up the characterization tools have constituted as a major
part of the thesis work. In particular, we experimentally realized a plasmonic
absorber based on a 2D honeycomb array of gold nano-disks sitting on top
of a reflector through a dielectric spacer. The absorber not only exhibits
an absorption peak which is owing to localized surface plasmon resonance
and is insensitive to incidence’s angle or polarization, but also possesses an
angle- and polarization-sensitive high-order absorption peak with a narrow
bandwidth. We also demonstrated that the strong light absorption in such
plasmonic absorbers can be utilized to photothermally re-condition the ge-
ometry of gold nanoparticles. The nearly perfect absorption capability of
our absorbers promises a wide range of potential applications, including ther-
mal emitter, infrared detectors, and sensors etc. We also fabricated a plas-
monic strip waveguide in a similar metal-insulator-metal structure. The strip
waveguide has a modal confinement slightly exceeding that of the so-called
plasmonic slot waveguide. We further thermally annealed the waveguide. It
is observed that the propagation loss at 980 nm has been decreased signif-
icantly, which can be attributed to the improvement in gold quality after
thermal annealing.
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Chapter 1

Introduction

1.1 Background

Plasmonics is a very important part of nanophotonics, a new promising field of sci-
ence and technology that exploits the optical properties of metallic nano-structures
to confine and manipulate light at nanometre length scale, beyond diffraction
limit [1]. Plasmonic devices take the advantage of sub-wavelength confinement
of light field by means of surface plasmon polaritons (SPPs), a mixed wave of light
and collective free electron oscillation on the metal surface. In recent decades, plas-
monics undergoes tremendous development with various types of plasmonic devices
designed and realized with their versatile applications in different fields. Physi-
cists are not only attracted to investigate the fundamental physics involved, but
also excited to design sub-wavelength plasmonic devices leading to miniaturized
photonic circuits and metamaterials to obtain exotic electromagnetic properties.
Besides, plasmonic devices also find their applications in medical and biological
fields such as biosensing and cancer curing. Especially, surface-enhanced Raman
spectroscopy (SERS) [2, 3], a technique based on the electric-field enhancement ef-
fect around metallic nanostructure, has become a wide-spread technique to detect
single molecules and analyze material components. Besides, plasmonics devices
based on graphene have also been a research focus in recent years [4, 5, 6].

For researchers in the field of optics, one of the most attractive aspects of plas-
monic devices is their capability to confine and channel light in sub-wavelength
structures, which offers the possibility to realize miniaturized plasmonic circuits
with a feature size close to electronic circuits. To realize such kind of plasmonic
circuits, it would require a variety of components, including waveguides [7, 8],
couplers [9], switches [10], lasers [11, 12], antennas [13, 14] and so on. So far,
a great endeavor has been dedicated to developing such plasmonic devices. For
example, various types of plasmonic waveguides has been realized with excellent
sub-wavelength field confinement [15, 16].

Plasmonic metamaterial is also a flourishing field in plasmonics. Metamaterials
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2 CHAPTER 1. INTRODUCTION

are artificial materials with exotic electromagnetic properties usually unattainable
in nature, due to their unique geometry rather than their material. By engineering
the shape, size and period of metallic nanostructures with dielectric materials, meta-
materials with specific effective electric permittivity (ǫ) and magnetic permeability
(µ) can be realized [17]. Metamaterials have many important applications, such as
negative refractive index material [18, 19, 20], invisibility cloak [21, 22, 23], perfect
lenses [24, 25], and perfect absorbers [26, 27, 28, 29, 30]. In the past years, much
effort has been devoted to realizing different plasmonic absorbers in the interest of
various applications like solar cells [31], thermal emitters [32, 33], imaging [34, 35]
and so on. Plasmonic absorber will be one of the main topics we will discuss in the
thesis.

Together with the advantage of sub-wavelength confinement of the light field,
plasmonic nanostructures also suffer from the drawback of heat dissipation loss
originating from the imaginary part of the refractive index of the metal. Therefore,
there is usually a trade–off between better field confinement and larger loss for the
plamonic waveguide. However, strong absorption from the metallic nanostructures
can also bring in new opportunities in photothermal applications, such as metallic
particle reshaping, thermal emitters, cancer curing. Therefore, it is one of our
interest to study the thermal effects on the plasmonic devices. In this thesis, besides
propagation loss issue of plasmonic waveguide and thermal annealing effect will
be investigated, photothermal reshaping of nanoparticles will be experimentally
demonstrated.

Meanwhile, development of nanofabrication techniques, such as electron beam
lithography (EBL), focused ion beam (FIB), self–assembly, together with nanochar-
acterization techniqure such as scanning electron microscopy (SEM), transmission
electron microscopy (TEM), leakage radiation microscopy (LRM) and scanning
tunneling microscope (STM) and so forth, has indispensable contribution to the
prosperity of plasmonics research. Especially, EBL has become particular impor-
tant state-of-the-art nanofabrication technique, with the advantage of allowing for
full control of the shape, size and distribution of the nanostructures in nanometer
order precision. Therefore, in this thesis, we will introduce the fabrication and
characterization techniques involved in my work.

1.2 Thesis outline

This thesis is organized as follows:
In first chapter, I will introduce the background and motivation of my research

work.
The second chapter discusses about fabrication of the sub-wavelength plasmonic

devices. The fabrication process mainly includes three parts: sample preparation,
pattern generation and pattern transfer. Pattern generation is realized through
EBL, and is the most important part of the process. To obtain precise nano-patterns
by EBL, various parameters such as proximity effect, resist thickness and so on
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should be taken care of. Besides, discussions about material deposition technique
and lift-off process are also presented.

In chapter 3, two types of home-made optical characterization experiment se-
tups, transmission/reflection measurement setup and nanowire propagation length
measurement setup, are demonstrated. By means of those two setups, we can
acquire the absorption characteristics of our metamaterial absorbers and the prop-
agation loss of various types of sub-wavelength waveguides, or of other waveguide-
related devices.

Chapter 4 discusses about our research results on metamaterial absorbers. Meta-
material absorbers with different lattices including square, triangular and hon-
eycomb lattice, are demonstrated and the influence of lattice on the absorption
properties of absorbers is investigated. Special attention is paid to the honeycomb-
lattice plasmonic absorber, which possesses an anomalous high-order resonance at
near-infrared regime. This high-order resonance is different from the fundamental
resonance due to its narrow bandwidth and angle dependence. Besides, we also
present the experimental results of photothermal reshaping of the gold nanoparti-
cles from cuboids to spherical domes.

In chapter 5, we explore the thermal annealing effect on our plasmonic analog
of microstrip transmisssion line. It is experimentally presented that the propaga-
tion loss is alleviated dramatically after the plasmonic strip waveguide is put in a
300◦C oven for 18 hours with slow heating and cooling process, due to the quality
improvement of the gold layers.





Chapter 2

Fabrication of plasmonic devices

In this chapter, we discuss the fabrication process of our plasmonic devices with
sub-wavelength structures. The process can be divided into three steps, which are
sample preparation, EBL and pattern transfer. As a major part, we will cover the
key principles of EBL and explore the effects of various factors (dose, proximity
effect,resist thickness and so on) and their impacts on the resolution, precision,
shape of pattern generated. Details about fabricating plasmonic absorbers, and
quarter-wave plate are also presented.

2.1 Overview

Substrate preparation

& pattern designing
Pattern transfering

(Lifto!, etching ...)

Pattern generation

(E-beam exposure)

Multi-layer patterning

Figure 2.1: Process flow of the E-beam lithography.

As shown in Fig. 2.1, the nanofabrication mainly includes three steps. Firstly,
the design must be drawn in a software, and the substrate must be prepared,
such as cleaning the substrate with plasma, depositing desired materials onto the
substrate. Secondly, the patten is generated by different techniques depending on
specific circumstances, including EBL, optical lithography, FIB etching and so on.
In my research work, EBL is the main technique adopted, because it fulfills the
condition of nanometer order precision and big fingerprint exposure. Thirdly, the
pattern is transferred onto the functional layers by means of etching or liftoff. When
dealing with metal deposition, liftoff is the more common method, in which I use

5



6 CHAPTER 2. FABRICATION OF PLASMONIC DEVICES

to fabricate the metamaterial absorbers, plasmonic waveguides. While etching here
mainly means dry etching, including plasma etching, inductive coupling plasma
(ICP) and reactive ion etching (RIE). Dry etching is a very common technique in
silicon or semiconductor industry, together with plasma-enhanced chemical vapor
deposition(PECVD).

2.2 Electron beam lithography

Lithography is a process whereby an arbitrary (usually 2D) pattern can be accu-
rately and reproducibly generated in a specialized layer of material called the re-
sist [36]. Optical lithography(or photolithography) is a microfabrication technique
widely used in electronic industry to produce printed circuit boards, by means of
exposing the resist through a mask by UV (ultraviolet) light. Even though the
resolution of optical lithography has been improved via using deep UV source or
immersion lens, it is still difficult to achieve nanometer precision due to diffraction
limit. When an electron beam is accelerated by an high voltage such as 100 keV,
its wavelength can reach as small as 3.9 pm [37]. Thereby diffraction limit will
not be an obstacle for electron beam microscopy and nanometer order resolution is
realizable. While EBL is such kind of direct-writing technique based on scanning
a focused electron beam with designed pattern on the substrate covered with an
electron-sensitive resist. Now EBL has become one of the major nanolithography
techiniques to fabricate plasmonic devices with sub-10 nm precision. Hereby, we
will introduce the EBL system we utilized in our lab.

(a) (b)

Figure 2.2: (a) Photo of the Raith 150 EBL system. (b) Schematic of the main
components of the Raith 150 EBL system.

The EBL system we use is Raith 150, which is shown in Fig. 2.2(a) [38], located
in KTH nanofabrication lab. One computer is connected to control this system.
Fig. 2.2(b) [39] presents the schematic of the major components of the Raith EBL
system. Basically it is an upgrade version of an SEM system by adding a pattern
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generation system, which helps to control the electron beam to scan along desired
path to generate pattern on the resist. Usually the EBL system is comprised of the
following components: column, chamber with interferometer-controlled laser stage,
objective lens and other electronics such as power supply, vacuum pump, control
units and computers.

In the EBL system, the part that generates the electron beam is referred as the
column. The electrons are generated by the electron gun usually with a tungsten
filament and accelerated with acceleration voltage ranging typically from 1 keV
to 100 keV. Larger acceleration voltage will produce electron beam with smaller
wavelength. A beam blanker is employed to switch the beam on or off, together
with an aperture to define the beam. The aperture helps to set the beam conver-
gence angle and beam current, control the lens aberrations and resolution. Smaller
aperture size provides pattern with better quality and finer structure, and takes
longer exposure time due to smaller current. To obtain the best form of the fo-
cused beam, several further adjustments need to be carried out before exposure,
including focusing, stigmation adjustment, aperture alignment, etc.

The sample is placed on an interferometer-controlled laser stage, which defines
the positions with respect to the column. During exposure, the beam sweeps across
the sample pixel by pixel(step size), with the electron beam being blanked and
unblanked by blanker. Usually the whole pattern is divided into small parts (not in
FBMS (fixed beam moving stage) mode), referred as writing fields (WFs). Inside
each WF, the stage stays still and the electron beam is deflected by the column
to cover the whole area. The stage only moves between WF to WF, which will
introduce random error causing mismatch between the adjacent WFs, which is
called stitching error. Thus, an extra procedure called WF alignment is applied
to minimize this stitching error: a unique and easily recognizable feature is first
positioned in the center of the screen, then the computer moves the feature to
three different places, then the computer will compare the coordinates given by the
system and by the operator respectively, and then offer new parameters to redefine
the relative frame of axis. After repeated calibrations with increasing magnification
ratio(with smaller WF), the scaling and orthogonality of the deflection system may
achieve ideal agreement with the stage movement system.

The pattern generator controls the exposure paths by means of operating the
beam blanker and scan coil amplifiers in accordance with the data of the patterns
from the computer. The scanning speed is determined by two factors: the step size,
which means the distance between two adjacent scanned spots, and the dwell time,
which is the time span for the electron beam to stay at one spot to provide sufficient
dose to expose the resist. Here is the formula of the interdependent relation between
the four parameters that determine the dose used for exposing:

Area dose =
Beam current · Dwell time

(Step size)2
(2.1)

Of course, dose factors in the design are also taken into account during the exposure.
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Table 2.1: Vendor-specified parameter range and frequently used parameters in
this thesis

Parameter Range Used

Acceleration voltage (keV) 0–30 3 25
Aperture size (µm) 7.5–120 7.5 10 30
Writefield size (µm) 60–1400 100 200
Current (nA) 0.004–10 0.2–0.3
Working distance (mm) 2–10 5
Stepsize (nm) 1–22 6

In Raith 150 EBL system, several important parameters need to be defined to
achieve better exposure quality according to specific pattern need to be exposed.
Table 2.1 presents the main parameter range from the system and the frequently
used parameter by me.

In the following subsections, several important issues about EBL will be ad-
dressed.

2.2.1 Proximity effect

When the electron beam is scanning the resist, the real exposed size in the resist is
usually larger than the designed size due to the forward scattering of electrons in
the resist layer and backscattering of secondary electrons from the substrate. This
phenomenon is called proximity effect. Proximity effect introduces random expo-
sure to neighbouring area close to the scanned electron beam, may increase the real
exposure dose dramatically and even alters the shape of the structures. Therefore,
when exposing a new structure, it is always necessary to take proximity effect into
account and adjust the dose. Proximity effect is closely dependent on the pattern
density. Due to proximity effect, larger density of patterns requires smaller dose,
otherwise overexposure or pattern distortion will occur. To compensate proximity,
dose rectification and structure adjustment sometimes are necessary. Decreasing
the substrate thickness can also weaken the proximity effect.

2.2.2 Resist

There are two types of resists used in EBL to generate the pattern: positive
resist and negative resist. Positive resist usually consists of long-chain organic
molecules. After exposure by electron beam, the long-chain molecules break into
short-chain ones, becoming more soluble to the developer. Therefore, the unex-
posed portion of the positive resist is left on the wafer, sharing the same pattern
as the desired structure. On the contrary, the exposed negative resist molecules
become crosslinked/polymerized, and thus more difficult to dissolve in the de-
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veloper. As a result, the unexposed portion of the resist is removed and an in-
verse(photographically “negative”) pattern is left on the substrate.In my work,
positive resist ZEP520A and negative resist Ma-N 2403 are utilized to fabricate the
plasmonic waveguides, metamaterial absorbers and other plasmonic devices.

Usually, resist is spin coated onto the substrate directly. However, noble metals
such as gold, silver exhibit poor wetting and resist adhesion, thus it is difficult
to obtain uniform and stable resist by direct spincoating. Therefore, adhesion
promoter like HMDS (Hexamethyldisilazane) can be used to enhance the adhesion
between the metal and resist.

2.2.3 Dose test

Dose test is to execute an test-exposure process to find the proper dose to be used
in the to-be-realized pattern. This can be done by generating a pattern which then
is replicated throughout the structure with varying dose factor, among which the
right dose will choose. The pattern used in dose test should be the same as or part
of the desired pattern. Dose test should be performed not only for new patterns,
sometimes also for old ones when the resist hasn’t been used for a long time. Dose
test is a very crucial step in doing EBL, because small difference of dose can change
the size and quality of the pattern dramatically, while the dose can be easily changed
due to the variance of the following parameters or conditions, including resist type,
resist thickness, softbake conditions, E-beam acceleration voltage, density, shape
and size of the pattern.

2.2.4 Resist thickness

To have an easier and better lift-off with less peeling off in the edge of the pattern,
it is often recommended that the thickness of the resist is at least 10 times larger
than that of the materials to be deposited onto the resist. There are two ways to
change the resist thickness, which are to change the spinning speed and to dilute the
resist with certain material and ratio. Usually spincoating includes two steps: the
first step is a slow spinning at around 300 rpm (round per minute) for 3 seconds
to cover the whole substrate with resist and avoid resist tear-off due to too fast
acceleration, and the second step is a high speed spinning which can be as large as
6000 rpm for 60 seconds. Higher ramp also results in thinner resist.

2.2.5 Resist thickness calibration

Resist thickness calibration is also a key step, because dose is also sensitive to the
resist thickness. While the resist thickness depends on the following parameters,
including resist material, the ramp, spinning speed, the age of the resist, soft-bake
temperature and time, substrate, substrate size, etc. After the resist is stored in lab
for a long time, resist may have higher viscosity due to vaporization of the solvent,
thus resulting in thicker spincoating even with the same spin parameter. Therefore,
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it is indispensable to calibrate the resist thickness in the occurrence of the variation
of the previous mentioned parameters such as the resist type, spinning parameters,
the substrate and so on. The calibration can be done with the aid of a surface
profiler after scratching several lines on the resist.

2.2.6 Anti-charging

When the E-beam is scanning the sample, the sample tends to be negatively charged
unless the electrons can drift away to the ground totally. For a silicon substrate,
due to its good conductivity, electrons can gain their access to the ground quickly
and hardly charge the substrate. However, when it comes to a glass or quartz
wafer, the electrons from a high-energy beam can stay on the wafer for some time.
When the electrons from the beam cannot be conducted away fast enough, an
extra electric field appears and exerts a repulsive force to the incoming electron
beam. As a result, it will be difficult to do basic SEM adjustment procedures such
as focusing and aperture alignment. Even worse, the pattern will be distorted or
damaged by the charing. Then it is necessary to deposit some conductive material
like ITO (Indium tin oxide) or a thin layer (5-10 nm may be enough) of aluminium
on top of or below the resist to eliminate the charging problem. ITO is a more
common choice due to its transparency property to the visible light, therefore it
doesn’t need to be removed after exposure. If aluminium is used as an anti-charging
layer, it has to be removed by wet etching after exposure.

Sometimes if the density of the pattern is not large, the charging may be not
strong enough to influence the pattern during exposure. Then we just need to
solve the SEM adjustment problem before exposure. Therefore, we can deposit a
conductive layer of material onto the empty area of the sample where no pattern
will be written. Then after carrying out the focus adjustment, aperture alignment
and astigmatism adjustment, the beam can directly move onto the silica area to
write the pattern.

2.3 Film deposition

There are mainly three kinds of physical vapor deposition (PVD) methods: electron
beam (E-beam) evaporation, filament evaporation and sputtering. In our fabrica-
tion process, electron beam evaporation deposition method is utilized to deposit
gold, silver, titanium, germanium, aluminium and alumina film onto our samples.
In the machine, a filament source (usually tungsten) is heated by injecting current to
emit electrons to heat samples to high temperatures. The electron beam is steered
270◦ into material source by magnetic fields and rastering, so that the tungsten
filament can be sheltered to avoid contamination from the emitted materials.

To achieve high-precision control of deposition thickness, a quartz crystal is
utilized to measure the deposition rates in real time. A quartz crystal is a piezo-
electric material. When a high-frequency voltage is applied onto certain faces of
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the crystal, the crystal surface moves due to the volume change with a resonant
frequency, which is proportional to the mass and thickness of the film deposited
onto the crystal. The deposition rate can thus be measured in situ by monitoring
the resonant frequency change of the crystal. Every material has a unique recipe
of the relationship between the resonance frequency shifting and the film thickness.
Quartz crystal monitor can achieve the precision of detecting the thickness change
of less than one single atomic layer [40].

It is necessary to calibrate the real thickness by means of ellipsometer, surface
profiler or thin film interferometry. Because even deposited in the same time, sub-
strates put in different positions of the chamber actually have different deposition
rates, with a maximum difference of about 10%.

The deposition is usually operated at a pressure lower than 5×10−7 mbar. The
standard deposition rate is between 0.5 - 1 Å/s. With lower deposition rate, the
deposited film shows better quality of smaller grain size and greater uniformity. If
it is to deposit gold or silver onto silica to alumina, usually 2∼4 nm thick of Ti
or Ge is deposited first to enhance the adhesion between the noble metals and the
dielectrics.

Compared to other two kinds of PVD methods, sputtering and filament evapora-
tion, the biggest advantage for E-beam evaporation is that it has the highest purity
due to its high vacuum deposition condition and pollution-free heating source of
electrons.

2.4 Lift-off

After EBL exposure and development, a reverse pattern is created in the resist
layer. Then the function layer is deposited onto the sample. By removing the resist
and the materials on top of it with chemical bath, the remaining of the function
layer will finally have the desired patter. This pattern transfer process is called
lift-off.

2.5 Fabricated nanostructures

2.5.1 Process of fabricating metamaterial absorber

Our plasmonic metamaterial absorbers have an MIM (usually gold-alumina-gold)
structure, with the top layer covered with a periodic array of gold nanoparticles.
Due to the electromagnetic resonances between the gold particles and gold film
based on localize surface plasmon resonance, the absorber may possess strong ab-
sorption in visible or near-IR frequency regime. The absorption characteristics
of the absorbers can be tuned by tailoring the thicknesses of the three layers or
the shape, size and period of the gold particles. Even though we have fabricated
absorbers with different designs (with different shapes, sizes, thicknesses and lat-
tices) (Fig. 2.3), actually those absorbers are produced with almost same fabrica-
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Figure 2.3: SEM images of MIM structure based metamaterial absorbers with
different particle shapes, sizes and lattices

tion process, all with the pattern generated by EBL using the positive photoresist
Zep520A. Here we present the fabrication process of the honeycomb-lattice ab-
sorber, and the process flow is illustrated in Fig. 2.4.

Here is the detailed procedure:

1. Gold and alumina deposition.

After cleaning in acetone and IPA (isopropyl alcohol) with ultrasonic bath,
the silica substrate is deposited with 4 nm thick titanium, 80 nm thick gold
and 28 nm thick alumina. The titanium is used as an adhesion layer and also
to improve the particle quality of the gold film.

2. Spin coating resist Zep520A.

Here, Zep520A is diluted by anisole with the volume ratio of one to two, so
that thinner resist can be obtained. With the spin speed of 6000 rpm, the
substrate is coated with a ∼200 nm thick Zep520A. The uniformity of resist
deposition depends on three parameters: high spin speed, the viscosity of the
coated resist, and clean substrate [41]. Usually, spin speed larger than 2000
rpm is recommended. To clean the substrate, ultrasonic baths with acetone
and IPA should be performed, and prebake at 180 ◦C for 5 minutes can remove
residual moisture or IPA.

3. Softbake.
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Figure 2.4: Process flow of fabrication with positive resist.

Bake the substrate at 180 ◦C for 10 minutes in a contact hotplate. Softbake
reduces the solvent concentration in the resist, stabilizes the resist improve
the adhesion to the substrate, and avoiding bubbling in following thermal
treatment(etching, deposition). After softbake, the resist thickness can be
measured by means of surface profiler.

4. Exposure.

The exposure is performed with the following parameters: 10 µm aperture,
25keV acceleration voltage, 5 mm working distance and 100 × 100 µm writing
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field. Dot scan is used to generate nanodisk patterns instead of area scan,
because it costs less time than the latter one.

5. Development.

Soak the exposed sample in developer P-xylene for 90 seconds and rinse it with
IPA for 30 seconds. Dry the sample by a nitride gas gun. After development,
the pattern is revealed and can be examined under an optical microscope.
Besides, the resist thickness can be rechecked by surface profiler.

6. Metal deposition and lift-off.

4 nm Ti and 30 nm gold is deposited onto the sample by e-beam evaporation
with the deposition rate of 0.5 and 1 Å/s respectively.

After soaked in acetone for 2 minutes and remover 1165 for 3 minutes with
ultrasonic bath, the sample is rinsed by IPA for 10 seconds. Finally, the
resist and residue of metals are removed, leaving the metamaterial absorber
structure.

2.5.2 Process of fabricating plasmonic quarter-wave plate

The plasmonic quarter-wave plate consists of periodic sub-wavelength cross-apertures
in an 60 nm thick gold film on a silicon substrate. Due to the length difference be-
tween two arms of the cross, a phase delay is introduced between the two orthogonal
polarizations of the transmitted light. By tuning the arm-width and arm lengthes
of the cross, a quarter-wave plate at particular wavelength can be designed. In our
case, with the arm width 100 nm, arm length 511 nm and 680 nm, the sample can
work as a quarter-wave plate at 1550 nm. Fig. 2.5 shows the top-view SEM image
of the cross apertures fabricated by EBL.

To generate the cross aperture, negative resist Ma-N 2403 is firstly employed
by us. However, due to the weak adhesion between Ma-N 2403 and the silicon
substrate, the crosses are easily blown away by the nitride gas gun or drift away
due to the surface tension of the liquid during development. Even though We
tried to promote the adhesion by adding one layer of adhesion promoter HMDS or
increasing the soft-bake temperature and time, the result is still not good enough.
Finally, we turn to positive resist Zep520A again, by exposing the other part of the
unit instead of cross, which will take more exposure time and have a more complex
pattern to draw in the software. In the following part, the exposure procedure of
negative resist will be introduced, with the process flow shown in Fig. 2.6.

1. Substrate pretreatment.

The substrate should be free of any organic and inorganic contaminations
and physical absorbed humidity. For our plasmonic quarter-wave plate, a
double-side polished 300 µm thick silicon wafer is used. Before spincoating,
the substrate should be firstly soaked in acetone and IPA with ultrasonic bath



2.5. FABRICATED NANOSTRUCTURES 15

1 μm 

200 nm

Figure 2.5: Tow-view SEM image of the plasmonic quarter-wave plate. Inset is the
enlarged version.

for 5 minutes respectively. The acetone is used to clean the contaminations
of particles and organic impurities, while IPA is used to remove the acetone
residuals. After the ultrasonic bath, a 5 minutes hot bake at 120 ◦C follows
to dry the substrate, which also helps increase the adhesion between the
substrate and resist. Furthermore, a plasma etching process can also be done
to clean silica on top due to oxidation and remaining contaminations.

2. Spincoating.

With the spin speed of 6000 rpm, the thickness of Ma-N 2403 will be around
480 nm.

3. Bake the substrate at 90 ◦C for 60 seconds.

4. Exposure.

We choose 25 keV acceleration voltage, 10 µm aperture, 5 mm working dis-
tance and 100 µm writing field. The area dose is around 80 µAs/cm2 and
step size is 6 nm.

5. Development.

First soak the sample in developer Ma-D 525 for 120 seconds and rinse it
in deionized (DI) water for 2 minutes. The development time for Ma-D 525
should be longer if the developer has been stored for a long time. For instance,
the development time can increase up to three and half minutes when the
developer is 2 years old. Then dry the sample by blowing it with nitride
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Figure 2.6: Process flow of fabrication with negative resist.

gas gun. The resist in the unexposed area will be removed and the cross-
shaped resist will be left. Afterwards, the sample will be checked by optical
microscope, and the resist thickness examined by surface profiler.

6. Metal deposition and lift-off.

By E-beam evaporation, 4 nm thick titanium and 60 nm thick gold will be
deposited on top of the resist with the deposition rate of 0.5 and 1 Å/s
respectively.

Both mr-Rem 660 and acetone can work as remover. In our case, acetone is
used. First soak the sample in acetone with ultrasonic bath for 10 minutes,
then rinse it in IPA for 5 minutes. Then the resist and residual of metals will
be removed, and the periodic cross apertures appear in the gold film.



Chapter 3

Optical characterization

Characterization is usually last but not least part of the whole experiment process.
It shows the quality, performance and efficiency of the sample fabricated. In my
work, two basic optical characterization setups are built and used frequently, includ-
ing angle-resolved transmission/reflection experiment setup and nanowire propaga-
tion loss measurement setup. In addition, the following characterization techniques
are also employed during my research but will not be elaborated in the thesis: scan-
ning electron microscope (SEM), atomic force microscope (AFM), leakage radiation
microscope, ellipsometer, surface profiler, thin film interferometry and so on.

3.1 Angle-resolved transmission/reflection experiment
setup

Our home-made angle-resolved transmission/reflection measurement setup is capa-
ble of obtaining the absorption spectra of samples with a fingerprint as smaller as
50 × 50 µm, in the wavelength range from 300 to 1700 nm, from normal incidence
to 60◦ oblique incidence for both orthogonal polarizations. With the incident beam
having an angular divergence smaller than 2◦, it can be considered as plane wave.

Firstly, let’s take a look at the oblique incident case. As shown in Fig. 3.1(a) [42],
a broad-band light (500–2400 nm) from a super-continuum light source is focused
onto the sample by an achromatic lens after passing through a collimator, di-
aphragm, attenuator and polarizer, with the spot-size smaller than 50 µm. If the
lens is replaced by an 10× or 20× objective, the spot-size can be even shrunk to
smaller than 5 µm. However, the divergence angle will become much larger. Behind
the sample there is an objective and a CCD, which are used to locate the sample
and beam and make sure that the sample overlaps with the beam position with
smallest spot–size (on the focus). The reflected light can be focused onto a single
mode fiber and collected in an optical signal analyzer (OSA) through the fiber. By
adding a beamsplitter between the objective and CCD, the transmission can also
be measured.

17
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With one beamsplitter introduced between the lens and the sample (Fig. 3.1(b)),
the reflection from normal incident beam can then be measured.

This setup can also be used to photothermal reshape metamaterial absorber
particles by means of increasing the intensity by rotating the attenuator. Fur-
thermore, this simple setup can upgrade to a more complicated fusion device with
small modification and introducing a pulse generator between the attenuator and
the lens. The pulse generator is able to control the rise/fall time, frequency and
duty cycle of the incident beam, thereby much more complicated fusion experiment
can be realized.

Source

OSA

 C              D     A       P      L       Sample        Ob          CCD

FH

LC: collimator

D: diaphrahm

A: attenuator

P: polarizer

L: achromatic lens

BS: beamsplitter

Ob: objective

FH: !ber holder

Source

OSA

                  D    A       P      L              Sample   Ob          CCD

FH

L

(b)

(a)

C BS

Figure 3.1: Schematic of the home-made angle-resolved transmission/reflection
measurement setup at oblique incidence (a) and normal incidence (b).

3.2 Nanowire propagation loss measurement setup

This home-made setup is designed to measure the propagation loss of some sub-
wavelength waveguide, including nanowires, MIM or hybrid waveguides. Fig. 3.2(a)
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illustrates part of the experiment setup. A white light source is utilized to illuminate
the sample though two beam splitters, and an objective. Meanwhile, the light from
the field will also be imaged into a CCD on top, from which both dark- and bright-
field images can be taken. On the bottom, the sample is located on an XYZ
transitional stage. On one side of the stage is a fiber taper connected to a light
source, which is used to couple excitation light into the waveguide. The fiber taper
is made from a normal single-mode fiber by pulling the fiber core under a lamp
flame after the jacket and buffer of the fiber are removed. The diameter of the tip
of fiber taper can be as smaller as around 1 µm.

(a)

(b)

10µm

objective

 ber taper

substrate

nanowire

Figure 3.2: (a) Schematic of the home-made propagation loss measurement setup.
(b) Optical microscope images of the fiber taper and nanowire at bright- (top one)
and dark-field from an visible light CCD with the incident light at 980 nm

The method used to measure the propagation loss is similar as the cut-back
method in the fiber-optics community. Firstly, the fiber taper is moved close to
the waveguide until contacts received, and then from one end of the waveguide,
scattered light will be captured by the CCD camera in dark field. By carefully
changing excitation position(the contact point of the taper and waveguide), the
intensity of the scattering light will be found changing accordingly. The propagation
loss coefficient will be then obtained by analyzing dark-field images according to the
relationship between the scatting light intensity and the propagation distance (from
the excitation point to the output end of the waveguide). Fig. 3.2(b) illustrates the
optical microscope images of the fiber taper and nanowire at both bright and dark
fields.

If we put another fiber taper in the other end of waveguide, the output light
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can be directly coupled to this taper from waveguide and thus propagates to OSA.
However, to use this method, there are two conditions needed to be fulfilled: firstly,
the waveguide must be long enough, even longer than 1 mm, so that the direct
illumination from input taper to the output taper can be small enough to be ignored;
secondly, the propagation loss must be small, otherwise, due to the long propagation
distance and the coupling loss between the taper and the waveguide, the loss will
too large and the output signal will be too weak to be detected.



Chapter 4

Metamaterial absorbers and
photothermal reshaping

In this chapter, we will present our MIM-architecture based metamaterial absorbers
with different shapes of metallic particles, such as square [42], rectangular [43] and
circular [44] gold nanoparticles, and different lattices, including square, triangular
and honeycomb lattices. Firstly, we will discuss about the honeycomb-lattice ab-
sorber with an anomalous high-order mode. Then we will compare the honeycomb-
lattice absorber with absorbers consisting of square- and triangular-lattice gold
nanodisk arrays. Furthermore, we also present the photothermal reshaping experi-
ment of the absorber particles.

4.1 Plasmonic honeycomb-lattice absorber

Our absorber is fabricated with the standard process by EBL and liftoff as illus-
trated in chapter 2. Fig. 4.1 illustrates the geometric structure of the metamaterial
absorber. The absorber has an MIM structure, consisting of 30 nm thick gold
nanodisks, 28 nm thick Al2O3 film and 80 nm thick gold film from top to bottom
. Under both gold layers is 4 nm thick Ti, used as an adhesion layer to enhance
the binding between gold and dielectric layers. The radius of the gold nanodisks is
90 nm and the distance between two close-by nanodisks is 310 nm. In Fig. 4.1(b),
the SEM images demonstrate that the gold nanoparticles of the fabricated absorber
have very uniform round profile and well distributed honeycomb lattice.

21
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Gold(80nm)
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Figure 4.1: (a) Geometric schematic of the honeycomb lattice absorber. Both the
top layer nanodisks and bottom film are gold, and are separated by a layer of
alumina film. The distance between two adjacent nanodisks is 310 nm, and the
diameter of the nanodisks is 180 nm. (b) Top-view SEM image of the sample and
inset is the enlarged view.

By means of the home-made transmission/reflection experiment setup, we mea-
sure the absorption spectra of the metamaterial absorber for both polarizations
and orientations (Fig. 4.2). In the measurement, the transmission is neglected due
to the 80 nm thick gold film in bottom, which reflects most of the light. There-
fore, after we measure the reflection (R), the absorption is obtained (A = 1 - R).
Fig. 4.2 [44] manifests that our absorber sample has almost perfect absorption abil-
ity with the fundamental resonance at around 1140 nm: the absorber achieves more
than 98% absorption at normal incidence for both polarizations and incident planes;
even when the incident angle increases up to 50◦, the absorption for all four cases
sustains above 90% or even more. Interestingly, besides the angle-insensitive fun-
damental mode, angle-sensitive high-order resonances are clearly observed in TM
modes for both incident planes. In Fig. 4.2(b), for the case of H⊥Sxz, when the
incident angle increases to 20◦, a high-order absorption peak appears at 671 nm,
and the peak shifts to 787 nm as the incident angle increases to 60◦, i.e., about 2 nm
per degree, together with almost doubled absorption from 35% to 69.9%. Besides
the characteristic of angle-sensitivity, the other special property of this high-order
mode resonance is its narrow bandwidth compared to the fundamental mode. For
example, at 60◦ incident angle, the full width at half maximum (FWHM) of the
high-order absorption peak is about 30 nm, while the counterpart of the fundamen-
tal mode is about 220 nm. We believe the high-order mode stems from the coupling
between different gold nanodisks with the involvement of propagating surface plas-
mon polaritons(SPP). In contrast, the fundamental mode originates from localized
surface plasmon oscillation between the gold particles and bottom gold film. About
the mechanism of the two different kinds of resonances, we will elaborate it later.
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Figure 4.2: Measured absorption spectra of the honeycomb lattice absorber for both
incident planes and polarizations: (a) E⊥Sxz, (b) H⊥Sxz, (c) E⊥Syz, (d) H⊥Syz.
Numbers 0◦ - 60◦ denote the incident angle. The absorbances of the fundamental
and high-order resonances are also indicated.
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For the case of H⊥Syz (TM polarization, Fig. 4.2(d)), two obvious high-order
modes are unveiled with large incident angles. At 20◦, two peaks come to exist
at 675 nm and 757 nm, with the absorption of 40% and 26% respectively. As the
incident angle increases, the first high-order mode stays in around 675 nm and the
latter encounters noticeable red-shift, with enhanced absorption for both peaks. At
60◦, the red-shifting peak has moved to 881 nm with the absorption of 75% and
FWHM of 19 nm, while the other high order mode with the absorption of 67%
and FWHM of 88 nm. As for the TE modes, for both cases of E⊥Sxz and E⊥Syz

(Fig. 4.2(a) and 4.2(c)), no strong red-shifting high order resonance is found.

0.6

0.3

0.5

0.7

0.9

0.8 1.0 1.2 1.4 1.6

0.1

Wavelength(μm)

20

40

60

80

0

In
ci

d
e

n
t 

A
n

g
le

(d
e

g
re

e
)

E⊥Sxz(a)

E⊥Syz

H⊥Sxz

0.6

0.3

0.5

0.7

0.9

0.8 1.0 1.2 1.4 1.6

0.1

Wavelength(μm)

20

40

60

80

0

In
ci

d
e

n
t 

A
n

g
le

(d
e

g
re

e
)

(c) (d)

(b)

H⊥Syz

0.6

0.3

0.5

0.7

0.9

0.8 1.0 1.2 1.4 1.6

0.1

Wavelength(μm)

20

40

60

80

0

In
ci

d
e

n
t 

A
n

g
le

(d
e

g
re

e
)

0.6

0.3

0.5

0.7

0.9

0.8 1.0 1.2 1.4 1.6

0.1

Wavelength(μm)

20

40

60

80

0

In
ci

d
e

n
t 

A
n

g
le

(d
e

g
re

e
)

Figure 4.3: Numerical simulation of absorption spectra map for both incident planes
and polarizations: (a) E⊥Sxz, (b) H⊥Sxz, (c) E⊥Syz, (d) H⊥Syz. The black dashed
lines indicate the angle-dependent high-order absorption peaks.

In summary, the sample has a fundamental mode at 1140 nm, with almost total
absorption over a broad incident angle range regardless of the polarization and the
incident plane. While with large incident angles, red-shifting high-order resonance
is revealed, with a much narrower bandwidth compared to the fundamental mode.
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This high-order mode is not only sensitive to the incident angle, but also depends
on the polarizations: only for the TM modes, this red-shifting high-order peak is
detected clearly. While for the TE modes, there is no strong red-shifting absorption
peak found.

To investigate the nature of these resonances and compare with the experimen-
tal result, we also performed computational simulation by means of a commercial
software COMSOL MULTIPHYSICS. Fig. 4.3 [44] and Fig. 4.4 [44] illustrate the
calculation results about the absorption spectra map and field distributions respec-
tively. In the simulation, we used the data of permittivity of allumina from Paliks’
book [45], and that of gold from the data measured by Johnson and Christy [46].
About the absorption, the simulation results agree well with the experimental re-
sults. Firstly, for the fundamental mode, strong absorption at 1140 nm is sustained
over a broad range of incident angles and for all four polarizations. Secondly, no-
ticeable angle-sensitive high-order mode is found in both TM modes, also with
narrow bandwidth. For example, for the case of H⊥Syz, the calculated red-shifting
high-order mode at 60◦ appears at 880 nm, possessing the absorption of 82% and
bandwidth of 26 nm, very close to the experimental counterpart (74.5% and 19 nm
at 881 nm).

To better understand the intrinsic properties of the fundamental mode and red-
shifting high-order mode, we calculated the field distributions of both modes in the
yz plane at x=0 nm (Fig. 4.4(a)). Fig. 4.4(b) illustrates the field distribution of the
fundamental resonance at 1140 nm at normal incidence for the case of H⊥Syz. We
can see that two anti-parallel currents run on bottom surface of the gold particle
and top surface of the gold film respectively, driven by the magnetic response to
the incident light [26]. And the electromagnetic energy is strongly localized in the
dielectric layer between the gold particles and the gold film. This is a localized
surface plasmon mode, with coupling between gold disks and the image-part in the
bottom gold film [47], without obvious coupling between neighbouring particles.
Since this fundamental mode is mainly determined by independent particles, the
characteristics of the resonance should not change much even though the lattice is
different. As for the high-order red-shifting mode, whose field distribution is shown
in Fig. 4.4(c), is a propagating Bragg mode (delocalized surface plasmons) [48, 49].
Apart from the coupling between the gold disk and the gold film, there is also
strong coupling between neighbour disks. This propagating Bragg mode is related
to the coupling of propagating wave with a reciprocal vector added to the in-plane
momentom k‖ (k‖ = k0 sin θ) of the wave, which has the phase-matching condition
based on Bragg scattering theory [49]:

β = |k0 · sin θ + qmn| (4.1)

where β is the momentom of the Bragg mode (SPPs), qmn the reciprocal lattice
vectors of the honeycomb lattice, and k0 is the momentom of the incident light. For
the normal incidence case, the k‖ is zero, thus the Bragg mode cannot be excited. To
maintain the phase-matching condition, as the incident angle increases, k‖ should
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decrease to compensate the increasing sin θ, which explains why the SPP mode has
a red-shift. Besides, in this case, the related reciprocal vector should has opposite
direction compared to the in-plane component of the incident wave, resulting in
that this is a reverse propagating SPP mode. To further confirm this explanation,
we calculate the dispersion curve of the SPP wave at an air/alumina/gold interface,
shown in Fig. 4.5, combined with the absorption spectrum map of TM mode in in yz
incident plane in frequency-ky space. In the color map, the downward moving band
is the red-shift high-order mode, and the flat broad band beneath is the fundamental
mode. The red curves denote the dispersion relation of the SPP modes, while the
left one represents a backward propagating mode. We can see that the shape of
the red-shift mode resembles the left red solid curve in the frequency domain of
1–1.2. If we move the left red curve to the right by 2, which is contributed by the
reciprocal lattice vector, it will overlap with the high-order mode. Therefore, it also
proves that this high-order mode is a reverse propagating SPP mode.
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Figure 4.4: (a) Illustration of the structure in xy plane used in simulation. (b, c)
Calculated field distribution in the yz plane at x=268.5 nm at resonances (b) at
1140 nm at normal incidence and (c) at 880 nm at 60◦ incident angle. The color
map represents the magnetic field of x component and arrow surface the electric
field.

If we define the quality factor (Qf ) of the plasmonic resonance as the ratio of
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the resonance wavelength (λr) and the FWHM of the absorption peak:

Qf =
λr

FWHM
(4.2)

We will see that the high-order mode has a much larger Qf than the fundamental
mode. For example, according to the simulation results, for the TM mode in the
Syz incident plane (Fig. 4.3(d)) at 60◦ incident angle, Qf of the high-order mode
at 880 nm is 34 (the experimental counterpart is even higher, reaching 46), while
that of the fundamental mode at 1113 nm is 5. This bandwidth difference can
be explained by the different resonance mechanisms they have: the fundamental
resonance mainly comes from the localized surface plasmon of the gold nanodisks,
while the high-order mode stems from Bragg scattering of the honeycomb lattice.
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Figure 4.5: Absorption spectrum map shown in frequency-ky for the case of H⊥
Syz. The light line of air is drawn in solid black line. Two red curves denote the
dispersion relation of SPPs at an air/alumina/gold interface, with the left curve for
the backward SPPs wave and the right curve for forward SPPs wave. The frequency
is normalized by c/ay, where c is the speed of light, and ky is normalized by 2π/ay.
ay is 930 nm, the lattice constant along y-axis.

In conclusion, we fabricated an MIM metamaterial absorber, with a gold nan-
odisk array in honeycomb lattice on top layer, operating in the near-infrared regime.
We also measured the absorption of the absorber with a broad range of incident
angle for both polarizations and incident planes. In addition to a perfect absorp-
tion peak at 1140 nm from the fundamental mode, an angle-sensitive narrow-band
high-order absorption peak is also observed at the short wavelength range. This
high-order mode has a remarkable red-shift with increasing incident angle, and its
bandwidth can be as narrow as 19 nm, 10 times narrower than that of the funda-
mental mode. This high-order mode is proved to be a reverse propagating Bragg
scattering mode, and the fundamental mode a localized surface plamon mode. Due
to the narrow bandwidth and incident angle sensitive properties of the high-order
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mode, this absorber has the potential to be utilized as high performance optical
sensors and thermal emitters.

4.2 Metamaterial absorbers with different lattices

As we all know, materials consisting of the same kind of atoms in different lattices
may have totally different physical properties. For example, graphite, diamond and
carbon coke are all comprised of carbon atoms, but have very different properties,
such as different conductivity, shapes, hardness, melting points and so on due to
different lattices they possess. While metamaterial consists of “artificial atoms”, we
are interested in raising the question: how does lattice affect the electromagnetic
properties of metamaterial absorbers?
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Figure 4.6: (a) Geometric diagram of one unit of the metamaterial absorber with
gold nanodisk on top layer. The diameter of the nanodisk is 180 nm. (b) SEM image
of the metamaterial absorber with square-, triangular- and honeycomb-lattice gold
nanodisks. For all the three kinds of absorbers, the distances between adjacent
nanodisks are all the same as 310 nm.

In recent years, many different kinds of MIM-structure based metamaterial has
been designed and realized [34, 27, 28, 29], since the first metamaterial absorber op-
erating at microwave wavelength range is experimentally demonstrated in 2008 [26].
Most of the metamaterial absorbers consist of MIM structure, including one layer of
noble metal and dielectric material on bottom, and periodic metal sub-wavelength
structures on top. Even though the bottom layers of metal and dielectric are indis-
pensable for the structure, people usually tunes the top layer metallic pattern to
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change the absorption characteristics of the absorbers, and their focus is mainly on
the shape, size of the structures, and little on the effects of different lattices of the
sub-wavelength units on the absorption properties of the absorbers. We believe the
inter-particle coupling and interaction may introduce different absorption charac-
teristics due to different particle distributions. Hereby, we presents the simulation
and experimetnal results of the absorption characteristics of our MIM-structure
based absorbers, whose top layers are composed of gold nanodisks of same size
but in different lattice distributions, including square, rectangular and honeycomb
lattice distributions.
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Figure 4.7: Measured absorption spectra of the absorbers in different lattices and
polarizations in the yz incident plane: TE mode for square (a), triangular (b)
and honeycomb (c) lattice absorber. TM mode for square (d), triangular (e) and
honeycomb (f) lattice absorber.
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Fig. 4.6(a) presents the unit structure of the three kinds of absorbers: the
bottom two films are 80 nm thick gold and 28 nm thick alumina respectively, and
the top layer is an array of gold nanodisks with the thickness of 30 nm and diameter
of 180 nm. Fig. 4.6(b) demonstrates the SEM images of the absorbers with square,
triangular and honeycomb lattices respectively, which all have the same distance
of 310 nm between two adjacent nanodisks. To keep the uniformity of the gold
particles, all three absorbers are fabricated on the same substrate. Here is the
brief introduction of the fabrication process. First the gold and alumina films are
deposited onto a silica substrate, then the nanodisk arrays of different lattices are
patterned by EBL at the same time. After development, the top layer gold is
deposited, followed by lift-off process, which finally reveal the absorber structures.

Fig. 4.6 illustrates the measured absorption spectra of the absorbers over a
wide incident angle range for both polarizations in the yz plane. First, for the
TE mode(Fig. 4.6(a), (b) and (c)), all three kinds of absorbers share strong angle-
insensitive absorption at around 1140 nm, and the average bandwidths of this
absorption peak for square-, triangle-, honeycomb-lattice absorbers are 220, 260
and 180 nm respectively. Besides, we don’t see very strong high-order mode in the
spectra for the TE mode, which we will have further examination in the simulation
part. As for the TM mode (Fig. 4.6(d), (e) and (f)), the absorbers also exhibit
almost perfect light harvesting ability at around 1140 nm attributed to the fun-
damental resonance, with the average bandwidths of 230 nm, 250 nm and 180 nm
for the square, triangular and honeycomb lattice absorbers, and the main difference
appears in the high-order modes between honeycomb lattice absorber and the other
two kinds of absorbers. Only the honeycomb lattice absorber possesses a strong
angle sensitive, narrow-band high-order mode, which exhibits noticeable red-shift
with increasing incident angle. Details about this high-order mode can be found in
last section. Besides, all three kinds of absorbers have a similar high-order mode
near 666 nm for the TM mode in large oblique incident angles.

Fig. 4.8 illustrates the simulation results of the absorption spectra of all three
kinds of absorbers for both polarizations in the yz incident plane. The simulation
is carried out in a comercial software COMSOL MULTIPHYSICS with the same
structure parameter as the experimental realized absorbers shown above. The elec-
tricity permittivity data of alumina and gold are acquired from Paliks book [45],
Johnson and Christy’s paper [46] respectively. Good agreement is found between
the simulation and experimental results. Firstly, the fundamental mode achieves
almost perfect absorption at around 1140 nm, regardless of the polarizations or
incident angles. For TE mode, the bandwidths of the fundamental mode at nor-
mal incidence for square-, triangular- and honeycomb-lattice absorbers are 280, 285
and 228 nm respectively, while those for the TM mode are 267, 285 and 227 nm
respectively. Thereby, for one thing, the simulation results is in accordance with the
experimental results that triangular-lattice absorber has largest bandwidth for the
fundamental mode, while honeycomb-lattice absorber has smallest one; for another,
the measured bandwidths are smaller than the simulation counterparts, which we
assume the reason is that the resonances between fabricated particles are not so
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(a) (b) (c) Honeycomb lattice, E⊥Syz Triangular lattice, E⊥Syz Square lattice, E⊥Syz 

(f )(e)(d) Honeycomb lattice, H⊥Syz Triangular lattice, H⊥Syz Square lattice, H⊥Syz 

Figure 4.8: Simulated absorption spectra of the absorbers with the particle size of
180 nm in different lattices and polarizations at the yz incident plane: TE mode
for square (a), triangular (b) and honeycomb (c) lattice absorber. TM mode for
square (d), triangular (e) and honeycomb (f) lattice absorber.

strong as those in simulation conditions due to larger damping of the fabricated
materials. While for the high-order mode, only honeycomb-lattice absorber has a
red-shifting narrow-band mode in the short-wavelength range, but all three kinds
of absorbers has a high-order mode near 640 nm in large incident angles.

According to both experimental and simulation results, the difference of gold
nanodisk distribution has little influence on the positions of both the fundamental
mode and the high-order mode at 640 nm (at about 666 nm for the experimental
results) for TM mode. The stability of the fundamental and high-order mode
can be attributed to their resonance nature, which mainly depends on localized
surface plasmon resonance between singular gold nano-paritice on top and its image
counterpart in the bottom gold film, little on inter-particle coupling. Even though
the absorbers have different densities of gold nanodisks in xy plane, they all have
almost perfect absorption at 1140 nm, and this shows that every gold particle unit
has a large absorption cross section.

As for the bandwidth difference of fundamental resonance between the ab-
sorbers, it can be explained by the difference of inter-particle coupling for different
gold nanodisk distributions. As illustrated by the yellow arrows in Fig. 4.6 (b),
every nanodisk in square lattice distribution has 4 nanodisks beside it with the
same distance of 310 nm, while for triangular and honeycomb lattice, the number
are 6 and 3 respectively, which means that the nanodisks in triangular lattice have
strongest inter-particle coupling, and those in honeycomb lattice have the weakest.
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Therefore, the fundamental mode in triangular-lattice absorber has largest band-
width, and the honenycomb-lattice absorber has the smallest one. Actually, this
phenomenon has been depicted and explained in many papers [50, 51] about metal-
lic nano-particle clusters that aggregating of nanoparticles leads to more damping
due to the enlarging volume of all particles and broadening of the bandwidth.
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Figure 4.9: Absorption spectra of the TM mode for the square lattice absorber with
different periods at 60◦ incident angle from the xz plane with the same particle size
of φ = 180 nm.

In the meantime, the red-shifting narrow-band high-order mode is a reverse
propagating SPP mode, which is excited by the incident wave with its in-plane
wave vector added by a reciprocal lattice vector as explained in last section. Since
the characteristics of this red-shifting mode is mainly determined by the lattice
constant or the period of the particles in particular directions, it should be pos-
sible to introduce such an SPP mode to a square-lattice absorber by changing its
period to produce a proper reciprocal lattice vector to meet the phase matching
condition (equation 4.1). Thereby, we calculated the absorption spectra of the
square-lattice absorbers with increasing periods of same gold nanodisks (φ = 180
nm) from 310 to 620 nm for the TM mode at 60◦ incident angle, and the result is
shown in Fig. 4.9. When the period is 310 nm, no obvious narrow-band mode is
observed. As the period increases to 485 and 510 nm, a narrow-band appears at 883
and 960 nm respectively, with the bandwidth of about 20 nm. Interestingly, with
the period going up to 570 and 620 nm, instead of narrow-band peak, a asymmet-
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ric steep hole appears in the fundamental mode, which can be interpreted as Fano
resonance [52], an interference between the narrow-band high-order mode based on
collective particle resonance and the fundamental mode based on singular particle
resonance. Therefore, by means of increasing the period in square-lattice absorber,
the narrow-band high-order mode is unveiled. Meanwhile, it should also be noted
that the absorption of fundamental mode drops dramatically with respect to in-
creasing period and thus sparser nanodisk distribution. Thereby, honeycomb-lattice
absorber exhibits its advantage that it not only shows rich absorption character-
istics with different incident angles and polarizations due to its different lattice
symmetry, but also exhibits strong absorption from the fundamental resonance.

In conclusion, we compared the absorption characteristics of MIM metamaterial
absorbers with top layer gold nanodisks distributed in different lattices, including
square, triangular and honeycomb lattice. Stemming from the localized surface
plasmon resonance in independent gold particles, the fundamental mode and the
high-order mode at around 640 nm for TM mode experience no obvious change in
their position and absorption efficiency. The lattice difference mainly brings in the
variance of the bandwidth of the fundamental resonance and different high-order
mode distribution. The bandwidth variance is resulted from the bandwidth broad-
ening due to enhanced inter-particle coupling with aggregating of nano-particles.
A narrow-band red-shifting high-order mode is unfolded in the honeycomb-lattice
absorber, due to the interaction between the incident wave and specific reciprocal
lattice vector momentum. However, by tailoring the period of the gold-disk distri-
butions, square-lattice absorber can also exhibit such kind of high order mode with
the introduction of proper reciprocal lattice vector. Interestingly, a Fano Resonance
is observed with particular periods in square-lattice absorber, and this resonance
originates from the interaction of the high-order resonance and the fundamental
resonance.

4.3 Photothermal reshaping of metamaterial absorbers

Due to the optical response of surface plasmon polaritons, metallic nanoparti-
cles possess enhanced absorption of light in visible and infrared wavelength range.
Meanwhile, abundant ohmic heat is generated by the absorption in the nanoparti-
cles, resulting in huge temperature increase or even nuclear rearrangements and
permanent shape transformation of the nanoparticles. This thermal effects of
plasmonic metallic nanoparticles, such as nanospheres [53], nanoshells [54] and
nanorods [55, 56], have been widely investigated in recent decades, with poten-
tial applications in tumour treatment [55, 57], nano-welding [58, 59],in vivo imag-
ing [60, 61], biological sensing [62, 63] and optical recording [56], and so on. How-
ever, most of the previous studies are focused on the photothermal effects of nano-
particles suspended in an aqueous environment. Here we experimentally demon-
strate a photothermal effect of metamaterial nanoparticles in all-dry environment
with an absorption wavelength around 1.6 µm. After being illuminated by a pulsed
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broadband supercontinuum source, the top-layer gold particles of the sample are
reshaped from cuboids to spherical domes, with an improvement of the surface
smoothness of the particle and blue-shift of the absorption peak of the absorber.
Our demonstration may bring a leap for the potential application of photothermal
effects in nano-science and nanotechnology.

(a)
(b)

(c)

Figure 4.10: Schematic diagram of the photothermal reshaping experiment. (a)
Metamaterial absorber before reshaping. (b) The sample is irradiated with a broad-
band light source. (c) Metamaterial absorber after reshaping.

Fig. 4.10 illustrates the experiment flow. First a metamaterial absorber is fabri-
cated by our standard procedure with electron beam lithography (EBL), which has
been presented in previous chapter. The sample is fabricated on a 500 µm thick
silica substrate, which is covered by a 60 nm thick gold film and 10 nm thick alu-
mina film, and on top is 40 nm thick gold particles. The gold particles have the size
of 170 × 230 nm, and distribute in a square lattice with a period of 310 nm. The
fingerprint size of the absorber is 100 × 100 µm. With electromagnetic resonance
between the gold particles and bottom gold film, the absorber has a strong absorp-
tion at around 1.6 µm. In our photothermal reshaping experiment, after the light
beam from a super-continuum light source (ranging from 0.5–2.4 µm) is collimated
by a collimator, and passes through an diaphragm and attenuator to control the
intensity, the light beam is focused onto the sample by an achromatic lens with
a beam size of 20 µm. Behind the sample there are a 20× objective and a CCD,
working together to locate the sample and the beam. Fig. 4.10(c) is the schematic
demonstration of the absorber after irradiation. The top layer gold particles are
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reshaped to spherical domes owing to surface tension in liquid phase with laser
pulse irradiation.

Figure 4.11: (A) Top-view SEM image of the sample with both melted and unmelted
particles. (B,C) Enlarged tilted view

Fig. 4.11 [43] shows the transformation of the gold nanoparticles from rectan-
gular shape to spherical dome, after the sample is irradiated by a beam with a
time-averaged power of 2.3 mW for about 0.2 second, and with the beam size of
about 20 µm. In Fig. 4.10 (A), a region of the sample including both melted and
original particles is presented, and there is a clear half circular boundary between
the melted and unmelted part, which is caused the Gaussian beam profile. If in-
cident power is further increased, damage can be caused to the sample, such as
fragmentation of gold particles or even burning the sample in beam center, which
is of less interest for us. In Fig. 4.10 (B) and (C), more details can be found with
enlarged tilted view of the particles. Before irradiation, the particles have a grainy
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surface, rough side edges and even lots of bumps on top of it, which is originated
from the e-beam evaporation method of gold deposition and lift-off process during
fabrication (Fig. 4.10 (B)). In contrast, the melted particles possess much smoother
surface. By means of 3D atomic force microscope (AFM), the size of the particles
is measured: the reshaped spherical particles have an average diameter of 160 nm
and a height of 90nm, with the contacting surface to alumina layer having a radius
of 70 nm.
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Figure 4.12: Measured absorption spectra of the sample for both TM and TE po-
larizations at 10◦ incident angle before (A) and after (B) irradiation respectively.
Simulated absorption spectra for the original (C) and melted (D) sample respec-
tively. Insets are the top-view SEM images for a single particle.

The resonant wavelength is sensitive to the size and shape of the top layer gold
nano-particles. Since there is a huge shape transformation of the gold particles
as mentioned above, the absorption characteristics of the metamaterial absorber
is examined. By means of our home-made transmission/reflection measurement
setup, we obtain the absorption spectra of both the original and melted regions
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at 10 ◦ incident angle, which are shown in Fig. 4.12 (A) and (B) [43] respectively,
including both TM and TE polarizations. According to our previous study [42],
the absorbance of our absorber is not sensitive to the incident angle. The incident
plane intersects with the metamaterial in the direction along which the particle has
a smaller edge. For the unmelted region, absorption peaks for the two polarizations
are different, at 1.58 µm for TM mode and 2 µm for TE mode [28]. As for the
melted area, the dome-shaped particles almost have same absorption peak for both
polarizations at 1.1 µm, due to the high symmetry of the particles. The simulated
absorption spectra are presented in Fig. 4.12 (C) and (D), which agree well with
the measured results. Even for the high-order absorption peak at ∼ 0.6 µm for the
melted particles, the simulated and measured results have good conformity. The
main difference is that the measured absorption peak has a larger bandwidth due
to the fabrication tolerances of the side length of the particles.

In conclusion, we experimentally demonstrate a photothermal effect of our meta-
material absorber due to plasmonic resonance at near-infrared frequency, with the
gold nano-particles reshaped from cuboids to spherical domes. As a result, the
shape transformation also influences the absorption characteristics of the absorber,
which is confirmed by both experiment and simulation. Our observation of gold par-
ticle reshaping promises a new potential method of fabricating dome-shape nano-
particles or high quality metallic nano-particles for plasmonic and metamaterial
structures [64, 65], such as chain waveguide (Fig. 4.13).

200 nm

Figure 4.13: SEM image of chain waveguide obtained by photothermal reshaping.





Chapter 5

Plasmonic waveguides

5.1 Overview

Waveguide with sub-wavelength confinement of the optical mode is very crucial to
realize high-density and compact photonic devices. While the minimum confine-
ment of the optical mode in a dielectric waveguide is restricted by diffraction limit
and is in the order half wavelength. There is always a great interest in designing
and realizing waveguides with smaller sizes. Different from dielectric waveguide, a
plasmonic waveguide can couple the incident light into a propagating free-electron
collective oscillation wave, namely surface plasmon polariton (SPP), at a metal-
dielectric interface, offering a promising approach to squeeze light into nanoscale
regions smaller than the wavelength of light [66].

As an efficient way to manipulate light at nanometer scale, various kinds of plas-
monice waveguides have been designed and fabricated, such as gold nanoparticle
chain waveguide [67], metal wedges [68, 69], metal strips and slots [70], V-grooves
in metal surfaces [71], metal nanowire [72, 73] and so on. And these waveguides can
be utilized in a lot of potential applications, such as plasmonic routers and multi-
plexers [74], Bragg mirrors [75], interferometers [71], and electro-optic devices [76].

Although, plasmonic waveguides exhibit the advantage of sub-wavelength con-
finement of the field, they also have an Achilles’ heel: short propagation length
compared to traditional dielectric waveguide, usually with µm order of propaga-
tion length. In order to overcome this weakness, scientists turn to various methods
to improve the propagation length, such as by changing supporting substrate [77],
utilizing gain dielectrics [78], working at a low temperature [79] or improving crys-
tallinity [80] and so on. In our work, we also demonstrate a SPP-supported MIM
stripe waveguide with sub-wavelength mode confinement. Meanwhile, by anneal-
ing the waveguide at 300 ◦C for 18 hours, the propagation length for 980 nm is
improved significantly.

39
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5.2 Plasmonic waveguides

As shown in Fig. 5.1(a), our waveguide is fabricated with a three-layer (MIM)
structure on a silica substrate, with two layers of gold separated by a layer of
alumina spacer, the thicknesses of which from top to bottom are 80 nm, 120 nm and
100 nm respectively. The width of the top layer gold stripe is 400 nm. Fig. 5.1(b)
gives the normalized electric field distribution and transverse electric field flow of
the fundamental mode at 980 nm, where we can see the electromagnetic field is
confined in the dielectric layer in the sub-wavelength dimension. Fig. 5.1(c) is the
SEM image of our 30 µm long stripe waveguide, fabricated by EBL.

(a)

(c)

(b)

100nm

(c)

2 um

x

y -z

400 nm

120 nm

80 nm

100 nm

Au

Al2O3

Au

Silica substrate

Figure 5.1: (a) Schematic geometry of the waveguide. (b) Fundamental guided
mode at 980 nm in the waveguide. The arrow surface shows the transverse electric
field, and the color map represents the normalized electric field. (c) Top-view SEM
image of the waveguides.
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5.3 Annealing of waveguide

By means of our home-made propagation loss measurement setup, which has been
shown in Fig. 3.2, we measured the propagation losses of the waveguide at 980 and
1550 nm after the sample is fabricated. Then the sample is annealed in an oven at
atmospheric pressure at 300 ◦C for 18 hours. During the treatment, the sample is
heated from and cooled back to room temperature (25 ◦C) slowly, which are about
1.5 and 0.5 ◦C/min respectively, to prevent dramatic thermal shocks to the sample.
Then we remeasure the propagation losses of the waveguide at 980 and 1550 nm
with the same method as above. The result shows in Fig. 5.2(a) and 5.2(b).

(c)

10µm

Figure 5.2: Measured propagation losses at 980 nm (a) and 1550 nm (b) before
(brown circle) and after (cyan square) annealing at 300 ◦C for 18 hours. The solid
line is the fitting line of the propagation distance versus intensity of the scattering
light in logarithmic scale. (c) Optical microscope images of the taper and waveguide
at bright- (top one) and dark-field from an infrared CCD with the excitation light
at 980 nm.

As shown in Fig. 5.2(c), as the fiber taper touches the waveguide, the SPP wave
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is excited in the waveguide and light is emitted in one end of the waveguide. As
the taper moves backwards, the SPP wave propagates for a longer distance and
the emission intensity decreases. By extracting the intensity decay from the optical
image, the propagation loss can be calculated. Fig. 5.2(a) presents the measured
propagation losses at 980 nm before and after annealing at 300 ◦C for 18 hours. We
can see that the waveguide experiences a more than 50% drop in propagation loss,
from 0.45 to 0.20 dB/µm. As for 1550 nm, only slight improvement is detected,
from 0.31 to 0.28 dB/µm (Fig. 5.2(b)).

We believe that the increase of the propagation length is resulted from the im-
provement of the gold quality after annealing, including the flattening of the gold
film surface and the enlargement of the gold particle size, which agrees well with
existing experimental evidences of X-ray diffraction pattern [81], TEM photos [82]
and SEM photos [83, 84]. Meanwhile, The gold film morphology change in our
waveguide is also examined by the SEM images(Fig. 5.3), where we see that after
annealing at 300 ◦C for 18 hours(Fig. 5.3(b)), the surface of the top layer gold
film of the waveguide becomes much flatter and the gold particle size also increases
significantly. Besides, the inside part of the gold layers could also undergo poten-
tial quality improvement which also impart some contributions to the increase of
propagation length.

(a) (b) (c) 100 nm

Figure 5.3: SEM image illustration of the waveguide before annealing (a), after
annealing at 300 ◦C (b) and 500 ◦C (c) for 18 hours. Three images share the same
scale bar as in (c).

As mentioned above, we use e-beam evaporation to deposit the gold layers onto
the substrate, and the deposition process can break into several phases[82, 85]. In
the first beginning, evaporated gold particles hit the substrate and aggregate into
individual gold nucleus. With deposition going on, nuclei grow into larger grains
by way of impingement or surface diffusion of single gold atoms. In the next phase
for the discontinuous film, individual grains mainly undergo liquid-like coalescence.
Finally, as gold film thickness increases, the islands grow large enough to connect
to each other and a continuous film is formed. As the sample is annealed at 300 ◦C
in the oven, surface mobility of the gold atoms increases, and gold grains undergo
further “coalescence” [86, 87], with gold atoms moving between grains to minimize
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the surface energy of the system. Thereby, smaller grains grow or merge into bigger
grains via surface diffusion. As a result, the quality of gold layers is improved by
means of the enlargement of the grain size and reduction of film surface roughness
during coalescence [83, 84]. It has good agreement with the results shown in our
SEM images.

Encouraged by the propagation loss improvement, further annealing experiment
is carried out by pushing the annealing temperature to 400 ◦C for 18 hours, with
slow heating and cooling rate maintained. None clear change is noticed from both
the SEM photo of the strip waveduide and the measured propagation loss at both
wavelengthes, compared to the results after annealing at 300 ◦C for 18 hours. How-
ever, when the annealing temperature is pushed to 500 ◦C (for 18 hours), severe
deformation of the strip waveguide is noticed: different parts of the gold strip ex-
perience different levels of width shrinking (Fig. 5.3(c)).The measured propagation
loss suffers significant increase due to the distortion of the waveguide.

In conclusion, we present an MIM plasmonic waveguide with sub-wavelength
confinement of the fundamental mode in telecommunication wavelengthes. By an-
nealing the waveguide with appropriate temperature conditions, the propagation
loss is reduced significantly due to the improvement of the gold quality in the
waveguide. This thermal annealing method may promise an approach to improve
the quality of other fabricated plasmonic devices.





Chapter 6

Summary, and future work

In summary, this thesis presents nanofracation and characterization of plasmonic
devices, such as absorbers and waveguides. Here are the main results we have
achieved:

1. Utilizing the EBL technique, we are capable of fabricating different kinds
of MIM-structure based plasmonic absorbers, which not only exhibit almost
perfect absorption at fundamental resonance regardless of polarizations and
incident angles at near-infrared frequency domain, but also show rich high-
order mode resonance characteristics related to different lattice distributions
of top layer nano-particles. It shows versatile application potentials such as
thermal emitters, microbolometers, sensors and so on.

2. Besides plasmonic absorbers, other plasmonic nanostructures such as waveg-
uides, plasmonic quarter-wave plate are also realized by means of our nanofab-
riation technique.

3. We demonstrate two home-made optical characterization setups: angle-resolved
transmission/reflection measurement setup and nanowire propagation length
measurement setup. The former setup is capable of measuring the absorption
spectra of plasmonic absorbers with a fingerprint size as small as 100 × 100 µm
or even 20 × 20 µm, including both polarizations, incident planes and the in-
cident angle range from 0 to 60◦. In addition, this setup can be adapted to a
complex photothermal reshaping setup with the introduction of a pulse gen-
erator. The latter setup is able to measure the propagation loss of different
kinds of sub-wavelength waveguides.

4. Photothermal effects are utilized to reshape our gold nanoparticles from nanobricks
to nanodomes, which unfolds a promising approach to fabricate dome-shape
or spherical metallic nanostructures with controllable size and distribution of
the particles, such as chain waveguide, etc. Besides, thermal annealing could
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also effectively change the shape or even inner structure of gold nanostruc-
tures to alleviate damping or loss of the metallic materials and thus improve
the quality of the gold nanostructures.

As for the future work, there are several topics and issues we are interested in:

1. Our plasmonic absorbers based on MIM structure have achieved almost 100%
absorption in the fundamental absorption peak based on localized surface
plasmon, which means they have the potential to be used in thermal-photovoltaic
applications. A thermal-photovoltaic system usually consists of two parts,
thermal emitter and photovoltaic diode. I would like to do some research on
how to adapt our absorbers into an effective emitter to work together with
different kinds of photovoltaic diodes, and realize the thermal-photovoltaic
function.

2. By means of our photothermal reshaping experiment setup, we are capable
of fabricating spherical nano-particles with controllable particle size and dis-
tribution. One of the potential application is to fabricate chain waveguide.
It would be interesting to investigate the near-field interaction between the
particles and the propagation of SPP waves along the chain waveguide.

3. Most of our experiments are carried out in far field conditions. It would
be interesting to do some experiments about the near-field of SPPs in our
plasmonic absorbers and waveguides. For example, we could utilize a scanning
near-field optical microscope (SNOM) to analyze the field distribution of the
absorbers and the wave propagation in plasmonic waveguide.
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Guide to papers

I Yiting Chen, Jin Dai, Min Yan, and Min Qiu,“Influence of lattice structure
on metal-insulator-metal plasmonic absorbers”, manuscript planned for Optics
Express.

Author‘s contribution: I performed the fabrication, characterization and part
of the simulation of the plasmonic absorbers with different lattices. I finished
the first draft of the manuscript.

II Yiting Chen, Jin Dai, Min Yan, and Min Qiu,“Honeycomb-lattice plasmonic
absorbers at NIR: anomalous high-order resonance”, Opt. Express 21, 20873–
20879 (2013).

Author‘s contribution: I performed the fabrication, characterization and part
of the simulation of the honeycomb lattice absorber. I finished the first draft
of the manuscript.

III Yiting Chen, Jing Wang, Xi Chen, Min Yan, and Min Qiu, “Plasmonic
analog of microstrip transmission line and effect of thermal annealing on its
propagation loss”, Opt. Express 21, 1639–1644 (2013).

Author‘s contribution: I performed the fabrication, thermal annealing, charac-
terization and the simulation of the strip waveguide. I finished the first draft
of the manuscript.

IV Jing Wang, Yiting Chen, Xi Chen, Jiaming Hao, Min Yan, and Min Qiu,
“Photothermal reshaping of gold nanoparticles in a plasmonic absorber”, Opt.
Express 19, 14726–14734 (2011).

Author‘s contribution: I performed the photothermal reshaping and character-
ization of the metamaterial absorber.
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V Jing Wang, Yiting Chen, Jiaming Hao, Min Yan, Min Qiu, “Shape-dependent
absorption characteristics of three-layered metamaterial absorbers at near-
infrared”, J. Appl. Phys. 109(7), 074510 (2011).

Author‘s contribution: I measured the absorption spectra of both samples with
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self.
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Author‘s contribution: I performed the photothermal reshaping experiment
and characterized the sample.



Bibliography

[1] J. A. Schuller, E. S. Barnard, W. Cai, Y. C. Jun, J. S. White, and M. L.
Brongersma, “Plasmonics for extreme light concentration and manipulation,”
Nat. Mater. 9, 193–204 (2010).

[2] A. Campion and P. Kambhampati, “Surface-enhanced Raman scattering,”
Chem. Soc. Rev. 27, 241–250 (1998).

[3] A. Otto, I. Mrozek, H. Grabhorn, and W. Akemann, “Surface-enhanced Raman
scattering,” J. Phys.: Condens. Matter 4, 1143 (1992).

[4] A. Grigorenko, M. Polini, and K. Novoselov, “Graphene plasmonics,” Nat.
Photon. 6, 749–758 (2012).

[5] F. H. L. Koppens, D. E. Chang, and F. J. García de Abajo, “Graphene plas-
monics: A platform for strong light-matter interactions,” Nano Lett. 11, 3370–
3377 (2011).

[6] L. Ju, B. Geng, J. Horng, C. Girit, M. Martin, Z. Hao, H. A. Bechtel, X. Liang,
A. Zettl, Y. R. Shen et al., “Graphene plasmonics for tunable terahertz meta-
materials,” Nat. Nanotech. 6, 630–634 (2011).

[7] D. F. P. Pile and D. K. Gramotnev, “Plasmonic subwavelength waveguides:
Next to zero losses at sharp bends,” Opt. Lett. 30, 1186–1188 (2005).

[8] A. Manjavacas and F. J. García de Abajo, “Robust plasmon waveguides in
strongly interacting nanowire arrays,” Nano Lett. 9, 1285–1289 (2009).

[9] J. Tian, S. Yu, W. Yan, and M. Qiu, “Broadband high-efficiency surface-
plasmon-polariton coupler with silicon-metal interface,” Appl. Phys. Lett. 95,
013504–013504 (2009).

[10] R. A. Pala, K. T. Shimizu, N. A. Melosh, and M. L. Brongersma, “A nonvolatile
plasmonic switch employing photochromic molecules,” Nano Lett. 8, 1506–
1510 (2008).

[11] R. F. Oulton, V. J. Sorger, T. Zentgraf, R.-M. Ma, C. Gladden, L. Dai, G. Bar-
tal, and X. Zhang, “Plasmon lasers at deep subwavelength scale,” Nature 461,
629–632 (2009).

49



50 BIBLIOGRAPHY

[12] M. C. Gather, “A rocky road to plasmonic lasers,” Nat. Photon. 6, 708–708
(2012).

[13] E. Cubukcu, E. A. Kort, K. B. Crozier, and F. Capasso, “Plasmonic laser
antenna,” Appl. Phys. Lett. 89, 093120–093120 (2006).

[14] G. W. Bryant, F. J. García de Abajo, and J. Aizpurua, “Mapping the plasmon
resonances of metallic nanoantennas,” Nano Lett. 8, 631–636 (2008).

[15] P. Berini, “Plasmon-polariton waves guided by thin lossy metal films of finite
width: Bound modes of symmetric structures,” Phys. Rev. B 61, 10484–10503
(2000).

[16] M. W. Knight, N. K. Grady, R. Bardhan, F. Hao, P. Nordlander, and N. J.
Halas, “Nanoparticle-mediated coupling of light into a nanowire,” Nano Lett.
7, 2346–2350 (2007).

[17] J. Pendry, A. J. Holden, D. J. Robbins, and W. J. Stewart, “Magnetism from
conductors and enhanced nonlinear phenomena,” IEEE Trans. Microw. Theory
Tech. 47, 2075–2084 (1999).

[18] D. Smith, J. Pendry, and M. Wiltshire, “Metamaterials and negative refractive
index,” Science 305, 788–792 (2004).

[19] J. Valentine, S. Zhang, T. Zentgraf, E. Ulin-Avila, D. A. Genov, G. Bartal, and
X. Zhang, “Three–dimensional optical metamaterial with a negative refractive
index,” Nature 455, 376–379 (2008).

[20] D. R. Smith and N. Kroll, “Negative refractive index in left–handed materials,”
Phys. Rev. Lett. 85, 2933–2936 (2000).

[21] M. Yan, Z. Ruan, and M. Qiu, “Cylindrical invisibility cloak with simplified
material parameters is inherently visible,” Phys. Rev. Lett. 99, 233901 (2007).

[22] T. Ergin, N. Stenger, P. Brenner, J. B. Pendry, and M. Wegener, “Three-
dimensional invisibility cloak at optical wavelengths,” Science 328, 337–339
(2010).

[23] B. Zhang, Y. Luo, X. Liu, and G. Barbastathis, “Macroscopic invisibility cloak
for visible light,” Phys. Rev. Lett. 106, 033901 (2011).

[24] J. Shen and P. Platzman, “Near field imaging with negative dielectric constant
lenses,” Appl. Phys. Lett. 80, 3286–3288 (2002).

[25] J. Pendry, “Perfect cylindrical lenses,” Opt. Express 11, 755–760 (2003).

[26] N. I. Landy, S. Sajuyigbe, J. J. Mock, D. R. Smith, and W. J. Padilla, “Perfect
metamaterial absorber,” Phys. Rev. Lett. 100, 207402 (2008).



BIBLIOGRAPHY 51

[27] X. Liu, T. Starr, A. F. Starr, and W. J. Padilla, “Infrared spatial and frequency
selective metamaterial with near–unity absorbance,” Phys. Rev. Lett. 104,
207403 (2010).

[28] J. Hao, J. Wang, X. Liu, W. J. Padilla, L. Zhou, and M. Qiu, “High perfor-
mance optical absorber based on a plasmonic metamaterial,” Appl. Phys. Lett.
96, 251104 (2010).

[29] K. Aydin, V. Ferry, R. Briggs, and H. Atwater, “Broadband polarization–
independent resonant light absorption using ultrathin plasmonic super ab-
sorbers,” Nat. Comm. 2, 517 (2011).

[30] T. V. Teperik, F. G. De Abajo, A. Borisov, M. Abdelsalam, P. Bartlett, Y. Sug-
awara, and J. Baumberg, “Omnidirectional absorption in nanostructured metal
surfaces,” Nat. Photon. 2, 299–301 (2008).

[31] Y. Wang, T. Sun, T. Paudel, Y. Zhang, Z. Ren, and K. Kempa, “Metamaterial-
plasmonic absorber structure for high efficiency amorphous silicon solar cells,”
Nano lett. 12, 440–445 (2011).

[32] X. Liu, T. Tyler, T. Starr, A. F. Starr, N. M. Jokerst, and W. J. Padilla, “Tam-
ing the blackbody with infrared metamaterials as selective thermal emitters,”
Phys. Rev. Lett. 107, 045901 (2011).

[33] J. Mason, S. Smith, and D. Wasserman, “Strong absorption and selective ther-
mal emission from a midinfrared metamaterial,” Appl. Phys. Lett. 98, 241105–
241105 (2011).

[34] H. Tao, N. I. Landy, C. M. Bingham, X. Zhang, R. D. Averitt, and W. J.
Padilla, “A metamaterial absorber for the terahertz regime: Design, fabrication
and characterization,” Opt. Express 16, 7181–7188 (2008).

[35] N. I. Landy, C. M. Bingham, T. Tyler, N. Jokerst, D. R. Smith, and W. J.
Padilla, “Design, theory, and measurement of a polarization-insensitive ab-
sorber for terahertz imaging,” Phys. Rev. B 79, 125104 (2009).

[36] M. G. Stepanova and S. Dew, Nanofabrication (Springer, New York, 2012).

[37] S. Enoch and N. Bonod, Plasmonics: From Basics to Advanced Topics
(Springer, New York, 2012).

[38] http://www.nanophys.kth.se/nanophys/facilities/nfl/manual/.

[39] http://www.raith.com/.

[40] D. M. Mattox, Handbook of physical vapor deposition (PVD) processing (Else-
vier, Oxford, UK, 2010).

[41] M. Wang, Lithography (InTech, 2010).



52 BIBLIOGRAPHY

[42] J. Wang, Y. Chen, J. Hao, M. Yan, and M. Qiu, “Shape-dependent absorption
characteristics of three-layered metamaterial absorbers at near-infrared,” J.
Appl. Phys. 109, 074510 (2011).

[43] J. Wang, Y. Chen, X. Chen, J. Hao, M. Yan, and M. Qiu, “Photothermal
reshaping of gold nanoparticles in a plasmonic absorber,” Opt. Express 19,
14726–14734 (2011).

[44] Y. Chen, J. Dai, M. Yan, and M. Qiu, “Honeycomb-lattice plasmonic ab-
sorbers at NIR: anomalous high-order resonance,” Opt. Express 21, 20873–
20879 (2013).

[45] E. D. Palik, Handbook of Optical Constants of Solids, vol. 3 (Academic, New
York, 1985).

[46] P. B. Johnson and R. W. Christy, “Optical constants of the noble metals,”
Phys. Rev. B 6, 4370–4379 (1972).

[47] G. Lévêque and O. J. F. Martin, “Optical interactions in a plasmonic particle
coupled to a metallic film,” Opt. Express 14, 9971–9981 (2006).

[48] T. A. Kelf, Y. Sugawara, J. J. Baumberg, M. Abdelsalam, and P. N. Bartlett,
“Plasmonic band gaps and trapped plasmons on nanostructured metal sur-
faces,” Phys. Rev. Lett. 95, 116802 (2005).

[49] T. A. Kelf, Y. Sugawara, R. M. Cole, J. J. Baumberg, M. E. Abdelsalam,
S. Cintra, S. Mahajan, A. E. Russell, and P. N. Bartlett, “Localized and delo-
calized plasmons in metallic nanovoids,” Phys. Rev. B 74, 245415 (2006).

[50] T. Jensen, L. Kelly, A. Lazarides, and G. C. Schatz, “Electrodynamics of
noble metal nanoparticles and nanoparticle clusters,” J. Clust. Sci. 10, 295–
317 (1999).

[51] J. J. Storhoff, A. A. Lazarides, R. C. Mucic, C. A. Mirkin, R. L. Letsinger,
and G. C. Schatz, “What controls the optical properties of dna-linked gold
nanoparticle assemblies?” J. Am. Chem. Soc. 122, 4640–4650 (2000).

[52] B. Luk’yanchuk, N. I. Zheludev, S. A. Maier, N. J. Halas, P. Nordlander,
H. Giessen, and C. T. Chong, “The fano resonance in plasmonic nanostructures
and metamaterials,” Nat. Mater 9, 707–715 (2010).

[53] M. C. Skala, M. J. Crow, A. Wax, and J. A. Izatt, “Photothermal optical
coherence tomography of epidermal growth factor receptor in live cells using
immunotargeted gold nanospheres,” Nano Lett. 8, 3461–3467 (2008).

[54] C. M. Aguirre, C. E. Moran, J. F. Young, and N. J. Halas, “Laser-induced
reshaping of metallodielectric nanoshells under femtosecond and nanosecond
plasmon resonant illumination,” J. Phys. Chem. B 108, 7040–7045 (2004).



BIBLIOGRAPHY 53

[55] H. Takahashi, T. Niidome, A. Nariai, Y. Niidome, and S. Yamada, “Photother-
mal reshaping of gold nanorods prevents further cell death,” Nanotechnology
17, 4431 (2006).

[56] P. Zijlstra, J. W. M. Chon, and M. Gu, “Five-dimensional optical recording
mediated by surface plasmons in gold nanorods,” Nature 459, 410–413 (2009).

[57] X. Huang, P. Jain, I. El-Sayed, and M. El-Sayed, “Plasmonic photothermal
therapy (PPTT) using gold nanoparticles,” Lasers Med. Sci. 23, 217–228
(2008).

[58] J. Huang and R. B. Kaner, “Flash welding of conducting polymer nanofibres,”
Nat. Mater. 3, 783–6 (2004).

[59] Y. Lu, J. Y. Huang, C. Wang, S. Sun, and J. Lou, “Cold welding of ultrathin
gold nanowires,” Nat. Nanotech. 5, 218–24 (2010).

[60] I. H. El-Sayed, X. Huang, and M. A. El-Sayed, “Surface plasmon resonance
scattering and absorption of anti-EGFR antibody conjugated gold nanoparti-
cles in cancer diagnostics: applications in oral cancer,” Nano Lett. 5, 829–834
(2005).

[61] P. Alivisatos, “The use of nanocrystals in biological detection,” Nat. Biotech-
nol. 22, 47–52 (2004).

[62] A. J. Haes and R. P. Van Duyne, “A nanoscale optical biosensor: sensitivity
and selectivity of an approach based on the localized surface plasmon res-
onance spectroscopy of triangular silver nanoparticles,” J. Am. Chem. Soc.
124, 10596–10604 (2002).

[63] R. Elghanian, J. J. Storhoff, R. C. Mucic, R. L. Letsinger, and C. A. Mirkin,
“Selective colorimetric detection of polynucleotides based on the distance-
dependent optical properties of gold nanoparticles,” Science 277, 1078–1081
(1997).

[64] P. Nagpal, N. C. Lindquist, S.-H. Oh, and D. J. Norris, “Ultrasmooth patterned
metals for plasmonics and metamaterials,” Science 325, 594–597 (2009).

[65] X. Zhu, Y. Zhang, J. Zhang, J. Xu, Y. Ma, Z. Li, and D. Yu, “Ultrafine and
smooth full metal nanostructures for plasmonics,” Adv. Mater. 22, 4345–4349
(2010).

[66] W. L. Barnes, A. Dereux, and T. W. Ebbesen, “Surface plasmon subwavelength
optics,” Nature 424, 824–830 (2003).

[67] S. A. Maier, P. G. Kik, and H. A. Atwater, “Observation of coupled plasmon-
polariton modes in Au nanoparticle chain waveguides of different lengths: Es-
timation of waveguide loss,” Appl. Phys. Lett. 81 (2002).



54 BIBLIOGRAPHY

[68] M. Yan and M. Qiu, “Guided plasmon polariton at 2d metal corners,” J. Opt.
Soc. Am. B 24, 2333–2342 (2007).

[69] E. Moreno, S. G. Rodrigo, S. I. Bozhevolnyi, L. Martin-Moreno, and F. J.
Garcia-Vidal, “Guiding and focusing of electromagnetic fields with wedge plas-
mon polaritons,” Phys. Rev. Lett. 100, 023901 (2008).

[70] J. A. Dionne, L. A. Sweatlock, H. A. Atwater, and A. Polman, “Plasmon slot
waveguides: Towards chip-scale propagation with subwavelength-scale local-
ization,” Phys. Rev. B 73, 035407 (2006).

[71] S. I. Bozhevolnyi, V. S. Volkov, E. Devaux, J.-Y. Laluet, and T. W. Ebbesen,
“Channel plasmon subwavelength waveguide components including interferom-
eters and ring resonators,” Nature 440, 508–511 (2006).

[72] A. W. Sanders, D. A. Routenberg, B. J. Wiley, Y. Xia, E. R. Dufresne, and
M. A. Reed, “Observation of plasmon propagation, redirection, and fan-out in
silver nanowires,” Nano Lett. 6, 1822–1826 (2006).

[73] L. J. E. Anderson, Y.-R. Zhen, C. M. Payne, P. Nordlander, and J. H. Hafner,
“Gold nanobelts as high confinement plasmonic waveguides,” Nano Lett. 13,
6256–6261 (2013).

[74] Y. Fang, Z. Li, Y. Huang, S. Zhang, P. Nordlander, N. J. Halas, and H. Xu,
“Branched silver nanowires as controllable plasmon routers,” Nano Lett. 10,
1950–1954 (2010).

[75] H. Ditlbacher, J. R. Krenn, G. Schider, A. Leitner, and F. R. Aussenegg,
“Two-dimensional optics with surface plasmon polaritons,” Appl. Phys. Lett.
81 (2002).

[76] W. Wang, Q. Yang, F. Fan, H. Xu, and Z. L. Wang, “Light propagation
in curved silver nanowire plasmonic waveguides,” Nano Lett. 11, 1603–1608
(2011).

[77] P. Kusar, C. Gruber, A. Hohenau, and J. R. Krenn, “Measurement and reduc-
tion of damping in plasmonic nanowires,” Nano Lett. 12, 661–665 (2012).

[78] M. Gather, K. Meerholz, N. Danz, and K. Leosson, “Net optical gain in a
plasmonic waveguide embedded in a fluorescent polymer,” Nat. Photon. 4,
457–461 (2010).

[79] M. Rocca, F. Moresco, and U. Valbusa, “Temperature dependence of surface
plasmons on ag(001),” Phys. Rev. B 45, 1399–1402 (1992).

[80] S. Kumar, Y.-W. Lu, A. Huck, and U. L. Andersen, “Propagation of plasmons
in designed single crystalline silver nanostructures,” Opt. Express 20, 24614–
24622 (2012).



BIBLIOGRAPHY 55

[81] C. E. Chidsey, D. N. Loiacono, T. Sleator, and S. Nakahara, “STM study of
the surface morphology of gold on mica,” Surf. Sci. 200, 45 – 66 (1988).

[82] Y. Golan, L. Margulis, and I. Rubinstein, “Vacuum-deposited gold films: I.
Factors affecting the film morphology,” Surf. Sci. 264, 312 – 326 (1992).

[83] D. Porath, Y. Goldstein, A. Grayevsky, and O. Millo, “Scanning tunneling
microscopy studies of annealing of gold films,” Surf. Sci. 321, 81 – 88 (1994).

[84] M. Bechelany, X. Maeder, J. Riesterer, J. Hankache, D. Lerose, S. Chris-
tiansen, J. Michler, and L. Philippe, “Synthesis mechanisms of organized gold
nanoparticles: Influence of annealing temperature and atmosphere,” Cryst.
Growth Des. 10, 587–596 (2010).

[85] T. Andersson and C. Granqvist, “Morphology and size distributions of islands
in discontinuous films,” J. Appl. Phys. 48, 1673–1679 (1977).

[86] M. Bowker, “Surface science: The going rate for catalysts,” Nat. Mater. 1,
205–206 (2002).

[87] P. Meakin, “The growth of rough surfaces and interfaces,” Phys. Rep. 235,
189–289 (1993).


	Abstract
	Acknowledgements
	Acronyms
	List of Publications
	List of Figures
	Contents
	Introduction
	Background
	Thesis outline

	Fabrication of plasmonic devices
	Overview
	Electron beam lithography
	Proximity effect
	Resist
	Dose test
	Resist thickness
	Resist thickness calibration
	Anti-charging

	Film deposition
	Lift-off
	Fabricated nanostructures
	Process of fabricating metamaterial absorber
	Process of fabricating plasmonic quarter-wave plate


	Optical characterization
	Angle-resolved transmission/reflection experiment setup
	Nanowire propagation loss measurement setup

	Metamaterial absorbers and photothermal reshaping
	Plasmonic honeycomb-lattice absorber 
	Metamaterial absorbers with different lattices
	Photothermal reshaping of metamaterial absorbers

	Plasmonic waveguides
	Overview
	Plasmonic waveguides
	Annealing of waveguide

	Summary, and future work
	Guide to papers
	Bibliography

