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Abstract

Nanophotonics is an emerging research field that deals with interaction
between light and matter in a sub-micron length scale. Nanophotonic devices
have found an increasing number of applications in many areas including
optical communication, microscopy, sensing, and solar energy harvesting es-
pecially during the past two decades. Among all nanophotonic devices, three
main areas, namely photonic crystals, optical metamaterials and plasmonic
devices, gain dominant interest in the photonic society owning to their poten-
tial impacts. This thesis studies the fabrication and characterization of three
types of novel devices within the above-mentioned areas. They are respec-
tively photonic-crystal (PhC) surface-mode microcavities, optical metamate-
rial absorbers, and plasmonic couplers.

The devices are fabricated with modern lithography-based techniques in
a clean room environment. This thesis particularly describes the critical
electron-beam lithography step in detail; the relevant obstacles and corre-
sponding solutions are addressed. Device characterizations mainly rely on
two techniques: a vertical fiber coupling system and a home-made optical
transmissivity/reflectivity setup. The vertical fiber coupling system is used for
characterizing on-chip devices intended for photonic integrations, such as PhC
surface-mode cavities and plasmonic couplers. The transmissivity/reflectivity
setup is used for measuring the absorbance of metamaterial absorbers.

This thesis presents mainly three nanophotonic devices, from fabrication
to characterization. First, a PhC surface-mode cavity on a SOI structure
is demonstrated. Through a side-coupling scheme, a system quality-factor
of 6200 and an intrinsic quality-factor of 13400 are achieved. Such a cavity
can be used as ultra-compact optical filter, bio-sensor and etc. Second, an
ultra-thin, wide-angle metamaterial absorber at optical frequencies is real-
ized. Experimental results show a maximum absorption peak of 88% at the
wavelength of ∼1.58µm. The ultra-fast photothermal effect possessed by such
noble-metal-based nanostructure can potentially be exploited for making bet-
ter solar cells. Finally, we fabricated an efficient coupler that channels light
from a conventional dielectric waveguide to a subwavelength plasmonic waveg-
uides and vice versa. Such couplers can combine low-loss dielectric waveguides
and lossy plasmonic components onto one single chip, making best use of the
two.
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Chapter 1

Introduction

1.1 Background

Over the past two decades, nanophotonics which involves the interaction of light
with structures smaller than 100nm has been gradually studied and developed [1,
2, 3]. By meeting at nanoscale, nanophotonics has found increasing applications in
such areas as optical communication [4, 5], signal processing [6, 7], computing [8],
sensing [9, 10, 11] and energy transportation[12, 13]. Thanks to the advances of
recent nanofabrication methods, nanophotonics applications have been growing in
number and diversity [14, 15]. Among all nanophotonic devices, three main areas
namely photonic crystals, optical metamaterials and plasmonic devices gain many
attentions due to their potential applications.

A few examples of the applications within the above-mentioned areas based on the
fundamental research on nanophotonics devices are described as follow:

(1) Photonic crystal fibers

One of the first batch of commercial products involving two-dimensional (2D)
photonic crystals (PhCs) are PhC fibers, which use microscaled structures to confine
light. Compared to conventional optical fibers, PhC fibers have unique applications
in nonlinear devices and guiding exotic wavelengths [16, 17, 18].

(2) Cloaking devices

Metamaterials are a basis for attempting to build a practical cloaking device.
The first work on invisibility cloak was demonstrated in 2006. Such cloak deflects
microwave so it flows around a "hidden" object inside with little distortion, making
it appear almost as if nothing were there at all. The latest advance in invisibility
cloak is extending the abilities to cloak waves to optical frequencies [19, 20, 21].
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2 CHAPTER 1. INTRODUCTION

(3) Bio-sensors

Localized surface plasmon resonance (LSPR) strongly depends on the structure
sizes, shapes and surrounding dielectric environment. This particular property
opens a way towards refractive index sensing. So far, different plasmonic nanos-
tructures have been demonstrated based on LSPR with a large spectra shift for a
given change in refractive index, including nanospheres, nanoshells, nanowire, and
etc [22, 23, 24, 25, 26].

The purpose of this thesis is the illustration of nanophotonic devices by the
use of nanofabrication techniques in the above-mentioned areas. Three types of
nanophotonic devices are presented in the thesis.

(1) Photonic crystal surface-mode microcavities

PhCs are artificial periodic structures whose dielectric constant is periodically
modulated on the order of light wavelength [27]. PhCs create a range of ’forbidden
frequencies’ called a Photonic Band Gap (PBG). Photons with energies lying in
PBG cannot propagate through the medium. Based on the band structure idea,
PhCs have witnessed a remarkable growth of research activities worldwide [28, 29,
30]. In this thesis, we will present a high quality (Q) factor PhC surface mode
micro-cavity.

(2) Optical metamaterial absorbers

Metamaterials are a new class of artificial materials. Similar as PhCs, meta-
materials are also composed with periodic structures. However, electromagnetic
metamaterials manipulate electromagnetic waves by structures smaller than the
wavelength of light. Metamaterials have many potential applications, such as sen-
sors [31, 32], detectors [33], smart solar power managements [34, 35] and so forth.
In this thesis, we will present an ultra-thin, wide angle, sub-wavelength perfect
metamaterial absorber for optical frequencies experimentally. Furthermore, an ul-
trasensitive heating response of the perfect metamaterial absorber when exposed
to a broadband near-infrared (NIR) light will also be presented.

(3) Hybrid plasmonic couplers

Surface plasmons are collective charge oscillations that occur at the interface
between conductors and dielectrics. Plasmonic devices have attracted much in-
terest due to the excellent optical properties of subwavelength mode confinement
and strong electromagnetic field enhancement [36]. The unique properties enable
a wide range of practical applications, including light guiding and manipulation
in the nanoscale [37, 38], bio-detection at the single molecule level [9, 10, 11], en-
hanced optical transmission and high resolution optical imaging below the diffrac-
tion limit[39, 40]. In the thesis, we experimentlly demonstrate a linear hybrid plas-
monic tapered coupler connecting a dielectric waveguide and a hybrid waveguide
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achieves efficient light coupling.

1.2 Outline of this thesis

This thesis is organized as follow:

Chapter 2 discusses the details of fabrication and characterization techniques
used in the thesis. Electron beam lithography (EBL) is used to define the designed
pattern on the resist. Inductively coupled plasma (ICP) etching is a followed pat-
tern transfer step. In the fabrications, we also utilize electron beam (E-beam)
evaporation to deposit dielectric and metal layers on the substrate or on the E-
beam resist. The characterization mainly involves two methods: vertical grating
coupling and a home-made optical transmissivity/reflectivity setup.

Chapter 3 addresses a high Q side-coupled surface mode cavity in 2D PhCs on a
crystalline silicon-on-insulator (SOI) structure. The experimental results agree well
with the simulation results. The Q factors could be further optimized by increasing
the perfection of the structures.

Chapter 4 reports the design, fabrication and characterization of an ultrathin,
wide-angle, sub-wavelength perfect metamaterial absorber in optical frequencies.
We experimentally demonstrate that the high performance absorption can be ma-
nipulated by adjusting the nanostructure dimensions. Furthermore, we report the
photothermal effect using this metamaterial structure by a pulsed broadband near-
infrared light. After illumination, the top-layer gold particles reshape from thin
blocks to spherical domes in nano seconds.

Chapter 5 presents the fabrication and the characterization of an efficient broad-
band coupler connecting a dielectric waveguide and a hybrid plasmonic waveguide.
A linear hybrid plasmonic taper is deployed for achieving efficient light coupling.

Finally the conclusion of the work presented in the thesis with the outlook for
the future work is given in chapter 6, followed by the list of the appended papers
together with their summaries in chapter 7.





Chapter 2

Fabrication and characterization

2.1 Overview

As discussed in Chapter 1, nanophotonic devices have been gradually studied and
developed, becoming an important research field in integrated photonics. To meet
the requirement on the development in the nanophotonic devices, novel nanofabrica-
tion techniques have been investigated. The fabrication technology of nanophotonic
devices succeeds from CMOS technology [41], which is a combination of lithogra-
phy, etching and deposition. CMOS technology has the advantages of small feature
sizes, high stability and high flexibility, which are vital for mass production. In the
fabrication techniques used in nanophotonic devices, there are various additional
techniques besides CMOS techniques, including EBL, focus ion beam (FIB) milling
and so forth [42, 43].

Figure 2.1: The schematic illustration of three main fabrication steps in the thesis.

The fabrication processes involved in this thesis, in short, are three steps shown
in Fig. 2.1. The fabrication starts from a flat wafer. First, the flat wafer is cleaved
to small pieces. Then the small substrates are cleaned by some chemicals. After
cleaning, a resist is spun on the substrate to form a unique film on the substrate.

5



6 CHAPTER 2. FABRICATION AND CHARACTERIZATION

Secondly, patterning process is done to define the desired structures on the resist
by EBL. In the last step, the sample is continued to transfer the patterns from the
resist to the substrate.

In this thesis, EBL has been chosen to define the patterns on the resist. It is
mainly due to the fact that the fabricated devices are in nanoscale and the com-
mon photolithography cannot provide required resolution. The advantage of EBL
is not only providing the desired resolution, but also it does not require any ad-
ditional masks. Two primary electron-beam (E-beam) resists, ZEP520A (positive)
and MaN2403 (negative) have been used for different applications. To transfer the
patterns from resist to the final substrate, there are two types of techniques that are
commonly used. One is direct patterning in the substrate by wet or dry etching,
where the mask defined by EBL serves as etch stop. This is common technique
in silicon processing for integrated circuits. Second, a method is named "lift-off",
where dielectric or metallic materials are deposited on the resist. Following the
removal of residues of resist, the patterns defined by EBL is transferred to the
substrate.

Finishing the above fabrication procedures, the devices are characterized by
one of the following two methods: vertical grating coupling method or optical
open-path measurement. In the first method, the sample has to been patterned
again with gratings imposed on both ends of input and output waveguides. Two
optical fibers aligned above the gratings, are used to illuminate and receive the
light from the gratings. In the second method, to measure the transmission and
reflection from planar metamaterial absorbers, a home-made optical transmissiv-
ity/reflectivity setup is built up. The input light passes through an attenuator and
a polarizer, then focused by lens, and finally illuminates on the sample. The trans-
mission and reflection light from the nanostructures after being focused by lens are
collected by an optical fiber, which is connected to the optical spectrum analyzer
(OSA).

2.2 Fabrication procedures

2.2.1 EBL patterning

In the thesis, the patterns involved are all generated by EBL. The EBL system men-
tioned here specific refers to the Raith 150 system installed at the KTH nanofab-
rication lab. EBL is a widely used nanofabrication tool due to a high resolution.
Currently EBL systems have produced line widths on the order of 10nm or smaller.
This high resolution should be compared to it in the photolithography where the
limitation today is about several hundred nanometers [44].

The EBL system contains several parts and a basic scheme is shown in Fig 2.2.
The part of system that generates the electron beam is referred as the column,
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Figure 2.2: A basic scheme of electron beam lithography system with several com-
ponents.

which is similar to the one used in scanning electron microscopy (SEM). At the top
of column, an electron gun generates an electron beam by letting electrons tunnel
and accelerate from filament by applying a voltage between filament and aperture.
The acceleration voltage is ranged from 0.2kV to 30kV, which defines the electrons
energies. A beam blanker is used to turn the beam on and off. There are two sets
of electromagnetic lenses to form the beam on the wafer. One is called condenser
lens, which can correct the electron beam from typical aberration. The other is
called objective lens, which is mainly responsible to focus the electron beam to a
spot on the resist in the lithography. The aperture helps to set the beam current
and thus the resolution. Increasing the aperture can speed up the exposure due to
the increase of electron current. However, it is at the cost of structure qualities.
In addition, there are deflection coils, which deflect the beam to scan in a desired
pattern on the resist [45].

The scanning process on the resist is a complex mechanical in EBL system. To
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expose the first pixel of patterns, the electron beam is blanked and the deflection
coils are adjusted. Then the electron beam moves to the desired pixel and turns
on for a predefined exposure time. After exposure, the electron beam is blanked
again. This procedure continues until the whole pattern is exposed [46].

To expose large patterns, the system divides the whole pattern into small parts.
These small parts are called writing fields (WFs). The WF is further divided
into pixels, which is the smallest step that electron beam deflected. This pixel
is called step size. In Raith 150 EBL system, there is good possibility to vary
these parameters before exposure to obtain better results. Table 2.1 summaries the
parameters given by EBL system and the main parameters used in the thesis.

Table 2.1:

Parameters Range Used

Acceleration voltage (kV) 0.2-30 25

Aperture size (µm) 7.5-120 10, 30

Current (nA) 0-10 ∼0.03, ∼0.3

Working distance (mm) >2 ∼5

Writing field (µm) 1-1000 100, 350

Step size (nm) 5.5-200 5.5, 22

There are two main limitations for EBL system, i.e. scattering and proximity
effect. The scattering is not caused by the beam itself but rather by the resist
and the interaction with the resist. After interaction between the beam and the
resist, the electrons are scattered at a significant distance from the desired exposure
location. This leads to a much larger complete area than defined exposure area.
To avoid the scattering effect to the best extend possibility, it is favorable to use a
higher acceleration voltage.

Besides the scattering of electrons, there is another problem of proximity ef-
fect. In principle, the features produced by EBL have been isolated. However, the
nested feature such as photonic crystals (PhCs) and metamaterials exacerbate the
proximity effect, whereby electrons from exposure of an adjacent region spill over
into the currently exposure feature. It results in the effectively enlarging its image
and reducing its contrast. Hence nested feature is hard to control. Proximity effect
has been addressed by calculating the exposure function on the resist that leads
to a dose distribution as close as possible to the desired dose. Many EBL systems
provide proximity effect compensation software package. However, it must be re-
membered that substrate materials, resist properties and thickness and etc should
also be taken into considerations.
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2.2.2 Dry etching

Dry etching is widely used in semiconductor industry. It refers to the removal of
materials by exposing the material to a bombardment of ions, which is usually
plasma of reactive gases. It is capable of offering unique ability over wet etching
to do anisotropically etching to create a high aspect ratio structures [47]. The dry
etching hardware design basically involves a vacuum chamber, special gas delivery
system, RF waveform generator and an exhaust system.

Most dry etching work involves in the thesis is done by Inductively Coupled
Plasma (ICP) etching machine from STS company. Two gases SF6 and C4F8 are
chosen as plasma source gases. Here SF6 is the primary etchant; while C4F8 is
capable to form carbon-fluorine polymer to protect the sidewalls. EBL patterns
are used as the protecting masks in dry etching. When the plasma gases interact
with the sample, the exposed unprotected surfaces on the substrate undergo the
isotropic etching while the carbon-fluorine polymers protect the vertical sides from
etching. Usually before dry etching, it is better to record the etching time on a
dummy wafer with the desired thickness. The actual etching time is then adjusted
according to the recorded time. Moreover, it is better to do pre-etching bake to
obtain the smooth sidewall of nanostructures.

After dry etching, the protected resist is removed away by O2 plasma oxidation
with the power of 1000W followed by 7-up cleaning. This process is a chemical
etching which anisotropically etches the resist layer.

2.2.3 Metal deposition and lift-off process

Electron beam evaporation deposition is widely used to deposit dielectric or metallic
layers on a patterned resist or a substrate. Usually a gold layer cannot be directly
deposited onto a silicon surface, since it does not stick properly. Therefore, a thin
seed layer of titanium is used, which has a good sticking property. The deposition
is usually operated at a pressure below ∼ 5 × 10−7 bar. The deposition rate is
controlled at 1Å/s for titanium, 1Å/s for gold and 0.5Å/s for aluminum.

When the deposition on the resist is finished, lift-off process is done to transfer
EBL patterns to the substrate. In this process, the wafer is placed in a solvent
bath with ultrasonic at the temperature of 60◦C. First it is placed in acetone for
2-3min and followed in Micro deposit remover 1165 for 1-2 min. This lift-off process
loosens the resist and unwanted evaporated metal.

2.2.4 Process for photonic crystal surface mode microcavities

Fig. 2.3(a)-(b) shows the SEM images of PhC surface mode microcavity. The whole
device is fabricated on a crystalline silicon-on-insulator (SOI) wafer. The electrons
scattering and proximity effect are corrected manually. In the EBL, positive resist
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Figure 2.3: SEM photos of (a) the fabricated device and (b) the surface mode
cavity.

ZEP520A is used to fabricate the mask. The nanofabrication process for the PhC
surface mode microcavity is divided into different steps and described below. The
schematic pictures for each fabrication step are shown in Fig. 2.4.

(a) Preparing the substrate

As substrate, a crystalline SOI wafer is used. It is commercially available and
bought from SOTEC Company. The top crystalline silicon layer has the thickness
of 250nm, sitting on a silica buffer layer with the thickness of 3µm. The SOI wafer is
first cleaved to small pieces with the sizes around 2cm by 2cm. The small substrate
is then cleaned by 7-up followed by HF. Spin coating is done by cover the center of
substrate with a drop of undiluted ZEP520A. The substrate is then spun at some
speed to obtain a uniform thin film of 400nm. After spinning, the resist is baked in
order to evaporate the solvent in the resist. This is done by placing the substrate
with the thin resist film on a hot plane at the temperature of 180◦C for 10min.

(b) Exposure and development

The prepared substrate is then loaded into EBL chamber. First, we set an
accelerated voltage of 25kV and aperture size of 10µm. Second, we carefully adjust
the focus, aperture alignment and stigmation. Before exposure, the writing field is
chosen as 350µm and step size 5.5nm. Several writing fields are stitched to avoid
E-beam deflection. The PhC patterns are exposed with the dose of 60 µC/cm2.
After exposure, the sample must be developed in chemical solvents. It is first hold
in the developer P-xylene for 1min 35s and then rinsed in IPA for 30s.

It should be pointed out that before any attempt to produce an EBL mask, the
exposure parameters must be optimized. For this purpose, designing and fabricating
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Figure 2.4: The scheme of the fabrication steps for photonic crystal surface mode
microcavity.

test patterns for exposure and development based on the same substrate is a good
attempt. The parameters for exposure and development should be determined by
the test structure results.

(c) Transfer the patterns and removal the resist

The EBL patterns are etched into the silicon layer of SOI substrate by ICP
etching. After test on a dummy sample, the SF6 flow is 10 sccm and C4F8 flow
is 28 sccm in the etching process. During dry etching, a part of the top resist
layer is also etched. After that, the protected resist is removed away by O2 plasma
oxidation with the power of 1000W followed by 7-up cleaning.

2.2.5 Process for optical metamaterials

Optical metamaterials are artificially periodic structures composed of noble metals
and dielectrics with the repeated unit much smaller than the optical wavelength.
To fabricate optical metamaterials, one also can do EBL to define the structures on
positive resist ZEP520A as described above, followed by a lift-off process. The SEM
images of optical metamaterials are shown in Fig. 2.5. The schematic pictures for
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Figure 2.5: Top view SEM images of the optical metamaterial absorber.

each fabrication step are illustrated in Fig. 2.6.

(a) Preparing the substrate

As a substrate of optical metamaterials, SiO2 wafer with the thickness of 150µm
are used. The substrate is first cleaned by acetone and IPA with ultrasonic and
then it is deposited with 60nm-thick Au layer and 10nm-thick Al2O3 layer by E-
beam evaporation deposition. The deposition plates a conductive metallic layer
on the SiO2 substrate to facilitate the followed EBL process. After deposition the
substrate has a uniform height over the entire plate and looks transparent. There
is a 6nm-thick Ti layer between Au and SiO2 substrate for good sticking.

To do the followed EBL process, the substrate with the deposited layers is spun
of ZEP 520A with the thickness of 400nm. After spinning, the resist is baked at
180◦C for 10min.

(b) Exposure and development.

The exposure is also in the same EBL system. We choose the same accelerated
voltage of 25kV and aperture size of 10µm. The writing field is 350µm and step size
is 5.5nm. The patterns are exposed with the dose of 60µC/cm2 and dose factor of
1.5. The development is holding in the developer P-xylene for 1min 35s and then
rinsed in IPA for 30s.

(c) Metal deposition and lift-off

After defining the patterns, the sample is deposited with metals, which is also
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Figure 2.6: The scheme of the fabrication steps for optical metamaterial absorber.

performed using E-beam evaporation. A thin Ti layer is also first deposited for good
sticking. Onto the sticking layer, the desired 40nm-thick Au layer is deposited.
To obtain optical metamaterial structures, we do the lift-off followed by metal
deposition. After dipped the sample in acetone for 2-3min and followed in Micro
deposit remover 1165 for 1-2 min with ultrasonic, the resist mask and residue of
metals are resolved, leaving the desired metamaterial structures.

2.2.6 Process for hybrid plasmonic couplers

To couple the light efficiently from dielectric waveguide to hybrid plasmonic (HP)
waveguide, we design and fabricate a HP coupler. Since the designed HP waveg-
uides and couplers contain three layers with different materials, and the minimal
width of them goes down to 200nm, the alignment between different layers becomes
important. In this sense, there must be some alignment marks on the sample to fix
the positions of different layers during the EBL operations. For a smooth lift-off,
the thickness of resist layer can be 10 times larger than the desired thickness of
metal. On the other hand, if the thickness of resist is too thick, it is difficult to
find the alignment marks during EBL. In this view, we choose the thickness of ZEP
520A of 200nm in the second-time and third-time EBL operations. The SEM im-
ages of HP waveguide and coupler are shown in Fig. 2.7. The performed fabrication
processes are described below and the schematic pictures for each fabrication step
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Figure 2.7: Top view SEM images of hybrid plasmonic waveguide and coupler.

are shown in Fig. 2.8.

(a) Preparing the substrate

As for HP couplers, a SOI wafer is chosen as a substrate for the final structures.
The SOI wafer is first cleaved to small pieces with the size around 2cm by 2cm. The
small substrate is then cleaned by 7-up followed by HF. We continue to perform spin
coating to cover the substrate with ∼300nm undiluted MaN2403. After spinning,
the resist is baked at 90◦C for 1min 30s.

(b) First-time EBL exposure, development and dry etching.

First-time EBL exposure, development and dry etching is to obtain the dielec-
tric waveguide and underlying silicon cores of HP waveguide and HP couplers.
Meanwhile, in this process we fabricate several marks near the waveguides as well.
They are used for the alignment in the following steps. In EBL system, the accel-
erated voltage is 25kV and aperture size is 10µm. We choose the writing field of
350µm and step size of 5.5nm. The designed patterns are exposed with the dose of
120µC/cm2. After exposure, the sample is developed by holding in developer MaD
532S for 3min30s and then rinsed in water for 30s. It should be pointed out that
to obtain smooth side walls of silicon cores, which have the narrow widths down to
200nm, it is recommended to choose line scan mode for these structures.

The continued step to transfer EBL patterns to SOI substrate is the same as
discussions in Sect. 2.2.3. By plasma etching of ICP we fabricate the Si waveguide
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Figure 2.8: The scheme of the fabrication steps for hybrid plasmonic waveguide
and coupler.

and underlying silicon cores of HP waveguide and HP couplers on a SOI substrate.

(c) Second-time EBL exposure, development and dry etching.

The aim of this step is to add the gratings at both two ends of Si waveguides.
We first spin the sample, which has the obtained Si waveguide and silicon cores,
with the diluted ZEP 520A (1 volume) with Anisol (1 volume) to obtain the uniform
film with the thickness around 200nm. After spinning, the resist is baked at 180◦C
for 10min. In the exposure process, the applied dose is 60µC/cm2. Importantly,
alignment the sample by pre-fabricated marks in this step is necessary to make sure
gratings are exactly on the ends of waveguides. The development is holding in the
developer P-xylene for 1min 35s and then rinsed in IPA for 30s.

The grating patterns defined by EBL are then shallow etched into the obtained
Si waveguide by ICP. It is noted that the etched thickness of gratings is vital to the
coupling efficiency from the optical fiber to the waveguide. We usually first test the
etching rate on a same dummy wafer and then do the real etching on the sample.
After etching, the protected resist is removed away by O2 plasma oxidation with
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the power of 1000W followed by 7-up cleaning.

(d) Third-time EBL exposure, development and lift-off

The aim of this step is to define the Al2O3 and Ag strips on the silicon cores
of HP waveguide and HP couplers. We first spun the sample with the diluted ZEP
520A to obtain a film with the thickness around 200nm. After spinning, the resist is
baked at 180◦C for 10 min. In the third-time exposure, very fine alignment should
be done to make good alignment. However, as the existence of the alignment error
in EBL system and the fact of very narrow widths of HP waveguide, we utilize
compensation for the alignment so that the defined masks of HP waveguide and
couplers are exactly on top of the silicon cores. In the exposure, we choose line scan
mode for the structures with the applied dose of 100µC/cm2. The development is
holding at 1min 35s in the developer P-xylene and then rinsed in IPA for 30s.

After EBL exposure, a 50nm-thick Al2O3 and 100nm-thick Ag are then de-
posited onto the chip. For good sticking, a 5nm-thick Ge layer is deposited between
Al2O3 and Ag layer. The deposited sample is then done lift-off process to lay down
the metallic strips of HP waveguide and couplers exactly on top of the silicon cores.

2.3 Characterization

In the thesis, two types of characterization methods are used: vertical coupling
method and home-made optical transmissivity/reflectivity method.

2.3.1 Vertical-coupling method

Vertical fiber coupling method is widely used for the characterizations. With this
method, the coupling efficiency is high and adjustment is fast. The drawback of
this method is an additional fabrication process is required to add the gratings at
the waveguide ends. It increases the complexity in the fabrication process.

Fig. 2.9 shows the vertical fiber coupling setup. The incident light from a
single mode fiber is coupled into the input waveguide by the gratings at the end.
The transmitted light is then coupled back to the received single mode fiber by
the gratings at the other end of waveguide. The output power is measured by the
setup.

The grating couplers working for the transverse electric (TE) polarization are
Au strips lying down on the ends of waveguides. Here "TE polarization" means
electric field of light wave is parallel to the substrate. The parameters are chosen
as follows [48]: the working wavelength is 1550nm; incident angle is 10◦; grating
period is 600nm with the filling factor of 33%; grating thickness is 20nm.

The grating couplers working for the transverse magnetic (TM) polarization are
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Figure 2.9: Vertical fiber coupling setup.

the strips shallow etched in the end of Si waveguide. Here, "TM polarization" means
electric field of light wave is perpendicular to the substrate. The parameters are
chosen as follows: the working wavelength is 1550nm; incident angle is 10◦; grating
period is 840nm with the filling factor of 30%; the etched depth is 30nm.

2.3.2 Home-made optical transmissivity/reflectivity setup

The motivation to build up a home-made optical transmissivity/reflectivity setup
is to decrease the spot size illuminating on the metamaterial absorbers. Later we
found that by improving the components of the setup, the system can also be used
to do photothermal experiment.

(a) Photothermal experiment

Fig. 2.10 (a) shows the setup for melting metamaterial absorbers. A super-
continuum white light source with a spectral range of 0.5-2.4µm is utilized. The
output fiber of the source is connected to a reflective collimator, generating a colli-
mated beam with a diameter of 8.5µm. The collimated beam is then attenuated by
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Figure 2.10: Home-made setup. (a) Photothermal experiment setup. (b) Trans-
mission/reflection measurement setup for oblique incidence angle.

two circular variable BK7 neutral-density filters and then focused by an aspherized
achromatic lens onto the absorber sample. Behind the sample there are a 20× long-
working-distance objective and a CCD camera connecting to a computer, working
as a microscope to keep track of the sample positions.

(b) Transmission and reflection spectra measurement.

Fig. 2.10 (b) shows a setup to measure the transmission and reflection spectra
with oblique incidence. The light source first passes through a pinhole with a di-
ameter of 600µm, which acts as an attenuator, then a linear polarizer, and finally
is focused by an aspherized achromatic doublet. When reaching the nanostruc-
ture, the light beam has a diameter of 70µm. A 20× objective and a CCD are
placed behind the sample, which play the same roles as they do in the fusion exper-
iment. The reflected light from the metamaterial absorber, after being focused by
an achromatic doublet is collected by a multimode fiber, which is connected to an
optical spectrum analyzer. To measure the transmission spectrum, the objective as
well as the CCD, which were placed behind the sample, is then replaced with the
doublet and multi-mode fiber receiver. The transmission spectra are recorded by
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OSA connected to the fiber receiver.

Some of the novel nanophotonic devices, including PhC surface-mode micro-
cavities, optical metamaterial absorbers and HP couplers have been fabricated and
characterized using the nanotechnology illustrated in this chapter. In the next three
chapters, the performances of the above three types of devices will be addressed.





Chapter 3

Photonic crystal surface-mode
microcavity

High quality (Q) factor optical cavities are critical due to their potential applica-
tions in many fields [29, 30, 49, 50]. Photonic crystals (PhCs) are promising plat-
form for the high Q microcavities due to their strong confinement of light. There are
many experimental reports of high-Q microcavities in 2D PhCs slab [51, 52]. How-
ever there is a challenge to reduce the radiation loss of photonic cavities by proper
fabrication process. The fragile suspended membrane structure is one of the solu-
tions for the high Q microcavities. On the other hand, even though radiation losses
are higher, silicon-on-insulator (SOI) structures still provide good confinement of
light, since the top silicon layer has the high refractive index (n=3.45) contrast to
the bottom oxide index (n=1.45). It avoids the fragile membrane structures and
can be easily integrated by the standard silicon technology. Among many designs
of PhCs cavities, surface mode microcavities in 2D PhCs slabs have attracted much
attention, since the coupling between the waveguides and the cavities can be tuned
continuously via their distance.

Surface waves are propagating electromagnetic waves, which are bound to the
interface between a PhC and a dielectric material [53, 54]. The open cavities for the
surface modes are formed by terminating two ends of the interface with reflecting
mirrors. The modes obeying the Fabry-Perot condition will stay in the cavities,
becoming the surface resonant modes.

3.1 The design of PhC surface-mode microcavity

Fig. 3.1 shows the schematic of a surface mode microcavity. It is side coupled to a
silicon wire waveguide. The PhC slab is designed as 2D air holes with a triangular
lattice in the crystalline silicon, which has a thickness of 250nm and with a buried
silicon oxide layer of 3µm. The designed PhC cavity has the length of L = 28a.

21
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Figure 3.1: The schematic illustration of a surface mode microcavity.

Here a is the lattice constant of the PhC and has the value of 380nm and the
regular air hole radius r is 122nm. The reflecting mirrors along the PhC edge are
introduced by enlarging the radius of six holes in the first line at both ends, and the
radius of the boundary holes is rb=128nm. Based on the simulation results, the Q
factors are quite sensitive to the truncated parameter d, which is the distance from
the center of first line holes to the PhC-air interface. Taking fabrication issues into
consideration, we choose d to be 380nm.

Figure 3.2: The cross section at the central slab plane of the magnetic field Hz of
the surface resonant mode.
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Resonant modes are analyzed by three dimensional finite-difference time-domain
(FDTD) simulations, combining with a boundary treatment of perfectly matched
layers. The resonant modes are excited with a Gaussian pulse and then we monitor
the radiated decay of the fields. In Fig. 3.2, we show the cross section at the central
slab plane of the magnetic field Hz for the surface resonant mode with the highest
Q. The mode with a resonant wavelength λ=1500nm has the highest intrinsic Q
factor Qi = 24400.

The mode volume is calculated using the following equation [55]

V =
∫∫∫

µ0|H(x, y, z)|2dxdydz

max{µ0|H(x, y, z)|2}
(3.1)

where µ0 is the magnetic permeability and

|H(x, y, z)|2 = |Hx(x, y, z)|2 + |Hy(x, y, z)|2 + |Hz(x, y, z)|2 (3.2)

For the highest-Qi resonant mode, the calculated mode volume is 12.46(λ/2nslab)3.

3.2 Fabrication and characterization of PhC surface-mode
microcavity

The fabrication procedure starts from a SOI wafer. We pattern PhCs surface mode
cavities with the electron-beam (e-beam) lithography using the ZEP520A resist.
Great care has been taken to do a series of dose tests to reduce the design and
target size differences and proximity effect. These patterns are then transferred
into the top silicon layer with ICP etching. After stripping the e-beam resist, the
gold grating fiber couplers are added to both ends of waveguides, which have a
width of 10µm initially and taped down to single-mode wires when coupled with
the cavities. The added gold grating couplers have the period of 600nm and the
filling factor of 33%. SEM photos the fabricated devices can be found in Fig. 2.3.
The air gap between the waveguide and the PhC slab edge is 220nm.

To characterize the PhCs microcavities, we measure the transmission of the
waveguides by the vertical fiber-grating coupling method [48]. Light from a tun-
able laser with a wavelength range from 1530nm to 1580nm is firstly coupled to
a polarizer so that only TE mode is collected. Through the polarizer, the light is
coupled into the wide waveguide via the gold grating coupler. The waveguide is
initially 10µm and taped down to 420nm to ensure the single mode propagation
when coupled with the cavity. At the output side, another taper guides the light
back to 10µm and a fiber connected to the optical spectrum analyzer (OSA) collects
the light from the waveguide through the gold grating coupler. The transmission
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spectrum is then normalized with respect to the transmission spectrum of the same
waveguide but without a side-coupled PhC microcavity.

Figure 3.3: Normalized transmission spectrum of the photonic crystal surface mode
microcavity. Inset is transmission spectrum and fitting curve for one of the peaks
with high-Q values.

Fig. 3.3 shows the normalized transmission spectra for the device. The coupled-
mode theory (CMT) [56] is applied to such two port systems to fit the curves. The
transmission spectrum is in general Lorentzian shape and the transmission is given
by the equation

|T |2 =
(ω − ω0)2 +

(
ω0

2Qi

)2

(ω − ω0)2 +
(

ω0

2Qtot

)2 (3.3a)

Er = −10 log10

∣∣∣∣ Qc

Qi + Qc

∣∣∣∣2

(3.3b)

where T is the transmission function. ω and ω0 are the incident light frequency and
resonate frequency, respectively. Qi, Qc and Qtot are the intrinsic Q, coupling Q
and total Q, respectively. Er is the extinction ratio of the transmission. Meanwhile,
Qi, Qc and Qtot have the relation as

1
Qtot

= 1
Qi

+ 1
Qc

(3.4)
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After curve fitting, the cavity with the length of 28a shows the maximal system
Q of 6200 and the intrinsic Q of 13400 at 1573.8nm. The intrinsic Q value is
roughly half of the simulated result and the resonant wavelength is shift by ∼70nm,
which are mostly due to the fabrication imperfection. It is also noted that there
are both four modes in the two different surface mode cavities. Theoretically, the
structure can be approximately considered as a conventional Fabry-Perot resonator
with the resonant wavelengths λn = 2π/kn. The wave vector kn is given by kn =
(Nπ − △ϕ)/L, where n is the mode number and is the phase shift associated with
the reflection from the boundary. For the PhC, the surface state exists only in a
limited frequency interval. This means that for a fixed cavity length L, only some
of the modes become the surface resonant modes. In our case, the measurement
results show that there are four surface resonant modes, though other modes have
much lower Q factors.

In summary, we have fabricated high-Q surface mode PhC cavities on crystalline
SOI structures. The best results give the system Q factor of 6200 and the intrinsic
Q factor of 13400. The experimental results agree quite well with the simulation
results.





Chapter 4

Optical metamaterial absorbers

Metamaterials as artificially structured materials made from arrays of subwave-
length "meta-atoms". Metamaterials can be designed to display fascinating physi-
cal properties and promise greatly potential applications [57]. With a fixed set of
composing materials, one can tune the effective permittivity ε(ω) [58] and perme-
ability µ(ω) [59] of a metamaterial independently by modifying the geometry of its
unit cell, which is usually at a sub-wavelength scale. Absorber is another recently
emerged application of metamaterial [60, 61, 62]. With this application one inten-
tionally makes use of the inevitable material losses in the materials rather than
tries to suppress them as one usually does for other applications. The absorbance
A of a metamaterial can be maximized if one can minimize simultaneously both
the transmission T and the reflectivity R of the metamaterial (A = 1 − T − R) [60].

In this chapter, we present the design, characterization and experimental demon-
stration of an ultra-thin, wide-angle, sub-wavelength perfect metamaterial absorber
for optical frequencies. The high performance absorption can be manipulated by
adjusting the nanostructure dimensions. Furthermore, we report photothermal ef-
fect using this metamaterial structure by a pulsed broadband near-infrared light.

4.1 High performance metamaterial absorbers

As shown in Fig. 4.1(a), the designed optical metamaterial absorber consists of
a layer of gold particle array and a continuous gold film, separated by an Al2O3
dielectric layer. The thickness of the rectangular metallic particle is denoted by
t and its widths along the different axis are Wx and Wy. The thicknesses of the
Al2O3 dielectric layer and the gold film are represented by d and h, respectively.
The lattice constant is denoted by a.

In our experiments, the multilayered metamaterial absorber was fabricated on
quartz substrate with standard micro-fabrication techniques. Fig. 4.1 (b) shows a

27
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Figure 4.1: (a) Geometry of the metamaterial absorber. (b) Top view SEM image
of the fabricated optical metamaterial absorber.

SEM image of a fabricated metamaterial absorber with the dimensions Wx=170nm,
Wy=230nm, t=40nm, d=10nm, h=50nm and a=310nm. For such a fabricated sam-
ple, the side lengths along different axis are not equal. Consequently, the resonant
absorption peak wavelength λR will be varied for different polarized incident lights.
For example, when the magnetic field (H) of the incident light is set perpendicular
to the plane of incidence Sxz (Syz), the effective resonant wavelength is determined
by the side length Wx (Wy).

Fig. 4.2(a) presents the experimental absorbance as a function of wavelength
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Figure 4.2: Measured (a) and simulated (b) absorbance spectrum for an absorber
sample at 20◦ angle of incidence.

for differential polarizations of incident radiation, which is calculated from the
measured transmission and reflection results with diffraction and polarization con-
version [63] are suppressed. The angle of incidence is fixed to 20◦ with respect to
the normal. For H ⊥ Sxz (or E ⊥ Syz) case, the maximum absorption of 88%
is obtained at the wavelength 1.58µm. For the case of H ⊥ Syz (or E ⊥ Sxz) as
shown in Fig. 4-2(a) by the dash dot line (open rhombuses), the maximum absorp-
tion can be as high as 83% and λR is shifted to 1.95µm. Numerical simulations
were carried out for this metamaterial structure and are plotted in Fig. 4-2(b) in
comparison to experimental data. Very good agreements are found between the
numerical and experimental results. For example, both the simulated and exper-
imental absorbencies reach a maximum at the wavelength 1.58µm for H ⊥ Sxz

case, although experimentally, the maximum is 88%, less than the simulated value
of 97%. The major discrepancy of them is that there exists high broadening in
the experimental results compared with simulated. This comes partly from the
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significant side length disorder (see the SEM image as shown in Fig. 4.2(b)).

Figure 4.3: (a)The colormap represents the amplitude of magnetic field (Hy) and
the arrows represent the electric displacement; (b) the colormap represents the
amplitude of electric field (Ex and Ez) and the arrows denote the electric field
polarization; (c) resistive heating; for incidence light with the wavelength 1.55µm,
H ⊥ Sxz polarization at the normal incidence.

To reveal the physical origin of the absorption in our metamaterial, the electro-
magnetic field distributions for the resonant modes are investigated. An example is
given for illustration. Fig. 4.3(a) illustrates the magnetic field and electric displace-
ment distributions for an absorber with Wx = Wy=170 nm, t=40 nm, d=10nm,
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h=10nm and a=310nm at the wavelength 1.55µm, which are calculated by the com-
mercial COMSOL Multiphysics Software based on the 3D finite elements method
(FEM). A plane wave with polarization H ⊥ Sxz is normally illuminated on the
structure. The electric displacement vectors represented by the arrows in both the
gold particle and the gold film are opposite to each other, which induce strongly
surface loop current and generate a significant magnetic field as shown in Fig. 4.3(a)
denoted by surface colormap. The electric field distributions for this structure are
plotted in Fig. 4.3(b). It is found that there exists strong electric dipole resonances
resulting from the charges accumulated at the sides of gold particle couple to its
image in the gold film surface. The total absorption effect is thus due to the excita-
tion of localized magnetic and electric dipole resonances. Such stronger resonances
effectively trap light energy and provide sufficient time to dissipate it by the Ohmic
losses of the metals (Dielectric layer Al2O3 is lossless at this wavelength regime). To
further comprehend this point, the time averaged resistive heating (Q) generated
by the structure is investigated as shown in Fig. 4.3(c), which is calculated using
Q = 1

2
ε0ωImεAu(ω)|E|2 [64]. In our simulations, the temperature effect on the

material properties has been ignored. Suppose the average rate of energy transport
by the incident radiation is 1 W. The calculated results show that the time aver-
aged power dissipations caused by the gold particle and the gold film are respective
0.628 W and 0.362 W, except for approximate 1% energy passing through the struc-
ture. This is different from the studies of microwave and terahertz metamaterial
absorbers, in which the absorptions are mainly from the dielectric losses.

The whole thickness of the perfect optical metamaterial absorber is extremely
thin, only 100 nm, which is 15 times shorter than the resonant absorption peak
wavelength. The optical absorber has a very simple geometrical structure and it is
easy to be integrated into the complex photonic devices.

4.2 Shape-dependent absorption characteristics

In this section, we experimentally show that metamaterial absorbers possess the
wide-angle absorption properties. The high performace absorption can be manip-
ulated by adjusting the nanostructure dimensions. Furthermore, we simulate their
absorption abilities to support the experimental observations.

4.2.1 Absorbers with rectangular-shaped nanoparticles

The previous studied metamaterial sample has a rectangular nanoparticle shape. In
the following, we experiment claimed that such an absorber can efficiently absorb
light over a wide incident angle range. Here we utilize a homemade measurement
setup which image can be found in Fig. 2.10(b), to measure transmittance and
reflectance spectra at different angles, therefore to obtain its absorbance spectra.
The light from a broadband source is transmitted through a fiber to a polarizer,
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Figure 4.4: Measured absorption spectra at both polarizations: (a) H ⊥ Sxz (b)
E ⊥ Sxz (c) H ⊥ Syz (d) E ⊥ Syz. Numbers 0◦- 60◦are corresponding to the
incident angles. The maximum absorbance for each incident angle is also indicated
in (a)-(d).

which provides a desired polarization. A diaphragm is used to control the power of
the light. After being focused by a lens, the light to the sample is a Gaussian beam
with a spot size of about 70µm. The beam has a small angular divergence of < 2◦.
A CCD camera is used to monitor the fabricated sample to make sure the beam
spot is within the metamaterial area. The reflected or transmitted light is recorded
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with an optical spectrum analyzer (OSA). The transmission and reflection spectra
are normalized to those of a gold film.

The normalized absorbance spectra as a function of wavelength at both polariza-
tions for different incidence angles are shown in Fig. 4.4. For the case of magnetic
field (H) perpendicular to the xz incident plane (Sxz), i.e. H ⊥ Sxz (TM polariza-
tion), the sample has an absorbance of 0.9 at around 1.52µm at normal incidence,
shown in Fig. 4.4(a). This value is slightly smaller than that in the simulation
result of 0.97. The absorbance value at this frequency does not change much when
the incidence angle varies (up to 60◦). For the case of electric field (E) perpendic-
ular to the xz incident plane (Sxz), i.e. E ⊥ Sxz (TE polarization), there are no
obvious absorption peaks at any incident angle in the measured frequency range,
shown in Fig. 4.4(b). Indeed, the absorption peak under this scenario was found
at 1.95µm as in our early experiment [65], which is outside our current measurable
range.

Furthermore, we examine absorption spectra of the sample with the yz incidence
plane, which is achieved in experiment by rotating the sample by 90◦ in the xy
plane. Again both polarizations, H ⊥ Syz (TM polarization) and E ⊥ Syz (TE
polarization), are examined. The measurement results are presented in Fig. 4.4(c)
and Fig. 4.4(d). For E ⊥ Syz case, the maximum absorption peak of 0.9 is obtained
at λ=1.52µm for normal incidence.

With the incident angles increases to 60◦, the absorption peak remains high
at the near λ=1.52µm with a slight decrease to 0.75. For the case of H ⊥ Syz,
there is no obvious absorption peak in the measured frequency range for normal
incidence. Interestingly, for larger incident angles, there is an absorption peak
occurring at λ=1.04µm. As the increase of the incident angle, the absorbance
increases significantly and the maximum absorbance can be as high as 0.68 for 60◦

incidence. Such absorption peaks become more evident at larger incident angles.
This effect has not been observed previously. A similar phenomenon is also observed
for H ⊥ Sxz [Fig. 4.4(a)] case. In this case in addition to the strong absorption
at λ=1.52µm, there is a secondary absorption peak at λ=0.83µm for large incident
angles. With the increase of incident angle, the secondary absorption also increases
rapidly and a significant absorption peak is observed for 60◦ incidence with an
absorbance of 0.67.

To better understand the nature of such absorption, we perform simulations
on this structure over a broader frequency range. With the assistance of a 3D
FEM based commercial software COMSOL Multiphyscs, the simulation results are
obtained and presented in Fig. 4.5(a)-(d) for both sample orientations and polar-
izations. In simulations, we use the parameters and dimensions of the fabricated
sample, and the material properties of gold and alumina are taken from the well-
accepted experimental data [61]. Generally the experimental results are in good
agreement with the simulation results. It is evident from the absorption spectra
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Figure 4.5: Simulated absorbance spectra for: (a) H ⊥ Sxz (b) E ⊥ Sxz (c)
H ⊥ Syz (d) E ⊥ Syz. θ is corresponding to the incident angles. (e) The colormap
of normalized amplitude of magnetic field (Hy) and (f) normalized amplitude of
electric field (Ez) at 800nm in an incident angle of 60◦ for the case of H ⊥ Sxz.

in the H ⊥ Syz and H ⊥ Sxz cases that in addition to the absorption band at
long wavelength range, the absorber possesses other resonances close to 800nm and
1050nm respectively. For the sake of simplicity, we take the case of H ⊥ Syz as an
example to investigate the field distributions. Fig. 4.5 (e)-(f) shows that such reso-
nance mode at 800nm with an incident angle of 60◦ is indeed a high-order mode. In
contrast to the fundamental mode, high-order resonance is out of the measurement
spectrum range at normal incidence; they can only be observed in the measurement
spectrum range at large incident angles as the decrease of the interval between the
resonance modes. It is also noted that the high-order resonances always occur at
shorter wavelengths with a slightly narrower absorption peak, compared with the
fundamental resonance. This suggests that one may make use of the properties
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to harvest light at short wavelengths by fabricating an absorber with a relatively
large unit size. This can effectively alleviate the fabrication problems if one is to
realize absorbers at the visible wavelength range. One may also notice that the ex-
perimentally obtained absorbance spectra are more broadened compared to those
simulated ones. This can be attributed to the non-uniformity across the unit cells
in the fabricated sample.

For this type of metamaterial absorbers, the absorption effect can be tuned by
adjusting the nanostructure dimensions. In this follow-up work, we design, fabri-
cate and analyze a new sample to adjust the resonance to a shorter wavelength.
Meanwhile, the widths of the gold particles along two directions are carefully fab-
ricated to be equal, so that the structure can be expectedly insensitive to both
polarization and incident angle.

4.2.2 Absorbers with square-shaped nanoparticles

In our new experimental effort, we target for a high absorbance at 1.1µm, which
is the center wavelength of our measurement setup. For this purpose, we deploy
a unit size of a=270nm and a particle width Wx = Wy=120nm. The thickness of
the bottom gold film is 60nm while the thickness of the top gold particles is 40nm.
The dielectric layer of alumina has a thickness of 11nm.

Figure 4.6: Top-view SEM images of a metamaterial absorber with square-shaped
nanoparticles.

Our fabricated sample has an overall structure area of 100µm × 100µm. Fig.
4.6 shows a top view of the structure in a SEM image.
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Figure 4.7: (a-b) Measured absorbance spectra for: (a) TM polarization (b) TE po-
larization. (c-d) Simulated results for: (c) TM polarization (d) TE polarization. θ
is corresponding to the incident angles. The maximum absorbance for each incident
angle is also indicated in (a) and (b).

The normalized absorbance spectra of the new absorber sample with respect to
wavelengths for both polarizations, with different incidence angles, are shown in
Fig. 4.7. As expected, we observe strong absorption for both TM polarization [Fig.
4.7(a)] and TE polarization [Fig. 4.7(b)] around 1.1µm regardless of the incidence
angles.
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For the TM polarization shown in Fig. 4.7(a), at the normal incidence an
absorption peak of 0.65 is obtained. Changing the incidence angle up to 40◦ does
not change the absorbance spectrum much. This is primarily due to the fact that
the orientation of the magnetic field of incident light remains unchanged and is
always perpendicular to the incident plane; thus the magnetic field of the incidence
can always drive the circulating currents with the same efficiency at these incidence
angles [66].

For the TE polarization shown in Fig. 4.7(b), at the normal incidence an iden-
tical peak absorbance of 0.65 as compared to the TM case is obtained, confirming
the expected degeneracy between the two polarization configurations at this par-
ticular incidence angle. The absorbance spectrum remains almost the same when
the incidence angle is increased up to 30◦. When the incident angle further in-
creases to 50◦, the absorbance peak drops to 0.52. Compared with the absorbance
for TM polarization, it decreases faster in the TE polarization than that in the
TM polarization. The decrease in absorbance can be justified with our simulation
results, which will be elaborated in the next paragraph. Also the limitation of our
experimental setup also contributes to this decrease: when incidence angle is be-
yond ±50◦, the size of the beam spot is larger than the metamaterial sample. It
results that some reflection from the gold film surrounding the sample is therefore
collected by the OSA. From Figs. 4.7(a) and (b), we know that the absorbance
of our fabricated metamaterial sample is independent of the polarization and the
incident angle at least up to 30◦.

To confirm our experimental results, numerical simulations are performed. The
simulation results are presented in Figs. 4.7(c) and (d) for TM and TE polariza-
tions, respectively. Generally we notice that the high absorption spectral regions
centered at around λ=1.1µm appear for both TM and TE polarizations, which are
in good agreement with the measurement results. However, in the simulated re-
sults, the peak absorbance values are higher than those found in the experiments
for both TM and TE polarizations. This arises from the imperfection of the fab-
rications. We note that when the incidence angle is varied from 0◦ to 80◦, the
peak absorbance changes in the TM incidence case from 0.95 to 0.91, while in the
TE incidence case from 0.95 to 0.64. The absorbance decreases faster in the TE
polarization than that in the TM polarization, which is again in agreement with
the experiment results. Overall, both the experimental and simulated results illus-
trate that the metamaterial absorber yields a large absorbance over a wide range
of incidence angles for both TE and TM polarizations.

In summary, we have experimentally demonstrated metamaterial absorber with
rectangular-shaped particles is sensitive to the polarizations (due to the rectangu-
lar shape of gold particles) but is insensitive to the incident angles. Importantly,
we experimentally demonstrate the high order mode excited by TM polarization of
this sample at large incident angles. The absorbance of 0.68 for high order mode at
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λ=1.04µm is measured at 60◦. Furthermore, we experimentally demonstrate that
the resonance of metamaterial absorbers can be adjusted to a shorter wavelength
by decrease the dimensions of unit cells. An absorbance of 0.65 at 1.1µm is experi-
mentally obtained. The absorbance of the new sample is nearly independent of the
polarization or the incident angles up to 30◦.

4.3 Photothermal effect of metamaterial absorbers

In this section, we experimentally demonstrate the photothermal effect of metama-
terial absorbers. After illuminating the sample with a pulsed broadband source,
we observe, re-shaping of its top-layer gold particles from thin blocks to spherical
domes due to thermal fusion.

Figure 4.8: Schematic diagrams for the experiment. (a) Fabricated metamaterial
sample. Yellow regions correspond to gold and green region is Al2O3. (b) Sample
illuminated with a white light. (c) Sample after irradiation.

Fig. 4.8 illustrates our experiment flow. First a gold nanostructure is fabricated
by a standard nanofabrication procedure. A single unit of the structure consists of a
layer of 40nm-thick gold particle and a 60nm-thick continuous gold film, separated
by a 10nm-thick Al2O3 dielectric layer, shown in Fig. 4.8(a). A 150µm-thick SiO2
substrate is further beneath the structure (not shown). The gold nanoparticles have
a rectangular shape of dimension 230×170nm2. Such a subwavelength resonator
unit repeats in a square lattice with a period of 310nm. We irradiate the fabricated
gold nanostructure by a focused broadband white light as illustrated in Fig. 4.8(b).
The light has a wavelength range of 0.5∼2.4µm, a pulse width of 2.6ns, a repetition



4.3. PHOTOTHERMAL EFFECT OF METAMATERIAL ABSORBERS 39

rate of 27 kHz, and an output power of 101mW. After attenuation and focus, the
beam has a diameter of 46µm with a power of 36mW when reaching the sample.
Fig. 4.8(c) shows the schematic picture of the sample after irradiation. The top gold
particles are converted to spherical domes due to excessive heating and reshaping
due to surface tension in liquid phase. The spherical particles have an average
radius of 80nm and a height around 90nm; their contacting surface to the Al2O3
layer has a radius about 70nm.

Figure 4.9: (a) SEM image of a region of the irradiated sample with both unmelted
and melted gold nanoparticles. (b,c) Enlarged oblique views.

Fig. 4.9(a) shows the top-view SEM image (single shot) of the illuminated
sample. One sees on the right half domain particles which experienced fusion while
on the left un-melted ones. The existence of a clear boundary separating the melted
and un-melted regions is caused by the Gaussian beam shape. Fig. 4.9(b) and (c)
compare the detailed oblique SEM views of the particles before and after irradiation.
The particles in thin blocks in Fig. 4.9(a) have grainy top surfaces and rough side
edges due to, respectively, the electron beam evaporation method used for metal
deposition and the lift-off patterning process. In contrast, the gold particles after



40 CHAPTER 4. OPTICAL METAMATERIAL ABSORBERS

irradiation have a much higher surface quality.

Figure 4.10: Measured absorption spectra for (a) an unmelted sample region, and
(b) a melted sample region at an 10◦ incidence angle. Plane of incidence: xz. Red-
solid and blue-dashed curves are for TM and TE polarization respectively. (c,d)
are simulated results for the situations described in (a,b) correspondingly. Insets:
representative SEM images for a single sample unit.

The shape transformation and possibly some improvement in the inner structure
of the gold nanoparticles should substantially influence the absorption character-
istics of the metamaterial absorber. By using a homemade setup, we measure the
absorbance of the sample at both melted and un-melted regions with a 10◦ inci-
dence angle. We point out that the absorber in such a configuration in general has
an absorption spectrum insensitive to the incidence angle. The plane of incidence
intersects with the metamaterial in the direction along which the particles have
a smaller size. Two measurement results are given in Fig. 4.10 for both the TM
and the TE polarizations. For the sample region with rectangular nanoparticles
(Fig. 4.10(a)), the absorption peak differs for the two polarizations, at 1.58µm
for TM and 2µm for TE. For the region with dome-shaped nanoparticles (Fig.
4.10(b)), due to the higher symmetry of the unit cell, the absorption peaks for two
polarizations almost overlap at 1.1µm. We carried out EM scattering simulations
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with structural parameters extracted from the experimental sample. The simu-
lated absorption spectra for two sample regions are shown in Fig. 4.10(c) and (d).
Overall, the experimental and simulated results have excellent agreements. This
study suggests that an absorption spectrum can serve as a second signature for
such a photothermal fusion experiment. Here for the simulation of absorption by
an unmelted sample region we used a damping constant much larger than its bulk
value [67] to take into account the extra scattering caused by its rough surface, as
a common practice in such EM simulations [22]. However, for the simulation of
absorption by a melted sample region we used a damping constant equal to its bulk
value, owing to the higher-quality gold nanoparticles.

In conclusion, our experimental and simulation results indicate that artificially
engineered metallic nanostructures can exhibit ultrasensitive photothermal effects
owing to strong plasmonic resonance. The generated heat profile has a resolution
that is determined by the size of the resonator unit, which can significantly surpass
the diffraction limit of the incident light. One can apply such a nanostructure to an
area which can then be remotely heated optically, with potentially unprecedented
spatial and temporal resolutions. This can lead to new possibilities for optical
switches, thermal actuators, sensors, etc. At the same time, our observation of
fusion of the gold nanoparticles promises a new route for fabrication of dome-
shaped metallic nanoparticles and even metallic components in other shapes with
a precisely controlled size, periodicity, and smooth outer surface.
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Hybrid plasmonic couplers

Recent developments show that plasmonic devices may offer great potentials in
integrated photonic circuits due to subwavelength mode confinement [36]. This
phenomenon opens a path to reduce the dimensions of optical devices to a scale
comparable to electronics.

More recently, a new type of plasmonic waveguides named as hybrid plasmonic
(HP) waveguides attract much attention due to the combined advantages of both
subwavelength mode confinement and long propagation length [68, 69]. However,
the propagation length is still fairly short (several hundred micrometers) compared
to that of conventional dielectric waveguides (typically several centimeters). In this
respect, it is natural to utilize nanoscaled plasmonic waveguides for miniaturization
devices, while using dielectric waveguides for long-range signal routing. Thus, it is
important to realize compact and efficient couplers between dielectric waveguides
and plasmonic waveguides so that one can take advantages of both plasmonic and
dielectric waveguides.

Fig. 5.1(a) shows the schematics of a plasmonic tapered coupler connecting a
silicon waveguide and a HP waveguide. For numerical study, we use FEM based
COMSOL and 3D FDTD methods. In order to reveal the manner of plasmonic
mode, y-polarized light is launched in the silicon waveguide by the designed grat-
ings. Fig. 5.1(b)-(d) show the field distributions |Ey| at different cross-sections in
the structures. It is noted that the electric field is gradually concentrated in the
Al2O3 layer when propagating in the plasmonic coupler. The power transmission
is shown in Fig 5.1(d) and (e).

According to our simulations [70], we fabricate the plasmonic coupler as well
as a silicon waveguide and a HP waveguide. The device is fabricated on a SOI
substrate with a 3µm silica buffer layer. The silicon waveguide and the underlying
silicon layer of the plasmonic coupler and the HP waveguide are fabricated first by
the EBL and ICP etching. The silicon layer has a thickness of 250nm. The silicon
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Figure 5.1: (a) Schematic illustration of a plasmonic coupler connecting a silicon
waveguide and a HP waveguide. (b)-(d) The field distributions |Ey| of fundamental
TM mode at different cross sections: (b) in the silicon waveguide, (c) in the cou-
pler, (d) in the HP waveguide. (e)-(f) The field Ey distributions between a silicon
waveguide and a HP waveguide: (e) in the centre plan of Al2O3 layer, (f) in the
plane of x=0 (vertical plane through the center of coupler).

waveguide width wSi is 425nm. With this width, the silicon waveguide supports
a fundamental TE mode and a fundamental TM mode around λ=1.55µm. The
silicon layer of the HP waveguide has a width wplas of 185nm. It supports only a
fundamental TM mode in the HP waveguide in the wavelength range 1460-1540nm.

Next, a second EBL patterning is performed to define the gratings at both ends
of the silicon waveguide, where the gratings are used to vertically couple the light
from the external optical fibre to the waveguide. The silicon waveguides are initially
10µm wide to increase the light coupling from the optical fibre. They are gradually
tapered down to 425nm towards the HP waveguide to guarantee the single mode
propagation. When light passes through the HP waveguide, it is coupled back to
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a 425nm wide silicon waveguide by an identical coupler and tapered back to 10µm
in the same way. By ICP shallow etching, gratings have a period of 840nm with a
filling factor of 30% and the etched thickness is about 30nm. With these geometry
parameters, the gratings mainly couple the TM-polarized light from the optical
fibre into the waveguide.

In the last step, a third time EBL patterning is performed to define the plas-
monic couplers and the HP waveguide. We take great care and use compensation
for the alignment so that the defined masks of the plasmonic coupler and the HP
waveguide are exactly on top of the silicon cores. A 50nm-thick Al2O3 and 100nm-
thick Ag are then deposited onto the chip. After lift-off process, the metallic strips
of the plasmonic coupler and HP waveguide are formed. The plasmonic tapered
coupler has a width wtaper of 240nm from silicon waveguide down to wplas of 185nm
to the HP waveguide. The tapered couplers have the length Ltaper of 1.5µm and
the HP waveguide has the length Lplas of 2µm. Some SEM images of the devices
can be found in Fig. 2.7.

Figure 5.2: Normalized transmission spectrum of the coupler.

Characterization is made by coupling light into the device through the verti-
cal fiber coupling setup. The TM-polarized light is coupled into the input port
of silicon waveguide. We then measure the signals from the output port of silicon
waveguide. The measured transmission spectrum is shown in Fig. 5.2. The trans-
mission is normalized by the output power of an identical silicon waveguide without
a top metallic layer. The measured spectrum is in very good agreement with the
simulated results by the FDTD method. Thus, we experimentally confirm that
the designed plasmonic coupler can efficiently couple light between the dielectric
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waveguide and the HP waveguide over a wide spectrum.

In summary, we have experimentally demonstrated an efficient plasmonic cou-
pler which connects a silicon waveguide and a HP waveguide. The experimental
results show the good coupling characteristics and the transmission spectrum agrees
well with the simulation prediction.
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Conclusion and future work

In summary, this thesis focuses on the experimental studies of novel nanophotonic
devices. As discussed early, nanophotonic devices are one of the main approaches
to control the interaction of light with the structures and confine the electromag-
netic waves. Some devices based on the nanofabrication technology, including PhC
surface-mode microcavities, optical metamaterial absorbers and HP couplers are
addressed, with issues related to their performances.

Standard nanofabrication techniques for nanophotonic devices have been intro-
duced. The SOI platform and SiO2 substrates are used in the thesis work. EBL has
been applied as the pattern defining technology, which provides higher resolution
than photolithography. The defined patterns are transferred by dry etching or met-
allization and lift-off process. Two characterization methods have been discussed
and applied, including the vertical fiber coupling method and the home-made op-
tical transmissivity/reflectivity setup. Below some conclusions are drawn from the
experimental results of the fabricated nanophotonic devices.

PhC surface-mode microcavities

We have fabricated high-Q surface mode PhC cavities on crystalline SOI struc-
tures. The best results give the system Q factor of 6200 and the intrinsic Q factor of
13400. The experimental results agree quite well with the simulation results. One
may have the possibility to fabricate such a microcavity with higher Q factors. This
could be done by further optimizing the structures and increasing the perfection of
structures.

Optical metamaterial absorbers

We present an ultra-thin, wide-angle, sub-wavelength perfect metamaterial ab-
sorber for optical frequencies. Such perfect absorption of light can be achieved in
very simple metallic nanostructures. The physical origin of the absorption effect
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relies on the excitation of localized magnetic and electric multipole resonances.

For the optical metamaterial absorber with rectangular-shaped nanoparticles,
we demonstrate its polarization dependant absorbance at various incident angles.
For each polarization, the absorbance is insensitive to the incident angle. Of par-
ticular interest we experimentally observe an absorption peak corresponding to a
high-order resonance at 60◦ with an absorbance of 0.68 excited by the TM polar-
ization. For the absorbers with square-shaped nanoparticles, it has polarization-
independent absorption property.

The high absorption property of optical metamaterial absorbers can be utilized
for photothermal effect. We experimentally demonstrate that after illuminating the
sample with a pulsed broadband source, we observe re-shaping of its top-layer gold
particles from thin blocks to spherical domes due to the thermal fusion. It is mainly
due to the strong plasmonic resonance. The generated heat profile has a resolution
that is determined by the size of the resonator unit, which can significantly surpass
the diffraction limit of the incident light.

HP couplers

We have experimentally demonstrated a compact and efficient plasmonic cou-
pler, which connects a dielectric waveguide and a plasmonic waveguide. The ex-
perimental results show the good coupling characteristics and the transmission
spectrum agrees well with the simulation prediction.

As a general conclusion, nanophotonic devices are promising components for
future photonic integrated circuits. Nanofabrication technology gives many advan-
tages to develop nanophotonic devices, such as CMOS compatibility, low cost and
high resolution. With the development in nanophotonics, great efforts still have to
be made before real applications.

The future work includes:

I. The fabrication techniques still need to be improved. The possibilities to
decrease the proximity effect and alignment error for minimal feature sizes in
EBL are still open questions. The techniques related to these questions are
discussed in Chapter 2. Further fabrication on the plasmonic devices will be
concentrated to improve these problems.

II. The Q factor of PhC surface-mode microcavity can still be increased experi-
mentally. The measured intrinsic Q factor is only half of theoretical predic-
tion. Some applications based on this structure can be investigated, such as
bio-sensor, cavity QED physics and etc.

III. The blunt edges of optical metamaterial can be improved in order to obtain
narrower absorption spectra. Two layer resist system in EBL is necessary
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in this case, and the requirement of parameters used in the lift-off process
are critical. For photothermal effect in metamaterial absorbers, the further
theoretical explanations and experiments should also be investigated.

IV. Experiments on HP nanodisk. I have done some fabrications on the HP nan-
odisk based on the simulation by my colleague. However, the characterization
of HP nanodisk is a big problem. It is difficult to couple and collect the light
from the nanodisk. The investigation on it will be continued.





Chapter 7

Guides to the papers

Paper I: Photothermal fusion of gold nanoparticles in a plasmonic metamaterial,
submitted. Jing Wang,Yiting Chen, Xi Chen, Jiaming Hao Min Yan, Min Qiu.

Author’s contribution: Part of the original idea, most of experiment work and
the first draft of the manuscript.

Paper II: Shape-dependent absorption characteristics of three-layered metama-
terial absorbers at near-infrared, J. Appl. Phys., 109: 074510. Jing Wang,Yiting
Chen, Jiaming Hao, Min Yan and Min Qiu.

Author’s contribution: Part of the original idea, part of the experiment work
and the first draft of the manuscript.

Paper III: High-Q Photonic Crystal Surface-mode Cavities on Crystalline SOI
Structures, Opt. Comm., volume 283(11):2461-2464, 2010. Jing Wang,Yi Song,
Wei Yan and Min Qiu.

Author’s contribution: Part of the original idea, all the experiment work and
the first draft of the manuscript.

Paper IV: High performance optical absorber based on a plasmonic metamate-
rial, Appl. Phys. Lett., volume 96:251104, 2010. Jiaming Hao⋆ Jing Wang⋆,Xianliang
Liu, Willie J. Padilla, Lei Zhou, and Min Qiu.

Author’s contribution: Most of the experiment work.
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Paper V: Efficient coupler between silicon waveguide and hybrid plasmonic
waveguide, Proc. SPIE 7987, 79870B (2010). Jing Wang, Yi Song and Min
Qiu Author’s contribution: All the experiment work and the first draft of the
manuscript.
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