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Abstract

Plasmonic resonances are characterized by enhanced optical near field
and subwavelength power confinement. Light is not only scattered but also
simultaneously absorbed in the metal nanostructures. With proper structural
design, plasmonic-enhanced light absorption can generate nanoscopically
confined heat power in metallic nanostructures, which can even be temporally
modulated by varying the pump light. These intrinsic characters of plasmonic
nanostructures are investigated in depth in this thesis for a range of material
and nanophotonic applications.

The theoretical basis for the photothermal phenomenon, including light
absorption, heat generation, and heat conduction, is coherently summarized
and implemented numerically based on finite-element method. Our analysis
favours disk-pair and particle/dielectric-spacer/metal-film nanostructures
for their high optical absorbance, originated from their antiparallel dipole
resonances.

Experiments were done towards two specific application directions. First,
the manipulation of the morphology and crystallinity of Au nanoparticles
(NPs) in plasmonic absorbers by photothermal effect is demonstrated. In
particular, with a nanosecond-pulsed light, brick-shaped Au NPs are reshaped
to spherical NPs with a smooth surface; while with a 10-second continuous-
wave laser, similar brick-shaped NPs can be annealed to faceted nanocrystals.
A comparison of the two cases reveals that pumping intensity and exposure
time both play key roles in determining the morphology and crystallinity of
the annealed NPs.

Second, the attempt is made to utilize the high absorbance and localized
heat generation of the metal-insulator-metal (MIM) absorber in Si thermo-
optic switches for achieving all-optical switching/routing with a small switching
power and a fast transient response. For this purpose, a numerical study of a
Mach-Zehnder interferometer integrated with MIM nanostrips is performed.
Experimentally a Si disk resonator and a ring-resonator-based add-drop filter,
both integrated with MIM film absorbers, are fabricated and characterized.
They show that good thermal conductance between the absorber and the Si
light-guiding region is vital for a better switching performance.

Theoretical and experimental methodologies presented in the thesis show
the physics principle and functionality of the photothermal effect in Au
nanostructures, as well as its application in improving the morphology and
crystallinity of Au NPs and miniaturized all-optical Si photonic switching
devices.
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Printzsköld, who give me a lot of help from documentary work and administration.

I am grateful for the scholarship from ERASMUS MUNDUS external
cooperation window, which provided financial support in the first three years
of my PhD study. I thank Yingfang He, Jenny Schwerdt (Mobility Coordinator,
KTH) and Gwenaelle Guillerme (Project Manager, Ecole Centrale Paris), for
their helps and administrative works in the program.

I would also like to thank my young colleagues who teach, help and inspire
me. I thank Yiting Chen, my closest collaborator in the thesis work, for his



v

tutoring in the experimental skills and valuable suggestions and ideas. He is
also my close friend in the four years and beats me all the time in badminton
games. I thank Yuechun Shi, for his knowledge and devoting spirit. Without
him, no Si device will be shown in this work. Gratitude also goes to Jiaming
Hao, Wei Yan, Qiang Li, Jing Wang, Yi Song (former group members); Jin
Dai, Reyhaneh Soltanmoradi, Sergey Dyakov (present members). My thanks
go to Fei Lou, Yu Xiang, Fei Ye, Abhilash Sugunan, and Miao Zhang for
their help in my research. I thank all my friends and colleagues: Lin Dong,
Xu Sun, Fan Pan, Shuoben Hou, Reza Sanatinia, Himanshu Kataria, Xiaodi
Wang, Yichen Zhao, Zhiying Liu, Yi Feng, Ye Tian, Tingsu Chen, Sha Tao,
Jia Mao, Yanchen Long, Chenzhi Xu; who help me in many ways and make
my four-year-experience in KTH full of enjoy.

Specially, I thank my girlfriend for her love and encouragement. Finally, I
devote my deepest emotion to my parents, who raise, support and educate me.

Xi Chen
2014 – March



vi

Acronyms

2D Two Dimensional
3D Three Dimensional

ADF Add-Drop Filter
BF Bright Field
BEM Boundary Element Method
BOX Bottom Oxide layer
BK7 Borosilicate glass by Schott AG
CCD Charge Coupled Device
CMOS Complementary Metal-Oxide-Semiconductor
CW Continuous Wave

DDA Discrete Dipole Approximation
DF Dark-Field
D-port Drop Port of add-drop filter
e-beam electron-beam
EBL Electron Beam Lithography
EBPVD Electron Beam Physical Vapor Deposition
EO Electro-Optic
EPRT Equations of Phonon Radiation Transfer

FDTD Finite-Difference Time-Domain
FEM Finite Element Method
FOM Figure-of-Merit of thermo-optic switch
FP Fabry-Pérot
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Chapter 1

Introduction

1.1 Background

Surface Plasmons are a result of the mutual-coupling between photons and collectively
oscillating electrons at the dielectric/metal interface. The electromagnetic energy of
the surface plasmons are nicely confined in the vicinity of the interface. Traveling
along the interface, a surface plasmon polariton spreads its decaying tails to both
sides in the dielectric and metal domains. Due to its unique resonant nature, gigantic
optical near fields can be concentrated within a subwavelength region, challenging
the conventional diffraction limit. In short, two characters of plasmons, near-field
enhancement and subwavelength confinement, have been trigging a wide range of
plasmonic activities.

Near-field enhancement is essential for exploring the nonlinear physical properties
in surface-material or nano-material. Found in 1977, surface-enhanced Raman
scattering (SERS) [1] on rough Ag surface may be the first famous example
of the successful application of plasmonic near field. Twenty years later, the
detection of single molecules by SERS with Ag nanoparticles was for the first time
demonstrated [2, 3]. Plasmonic near field is also widely used in biodiagnostic [4],
drug delivery/release [5], and photocatalysis [6] for water splitting. In light emitting
diodes (LEDs), surface plasmon is used to enhance photoluminescence of quantum
wells[7, 8]. In solar cells, plasmonic nanoparticles are used to reduce the thickness
of photovoltaic layer [9, 10], hence reduce weight and cost. Optical force, which is
proportional to optical field gradient, can be enhanced in the vicinity of metallic
nanostructures. For this reason, plasmonic nanoparticle pairs are widely used in
the nano-manipulation system of optical tweezers [11, 12] and optical traps [13],
for higher spatial resolution and stiffness. Moreover, in 2012,the physical limit
of plasmonic near field is investigated by closing up the gap between two Au
nanospheres [14, 15], where quantum tunneling effect will step in and complicate
the "kissing" process of the spheres. It is due to the non-local effect of the free
electrons near the metal surface, which has been addressed by Moskovits [16], when
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he tried to explain the surface effect in Raman scattering, in 1960s. The nonlocal
and quantum effect is not discussed in this thesis, since the minimum gap distance
is 10 nm in this work.

Subwavelength confinement is attractive for integrated optics, where miniaturization
of the optical components are keen need. Researchers are pushing the nanotechnology
limits, for realizing plasmonic waveguides [17], modulator [18], and light sources [19,
20] with smaller size comparing to the conventional dielectric/semiconductor devices.
However, the intrinsic optical loss of the plasmonic structure is considerable and
inevitable. Many efforts are made to reduce the optical loss, e.g. the design of
hybrid-plasmonic waveguide and long range surface plasmon polaritons (SPPs) [21].
To compensate the loss, gain media are also integrated into plasmonic structures to
boost the propagation of SPPs [22, 23, 24, 25].

Instead of accepting optical loss in plasmonics as a negative effect, we can
turn the table and start utilizing the Joule heat produced in metals by plasmonic
resonances. In fact, the plasmonic photothermal effect is superior for its localized
heat generation, non-contact power transport, and material selectivity.

Benefiting from the unique characters, the application of thermal-plasmonics
is manifold. In biology, plasmonic heating of nanoparticles/nanocages are used in
photothermal therapy [26] and drug release [27]. In nanofabrications, plasmonic
heating are used for morphology modification [28] and transfer [29] of spatially
ordered Au nanoparticles. In data storage, high density optical storage [30] and
magnetic storage [31, 32] are demonstrated using plasmonic heating. In security,
plasmonic structures are integrated on transistors or bolometers for detection of
terahertz (THz) [33, 34] or mid-infrared [35, 36] radiation.

The theoretical description of plasmonic photothermal effect can be referred as
the light scattering/absorption and the subsequent heat generation and dissipation
in the system of metallic thin films or nanostructures. In history, the light
scattering/absorption of nanoparticles has been addressed by Lord Rayleigh [37]
and Gustav Mie [38]. While, the transient heat generation in metals is beyond
the knowledge boarder of electromagnetic theory and touching the domain of solid
state physics. The ultrafast pulsed laser heating of metallic thin film has been
theoretically studied by Kaganov, et al. [39], Anisimov, et al. [40] and Qiu et al. [41],
which paved the way for investigating the transient effect of heat generation in
plasmonic system. The limitation of heat conduction in micro/nano-structure,
due to the frequent collisions and diffusive scattering of hot carriers on interfaces,
has been theoretically modelled by Sondheimer [42], Majumdar [43] and Chen
[44]. Based on these theoretical studies, the laser-induced heat generation and
conduction in arbitrary plasmonic structures can be numerically modelled and
solved, using methods as finite element method (FEM) [45, 46], boundary element
method (BEM) [47], or finite-difference time-domain (FDTD) [48].

Experimental methods were also developed for observing light-induced heating
effects in plasmonic systems and characterizing the temperature increase of the heat
affected zones. In time domain, transient thermo-reflectance technique (TTR) [49]
was used to measure the pulsed-laser heating of metal film by a pump-probe
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setup, with sub-picosecond resolution. In spatial domain, the development of
scanning thermal microscope (SThM) enables thermal microscopic imaging with
sub-500-nm resolution [50]. Other thermal microscopic imaging methods were
demonstrated, based on measuring the phosphor decay time [51], phase transition
of organic molecules [52] or electric conductance of metal thin film [53], which are
all temperature sensitive properties.

1.2 Motivation

Among the fruitful applications of photothermal effects in plasmonic system, this
work focuses on two topics: (I) the light-induced morphology and crystallinity
change of Au nanoparticles assisted by plasmonic absorbers. (II) the light-induced
thermal tuning of silicon photonic devices by plasmonic absorbers.

(I) The intense heating of metal nanoparticles can be achieved by pumping the
NPs with a light, whose spectrum is matched to the plasmonic resonance of the NPs.
The transient thermal power generated in NPs introduces abundant thermodynamic
effects, such as ablation, ultrafast heating, thermal expansion, surface melting, and
reshaping. It has been known for a long time that the melting temperature of
nanoparticles is lower than the bulk melting point and is dependent on the particle
size [54]. In 2000, the shape change of Au nanorods in a colloid by femtosecond
laser and nanosecond laser is demonstrated by Link et al.[55]. Hu and Hartland [56]
investigated the time constant of heat dissipation of Au NPs in solution with
femtosecond pulsed laser heating. Inasawa et al.[57] showed that the surface melting
of Au NPs with picosecond pulsed laser takes place at temperature 120 K below bulk
melting point. Using time-resolved X-ray scattering, Plech et al. [58] examined the
lattice dynamics of partially melted Au NPs, heated by femtosecond laser. Govorov
et al. [59] showed melting of ice matrix by laser-heated gold NPs. Recently, the
controllable plasmonic heating has shown its ability of tailoring the morphology of
Au NPs elegantly. Kuznetsov et al. [29] demonstrated the formation of spatially
ordered NPs on polymer substrate using a femtosecond laser. Kuhlicke et al. [60]
showed the controllable elongation of Au NPs by a continuous wave (CW) laser.

Owning to their high efficient light absorbance and widely tailorable resonance
wavelength, plasmonic absorbers [61, 62, 63] are excellent platform for performing
photothermal experiment. In this work, we demonstrate the nanosecond pulsed
light induced reshaping of Au NPs, assisted by plasmonic absorbers. Due to
surface melting and minimization of surface energy, the morphology of the original
rectangular brick-shape Au NPs is changed to a truncated-sphere shape. Also,
the surface roughness and number of internal grain boundaries of the Au NPs is
reduced after the photothermal treatment. The transient temperature of the Au
NPs and Au film in the plasmonic absorber structure is calculated based on the
heat transfer model in nanostructures, where size-dependent thermal conductivity
and thermal boundary resistance are considered. The numerical results show that
the temperature of Au NPs during light induced reshaping is much lower than the
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bulk melting point of Au.

To further investigate the photothermal effects of plasmonic NPs in plasmonic
absorber, we apply a CW laser as the pumping source, instead of the nanosecond
pulsed light source. With 10 second CW laser annealing, the original rectangular
brick shape Au NPs are changed to Au nanocrystals with truncated octahedron
shape or multi-twinned shape. During annealing, the crystal grain growth in the
Au NPs is encouraged and the flat facets are formed at the surface of NPs. CW
laser annealing is capable of gradually tuning the resonant wavelength of plasmonic
absorber. It is impossible for pulsed light excitation, where abrupt changes are
always involved. The similarities and differences between the nanosecond pulsed
light experiment and CW laser experiment provide the information for in-depth
understanding of the physical process during plasmonic heating of nanostructures,
e.g. the intensity threshold of reshaping and the temporal effect.

(II) Photonic integrated circuits (PICs) are essential technology for future
communication network, where larger bandwidth, less energy consumption and
smaller instrument are needed. Two candidates are playing in the PICs field,
silicon photonics and long range SPPs. In both techniques, the thermo-optic (TO)
effect of the waveguide materials are used for tuning the optical response of the
devices. The TO tunable photonic devices are attractive, due to their small foot
print and elementary design. In silicon photonic circuits, optical switches based
on the TO effect of silicon have been realized in many configurations, e.g. Mach-
Zehnder interferometer (MZI) [64, 65, 66], microdisk resonator [67] and microring
resonator [68, 69]. In plasmonic circuits, modulators and switches based on the TO
effect of polymer loaded Au strip is first demonstrated by Nikolajsen, et al. [70], in
2004. Later, plasmonic switching devices with similar principle are shown in many
configurations, e.g. MZI [71], microring [72][73], and directional coupler [74]. All
the photonic devices mentioned above is heated by the electric-driven Joule heating.
The performance of the TO switches is mainly depended on the switching power
and response time.

Goal of this work is pursuing a TO photonic switch with small switching
power and fast response. Therefore, we propose that metal-insulator-metal (MIM)
absorbers [75] can be integrated into the TO devices, acting as an efficient and
localized heat source. The MIM absorber/heater design introduces less thermal
mass and thermal leakage channel to the device, comparing to the electrically driven
heater used in conventional system. The numerical study shows that silicon MZI
switch integrated with plasmonic nanoheater can achieve sub-microsecond switching
time. Experimental demonstration of TO switches based on silicon microdisk
integrated with MIM disk-shape absorber is done, with response time of 2 µs and
switching power of 0.4 mW. Thermal tuning of silicon microring add-drop filter is
also demonstrated, which can serve as reconfigurable optical router in PICs.
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1.3 Thesis Outline

The rest of the thesis is arranged as follows:
Chapter 2 introduces the basic theories of light scattering and absorption of metal

nanoparticles, light-induced heat generation and heat conduction in nanostructures.
Some study cases (light heating of Au sphere, disk, rod, disk pair and disk-film
absorber) are presented to show the rule of thumb of these principles.

Chapter 3 introduces the experimental methods used in the study of plasmonic
heating, including nano-fabrication of metallic nanostructures and silicon photonic
devices, transmission/reflection spectra measurement, dark-field scattering spectrum
Measurement, focused infrared light heating. A micro-fabrication technology,
photothermal direct writing, is shown at the end of the chapter, as an application
of light induced heating in thin-film.

Chapter 4 discusses the light induced morphology and crystallinity changes in Au
nanoparticles, assisted by plasmonic absorber. Firstly, the photothermal reshaping
of Au nanoparticles by a nanosecond pulsed light is shown. Then, the faceted Au
nanocrystals formed by CW laser annealing is demonstrated.

Chapter 5 discusses the attempts to improve the performance of thermo-optic
switches in silicon-on-insulator (SOI) platform, by integrating plasmonic absorbers
in the devices as a optically pumped heater. At first, the numerical study of optically
driven thermo-optic switch based on a Mach-Zehnder interferometer integrated with
plasmonic nanoheater is presented. Then, the experimental demonstration of silicon
disk resonator and ring add-drop filter integrated with plasmonic heater in disk
shape is presented.

Chapter 6 gives conclusions and future works. Followed by the author’s contributions
to the papers in Chapter 7.





Chapter 2

Theory of Light Induced Heating
in Nanostructures

2.1 Light Scattering and Absorption by Nanostructures

The interaction between visible or infrared light and matter is manifold, including
elastic scattering, Raman scattering [76], molecular absorption [77], photoluminescence
[78], photovoltaic [79], etc. This section discusses a basic scenario of elastic light
scattering and absorption by metallic nanoparticles, where nonlinear optical effects
are not considered.

2.1.1 Analytical Study of the Scattering and Absorption of Au
Nanoparticle

The classic wave nature of light is governed by Maxwell’s equations. By applying
constitutive relations, the Maxwell’s equations in differential form are

∇× ~H = ∂

∂t
(εε0 ~E) + ~J, (2.1a)

∇× ~E = − ∂

∂t
(µµ0 ~H), (2.1b)

∇ · (εε0 ~E) = ρe, (2.1c)

∇ · (µµ0 ~H) = 0, (2.1d)

where the ~E, ~H, ~J, ρe, ε, ε0, µ, µ0 are defined as electric field strength, magnetic
field strength, electric current density, electric charge density, relative permittivity,
permittivity of free space, relative permeability, and permeability of free space,
respectively [80]. The elastic scattering of light by a particle with radius a is called
Rayleigh scattering [37, 81], if a is much smaller than λm = λ0/nm, the wavelength
of the incident light in surrounding medium. According to Rayleigh theory, the

7
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total scattering cross section and absorption cross section are written as

σRsca = 2
3π

(2πa)6

λ4
m

∣∣∣∣ ñ2 − 1
ñ2 + 2

∣∣∣∣2 (2.2)

σRabs = −(2πa)3

πλm
Im
(
ñ2 − 1
ñ2 + 2

)
(2.3)

where ñ = (n + iκ)/nm is the ratio of complex refractive index of the particle
(n+ iκ = √εµ) to the refractive index of the matrix medium (nm). The scattering
cross section is strongly related to wavelength ( proportional to λ−4), which gives the
explanation of blue light in clear sky. The applicable condition of Rayleigh scattering
is α = 2πa/λm << 1, where α is size parameter without dimension. When the
particle size is comparable to or larger than the wavelength, Mie scattering is the
suitable solution [82, 38], instead of Rayleigh scattering. The calculation of Mie
solution requires the introduction of Mie coefficients al and bl, as

al = ñ2jl(ñα)[αjl(α)]′ − jl(α)[ñαjl(ñα)]′

ñ2jl(ñα)[αh(1)
l (α)]′ − h(1)

l (α)[ñαjl(ñα)]′
(2.4)

bl = jl(ñα)[αjl(α)]′ − jl(α)[ñαjl(ñα)]′

jl(ñα)[αh(1)
l (α)]′ − h(1)

l (α)[ñαjl(ñα)]′
. (2.5)

The functions jl(z) are the first kind of spherical Bessel functions of order l (l =
1, 2, ...). Similarly, the function h(1)

l (z) are the first kind of spherical Hankel functions
of order l. The symbol of primes represent derivatives with respect to the variable.
The scattering cross section and extinction cross section can be solved by calculating
two sums of series:

σMsca = πa2 2
α2

∞∑
l=1

(2l + 1)(|al|2 + |bl|2) (2.6)

σMext = πa2 2
α2

∞∑
l=1

(2l + 1)Re(al + bl). (2.7)

The Mie scattering solution of a sphere with ñ = 0.2 + 3i is shown in Fig. 2.1. In
the left region, with size parameter α << 1, the normalized scattering cross section
follows the α4 law, which is matched to Rayleigh scattering theory. In the middle
region, the normalized scattering cross section of a particle with size comparable
to the wavelength is strongly oscillating with increasing size parameter α, until
the particle become large enough that α > 10. Then, in the right region, the
scattering of large particle is not related to wavelength and can be approximated by
geometric optical method, e.g. ray tracing. Mie scattering solution describes the
nature of size-dependent optical property of particles, which governs the world of
nanophotonics where visible or infrared light shines on various kinds of nanoparticles
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or nanostructures. The normalized cross section Qext (Qsca or Qabs) is defined as
the ratio of extinction (scattering or absorption) cross section of a particle to the
geometric cross section (σg = πa2) of the same particle.

Figure 2.1: Normalized extinction, scattering, and absorption cross sections of a
sphere with relative refractive index ñ = 0.2 + 3i, calculated using Mie scattering
solution. The Mie scattering results are compared with Rayleigh scattering solution
(QRsca indicated as circles).

The relative permittivity of a metal can be described by Drude model, as

εD(ω) = ε∞ −
ω2
p

ω2 + iγω
, (2.8)

where ω is the angular frequency of the free electron oscillation in metal excited
by light; ωp is the plasma frequency of the metal; γ is the collision frequency
representing the damping term of the oscillation; ε∞ is relative permittivity of the
metal at extreme high frequency. ωp is defined as

ω2
p = nee

2

ε0me
, (2.9)

where ne is the electron number density, e is the electron charge, and me is
the electron mass. The plasma frequency and collision frequency of Au are
ωp = 2.15×1015 Hz and γ = 17.14×1012 Hz, and that of Ag are ωp = 2.186×1015 Hz
and γ = 5.139×1012 Hz [83]. The γ value of Au and Ag indicates that the optical loss
of Ag is less than that of Au at the same optical frequency (wavelength). Assuming
the permeability of nobel metals equals unity, the refractive index can be calculated
by n(ω) =

√
ε(ω). Johnson and Christy have obtained the optical constant of nobel
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metals by measuring the reflection and transmission of the metallic thin films [84].
The comparison of Drude model result and measurement data of refractive index of
Au and Ag is shown in Fig. 2.2. It indicates that the Drude model of Au is only valid
in range λ > 600 nm. In wavelength range λ < 600 nm, the refractive index of gold
deviates drastically from Drude model, which indicates the high optical absorption
of Au at shorter wavelength due to the interband transition of electrons. The similar
high optical absorption spectrum range of Ag is λ < 350 nm, in ultraviolet band.
It is one of the reasons that most optical mirrors working in visible and infrared
spectrum range are made of Ag films.

Figure 2.2: The complex refractive index of Au and Ag as a function of wavelength.
Measurement data by Johnson and Christy are shown as markers. Theoretical
Drude model data are shown as lines.

The scattering and absorption spectrum of single Au nanosphere with various
radius in silica matrix can be calculated using Mie solution, where the dispersive
refractive index of Au is taken from the measurement data of Johnson and Christy [84].
As shown in Fig. 2.3, the scattering resonant peaks (in blue color) are red-shifted
with increasing sphere radius. While, the absorption resonant peaks (in red color)
stay at 550 nm, which is close to the intrinsic absorption band of gold due to
interband transition of electrons in metals. The efficient absorption of light takes
place at a = 25nm, where the scattering resonant peak is matched to the interband
transition spectrum region. As the scattering resonant peak being red-shifted with
increasing a, the normalized absorption cross section of single Au sphere is reduced
within the visible spectrum region.
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Figure 2.3: The normalized scattering (in blue color) and absorption (in red color)
cross section of single Au nanospheres with radius of 25 nm, 50 nm, 75 nm, and 100
nm in SiO2 matrix, calculated using Mie solution.

2.1.2 Numerical Study of Scattering and Absorption Spectra of
Nanostructures

Besides spherical shape, the Au nanoparticles (NPs) of disk shape and rod shape
also own their unique optical properties, which enrich the diversity of the plasmonic
nanoparticles family. Mie theory gives the exact analytical solution to the scattering
and absorption of sphere. The scattering of particle with arbitrary shape is beyond
the ability of Mie solution. Several numerical methods, namely discrete dipole
approximation (DDA) [85], finite-difference time-domain method (FDTD) [86], and
finite element method (FEM) [87], are suitable for solving the scattering/absorption
problem of NPs with arbitrary shape. In this work, a commercial FEM solver,
COMSOLMultiphysicsTM, is used for numerical calculation of the scattering/absorption
spectra of various plasmonic nanostructures.

The numerical studies of single Au nanodisks with same thickness of 30 nm
and radii of 25 nm, 50 nm, 75 nm, and 100 nm in SiO2 matrix are conducted, of
which the results are shown in Fig. 2.4. The plane wave is normally incident on
the top flat face of the disk, with E field polarized in y direction. The rotational
symmetric axis of the disk is in z direction. Similar to Au nanosphere, the scattering
resonant peak of Au disk is red-shifted with increasing disk radius too. The full
width at half maximum (FWHM) of the scattering peak of the disk is smaller than
that of sphere with the same radius, which is due to the anisotropic shape effect of
the disk. Encouragingly, the absorption resonant peak of disk is red-shifted with
increasing radius as well, which enable the design of nanostructures with efficient
light absorption at specific wavelength. However, the normalized absorption cross
section of disk is drastically reduced with increasing disk radius. Scattering cross
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section strongly dominates absorption cross section, for a ≥ 50 nm. It is due to the
fact that the excited localized plasmonic resonant mode in a single NP is resemblance
to the simple dipole mode. It is known that dipole resonance efficiently radiates
wave to the surroundings in the plane perpendicular to the dipole polarization axis.
Therefore, the scattering cross section of single NP is always larger than absorption
cross section, unless the scattering resonance peak is close to interband transition
region, i.e. in the case of a = 25 nm. Notably, the geometric cross section of the
arbitrary particle is defined as σg = πr2

eff , where reff = (3V/4π)1/3. V is volume of
the particle.

Figure 2.4: The normalized extinction(in black), scattering (in blue) and absorption
(in red) cross section of single Au nanodisks with thickness of 30 nm and radius of
(a) 25 nm, (b) 50 nm, (c) 75 nm, and (d) 100 nm in SiO2 matrix, calculated using
FEM solver.

Nanorod is another geometric style of NP, with the length of rod is generally
larger than the rod diameter. The rod is normally modeled as a cylinder with
two hemispheres at both ends. The aspect ratio of the rod is defined as the rod
length over the rod diameter. The numerical calculated scattering and absorption
spectra of Au nanorod with rod radius of 25 nm and aspect ratio ranging from 1 to
4 is shown in Fig. 2.5. The rotational symmetric axis of the rod is in y direction,
which is along the polarization direction of the incident plane wave. Therefore, only
the longitudinal mode of the nanorods are excited. Again, the wavelengths of the
scattering and absorption resonant peaks are both positively correlated with aspect
ratio. Comparing with sphere or disk with the same size, nanorods show the most
efficient light absorbing capability. However, the nanorods are obviously polarization
sensitive, which shows distinct absorption efficient only with longitudinal modes,
but not transverse modes.

Therefore, in order to search for the efficient light absorbing nanostructures,
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Figure 2.5: The normalized extinction (in black), scattering (in blue) and absorption
(in red) cross section of single Au nanorods with radius of 25 nm, and aspect ratio
of (a) 1, (b) 2, (c) 3, and (d) 4, in SiO2 matrix, calculated using FEM solver.

it is necessary to investigate other particle shape styles, or even combination of
particles. The most simple combination would be particle pair. The Au disk pair
are two identical disks with a 50 nm spacing between them. The scattering and
absorption spectra of the Au disk pairs with disk radii from 25 nm to 100 nm are
shown in Fig. 2.6. Comparing with single Au disk of the same size, Au disk pair
shows superior absorption cross section. By optimizing the geometric parameters,
an enhancing absorption peak can be created at the spectrum location close to the
single disk scattering peak. For instance, the normalized absorption cross section of
Au disk pair with radius of 100 nm is 14.77 at wavelength of 1060 nm, which is 8.9
times as large as that of Au single disk (Qabs = 1.65) with radius of 100 nm at the
same wavelength. Also, the absorption peak of 100-nm-radius Au disk pair is at
wavelength of 1060 nm, while the scattering peak of Au single disk of the same size
is at wavelength of 1000 nm.

It indicates that a "new" resonant mode is created with the disk pair design
(shown in Fig. 2.7(d)), which is closely related to the dipole-like single disk mode
(shown in Fig. 2.7(b)), but different. The optical near field of the above mentioned
four kinds of Au nanoparticles, e.g. sphere, disk, rod, and disk pair, with plane
wave excitation at wavelength of 1064 nm is shown in Fig. 2.7. For all 4 kinds of
nanoparticles, the longest dimension is 200 nm. Therefore, the wavelength of the
scattering peak of the four NPs are all around 1000 nm, e.g. 850 nm for sphere, 975
nm for single disk, 1100 nm for rod, and 1060 nm for disk pair, as shown in the
previous text in this section. The color map in the Fig. 2.7 shows the amplitude of
the magnetic field (H) in the yz cross section plane. The arrows are vector of electric
displacement field (D), which represents the light induced collective movement of the
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Figure 2.6: The normalized extinction(in black), scattering (in blue) and absorption
(in red) cross section of Au nanodisk pair with gap of 50 nm and disk radius of (a)
25 nm, (b) 50 nm, (c) 75 nm, and (d) 100 nm in SiO2 matrix, calculated using FEM
solver.

electrons in the metal. It shows that the excited electrons are moving in the same
direction in-phase in the Au subdomain, for the case of sphere, single disk and rod.
Therefore, the charges are collected only at the two ends in ±y directions, called
two poles. It indicates that the plasmonic resonant modes of sphere, single disk and
rod in Fig. 2.7 are resemblance to the electric dipole resonant mode. However, in
the disk pair case, the excited electrons are moving in the opposite direction in the
upper and lower disks, shown in Fig. 2.7(d). In other words, the resonant mode
of the disk pair showing a superior absorption peak is the anti-parallel resonance
of the two disks in a pair [88]. The two disks are coupled to each other and are
resonating out-of-phase exactly. The induced current in the disk (in ±y directions)
and the electric field in the gap between the disk (in ±z directions) form a oscillating
closed-loop current, which generates a magnetic dipole resonance. In the far field,
the scattering of the two closely located out-of-phase dipole-like resonance is partly
cancelled. Therefore, the anti-parallel resonant mode is often called dark mode.
The superior absorption property of the anti-parallel resonant mode is valuable for
photothermal application.

Apart from investigating the optical properties of stand-alone metal nanoparticles
with various shapes, researchers are also exploring the properties of an ensemble of
metal nanoparticles with certain spacial distribution. Artificial materials composed
of nanostructured optical resonators with periodic/random spacial distribution in
matrix medium show exotic optical properties are called optical metamaterials [89],
e.g. superlens [90], negative refractive index [91, 92, 88, 93]. In metamaterials, the
spacial distance of the adjacent optical resonators is generally much smaller than
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Figure 2.7: The optical near field of four kinds of Au nanoparticles at wavelength of
1064 nm, calculated using FEM solver. (a) Au sphere with radius of 100 nm, (b) Au
single disk with radius of 100 nm and thickness of 30 nm, (c) Au rod with radius of
25 nm and aspect ratio of 4, (d) Au disk pair with radius of 100 nm, thickness of 30
nm and gap-size of 50 nm. All four Au NPs are in SiO2 matrix. The four figures
are all in the yz cross section plane. The color map represents the amplitude of the
H field and the arrows represent the D field.

the wavelength in the matrix medium. In such a way, the composite material can
be treated as a homogeneous material with meaningful effective refractive index,
which can be tuned by engineering the optical resonator or the spacial arrangement.

Metamaterial absorbers are generally plasmonic metal nanoparticles that are
periodically arranged or uniformly random distributed just above a metallic mirror
layer. The plasmonic nanoparticles and the metal mirror are often separated by
a ultra-thin dielectric coating layer. The idea of metamaterial absorbers was first
presented in application working at microwave frequency, by N.I. Landy, et al. [94] in
2008. In 2010, the idea was realized in optical frequency using a periodic arrangement
by J. Hao, et al. [61], X. Liu, et al. [62] and N. Liu, et al. [63], independently. Later,
random distributed coated Au nanoparticles casted on metal mirror was proved to
be an alternative method to realize the idea [95, 96].

Without losing generality, the metamaterial absorber studied in this chapter
is composed of an array of Au disks on top of a SiO2 coated Au film. The Au
disks are arranged in square lattice array, with lattice constant of 300 nm. The
thicknesses of Au disks, SiO2 spacing layer, and Au film layer are 40 nm, 7 nm, and
60 nm, respectively. The three-layer nanostructure is supported by a silica substrate.
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The simulation results of the optical Reflectance/Transmittance/Absorbance of the
absorbers with disk radius of 50 nm, 75 nm and 100 nm are shown in Fig. 2.8. The
absorber array with square lattice in xy plane are modeled as a tube-shape unit
cell containing free space layer, one Au disk, the SiO2 spacing layer, the Au film
layer and the substrate SiO2 layer, from top to bottom. The unit cell has a 300
nm by 300 nm square cross section in xy plane. To ensure the E field polarized
in y direction, the two side walls of the unit cell perpendicular to the y direction
are set to the boundary condition of electric wall. In electric wall condition, the
tangential electric field on the boundary is zero,or ~E × n̂ = 0, where n̂ is the normal
direction of the boundary. The other two side walls of the unit cell perpendicular
to the x direction are set to the magnetic wall condition. Similarly, in magnetic
wall condition, the tangential magnetic field on the boundary is zero, or ~H × n̂ = 0.
By applying electric/magnetic wall condition on the side wall pairs, the periodic
condition of the model is naturally imposed. The unit cell of the metamaterial
absorber is established and solved with the commercial FEM solver, COMSOL
MultiphysicsTM. The refractive index of SiO2 is set to 1.45 and the refractive index
of Au is referred to Johnson and Christy’s data [84].

The numerical solver calculated the optical reflectance (Rop) and transmittance
(Top) of the absorber. By energy conservation, the optical absorbance (Aop) is
calculated as Aop = 1 − Rop − Top. The spectral response of the absorbers
in Fig. 2.8b,c,d shows that the wavelength of the absorption peak is positively
correlated to the disk radius. The simulation results show that the light absorption
of metamaterial absorber dominates light scattering at the wavelength around
resonant peak. Such dominating absorption property has not been seen in stand-
alone plasmonic nanoparticles at wavelength longer than 700 nm. With the Metal-
Insulator-Metal (MIM) three-layer design, metamaterial absorbers achieve near
unit absorbance within a specific wavelength band around the resonance peak. For
the spectral response of the absorber with disk radius of 100 nm, as shown in
Fig. 2.8d, two resonant peaks are clearly shown at wavelength of 1450 nm and 650
nm, respectively. The first resonant mode (at 1450 nm) is the fundamental mode of
the absorber, with one maxima in the magnetic near field, shown in the left side of
Fig. 2.8a. The second resonant mode (at 650 nm) is the higher order mode, with
three maxima in the magnetic near field, shown in right side of Fig. 2.8a. It is a
natural question that whether the mode with two maxima exists or not. Due to
the spatial symmetry, the mode with two maxima can not be excited by normally
incident light. Oblique incident light can excite resonant mode in absorber with two
maxima [97].

To summarize this section, the optical scattering and absorption properties of
four kinds of stand-alone Au nanoparticles, e.g. sphere, single disk, rod, and disk pair,
are investigated using three-dimensional numerical simulation method. Among the
four, disk pair shows the largest normalized absorption cross section, benefited from
the anti-parallel resonant mode. Similar to the disk pair, metamaterial absorber with
MIM three-layer design and periodic arrangement shows even stronger absorption
enhancement. Near unit absorbance is reached at the wavelength around resonant
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Figure 2.8: The optical response of metamaterial absorber with incident light
traveling in −z direction and E field polarized in y direction. (a) The optical near
field of the excited absorber unit cell with disk radius of 100 nm. The left subfigure
of a is magnetic field at first resonant mode (wavelength of 1450 nm). The right
subfigure of a is magnetic field at second resonant mode (wavelength of 650 nm).
The Reflectance/Transmittance/Absorbance of absorber with disk radius of (b) 50
nm. (c) 75 nm, and (d) 100 nm.

peak of the metamaterial absorber. The wavelength of the resonant peak can be
tuned by engineering the disk radius, while the high absorbance is kept. Multiple
wavelength absorption or wide-bandwidth absorption can be achieved by arranging
the Au disk with different size in the same layer or stacking in multiple layers. With
sub-wavelength thickness, metamaterial absorbers provide a configurable material
system with high efficiency in light-heat power conversion.

2.2 Heat Generation and Conduction in Plasmonic
Nanostructures

2.2.1 Heat Generation in Plasmonic Nanostructures

As discussed in the previous section, Au nanoparticles (NPs) show strong scattering
and absorption of light at specific wavelength in visible and near-infrared region
owing to their localized plasmon resonances. A large portion of the energy of
the incident photons is transferred to the energy of the collective oscillation of
excited electrons within the metal. As a whole, the photons and excited electrons
participating the coupling oscillation at the dielectric-metal interface are called
surface plasmon polaritons (SPPs). The lossy nature of gold, manifested by the
imaginary part of its permittivity value, implies that resistive heat will be generated
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in the gold nanostructure, when SPPs are excited around the nanostructure. The
heat power volume density qspp is written as [98]

qspp = 1
2ε0ωIm(ε)

∣∣E2∣∣ (2.10)

where ε0 is permittivity of free space; ω is angular frequency of the light; ε is the
relative permittivity of gold; E is electric field. The optical near field of plane wave
excited plasmonic nanopartcles of four kinds has been calculated in the previous
section and is shown in Fig. 2.7. Using Eq. 2.10, the heat power in these plasmonic
nanoparticles (e.g. sphere, single disk, rod, and disk pair) generated by the light
excitation at wavelength of 1064 nm is shown in Fig. 2.9. The figure shows that
heat density is localized on the surface of the Au nanoparticles, because the surface
plasmonic wave decays exponentially from the interface. The heat density near
upper surface is generally larger than that of lower surface, since the incident light
is traveling from the top. Naturally, the Au disk pair has the largest heat density
of the four, because of its largest normalized absorption cross section. The heat
density will serve as the input variable for the heat conduction analysis, which will
be discussed in the next section for calculating the temperature of the light excited
nanoparticles.

Figure 2.9: The heat power volume density (qspp) of (a) the Au sphere with radius
of 100 nm, (b) the Au disk with radius of 100 nm, (c) the Au rod with radius of 25
nm and aspect ratio of 4, and (d) the Au disk pair with radius of 100 nm and gap
of 50 nm. The intensity of the incident light is 1.9× 10−12 mW/µm2, with E field
polarized in y direction and propagating in −z direction.
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2.2.2 Heat Conduction in Plasmonic Nanostructures
The conventional heat conduction equation in equilibrium system is written as

C
∂T

∂t
+∇ · (−k∇T ) = q(r, t) (2.11)

where C, and k are the heat capacity and thermal conductivity of the material,
respectively. As the source term, q(r, t) is the heat power volumic density and is
a function of space and time. T = T (r, t) is the equilibrium temperature of the
system as a function of space and time. Eq. 2.11 indicates that the heat conduction
is mainly governed by the heat capacity and thermal conductivity of the materials
in the system. In metals, the heat carriers are free electrons gas, the occupation
probability of which follows the Fermi-Dirac distribution. The electron heat capacity
[99] is written as

Ce = π2nek
2
BT

2εF
(2.12)

where ne is the electrons number density, kB is Boltzmann constant, and εF is Fermi
energy of the metal. It shows that Ce is a linear function of T . Heat energy can also
be stored in form of vibrating lattice in solids, especially in the case of isolators and
semiconductors. In Debye model, the lattice vibrations, also called phonons, are
assumed to have a linear dispersion relation. The Debye heat capacity of phonons is

Cl = 9NkB
(
T

θD

)3 ∫ T
θD

0
dx x4ex

(ex − 1)2 , (2.13)

where N is number of atoms in the specimen. θD is the Debye temperature defined
as

θD = h̄vs
kB

(
6π2N

V

)1/3

(2.14)

where h̄ is Planck’s constant over 2π, vs is velocity of sound, V is the volume of
the specimen. The Debye temperatures of gold and silicon are 165 K and 645 K,
respectively [99]. The heat capacity of phonons (Cl) is proportional to T 3, when
T � θD, which is call Debye T 3 law. As T > θD, the heat capacity of phonons
approaches to saturation, where the Debye model is no longer valid. At higher
temperature, Einstein model is used to calculate the heat capacity of phonons, which
considers lattice vibrations all occur at the same frequency. At high temperature
limit, Cl = 3NkB .

The theoretical thermal conductivity of solids follows the Debye formula,

k = 1
3CvlM . (2.15)

where C again is the heat capacity of the thermal energy carriers, v is the average
velocity of the carriers, and lM is the mean free path of the carriers. In metals, the
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dominate heat carriers are electrons. On the other hand, the dominate heat carriers
are phonons in insulators and semiconductors. Fig. 2.10 shows the temperature
dependence of thermal conductivity [100, 101] of gold, silicon, alumina, quartz
and fused silica. As a typical metal, the thermal conductivity of gold is linearly
increasing in range T<10 K, since the heat capacity of electrons is proportional to T .
At higher temperature, the thermal conductivity of gold reduces by one magnitude
and enters temperature independent region, where the increasing electron-lattice
collisions limits the conductivity. As a semiconductor, the thermal conductivity of
single-crystal silicon shows an accelerated increase in range T<10 K, which is due to
the Debye T 3 law of phonon heat capacity. However, k of silicon decreases steeply in
T > θD range, which is caused by the fact that phonon mean free path is inversely
proportional to T at high temperature. As shown in Fig. 2.10 as cross and circle,
the thermal conductivities of single-crystal alumina and quartz follow the same 1/T
decreasing trend as that of silicon at high temperature range. It is again due to the
phonon-phonon collision, especially the Umklapp process. It is noticeable that the
thermal conductivity of fused silica is increasing with raising temperature, which
is a general character of amorphous material. Generally, the thermal conductivity
of amorphous material is much lower than that of crystalline material, due to the
frequent scattering of phonons at crystal boundaries and dislocated atoms. For
instance, the thermal conductivity of amorphous silicon thin film (200 nm-thick) is
2.2 W/(m·K) [102, 103] at temperature of 300 K, 67 times lower than that of bulk
single-crystal silicon.

Figure 2.10: The temperature dependence of thermal conductivity of some materials
used in this work: Au, Si, Al2O3, quartz and fused silica. Data from [104]

For short-pulse laser heating of metal, the light-mater interaction follows three
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sequential processes. Firstly, the incident photons excite the electrons in metal and
generate a hot electrons gas within the first 100 fs. Secondly, in the electron-phonon
relaxation process, the lattice of the metal is heated by electron-phonon collision
within 10 ps. After 10 ps, the thermal equilibrium between hot electrons and lattice
of metal is achieved. Thirdly, the heat dissipation from the excited region to the
surroundings takes place, in the timescale of 100 ps and longer. Therefore, the
conventional heat conduction equation, Eq. 2.11, is only applicable to laser heating
of metal with pulse duration much larger than electron-phonon thermal relaxation
time (10 ps). For pulse duration around or shorter than 10 ps, a two-step model is
applied to describe the mutual coupling between electrons and phonons [39, 40, 41],
which is written as

Ce
∂Te
∂t

= ∇ · (ke∇Te)−Gel(Te − Tl) +Q, (2.16a)

Cl
∂Tl
∂t

= ∇ · (kl∇Tl) +Gel(Te − Tl), (2.16b)

where Te and Tl are the electron temperature and lattice temperature, respectively.
ke and kl are the thermal conductivity of electrons and lattice. Gel is the electron-
phonon coupling factor [41] and can be calculated as

Gel = π2menev
2
s

6τeTe
, (2.17)

where me is the electron mass, ne is electron number density, vs is velocity of sound,
τe is the electron mean free collision time at temperature Te. The calculated value
of electron-phonon coupling factor (Gel) for Au, Ag and Ti are 2.6×1016, 3.1×1016,
and 202×1016 Wm−3K−1 [41].

In modern integrated electronic/photonic devices, nanometric features are
essential and frequently presented, e.g. 22 nm Complementary Metal-Oxide-
Semiconductor (CMOS) transistor technology [105] or multilayer thin films with
thickness of tens of nanometer in quantum well structure [106, 107]. The feature
size of these nanostructures is close to or smaller than the mean free path of the
thermal energy carriers in the bulk material. Therefore, the scattering of the
carriers on the surface/interface is more frequent. As a result, the actual thermal
conductivity in nanostructured material is smaller than that in the bulk material.
Moreover, the diffusive heat conduction nature of Fourier law is no longer valid in
the nanostructures. Instead, particle nature of the thermal energy carriers described
by Boltzmann transport equation should be included, in order to accurately model
the thermal conductivity of nanostructures [43, 44].
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Figure 2.11: The schematic diagrams of heat conduction and phonon transport
(a) across a dielectric thin film and (b) within the same dielectric thin film. In
subfigure (b), the length of the arrows represents the probability at the specific
diffuse reflection direction, which obeys the Lambert’s cosine law at the ideal diffusive
interface. Diagrams are drawn based on Majumdar’s work [43].

Considering a fundamental scenario of heat conduction in a dielectric thin film,
where the phonons are the dominate heat carriers, as shown in Fig.2.11. In the first
case, the temperatures of the lower and upper interface of the film are fixed at T1
and T2 (T1 > T2), as shown in Fig.2.11(a). If the thickness of the film L is larger
than phonon mean free path lM , a linear temperature gradient will be established
across the film. However, if L < lM , the phonon scattering would seldom occurs
inside the film, but most likely occurs at the two interfaces, statistically. Therefore, a
step-wise temperature distribution is formed across the thin film, instead of a linear
temperature gradient. The thermal conductivity of the thin film in perpendicular
direction (y direction) is strongly dependent on film thickness L. In the second case,
the temperatures at two horizontally distinct locations, x = 0 and x = ∆x are fixed,
as shown in Fig.2.11(b). If the thermal conductivity of the surrounding material is
negligible, a heat flux from left to right within the film must be presented, which is
mainly composed of the collective phonon transport to the cold end. Most phonons
with non-zero momentum in y direction will be reflected at one of the interfaces,
as shown Fig.2.11(b). Generally, the reflections of phonons at realistic material
interface are diffusive, which obeys the Lambert’s cosine law [108]. The diffuse
reflection of phonons at interfaces is the key limiting factor for heat conduction
along the thin film. Applying equations of phonon radiation transfer (EPRT),
Majumdar [43] has shown that the heat flux across a dielectric thin film, as shown
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in Fig. 2.11(a), is

qE = 16σphononT 3∆T
3( L
lM

+ 4
3 )

(2.18)

where L is thickness of the dielectric film, lM is the mean free path of phonon in
bulk material at temperature T , ∆T = T1 − T2 is the temperature difference across
the film. σphonon is the Stefan-Boltzmann constant of phonons [109] and written as

σphonon = π2

40
k4
B

h̄3v2
s

(2.19)

Following the classic Fourier law of

~qF = −k∇T, (2.20)

the heat flux across the same film should be

qF = 1
3CvlM

∆T
L

= 16σphononT 3∆T
3( L
lM

)
. (2.21)

Apparently, the heat flux calculated by Fourier law is always larger than heat flux
calculated by EPRT. In the regime of acoustically thick film, where L� lM , the
heat flux calculated by EPRT Eq. 2.18 is reduced to the heat flux of Fourier law as
in Eq. 2.21. In the case L = lM , the heat flux of Fourier law is 133% overestimated
than heat flux of EPRT. In the regime of acoustically thin film, where L � lM ,
the heat flux of EPRT is qE = 4σT 3∆T . For Fourier law model, the thermal
conductivity of the ultra-thin film is normally corrected by forcing the mean free
path lM being equal to film thickness L. Then, the heat flux of Fourier law is
qF = 16

3 σT
3∆T . Again, the qF is still 33% overestimated comparing to qE , even the

thermal conductivity of the thin film is scaled down by lM/L times from bulk value.
To maintain the feasibility of Fourier law at acoustically thin limit, Majumdar [43]
proposed a concept of effective mean free path across the film

l⊥eff = lM

1 + 4
3 ( lML )

. (2.22)

From Eq. 2.15, the thermal conductivity across the dielectric thin-film is calculated
as k⊥ = 1

3Cvl
⊥
eff, in which the ballistic character of phonon transport in micro/nano-

structures is represented. On the other hand, the heat conduction along the thin
film as shown in Fig. 2.11(b) was investigated by Sonderheimer in 1952 [42], and
later adapted by Majumdar [43]. If the leakage of phonon into the substrate is
negligible, the effective mean free path along the thin film is

l
‖
eff = 3

4

(
2− ds
ds

)
ln
(
lM
L

)
L for L� lM (2.23a)

l
‖
eff = L

L
lM

+ 3ds
8

for L� lM (2.23b)
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where ds is the diffuse scattering probability ranging from 0 (specular reflection) to
1 (ideal diffuse reflection), describing the strength of diffuse reflection at the two
interfaces of the thin film. At room temperature, the value of ds for realistic surface
approaches one.

In electronic/photonic nanostructure, the metallic thin films fabricated by
physical vapor deposition (PVD) are generally in polycrystalline form. The electric
conductivity of the polycrystalline metallic thin film is constrained by the carrier
scattering at the film surface, as well as the scattering at the crystal grain boundary,
which has been investigated by Mayadas and Shatzkes [110]. At temperature close
to or larger than Debye temperature, the ratio of the thermal conductivity to the
electrical conductivity of a metal is a constant, being proportional to the temperature
of the metal. It is called Wiedemann-Franz law and is written as [99]

ke
σe

= π2k2
BTneτe/3me

ne2τe/me
= π2k2

B

3e2 T, (2.24)

where σe is the electric conductivity, τe is the electron mean free collision time, e
is the electron charge. T.Q. Qiu and C.L. Tien have extend the study of electron
scattering in polycrystalline metal film into domain of thermal conductivity [111], by
applying Wiedemann-Franz law. The ratio of the thermal conductivity of metallic
thin film (kf ) to the thermal conductivity of the bulk metal (kb)is written as

kf
kb

=
(

1 + 3lM
8L ds + 7lM

5Dg

Rg
1−Rg

)−1
(2.25)

where L is thickness of the film, Dg is the mean grain diameter, ds is diffuse scattering
probability at film surface, Rg is the electron reflectivity at grain boundary.

Apart from size-dependent thermal conductivity reduction in acoustically small
structures as discussed above, the thermal boundary resistance (TBR) across the
interface between two difference materials also plays a key role in the thermal
analysis of multilayer structure. The concept of thermal boundary resistance is
illustrated in Fig. 2.12. It is assumed that two dielectric material A and B are
separated by an interface. A heat flux from A to B can be applied by raising the
temperature at the left end of A and keep the temperature at the right end of B
at constant. Due to the phonon reflection at the interface, the local temperatures
at the vicinity of the interface in material A (T1) and B (T2) are different. The
thermal boundary resistance (RB) is defined as the coefficient linking the heat flux
(q) passing the interface and the temperature step (∆T i = T1 − T2) located at the
interface, as

q = ∆T i

RB
. (2.26)

The phonon reflection and transmission at the interface is shown in Fig. 2.12, where
a parallel transverse acoustic wave arrives at the interface with a incident angle of
θ1. The transmitted transverse wave has a reflection angle of θ2. It is assumed that
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Figure 2.12: The schematic diagrams of (a) origin of the thermal boundary resistance
at the interface between two materials and (b) the phonon reflection/transmission at
the interface, which gives an explanation of the TBR in microscale. The temperature
step ∆T i at the interface separating material A and material B is caused by the
heat flux q crossing the TBR. The transverse phonons (K0,t) (marked with two
bars) incidence on the interface with a angle of θ1. Phonons are reflected (K1,t)
or refracted (K2,t) following Snell’s law. If the interface are elastic, longitudinal
phonons can also be excited at the interface, with backward (K1,l) or forward (K2,l)
longitudinal phonon wavevector.

sound velocity of material A (c1) is smaller than that of material B (c2). Following
Snell’s law

sin θ1

c1
= sin θ2

c2
, (2.27)

θ2 should be larger than θ1. For incident angle θ1 at critical angle θc = arcsin( c1c2 ),
the acoustic energy do not propagates to the right as traveling wave. Instead, an
inhomogeneous compression wave is excited at the interface. Therefore, the energy
transfer is hindered by the total internal reflection of phonons. W.A. Little [112]
has shown that at low temperature the heat flux across the interface is

q = 2πk4
BΓ

h3c21
(π

4

15 )(T 4
1 − T 4

2 ), (2.28)
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where h is Planck’s constant. Γ is define as a integration in the angle-space, as

Γ =
∫ π/2

0
α1(θ1) sin θ1 cos θ1dθ1. (2.29)

α1(θ1) is the transmission coefficient of the phonon at the interface with incident
angle θ1, analogy of the Fresnel’s equation in electromagnetic wave.

α1(θ1) = 4ρ1c1 cos θ1ρ2c2 cos θ2

(ρ1c1 cos θ1 + ρ2c2 cos θ2)2 (2.30)

It is well-known that the transmission coefficient decreases with larger acoustic
impedance difference (∆Zs = ρ1c1 − ρ2c2). Therefore, the thermal boundary
resistance of a interface is strongly related to the acoustic impedance matching
of the two materials. The measured values of thermal boundary resistances of
Au/Al2O3 interface and Au/SiO2 interface [113] are 1.08 × 10−8 m2KW−1 and
1.69× 10−8 m2KW−1, respectively. Hopkins and coworkers found that the thermal
boundary resistance of Pt/Al2O3 interface decreases with higher temperature, from
0.862× 10−8 m2KW−1 at 300 K to 0.595× 10−8 m2KW−1 at 500 K.

Summarizing this section, the classic theory of heat conduction in solid is
introduced, followed by the detailed knowledge of the thermal properties of dielectrics
and metals, as well as their dependency on temperature, time and size.

2.2.3 Numerical Analysis of Heat Conduction Problem
As discussed above, the heat conduction analysis of light induced heating of
nanostructures faces three technical challenges: the temperature dependency of
material thermal properties (heat capacity and thermal conductivity), the ultra-
fast pulsed light induced non-equilibriums between electrons and phonons, the
size/interface limited thermal conductivity.

In this section, starting from an ideal case, attempts are made to analyse the
heat conduction in continuous wave (CW) laser induced heating of Au nanoparticles
of four kinds, all in SiO2 matrix. The environment temperature T0 is set to 300 K,
and the laser intensity (I0) is 1 mW/µm2. Therefore, the temperature of the Au
nanoparticles shall be above room temperature, but much lower than the melting
point of Au or the matrix. In such a range, the temperature dependent of material
capacity and conductivity can be neglect reasonably. CW laser excitation indicates
that the heating process is in steady-state. Therefore, the only concerns in this study
case is size dependent of thermal conductivity and thermal boundary resistance.
The thermal properties of the materials are referred to [104].

The heat source volumic density in the Au nanoparticles are derived from
Eq. 2.10. Specifically, the heat sources of the four kinds of Au nanoparticles are
shown in Fig. 2.9. Normalization of the heat source is made to ensure that the
nanoparticles are excited with light intensity of 1 mW/µm2. In the model, the
thermal conductivity of Au are set as that of the Au film with thickness of 50 nm,
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which is 46.7% of the conductivity of bulk Au. The thermal conductivity of SiO2
is set to 1 W/m/K. Three dimensional heat conduction model is established and
solved in commercial FEM solver, COMSOL MultiphysicsTM.

The numerical simulation results of the raised temperature (∆T = T − T0)
of the CW laser heated Au nanoparticles are shown in Fig. 2.13. Because of the
high thermal conductivity of Au and small size of the particles, the temperature
difference within the Au nanoparticles are negligible. In other words, the heat
density distribution within a particle is not critical. The integral of the heat density
over a particle is a key role in heat conduction analysis. It is obvious that the Au
nanoparticles with larger absorption cross section is heated to higher temperature,
with the same incident intensity. Notably, in the case of Au disk pair, the raised
temperature of the upper disk (148.1 K) is higher than that of the lower disk
(132.8 K). The reason is that the overall heat in the upper disk is 61.4% of the
total heat power of the pair, while the heat in the lower disk is the rest 38.6%.
In this study, the other key role is the thermal conductivity (km) of the matrix
material. For a steady-state heat conduction case study, the Eq. 2.11 is reduced to
its steady-state form, as −km∇2T (r) = q(r), where time derivative term is removed.
The temperature in surrounding matrix outside the Au nanoparticle follows the
analytical solution of the poisson equation, written as,

Tm(r) = 1
km

Qpar
4πr (2.31)

where r is the distance from the particle (or point heat source) center, Qpar is the
volumic integral of the heat density over the Au nanoparticle. It indicates that
matrix material with higher thermal conductivity will lower the raised temperature
of the laser heated Au nanoparticles.

With its high light absorption efficiency, metamaterial absorbers are potential
candidates for photothermal applications. The CW laser induced heating of one type
of metamaterial absorber is studied. The absorber is composed with Au disk with
radius of 70 nm on Al2O3 coated Au mirror film supported with SiO2 substrate. The
thickness of the Au/Al2O3/Au layers are 40 nm/11 nm/60 nm, respectively. Using
these parameters, numerical simulation results show that the fundamental resonance
of the absorber is at 1060 nm wavelength, as shown in Fig. 2.14a. The absorbance
of the absorber is 97% at the excitation laser wavelength of 1064 nm. The light
induced heat density in the absorber is shown in Fig. 2.14b, where the Au disk
contains 62.6% of the total absorbed power, the virtual subdomain corresponding
to the mirror symmetric of the disk inside the Au film contains 27.0%, and the rest
of the Au film volume contains only 7%. Therefore, majority of the generated heat
power is inside the upper Au disk.

Taking the generated heat density as a source, the heat conduction model of the
light excited metamaterial absorber is established. The unit cell of the absorber
has a tube shape containing one absorber in the center and having a 300 nm × 300
nm square cross section in xy plane, which fits to the periodic arrangement of the
absorber. The upper space of the absorber unit cell is filled with air at atmospheric
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Figure 2.13: The temperature of light heated (a) Au sphere with radius of 100 nm,
(b) Au disk with radius of 100 nm, (c) Au rod with radius of 25 nm and aspect
ratio of 4, and (d) Au disk pair with radius of 100 nm and gap of 50 nm. The
intensity of the incident light is 1 mW/µm2, with E field polarized in y direction
and propagating in −z direction.

pressure. The top boundary above the air is set to convection condition with heat
transfer coefficient of 10 W/m2/K.The lower space is filled with substrate material
SiO2, which has a thermal conductivity of 1 W/m/K. The bottom boundary ending
the SiO2 layer is set to fixed temperature condition at T0 = 300 K. The four side
walls of the unit cell perpendicular to x or y direction are set to thermal isolation
condition. Therefore, the periodic arrangement of the metamaterial absorber in
xy plane is imposed in the heat conduction model. Considering the size-dependent
thermal conductivity of Au, the Au thermal conductivity of disk and film are 43.2%
and 49.6% of that of bulk Au. The thermal conductivity of Al2O3 film is set to 3
W/m/K, referring to the experimental result by S.Y. Bai, et al. [114].

Using a commercial FEM solver, the numerical calculated temperature distribution
of the laser heated absorber is obtained, as shown in Fig. 2.14c. The calculated
raised temperature of the absorber is 730.4 K, much higher than the temperature of
another Au nanoparticles with the same excitation condition. The high temperature
of absorber is mainly due to two reasons: first, the absorbance of metamaterial
absorber is superior to other Au nanoparticles; second, the closely packed spatial
arrangement of the metamaterial absorber introduces collective heating effect, which
does not exist in other stand-alone Au nanoparticle cases. In other words, the
temperature of the absorber unit cell is not only raised by the heat source in its
own cell, but also raised by heat sources in neighbouring cells.
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Thermal boundary resistance (TBR) at the interface of two adjacent materials
could be a limiting factor for heat conduction in multilayer nanostructures. By
applying the TBR conditions at Au/Al2O3 and Au/SiO2 interfaces in the absorber
study, the updated heat conduction model of the absorber unit cel is solved again.
As shown in Fig. 2.14d, the raised temperature of the disk in absorber unit cell is
777.4 K, when TBRs are integrated in the model. It is 6.4% larger than the previous
calculated raised temperature of disk, where TBRs are not included. Without TBR
conditions, the temperature difference between Au disk and Au film is 730.4 - 718.9
= 11.5 K. Applying TBR conditions, the disk/film temperature difference is 777.4 -
735.0 = 42.4 K. Therefore, the TBRs are vital for thermal analysis in multilayer
nanostructures, where temperature difference between layers are concerned.

Figure 2.14: The numerical simulation results of light induced heating of
metamaterial absorber, composed of Au disk with 70 nm-radius on Al2O3 coated Au
mirror film. (a) The optical near field in one unit cell of metamaterial absorber. The
color map shows the amplitude of magnetic field and the arrows shows the electric
displacement vector. (b) The heat power density in the laser excited absorber unit
cell. (c) Calculated raised temperature of absorber unit cell, without considering
the thermal boundary resistance (TBR). (d) The calculated raised temperature,
where TBR is considered. The intensity of the incident light is 1 mW/µm2, with E
field polarized in y direction and propagating in −z direction.

In summary, this chapter discusses the fundamental knowledge in optics and
heat conduction analysis which are necessary for investigating the physical process
of light induced heating of nanostructures.
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In the first part, the light scattering and absorption by nanoparticles are
introduced first, beginning from the classic theory by Rayleigh and Mie, and
extending to the modern research of optical metamaterial. The numerical study of
the scattering and absorption of four kinds of Au nanoparticles (sphere, disk, rod,
disk pair), as well as the metamaterial absorber is done, which shows the similarity
and difference of the optical response between these plasmonic nanostructures.

In the second part, the classic theory of heat conduction in solid is introduced,
followed by the detailed knowledge of the thermal properties of dielectrics and
metals, as well as they dependencies on temperature, time and size. First, the
temperature dependency of material thermal properties is discussed; Second, two-
step temperature model is briefly introduced to characterize the non-equilibrium state
between the electrons and phonons, when the material is excited by ultra-fast pulsed
laser. Third, the limitation effect on the thermal conductivity of nanostructures
is discussed, where the mean free path of electrons or phonons in nanostructures
is a key parameter for evaluating the energy transport ability of the materials. In
addition, the thermal boundary resistance at material interface is introduced, which
is critical for analyzing multilayer nanostructures. Next, the knowledge in heat
conduction is applied to calculate the temperature distribution of four kinds of light
heated Au nanoparticles, of which the optical properties have been studied in the
first part of this chapter. At last, the thermal analysis of light induced heating of
metamaterial absorber is done. Especially, the effect of thermal boundary resistance
on temperature difference between multilayers are shown.



Chapter 3

Experimental Methods

In this chapter, the experimental methods for fabrication and optical characterization
of the plasmonic nanostructures are introduced at first. Then, the experimental
methods for exciting photothermal effects in plasmonic nanostructures is discussed.
Later, the fiber-probe characterization platform for measuring the transmission
spectra and temporal response of the integrated photonic devices is presented. At
last, one micro-fabrication method based on the application of the photothermal
effects in metal thin film is demonstrated.

3.1 Fabrication

Figure 3.1: Process steps for fabricating Metal-Insulator-Metal (MIM) nanostructure.

31



32 CHAPTER 3. EXPERIMENTAL METHODS

The top-down process for fabricating metal nanostructures can be summarized
in 6 steps shown in Fig. 3.1.

(a) Pre-cleaning: The silica substrate with thickness of 0.5 mm and size of 2.45
cm × 2.45 cm is cleaned by ultrasonic bath in acetone solution for 5 min and then
in isopropyl alcohol solution for 5 min.

(b) Spin coating: The electron-beam (e-beam) sensitive positive resist, ZEP-520,
is spin coated on the substrate. Then, the resist-coated substrate is pre-baked at
180◦C for 4 min. The thickness of the resist is around 700 nm after pre-baking.

(c) Certain pre-defined areas on the resist-coated substrate is exposed to e-beam
by a e-beam lithography (EBL) system. With e-beam exposure, some chemical
bonds of the polymer in the resist layer is destroyed, which inducing a change in
solubility of the exposed resist.

(d) Development: The exposed sample is developed by rinsing with a p-Xylene
solvent, called developer. Certain area of the resist exposed with enough E-beam
dose will dissolve in the developer, the rest of the resist remain on the substrate.

(e) Thin film evaporation: Under high vacuum, metal or metal oxide targets can
be evaporated by e-beam. The atoms from the target material in gaseous phase will
precipitate on the vacuum chamber wall, as well as on the sample. Thin layer of
target material is coated on the sample, using this so-called e-beam physical vapor
deposition (e-beam PVD) technology. In Fig. 3.1e, three layers, Au/Al2O3/Au, are
deposited on the patterned resist layer.

(f) Lift-off: The sample with deposited films is rinsed in acetone solution and
washed in ultrasonic bath. The resist layer is removed with the solvent. At the same
time, the deposited film on the resist is lifted away. The rest of the film deposited
directly on the substrate will stay, if the adhesion of the film to the substrate is
good enough. An adhesive metal layer (Ti or Cr) is used if the deposited material
is non-reactive metal e.g. Au, Ag or Pt.

The fabrication process of silicon photonic devices is shown in Fig. 3.2, where two
E-beam lithography (EBL) steps are needed. The first EBL step is used to define
the grating structure, which is followed by a shallow etching of silicon (etch-depth
of 100 nm). The second EBL step is used to define the strip waveguide structure,
which is followed by a standard etching of silicon (etch-depth of 250 nm).

(a) Spin coating: The standard silicon-on-insulator (SOI) wafer is used. The
thickness of top single crystal silicon layer is 250 nm. The thickness of the buried
oxide (BOX) layer is 3 µm. A layer of positive resist is spin-coated on the SOI wafer.
After pre-bake, the thickness of the resist should be 260 nm, for shallow etching
purpose.

(b) e-beam patterning: The positive resist coated wafer is e-beam patterned and
developed. Some area of resist exposed to e-beam is removed, where the etching
of silicon will take place. Some markers with known position are patterned in this
step, which will be used as alignment markers in the second EBL step.

(c) Shallow etching of top Si layer: The wafer with patterned resist undergoes
inductively-coupled-plasma (ICP) reactive-ion etching (RIE) process and the top
silicon layer without resist protection is etched. The ICP-RIE is controlled with
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Figure 3.2: Process steps for fabricating grating and strip waveguide on silicon-on-
insulator wafer.

etching depth of 100 nm. The shallow groves formed in this step will serve as the
coupling grating for fiber-to-chip light interconnect. After etching, the remaining of
the resist is removed by acetone ultrasonic bath.

(d) 2nd spin coating: The sample from step c is spin-coated with a layer of
negative resist, namely MAN2403, which will be used to define strip waveguide
structure. After pre-bake, the resist thickness should be 350 nm.

(e) 2nd e-beam patterning: The sample coated with negative resist is first aligned
to the mask pattern in the software, with the assistance of the alignment markers
fabricated in the previous lithography step. Then, the sample is exposed to E-beam.
With sufficient e-beam dose, the cross-links of the polymers are formed within the
negative resist. Therefore, the exposed area of the negative resist will not dissolve
in the developer solution.

(f) Standard etching of top Si layer: The resist within the E-beam exposed area
remains after development, which will serve as a protective layer for the Si strip
waveguide. In ICP etching process, top Si layer is totally etched away, except the
area protected by resist. The remaining Si pattern is exactly the Si strip waveguide
structure. It is shown in Fig. 3.2f that certain Si strip waveguide is decorated with
shallow groves structure, which is fabricated by the previous steps. These groves on
top of the Si waveguide is the coupling grating for fiber-to-chip optical interconnect.
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The precise geometric overlap between the two lithography pattern is a critical
requirement for the successful waveguide grating fabrication.

3.2 Transmission/Reflection Spectra Measurement

Figure 3.3: Optical setup for measuring transmission/reflection spectra of thin-film
sample

The top-view schematic diagram of optical setup for measuring the transmission
and reflection (T/R) spectra of thin-film sample is shown in Fig. 3.3. As shown, the
optical setup is basically a set of optics components aligned alone one optical axis,
which is used for collimating the beam, focusing the beam on a thin film sample
and subsequently collecting the transmitted/reflected beam into optical fibers.

In the setup, the super continuum light source emits optical power in a wide
optical spectral range from 450 nm to 2400 nm (covering both visible and near
infrared), by the nonlinear effect in a photonic-crystal fiber pumped with a nanosecond
pulsed laser. The diffusing light beam with wide-spectrum from the source is
collimated by a reflection concave mirror. The collimated beam is attenuated by
a neutral density filter, to control the total optical power of the beam. Then, the
aperture of the beam is defined by a pin hole with 100 µm diameter. A linear
polarizer is used to select the horizontal (E field polarized in x direction) or vertical
polarization (E field polarized in y direction) from the unpolarized beam. A non-
polarizing 50:50 beam splitter is placed in the main path, which is used to guide
the reflected light from the sample to the light collection path.

After the beam splitter, the main beam is focused on the sample by a near-infra-
red (NIR) condenser lens with numerical aperture of 0.40. The beam spot on the
sample is 6 µm in diameter, which indicates the 2D spatial resolution of the T/R
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measurement in this setup. One portion of the light is reflected by the sample, and
collected into the fiber by the reflected light collector path. Another portion of the
light is transmitted through the sample and collimated by an objective lens placed
behind the sample.

When measuring transmission signal, the transmitted light is guided by a mirror
to the transmitted light collector path. Otherwise, the transmitted light is collected
by a charge-coupled device (CCD) camera, for observing the focused beam spot
and the thin film sample microscopically. The spectra of the collected T/R light is
measured by a optical spectrum analyzer (OSA), with spectral range from 600 nm
to 1700 nm. In certain case, an extra beam of white visible light as an illumination
is guided into the main optical path to assist the microscopic observation of the
sample under test. The setup shown in Fig. 3.3 is capable of measuring the T/R
light from the thin-film sample with normal incident excitation. Angle-resolved
characterization of the thin-film sample is discussed by Yiting Chen, et al.[115]

Similar to bright-field (BF) microscopic imaging, this setup is suitable for
measuring the optical property of the sample with certain spatial resolution (few
micrometers). However, it is impossible to distinguish the scattered light of a single
nanoparticle from the background reflected light of the supporting film by BF
illumination method. Therefore, dark-field spectrum measurement is introduced in
the next section.

3.3 Dark-field Scattering Spectrum Measurement

Figure 3.4: Optical setup for measuring dark-field scattering spectrum of single
nanoparticle
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The side-view schematic diagram of the optical setup for measuring the dark-field
(DF) scattering spectrum of single nanoparticle is shown in Fig. 3.4. The method is
capable of optically distinguishing the sub-wavelength-size single nanoparticle from
the background and collecting sufficient scattered light from the NP into optical
spectrum analyzer. The sample is sparsely distributed Au nanoparticles fabricated
on conductive substrate, e.g. Al2O3/Au coated or Indium tin oxide (ITO) coated
glass substrates.

As shown in Fig. 3.4, the incident light is irradiated on the sample from a
flat-ended fiber tip with a large glancing angle from the left (represented as red
line). The majority of the light is reflected by the film to the right. The Au NPs
scatter the light to arbitrary direction. Only the scattering light from the Au NPs
within certain divergence angle is collected by the objective lens above the sample.
The collected scattering light of the Au NPs is divided into two pathes. The light
in vertical path is collected by a camera for sample observation. The light in the
horizontal path is projected on an image plane. The image of the selected Au
NP is spatially filtered by a pin-hole and subsequently collected by a multi-mode
fiber, with core diameter of 50 µm. By the spatial filtering technique, the scattered
light from a specific single particle is extracted from the image and its spectrum
profile is measured by a visible spectrum analyzer. A beam of visible white light is
guided into the microscope setup for observation of the sample. This illumination
beam (represented as yellow line) is shuttered by removing a mirror when spectrum
measurement takes place.

The bright-field (BF) image of the sample is shown in Fig. 3.5c, where the dark
dots in sparse square array is Au NPs. The bars in the left part of the image
are Au markers. Under glancing angle illumination, the Au NPs are enlightened,
due to their Mie scattering, as shown in Fig. 3.5a. When the BF illumination is
shuttered, the DF images of the Au nanodisks are shown in Fig. 3.5b. In the figure,
the stand-alone Au NPs are clearly represented by their scattering light images.
In Fig. 3.5b, two kinds of Au NPs are observed: One Au NP of the first kind is
highlighted in dash-line box, represented as dim spot; One Au NP of the second
kind is highlighted in dash-line circle, represented as bright spot. The scattering
spectra of the Au NPs are shown in Fig. 3.5d, where the spectra with resonant peak
at longer wavelength (around 640 nm) belong to the dim spots, and the spectra with
resonant peak at shorter wavelength (around 565 nm) belong to the bright spots.
Images of the two kinds of Au NPs under scanning electron microscopy (SEM) show
that the dim spots are Au nanodisks with radius of 175 nm and thickness of 24 nm
as originally fabricated. while the bright spots are Au nanospheres with radius of
77.5 nm, which are photothermally reshaped from the original Au disk.
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Figure 3.5: (a) Combination of bright-field image and scattering image of Au
nanoparticles on conductive glass substrate, (b) bright-field image, (c) dark-field
image with only glancing angle illumination. (d) measured scattering spectra of
stand-alone Au nanoparticles.

3.4 Time-controlled Focused Infrared Light Induced
Annealing

The side-view schematic diagram of the setup for focused infrared light induced
annealing is shown in Fig. 3.6. This setup is similar to the T/R spectra measurement
setup, because the optical path is mainly used to collimate and focus an infrared
beam on the thin-film sample. Several characters of this setup are discussed, which
are distinct from the T/R spectra measurement setup.

First, either of the two light sources can be chosen to optically pump the
sample. One is the previously introduced super continuum light source which emits
a nanosecond pulsed light with total average power of 100 mW. The nanosecond
pulsed source has a pulse width of 2.6 ns and a repetition rate of 25 KHz. The other
one is a continuous-wave neodymium-doped yttrium aluminum garnet (Nd:YAG)
laser with emission wavelength of 1064 nm and maximum optical power of 1 W.
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Figure 3.6: Optical setup for time-controlled focused infrared light induced annealing
of Au nanoparticles.

The light beam from the source is collimated, attenuated, filtered, and polarized in
order to have a beam with proper aperture, power, spectral range and horizontal
polarization.

Second, the beam is modulated by a electro-optic modulator. In principle, the
polarization of the beam is rotated by the electro-optic (EO) crystal inside the
modulator. With a bias voltage of 160 V across the EO crystal, the polarization can
be rotated by 90◦ and the beam can pass the vertical polarizer behind the crystal.
Therefore, the beam can be on-off switched by electric signal with 160 V/0 V binary
states. The modulated beam is reflected to vertical direction and focused on the
thin film sample.

The condenser lens is a achromatic doublet with focus length of 50 mm. The
spot size on the sample is 20 µm (or 64 µm) in diameter for nanosecond pulsed
light source (or CW laser source). The thin film sample is horizontally placed on a
computer-controlled motorized stage.

With this setup, the light induced annealing of thin film sample is realized and
exactly controlled. In the nanosecond pulsed light case, the energy and number
of the pulses irradiating on the sample can be controlled. In the CW laser case,
the optical power, rise time and fall time of the irradiation can be controlled as
well. Generally, the light induced annealing results in morphology or crystallinity
change of the Au nanostructures, which will alter the optical properties of the
nanostructures eventually. During annealing process, any changes in the optical
properties of the sample will be observed by the microscope under the sample
stage in real time. It serves as a monitor and gives valuable feedback during the
experiment.
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3.5 Photonic Device Characterization Platform with
All-optical Control Functionality

Figure 3.7: The schematic of the experimental setup for measuring the photothermal
tuning of MIM absorber integrated (MAI) disk. The acronyms in this figure are
listed as follow, CW laser: continuous-wave, EO: electro-optic, BS: beam splitter,
OL: objective lens, EP: eye piece, EDFA: erbium doped fibre amplifier, OSA: optical
spectrum analyzer, TEC: thermo-electric controller.

The transmission spectra and the temporal response of photonic integrated devices
can be measured with the experimental setup shown in Fig. 3.7. Shown in the
schematic diagram as an example, the optical transmittance of a straight waveguide
coupled to a MIM absorber integrated (MAI) Si disk is measured by two fiber-tips.
On the left side, at input fiber-tip, the linear polarized probe light from a tunable
laser is coupled to the Si waveguide assisted by a shallow-etched silicon grating on
top of the widen waveguide end. After interaction with the MAI disk resonator, the
probe light is diffracted by the same type of grating on the other waveguide end
and collected by the output fiber-tip (right). When sweeping the wavelength of the
probe light, the spectrum of the transmitted probe light is measured by a optical
spectrum analyzer (OSA). In dynamic response measurement, the wavelength of the
probe light is fixed at a value slightly larger than resonance wavelength but within
the full width at half maximum (FWHM) of the transmission ditch. Then, the
transmitted light is boosted by an Erbium Doped Fibre Amplifier (EDFA) following
with a narrow line-width filter. The amplified light is converted to electric signal by
an InGaAs photodetector. As the transmitted optical signal is monitored by the
oscilloscope, the MAI disk is tuned by a focused pump laser beam from the objective
lens (OL). The 1064-nm-wavelength pump light is modulated by a electro-optic
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(EO) modulator, following a square-wave variation in time. At off-state of the pump
beam, the transmitted light is low and the probe light wavelength is within the
FWHM of the transmission ditch. At on-state of the pump beam, with transmission
ditch red-shifted, the probe light wavelength is left out of the FWHM of the ditch
and the transmitted light signal is high. The measured temporal response of the
MAI disk is shown in as inset in Fig. 3.7, with modulation period ranging from 40
µs to 4 µs and duty cycle of 50%.

3.6 Photothermal Direct Writing

Figure 3.8: (a) Periodic square apertures and (b) cross-slot in Au film fabricated
by photothermal direct writing. The period is 100 µm, the square size is 50 µm,
the slot-length is 90 µm, and the slot-width is 10 µm. (c) SEM image of the round
apertures in Au film with diameter of 1.5 µm, formed by nanosecond laser exposure.
(d) Simulation and measurement results of transmission spectra of periodic cross-slot
in Au film on quartz substrate. The spectra of two cross-slot samples are shown, with
period of 130 µm and 100 µm respectively. Notably, the horizontal axis represents
frequency instead of wavelength.

The principle of the photothermal direct writing is to remove material in certain
areas of a thin film by a tightly focused light beam in a controllable manner. The
setup for photothermal direct writing is similar to the setup of focused light induced
annealing,which is shown in Fig. 3.6. The target thin film is generally metal film
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with thickness of 100 nm or less, deposited on optically flat substrate. A nanosecond
pulsed light beam is tightly focused on the thin film with a condenser lens with
numerical aperture of 0.60. The spot size on the film is 4.4 µm in diameter. The
time-average power on the sample is 2 mW, which is corresponding to 80 nJ per
pulse with pulse duration of 2.6 ns and pulse repetition rate of 25 kHz. The transient
optical intensity on the sample is 2 W/µm2 during nanosecond pulse exposure. With
such a high optical pumping intensity, the metal film within a tiny area, called heat
affected zone, will be heated instantaneously and the localized temperature will
be close to or even over the melting point of the metal. Transient heating of the
localized volume in the film introduces melting, thermal expansion and expulsion of
the material.

The SEM image of the nanosecond pulsed light exposed Au film shows that
round aperture with diameter around 1.5 µm is formed, in Fig 3.8c. It indicates that
photothermal direct writing of microstructure in Au film with linewidth of 2 µm is
possible. By controlling the beam exposure dose with EO modulator and the target
position with motorized stage, arbitrary 2D patterns are scribed on the Au thin
film, as shown in Fig 3.8a,b. In Fig 3.8a, the pattern is a square aperture array in
gold film, with aperture size of 50 µm and period size of 100 µm. In Fig 3.8b, the
pattern is a cross-slot array in gold film with slot-width of 10 µm and slot-length of
90 µm.

The cross slot array sample can serve as a bandpass filter working at terahertz
(THz) frequencies. In Fig 3.8d, the THz transmittance measurement shows that the
cross-slot arrays with period of 130 µm and 100 µm have a transmission peak at
frequency of 0.75 THz and 1.0 THz, respectively. The measured and simulated THz
transmittance spectra nicely match to each other. It indicates that the photothermal
direct writing technique is capable of fabricating metallic thin film microstructure
for THz wave application. The THz transmittance measurement was carried out by
Q. He at Physics Department, Fudan University, China.





Chapter 4

Light Induced Morphology and
Crystallinity Changes in Au
Nanoparticles

In this chapter, we demonstrate the near-infrared light induced heating, morphology
and crystallinity change of Au nanoparticles (NPs), assisted by the plasmonic
absorbers. Due to the surface melting and minimization of surface energy, the
morphology of the original rectangular brick shape Au NPs is changed to geometrically
isotropic shape, close to a sphere. However, the exact structures of the light exposed
Au NPs are strongly dependent on the pumping light intensity and exposure time,
which is addressed by experiments. Firstly, the photothermal reshaping of Au
nanoparticles, from rectangular brick shape to spherical shape, by a nanosecond
pulsed light is shown. The transient temperature of the Au NPs during heating is
numerically calculated, which is much lower than the bulk melting point of Au. Then,
the faceted Au nanocrystals formed by CW laser annealing is demonstrated. The
formation of nanocrystals is mainly due to crystal grain growth and surface melting
of the Au NPs, which are encouraged by the localized light induced annealing.

4.1 Nanosecond Pulsed Light Induced Reshaping

In this section, the rapid heating and reshaping of Au NPs in a plasmonic absorber [61]
excited by a nanosecond pulsed light is demonstrate. The numerical heat analysis
of this photothermal process is also given, to better explain the phenomenon and
predict the threshold intensity value for controllable photothermal treatment in
future. The three dimensional (3D) schematic plot of one single unit cell of the
plasmonic absorber used in this experiment is shown in Fig. 4.1a. The unit cells
of the plasmonic absorber are periodic arranged in xy plane, with a square lattice
and lattice constant (lc) of 310 nm. The absorber has a Au/Al2O3/Au three-layer
structure, with thickness of 40/10/60 nm. The sample is deposited on a 150 µm-thick
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Borosilicate (BK7) glass. The top-layer Au particle has long edge of 230 nm along
x axis and a short edge of 170 nm along y axis.

Figure 4.1: (a) Geometric structure of plasmonic metamaterial absorber. Electric
field E of the normally incident pump light is polarized in x direction. (b) Simulated
spectra of reflectance, transmittance and absorbance of the plasmonic absorber.
(c) Optical near-field of the excited plasmonic absorber, where magnetic field H
is shown as color map. Electric displacement ~D is shown as arrows, wavelength
of 2.0 µm. (d) Heat power volume density Qd in the unit cell at λ=2.0 µm. At
resonance, Qd is strongly localized in gold NP (upper gray solid line box) and its
mirror symmetric counterpart (lower gray dash line box). Reprinted from [116].

The absorber is excited by a broadband light source, which is filtered to have
a spectrum range from 850 nm to 2400 nm. As mention in Section 3.4, the light
source is nanosecond pulsed with a pulse duration of 2.6 ns and repetition rate of fr
= 25 kHz. As shown in Fig. 4.1a, the light is normally incident on the sample with
E field polarized in the x direction. The reflectance, transmittance, and absorbance
spectra of the absorber are shown in Fig. 4.1b. The fundamental resonance peak is
at 2.0 µm with near 100% absorbance. It indicates that plasmonic absorber is a
high-efficiency light harvester at selective wavelength. As shown in Fig. 4.1c, the
high absorbance resonance mode of the plasmonic absorber is antiparallel dipole
mode, which has been discussed in Subsection 2.1.2. The electromagnetic energy is
concentrated within and around the gap region with dimensions less than 1/8 of
the wavelength.

The heat density Qd at fundamental resonance (λ = 2.0 µm) is shown in Fig. 4.1d.
The heat source is distributed in three regions, the top-layer gold NP, the mirror-
symmetric counterpart of NP within the gold film (region with dash line box shown
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in Fig. 4.1d) and the rest of gold film. At fundamental resonance, the majority of
heat source is in the top layer gold NP (64.8%). At off-resonance, generated heat is
more evenly distributed among the three regions. In short, the plasmonic resonance
greatly enhances the heat generation and localization, at selective wavelength.

The intensity of the incident beam on the sample has a Gaussian profile with a
20 µm measured spot diameter. The light fluence (light energy per unit area) on
the sample from a single pulse is written as

Fl(r) = 2P0

πw2fr
exp

(
−2r2

w2

)
. (4.1)

In Eq. 4.1, P0 = 2.3 mW is the total optical power of the incident light on the
sample; fr = 25 kHz is the pulse repetition rate; r is the distance from the beam
center; w = 10 µm is the Gaussian beam waist. At the beam center, the light fluence
is 0.059 J/cm2. The optical energy over one unit cell is

Eop(r) = l2cFl(r) (4.2)

where lc = 310 nm is the lattice constant of the NP array. At the beam center,
Eop(0) = 56.3 pJ. The thermal energy generated in one unit cell is

Eth(r) = RaEop(r) (4.3)

where Ra, the absorbance of the metamaterial absorber, is 0.213, derived from
the overlap integral between the light source spectrum density and the absorbance
spectrum of the absorber. At beam center, the thermal energy in a unit cell is
written as Eth(0) =12.0 pJ. The time-domain function of the nanosecond pulsed
heat is written as a Gaussian pulse function

Qs(r, t) = Eth

∆V
1√
πτ

exp
(
− (t− t0)2

τ2

)
, (4.4)

where ∆V is the volume of heat source, τ = 1.5 ns is the time constant of the light
pulse, t0 = 3 ns is the time delay of the pulse peak.

The transient heat analysis is solved using FEM with a commercial solver. At
beam center, the temperatures of the Au NP Tp and the gold film Tf during the
heat pulse are shown in Fig. 4.2a. Tp reaches maximum 1116 K at 4.0 ns. After
the heat pulse, Au NP cools down and Tp drops to 330 K after 1 µs. In xz cross
section, the temperature distribution of one absorber unit cell at 4.0 ns is shown in
Fig. 4.2b. The heat flux is mainly in −z direction, indicating that the BK7 glass
substrate is a heat sink in the thermal model.

As in Fig. 4.2a, the temperature of Au NP and Au film has a large difference
of 522 K during the pulse. When the thermal boundary resistances (TBRs) at the
Au/Al2O3 and Au/SiO2 interfaces are not considered, the temperature of the Au NP
reaches its maximum of 751 K at 4.5 ns, much lower than the temperature calculated
with TBRs. Without TBR, the temperature difference between Au NP and Au film
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Figure 4.2: (a) Heat power in an absorber unit cell at the beam center and the
temperatures of Au NP and Au film during one pulse exposure. (b) The transient
temperature distribution (colormap) of the absorber unit cell at 4.0 ns, in xz cross
section plane. Heat flux is shown as arrows. Reprinted from [116]

is merely 40 K. Therefore, TBR can introduce large temperature step in a multilayer
nanostructure. As discussed in Section 2.2 (Fig. 2.14), the heat conduction analysis
of CW laser heated absorber shows that the temperature difference between Au NP
and Au film is 42.4 K, and the maximum temperature of Au NP is 1080 K, when
the TBR is considered. With two different excitation source, the temperatures of
Au NP in plasmonic absorber are both around 1100 K, while the temperature steps
between Au NP and Au film is drastically different from each other. It indicates
that the nanosecond pulsed light excitation mainly heats the surface layer of the
target, while the CW light excitation heats a bulk volume within the target.

Figure 4.3: The SEM images of (a) the original rectangular-brick shape Au NP
array, as the top layer of the plasmonic absorber; and (b) the truncated-sphere
shape Au NPs, after nanosecond pulsed light exposure. Both images are taken in
oblique view. Reprinted from [117].

The experiment of nanosecond pulsed light reshaping of Au NPs is conducted by
focusing a NIR light on a plasmonic absorber. The details of the experiment method
can be referred to Section 3.4. In Fig. 4.3, the scanning electron microscope (SEM)
pictures of a absorber sample are shown, before and after irradiated by a nanosecond
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pulsed light beam with sufficient intensity. Because of the efficient light absorption
and localized heat generation of the excited absorber, the transient heating causes
the morphology change of the Au NPs in the top layer.

Figure 4.4: (a) SEM image of absorber sample after light exposure of 0.2 s. At
circle center, light fluence of a single pulse is 0.059 J/cm2 at circle center and 0.035
J/cm2 at circle edge. (b) Calculated radial distribution of temperature of gold NPs
during one light pulse from 0 to 6 ns. Reprinted from [116].

In Fig. 4.4a, a 10.2-µm-diameter circle divides the sample into two zones. Inside
the circle, the rectangular shape Au NPs are transformed to spherical shape with
160 nm diameter; while outside the circle, the shapes of the Au NPs are unchanged.
Estimated by heat conduction analysis, the temperature of Au NP at the circle
center reach 1116 K, with a fluence of 0.059 J/cm2 for a single pulse. Assuming
a Gaussian intensity distribution, the maximum temperature of Au NPs at circle
boundary is 795 K, with Fl (5.1 µm) = 0.035 J/cm2. as shown in Fig. 4.4b, the
calculated radial distribution of Au NPs temperature presents the photothermal
process in a quantitative manner. The center region with a temperature above
795 K corresponds to the reshaped zone in Fig. 4.4a; while the region with lower
temperature corresponds to an unchanged zone. The study indicates that, with
photothermal treatment, gold NPs can undergo reshaping at a critical temperature
of 795 K, much lower than the melting point of bulk gold, 1337 K. The morphology
change of metal NPs below the bulk melting point can be explained by theory of
surface melting [118, 58].
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4.2 Continuous Wave Laser Induced Rapid Annealing

In this section, the rapid annealing of ordered polycrystalline Au nanoparticles
(NPs) on a coated silica substrate using a focused continuous-wave (CW) laser beam
is reported, assisted by plasmonic absorbers. we show the progressive morphological
changes of the nanoparticles from polycrystalline pre-defined rectangular brick
structures to truncated-octahedral or multi-twinned nanocrystals (NCs). Meanwhile,
the spatial order of the NPs, here the square array, is well preserved. It can also
be utilized, as demonstrated in the present paper, to tune the absorption resonant
peak and bandwidth of the plasmonic absorber.

Figure 4.5: (A) Schematic picture of the photothermal rapid annealing of an EBL-
defined Au NP array. The Au NP array is exposed to a focused Gaussian light beam
of a near-infrared 1064 nm CW laser. The inset is the schematic of a single unit of
plasmonic absorber, composed of one Au NP on top of the underlying Al2O3 layer
and the Au film layer. (B) The annealed Au nanocrystal array after exposure to
the CW laser for 10 s. Reprinted from [119].

The shape and geometry of the polycrystalline NPs are originally defined using
electron-beam lithography (EBL). As illustrated schematically in Fig. 4.5a, it is
a square array of Au rectangular bricks sitting on a 26 nm-thick Al2O3 thin film.
Under the Al2O3 film is a 60 nm-thick Au thin film on a silica substrate. Each Au
NP has a height of 30 nm along the z direction, and a rectangular shape in the xy
plane, with a long edge of 215 nm and a short edge of 165 nm. The square lattice
of the Au NPs has a period of 310 nm. Note that Au is deposited on the silica
substrate by electron beam physical vapor deposition (EBPVD). The Au thin film
and the Au NPs have a polycrystalline grain structure with an average grain size of
around 20 nm, similar to the grain size reported by other studies [120, 121] using
the same deposition method.

The laser induced rapid annealing (LIRA) method involves excitation of the
plasmonic resonance of a nanostructured Au sample by a focused Gaussian light
beam, as illustrated in Fig. 4.5a. The three-layered Au nanostructure is a typical
structure of plasmonic absorbers [94, 61, 63, 95].

In our experiments, a focused CW laser beam with vertical polarization (electric
field in the y direction) at 1064 nm wavelength is used to illuminate the Au



4.2. CONTINUOUS WAVE LASER INDUCED RAPID ANNEALING 49

nanostructure at a fixed exposure time of 10 s, as shown in Fig. 4.5a. With sufficient
laser intensity, the Au NPs within a selective area can be annealed to Au nanocrystals,
as shown in Fig. 4.5b. The SEM images of a series of nanoparticle arrays with a
pumping optical intensity (I0) of 0 (unexposed), 7.3, 9.7, 12.2 and 15.7 kW/cm2 at
the each spot center are shown in Fig. 4.6a-e, respectively. It shows that, when the
laser intensity is 15.7 kW/cm2, the NPs are completely transformed into faceted
Au nanocrystals. The 3D illustrations of Au NPs are shown in the right column of
Fig. 4.6a-e.

Figure 4.6: The SEM images and schematic structures of (a) as-deposited NPs, CW
laser annealed NPs with a laser intensity of (b) 7.3 kW/cm2, (c) 9.7 kW/cm2, (d)
12.2 kW/cm2, and (e) 15.7 kW/cm2. The length of each scale bar is 200 nm. (f)
The distribution of cross sectional area of Au NPs. (g) High magnification SEM
images of Au NPs from cases a to case e, respectively. In subfigure e, the outlined
nanocrystals have the five-fold multi-twinned geometry. The rest of the nanocrystals
have the truncated-octahedral geometry. Reprinted from [119].

The evolution of morphology and crystallinity of the Au NPs during laser
annealing can be explained as follows. At initial stages, the Au NPs are exposed
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to a low laser intensity (I0 < 10 kW/cm2) and heated to a temperature well below
the melting point of bulk Au (Tm = 1337 K), as in cases of Fig. 4.6b and c. Based
on heat conduction in solids, we estimate that the temperature of Au NPs during
annealing is 950 K in case b. The surfaces of the polycrystalline grain structure
in the nanoparticles start to change even at such a low laser intensity. During the
annealing, the crystal grains increase in size and decrease in grain population, in
order to achieve a lower grain boundary energy in total. The process is called normal
grain growth in thin films. The growth rate is faster with higher temperature and it
saturates when the grain boundary intersects the top or bottom of the film [122].
This thereby results in a reduction of surface roughness, as shown in Fig. 4.6b and c.
In Fig. 4.6d, when the Au NPs are exposed to higher laser intensity, the annealing
temperature of Au NPs is higher, thus leading to more drastic surface diffusion and
crystal grain growth. Therefore, the crystal grain size is much larger. Meanwhile,
facets start to form at the Au NP surfaces.

With even higher laser intensity of 15.7 kW/cm2 (Fig. 4.6e), the annealing
temperature is close to the melting point of bulk Au. In this case, the mobility of
surface atoms is higher and the surface melting of Au nanoparticles takes place. It
is known that surface melting exists in (100), (110) and other higher index faces of
Au, but the densely packed (111) face of Au is surface non-melting [123, 58]. At
temperature close to Tm, the steps and other inclined facets on the NP surface will
be melted, while the (111) face will spread itself [124]. From our results, steps on
the Au NP surface are clearly shown in Fig. 4.6d or the fourth column in Fig. 4.6g.
These higher-index steps disappear with higher annealing laser intensity, as shown
in Fig. 4.6e. The minimization of surface energy of the Au NPs drives the NPs to
an isotropic shape with a large contact angle between the substrates. After the
laser is shuttered, the Au NPs are cooled naturally in a timescale of 0.1 s, which
is predominantly governed by heat dissipation through the substrate. During the
cooling stage, the surface diffusion of Au atoms fades and eventually faceted Au
nanocrystals (NCs) form, as shown in Fig. 4.6e.

The majority of the annealed faceted Au NCs show a truncated-octahedral shape
with 8 hexagonal surfaces of the (111) facet, which has lower surface energy than
those of (100) and (110) facets. The truncated rectangular surfaces are in the
(100) facet. A minority of the annealed Au NCs are multi-twinned NCs of five-
fold symmetric shape (outlined in Fig. 4.6e), similar to gold nanorods synthesized
chemically [125, 126]. In our study, the diameter of annealed NCs is around 139 nm
and the height of NCs is around 60 nm. The annealed NP array preserves the square
lattice arrangement in the xy plane with a period of 310 nm. High magnification
SEM images of Au NPs from cases (a-e) are shown in Fig. 4.6g.

The distribution of geometric cross section (σg) for various laser intensity
annealed Au nanoparticles is shown in Fig. 4.6f. The distribution represents the
geometric homogeneity of the laser annealed Au NP array. It also shows that the
σg decreases with higher laser intensity.

The absorption spectra of metamaterial absorber are determined by the size,
shape, orientation of the nanoparticles and the optical properties of the metals and
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Figure 4.7: The measured optical absorbance spectra of a series of annealed Au
nanoparticles as labeled in Fig. 4.6, with (a) horizontal (H) polarization and (b)
vertical (V) polarization. Reprinted from [119].

dielectrics. LIRA introduces changes to the Au nanoparticles in morphology, which
alters the absorption spectra of the absorbers. The measured absorbance spectra of
the sample with the annealed Au nanoparticles are shown in Fig. 4.7. The details
of the optical spectrum measurement setup are described in 3.2. The absorbance
spectra show that the resonant wavelengths (λr) of the as-deposited rectangular
brick NPs for the horizontal (H) polarization (electric field in x direction) and
vertical (V) polarization (electric field in y direction) are 1340 nm and 1100 nm,
respectively. Polarization non-isotropic of the rectangular brick NPs is originated
from the elongation of the NPs in x-direction. The reduction of the aspect ratio
from the elongated brick NPs to the annealed NPs with higher isotropy is the
main reason of resonance blue-shift. The resonant wavelength is strongly dependent
on the geometric cross-section area of the Au particles and the thickness of the
dielectric layer [61]. As Shown in Fig. 4.7, when the laser intensity is increased from
0 to 12.2 kW/cm2, the λr can be continuously tuned from 1343 nm to 1121 nm in
H polarization and from 1102 nm to 923 nm in V polarization. The wavelength
tunability of the LIRA processed Au nanoparticle array is critical for potential
application in multicolor IR sensors.
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4.3 Comparison: Nanosecond Pulsed Light versus CW
Laser

The photothermal reshaping of Au NPs in plasmonic absorbers can be induced by
nanosecond pulsed light exposure or continuous laser exposure, which has been
demonstrated in the previous section. In this section, the reshaped NPs resulted
from the two different methods are compared and the difference between these
results are discussed.

Figure 4.8: (a) Simulated absorbance spectra of original hexahedral nanoparticles
(HNPs), nanocrystals (NCs), and nanospheres (SNPs), for H and V polarization.
Insets are geometric structures of Au nanoparticles used in simulations. (B) Measured
absorbance spectra. Insets are SEM pictures of the Au nanoparticles, where the
length of the scale bar is 200 nm. Reprinted from [119].

With a nanosecond pulsed light source, the nanoparticles are reshaped to
spherical-shape with a truncated bottom, as shown in the inset of Fig. 4.8b. The
diameter and the height of the truncated nanospheres are 125 nm and 105 nm,
respectively. The surfaces of the nanospheres are smooth without any crystal grain
boundary. Molecular dynamic study suggests that the smooth curvature surface
of nanospheres is formed by fragmented (111) and (100) facets [127]. Annealed
by CW laser, the faceted nanocrystals with truncated-octahedral or multi-twinned
structure has a diameter around 139 nm and a height around 60 nm, which are also
shown in Fig. 4.8b. The surfaces of nanocrystals are formed by flat (111) facets and
(100) facets. Comparing the optical intensity on the sample for the two cases, the
transient optical intensity of the nanosecond pulsed at the Gaussian beam center is
58.2 MW/cm2, while the optical intensity of the CW laser is 15.7 kW/cm2.
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The simulated and measured optical absorbance spectra of original rectangular
brick NPs (hexahedrons), nanocrystals, and nanospheres are shown in Fig. 4.8. The
λr of hexahedra is 1340 nm and 1100 nm for H and V polarization, respectively.
For nanocrystals and nanospheres, the absorption spectra are all polarization
independent with λr of 745 nm and 675 nm, respectively.

The morphologies of the nanocrystal and nanosphere are distinct from each
other. For the former case, the Au nanoparticles are annealed by a CW laser with
an exposure time of 10 s and an on-off switching time of 0.1 s. The Au nanoparticles
undergo gradual heating/cooling, shape change, and grain growth. However, in
the latter case, the Au nanoparticles are exposed to a single light pulse with a
width of 2.6 ns. The Au nanoparticles undergo abrupt heating, melting, drastic
shape change to a sphere (attempting to obtain a minimum surface energy state
of the partially melted Au particle at high temperature) and abrupt cooling, in
the timescale of hundreds of nanoseconds. Wang and co-workers concluded from
their molecular dynamic study that the annealed Au nanoparticles have spherical
structures, because the nanosecond cooling is too fast to allow the structure to
be better crystallized [127]. Therefore, the morphology and crystallinity of the
light annealed Au nanoparticles are also strongly dependent on the timescale of the
annealing process.





Chapter 5

Photothermal Switching of Silicon
Photonic Devices Integrated with
Absorbers

In silicon photonic integrated circuit design, the functional region of a optical
modulator or switch is generally a waveguide section or optical resonator with
phase-shifting functionality. Such a phase-shifting is realized by physically changing
the refractive index of the material composing the waveguide or resonator. Electric
field, light, and heat all can introduce nonlinearity in silicon.

The electro-optic (EO) effect includes Pockels effect (∆n linearly dependent
on |E|), Kerr effect (∆n quadratically dependent on |E| ), etc. In silicon, Pockels
effect do not exist, while Kerr effect is rather small [128]. Soref and Bennett
suggested that the carrier density of silicon can be modified to achieve phase-shifting
in waveguide [129], for instance ∆n = −1 × 10−3 for carrier density change of
∆N = 1018. In the new century, fast silicon electro-optic modulators have been
demonstrated [130, 131, 132], utilizing the carrier injection or depletion method.
Due to the weak electro-optic effect in silicon, the EO modulators have active regions
with length of millimeters. In order to reduce the size, narrow-band EO modulator
based on a silicon ring resonator has been presented by Xu et al. [133].

Major optical nonlinear effects include self phase modulation, two photo absorption,
full wave mixing, etc. [134] Optically pumped modulator based on a silicon ring
resonator has been demonstrated by Aleimda et al. [135], utilizing change of carriers
density generated from two photo absorption of pumping light. However, such a
nonlinear effect is generated by nanosecond pumping pulses, but not CW light.

Thermo-optic (TO) effect of silicon is relatively large, with the thermo-optic
coefficient (TOC) dn

dT having a value of 1.8×10−4K−1 at 300 K [136, 137]. Therefore,
the π phase shift in a silicon strip waveguide with 20 µm in length can be introduced
by roughly 200-K temperature increase from the surrounding temperature. It
indicates that TO silicon devices intrinsically have a small foot-print. TO devices

55
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with their compact size and elementary design, are favorable for optical switching
and routing applications. Silicon TO switches driven by electric heater have been
demonstrated in many configurations, e.g. Mach-Zehnder interferometer (MZI) [64,
65, 66], microdisk resonator [67] and microring resonator [68, 69]. Using dielectric-
loaded plasmonic waveguide as basic wave-guiding element, the TO switches in
plasmonic circuit have also been presented, e.g. MZI [70, 71], microring [72, 73],
and directional coupler [70, 74]. These TO plasmonic devices are also driven by
electric heater. Unfortunately, the thermo-optic effect is inherently slow comparing
to the electro-optic effect. The time response of a thermo-optic device is limited by
the heat diffusion process, where the time constant (τd) is written as

τd =
√
Cd
Gd

, (5.1)

which is determined by the total heat capacity of the heated-region Cd in the device
and the heat conduction to the heat sink Gd.

This chapter is focused on pursuing a TO photonic switch with small switching
power and fast response. Therefore, we propose that plasmonic absorbers can
be integrated into the TO devices, acting as a efficient and localized heat source.
The plasmonic absorber/heater design introduces less heat capacity and thermal
leakage channel to the device, comparing to the electrically-driven heater used in
conventional system.

5.1 Principle of Thermo-optic Tuning of Silicon Photonic
Devices

The refractive index of silicon can be written as a single oscillation model [137],

n2 = 1 +
E2
p

(E2
g − E2

pht)
(5.2)

where Epht = h̄ω is the energy of photon, Ep is the plasma energy of electrons in
silicon, Eg is the bandgap energy in silicon. The thermo-optic coefficient (TOC) is
written as [137]

dn
dT = n2 − 1

2n

[
−3kex −

2
Eg

dEg
dT

1
1− (Epht/Eg)2

]
(5.3)

where kex is the thermal expansion coefficient. The first term with −3kex comes
from the temperature dependency of plasma energy Ep, which is caused by thermal
expansion. Obviously, the second term with dEg

dT comes from the band-gap energy
narrowing effect with higher temperature, which is described by Varshni relation [137],

Eg(T ) = Eg(0)− αgT
2

T + βg
, (5.4)
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where Eg(0) is the band-gap energy at 0 K. Experimental data [137] shows that
the band-gap energy effect is dominating and the thermo-optic coefficient of silicon
is positive in the temperature range from 300 K to 600 K. The fitting polynomial of
the experimental data is

dn
dT = 8.61× 10−5 + 3.63× 10−7 × T − 2.07× 10−10 × T 2, (5.5)

which gives TOC equals 1.76×10−4 and 2.29×10−4 at 300 K and 600 K, respectively.
In a heated waveguide section, the phase shift is written as

ϕ =
∫ −0.5L

−0.5L
∆T (l)dnwg

dT
2π
λ0

dl, (5.6)

where L is the length of the waveguide section, λ0 is the free space wavelength. The
required average temperature increase in the waveguide section for a π phase-shift is

∆Tave = λ0

2L · TOC , (5.7)

by reducing the integral in Eq. 5.6 to a multiply.
In a traveling-wave optical resonator, the resonance phase condition is written as

L · neff ·
2π
λm

= 2mπ, (5.8)

where L is the geometric length of the round-trip route, neff is the effective index of
the transversal mode of the traveling wave, λm = L·neff

m is the m-th order resonance
wavelength. From Eq. 5.8, the temperature dependency of resonance wavelength is
derived

dλm
dT = L

m

dneff

dT . (5.9)

If we can assume that dneff
dT = neff

nSi
dnSi
dT , then

dλm
dT = λm

nSi

dnSi
dT . (5.10)

Therefore, in silicon photonic traveling-wave resonator, the theoretical resonance
wavelength shift due to temperature change is 79 pm/K at temperature around
300 K and wavelength around 1550 nm.

5.2 Tunable SOI Mach-Zehnder Interferometer Integrated
with Strip Nanoheater

In this section, the theoretical and numerical study of the photothermal tuning of
a silicon-on-insulator (SOI) Mach-Zehnder interferometer (MZI) integrated with
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plasmonic strip nanoheater is shown. According to numerical simulation results,
the optical absorption cross section of the designed plasmonic strip ( serving as
nanoheater ) with 100-nm-width and metal-insulator-metal (MIM) three-layer
structure is 3 times as the geometric width of the strip at the resonance wavelength
of 1064 nm and E field polarized perpendicular to the strip. With a SiO2 buffer layer,
the nanoheater integrated Si strip waveguide shows a acceptable propagation loss for
TE mode, but a huge propagation loss for TM mode. The numerical heat conduction
analysis of the optically pumped nanoheater integrated Si strip waveguide shows
that the temperature increase of the 20-µm-long waveguide core is around 200 K,
with pumping power of 280 mW (or 54 mW) for circular (or astigmatic) pump
beam spot. Such a temperature increase produces enough π phase-shift for on-off
switching of the symmetric MZI.

5.2.1 Optical Performance of Nanoheater Integrated Si
Waveguide

Figure 5.1: (a) The schematic diagram of the buried strip waveguide integrated
with metal-insulator-metal (MIM) plasmonic nanoheater. (b) Simulation result of
the absorption spectra of plasmonic nanoheater. The inset shows the magnetic near
field (color map) and the electric displacement vector (arrows) of the antiparallel
plasmonic resonant mode of the nanoheater, excited by a normally incident light
from the top with E field polarized in x direction

The schematic diagram of the buried strip waveguide integrated with metal-
insulator-metal (MIM) plasmonic nanoheater is shown in Fig. 5.1a. The nanoheater
is composed of Au/Al2O3/Au three layers with thickness of 55/10/55 nm and
the same width of 107 nm. The nanoheater with a strip shape is located on top
of the oxide buffer layer, horizontally aligned to the buried Si strip waveguide.
The thickness of the SiO2 buffer layer should be sufficient, to reduce the optical
propagation loss of the waveguide introduced by the nanoheater. However, the buffer
layer should not be too thick, otherwise the heating of the Si waveguide core would
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be inefficient. A trade-off is made with buffer layer thickness of 270 nm. According
to the numerical simulation of the two-dimension (2D) light scattering from the
nanoheater (FEM method), the absorption cross section of the nanoheater has a
plasmonic resonance peak at 1064 nm, and reaches 300 nm, shown in Fig. 5.1b. The
excitation light is polarized in x direction and normally incident on the nanoheater.
The absorption peak is again produced by the antiparallel resonance mode in the
MIM plasmonic nanoheater, as shown a inset in Fig. 5.1b. This absorption peak is
specifically designed to assist the photothermal effect in the Si photonic devices.

Figure 5.2: The numerically simulated guided transverse modes: (a) transverse
electric (TE) mode and (b) transverse magnetic (TM) mode of the buried strip
waveguide integrated with plasmonic nanoheater. The color map shows the optical
power density and the arrows show the electric field vector.

The numerical results of the guided modes in the buried Si strip waveguide
integrated with nanoheater are shown in Fig. 5.2. The TE mode shows better power
confinement and the electric field mainly lie in the substrate plane, without exciting
the plasmonic transverse mode of the nanoheater above. The TM mode shows less
power confinement and the electric field is mainly perpendicular to the substrate
plane, eventually triggering the hybrid plasmonic mode between the nanoheater and
the Si strip. Therefore the propagation loss of the TE and TM mode are 4.2 dB/cm
and 105 dB/cm at the wavelength of 1550 nm, respectively. From now on, the TE
mode is chosen as the operating polarization in the Si photonic devices, discussed
in this chapter. The effective refractive index of the fundamental TE mode in the
buried Si waveguide is 2.48-i1.20×10−5.

5.2.2 Thermal Performance of Nanoheater Integrated Si
Waveguide

The heat conduction analysis is achieved by numerical FEM solver. The thermal
properties of the materials are dependent on structure size, which is considered in
the numerical model. Due to the Gaussian intensity distribution of the pumping
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Figure 5.3: The numerical heat conduction analysis results of the optically heated
buried strip waveguide integrated with nanoheater. (a) Temperature increase
distribution in half of the heated waveguide branch, 3D view. (b) The xy-plane cross
section view of the temperature increase distribution (color map) and the transverse
heat flux (arrows). (c) The xz-plane cross section view of the temperature increase
of the waveguide core and the surrounding media. (d) The temperature increase of
the Si core along the waveguide.

laser beam, the heat source power density in the nanoheater is also follows the
exp(−2 z

2

w2 ) distribution alone the strip, where w is the Gaussian beam waist. The
pumping optical power on the sample surface is 300 mW, for a circular beam with
Gaussian waist of 10 µm. The simulated temperature distribution of the laser
heated buried waveguide integrated with nanoheater is shown in Fig. 5.3. The
maximum temperature increase of 655 K is located at the center of the laser-excited
nanoheater. The maximum temperature increase in the Si core is 245 K. The
temperature distribution along the Si core is decaying as moving away from the
z = 0, where the pumping laser beam centered. It is due to the Gaussian distribution
of the pumping beam intensity and the heat dissipation to the surrounding medium.
Following Eq. 5.5 and 5.6, the phase shift in the waveguide due to temperature
increase can be calculated.

The transient temperature response of the laser heated buried waveguide integrated
with nanoheater is investigated by numerical transient heat conduction analysis.
The numerical results of the temperature response and optical modulated signal
of the laser heated buried waveguide is shown in Fig. 5.4. The rise and fall time
of the temperature response of the laser heated buried waveguide is 1.6 µs. The
transient temperature increase of the Si core can be translated to phase-shift and
eventually the modulated optical signal output of the MZI switch. The normalized
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Figure 5.4: (a) The simulated transient temperature of Si core in the plasmonic
nanoheater integrated waveguide, pumped by a circular Gaussian beam modulated
with a square wave function with 10 µs period and duty ratio of 50%. The dash
line indicates the 10% and 90% threshold levels. The optical pumping power is 280
mW. (b) The simulated transient optical output signal of a symmetric MZI with
one branch thermally modulated as in subfigure a.

output power signal of the MZI (Pout,mzi) is a function of phase shift, written as

Pout,mzi(t) = 1
2 + 1

2 cos(ϕ(t)), (5.11)

where ϕ(t) is the phase-shift as a function of time. The calculated Pout,mzi is plotted
in Fig. 5.4b, where the optical response of the photothermally modulated MZI is
1.0 µs.

To match with the geometric shape of the strip nanoheater, the pumping laser
spot can be engineered to an astigmatic spot shape with main axis along the strip,
by using a pair of cylindrical lenses with different focus length. If the astigmatic
laser spot is generated with wx = 2µm and wy = 10µm, the total pumping power
for on-off switching of the MZI device is reduced by 5 times, comparing to a circular
beam with Gaussian waist of 10 µm. Therefore, the switching power of the plasmonic
nanoheater integrated MZI is 54 mW, for astigmatic beam pumping.

In summary, according to numerical study, the laser pumped plasmonic nanoheater
integrated MZI shows a transient response time of 1.0 µs and optical switching power
of 54 mW, if the astigmatic beam spot is used. Following the figure-of-merit (FOM)
definition by Watts, et al.[66], the FOM of this plasmonic nanoheater integrated
MZI is 54 mW·µs, which is close to the state-of-art performance of the reported
electric-driven thermo-optic switching devices [66, 65].
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5.3 Tunable SOI Micro-disk Integrated with MIM
Absorber

In this section, the investigation of the photothermal tuning of silicon-on-insulator
(SOI) micro-disk resonator integrated with metal-insulator-metal (MIM) absorber is
presented. Simulation study and experimental results show that an on-off all-optical
switch with pumping power of 0.5 mW and response time of 2.6 µs is achieved by
utilizing the photothermal effect in the MIM absorber integrated silicon disk.

5.3.1 Design and Simulation

Figure 5.5: (a) The schematic diagram of the SOI micro-disk integrated with metal-
insulator-metal (MIM) absorber. (b) Measured absorption spectra of MIM absorbers.
The cross section view of the whispering-gallery (WG) modes of Si micro-disk in
SiO2 matrix, (c) TE01 mode and (d) TM01 mode. The cross section is parallel to
the rotational symmetric axis.

The schematic diagram of the MIM absorber integrated silicon disk is shown in
Fig. 5.5a. As shown, the MIM-film-absorber is sitting on top of the 250-nm-thick
silicon micro-disk, beneath which are the 3-µm-thick bottom oxide layer and the
Si substrate. The MIM-film-absorber disk is composed of three-layers of materials,
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Au/Al2O3/Au, with thickness of 20/240/60 nm. Such MIM-film-absorber has a
continuous structure in the xy plane, which is different from the plasmonic absorbers
with nanoscale truncation in the xy plane [75]. The incident light can excite Fabry-
Pérot (FP) resonance between the Au planes at certain resonant wavelength. The
optical loss in the FP resonator is introduced by the optical property of the Au
plates. By optimizing the design parameters, the MIM-film-absorber can absorb
90% of the incident light at the resonant wavelength [75], fabricated without the
need of lithographic technique. The measured absorption spectra of MIM-film
absorber are shown in Fig. 5.5b. The absorption spectrum of MIM film without 2D
pattern (black dash) has a clear peak around 1020 nm and negligible absorbance at
longer wavelength. The short wavelength side slope (below 800 nm) may due to
measurement error. The absorption spectrum of MIM disk with diameter of 10 µm
(red line or blue dot) has a peak absorbance of 0.9 at 1040 nm. The peak of 10-µm
MIM disk is broader than MIM film, although the vertical structure is the same
in theory. It is known that the deposited thickness of the thin-film is non-uniform,
e.g. the film is thinner near the edge of the disk. Also, lift-off process will introduce
edge lifting of the film. These two effects may lead to the peak broadening, which
do not exist in pattern-less film. The absorbance of the MIM disks are around 0.75
at 1064 nm, which is the pumping laser wavelength (λpu).

As shown in Fig. 5.5a, the pumping laser beam is normally incident on the
disk and focused to a spot smaller than the MIM disk. The MIM disk transfers
75% of the optical power into heat and tunes the resonance wavelength (λpr) of
the whispering-gallery (WG) modes in the silicon disk beneath it. Derived from
numerical simulation, the field distribution of the TE01 and TM01 WG-modes of
the 8-µm-radius silicon disk in SiO2 matrix is shown in Fig. 5.5c,d. In the model,
the azimuthal mode number (m) is set to 85, which gives the resonance wavelength
of TE01 and TM01 mode are 1537 nm and 1304 nm, respectively. Therefore, m
should be smaller for wavelength of TM01 mode close to 1550 nm. In TE01 mode,
the electric field guided in the disk is parallel to the substrate plane (or in xy plane).
While, in TM01 mode, the electric field is perpendicular to the substrate plane
(in z direction). Generally, the bending loss of TE01 mode is much less than that
of TM01 mode. In disk resonator, other higher order transverse modes exist, e.g.
TE02, TE03, TM02, and more, but these higher order modes have far less quality
factor (Q) than TE01 mode and are not discussed here. From now on, we are only
interested in TE01 WG mode.

It is a natural question that the MIM disk on top of the Si disk may affect
the WG modes in the edge of the Si disk. The issue is addressed by a numerical
investigation of a simpler model, where a Si disk with radius of 2 µm is capped
by a Au single-layer disk with radius of 1, 1.25 and 1.5 µm. The field distribution
in the 2-µm-radius Si disk is shown in Fig. 5.6. It shows that the TE01 mode is
almost not affected by the Au disk, when Au disk with radius of 1 µm. However,
the mode is severely distorted by Au disk with radius larger than 1 µm. The Q
factor of the TE01 mode in these disks are 5.66×106, 4.53×106, 7149, and 445, for
Au disk radius of 0, 1, 1.25, and 1.5 µm. Therefore, it is safe to integrate Au disk
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Figure 5.6: The magnetic power density and electric field vector in a 2-µm-radius Si
disk, (a) not capped by Au single-layer disk, and capped by Au single-layer disk
with radius of (b) 1 µm, (c) 1.25 µm, and (d) 1.5 µm.

on Si disk resonator, if the radius of the Au disk is smaller than the radius of the Si
disk by at least 1 µm.

5.3.2 Experimental Demonstration: Steady-state Tuning

The fabricated MIM-absorber-integrated (MAI) Si disks are shown in Fig. 5.7, as
SEM image and microscope image. The Si disk is 16 µm in diameter and the
MIM absorber disk is 10 µm in diameter. The air gap between Si disk and Si
strip waveguide is around 200 nm. With visible bright-field illumination, the MIM
absorbers have a pink color. Smaller than the MIM disk, the pumping laser beam
is shown as a inset image on the left of Fig. 5.7b, with a Gaussian beam waist of
4.57 µm. With infrared bright-field illumination at wavelength of 1064 nm, shown
as a inset on the right side in Fig. 5.7b, the MIM absorber in the center shows a
darker round spot comparing to the Si disk and SiO2 substrate, indicating the high
efficient absorption of the MIM absorber at the specific infrared wavelength.

The measured transmission spectrum of a strip waveguide feeded Si disk integrated
with MIM absorber is shown in Fig. 5.8. The wider spectrum in Fig. 5.8a shows
The labeled series of resonance wavelength, which are of the same transverse mode,
but with incrementing azimuthal mode number (m). For this transverse mode, the
free spectral range is 13.9 nm around the wavelength of λm = 1553.48 nm. The
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Figure 5.7: (a) The SEM image of the MIM-absorber-integrated (MAI) Si disk. (b)
The optical microscopic bright-field image of two MAI Si disks. The inset on the
left is the dark-field image of the pumping laser beam, with Gaussian beam waist of
4.57 µm. The inset on the right side is the infrared bright-field image of the MAI si
disk, illuminated by a large laser spot at wavelength of 1064 nm. The dark color
in the center of the disk indicates that the absorber is efficiently absorbing the IR
light.

Figure 5.8: (a) The measured transmission spectrum of the Si disk integrated with
MIM absorber. The light is coupled into the Si disk by a Si stripe waveguide, via
an air-gap of 200 nm. (b) The measured transmission spectrum around a resonance
wavelength of 1553.48 nm, fitted by a damped oscillation model.

transfer function of a damped oscillation model is written as [138]

topt(λ) = 1−
1
Qe

i(λm−λλ ) + 1
2Qi + 1

2Qe

, (5.12)

where topt is the transfer function as a function of wavelength λ, Qe is the coupling
Q factor of the resonator, Qi is the intrinsic Q factor of the resonator, λm is the
resonance wavelength. The normalized transmittance (Topt) is defined as

Topt = |topt|2 . (5.13)
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As shown in Fig. 5.8b, the measured data is fitted by a damped oscillation model
using Eq. 5.13 and Eq. 5.12. The intrinsic Q factor (Qi) of the Si disk is 8.1×104

and the coupling Q factor (Qe) between the disk and the strip waveguide is 7.5×104.
The full width at half maximum (FWHM)of the resonance ditch is 42.9 pm.

Figure 5.9: (a) The measured transmission spectra of the MIM-absorber-integrated
(MAI) Si disk at temperature from 20◦C to 35◦C, tuned by a thermal stage. (b)
The temperature increase versus wavelength shift of the whispering-gallery mode
in the Si disk. (c) The measured transmission spectra of the MAI Si disk optical
pumped by a laser, power on sample (P0) from 0 mW to 0.52 mW. (d) The pumping
optical power versus wavelength shift of the WG-mode in the MAI Si disk.

The MIM-absorber-integrated (MAI) Si disk is first heated to a higher temperature
by a thermal stage and the resonance wavelength shift due to temperature increase
is measured, as shown in Fig. 5.9a,b. The temperature derivative of wavelength shift,
dλm
dT , is 78.8 pm/K, which is very close to the theoretical value of 79 pm/K. Then,
the MAI Si disk is optically pumped by a laser beam with wavelength of 1064 nm,
Gaussian beam waist of 4.57 µm, and optical power on sample (P0) range from 0 mW
to 0.52 mW. The MIM absorber converts part of the optical power into heat power
and heat the Si disk beneath it by heat conduction. The refractive index change of
the Si disk due to the optical pumping is represented by the resonance wavelength
shift, as shown in Fig. 5.9c. It shows that the wavelength shift introduced by 0.5
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mW pumping power is enough to achieve on-off switching of the telecommunication
light located at wavelength of 1553.472 nm. The power derivative of wavelength
shift, dλm

dP0
, is 255 pm/mW, extracted from the fitting plot shown in Fig. 5.9d. From

the two derivative of wavelength shift, we can get the linear relation between optical
pumping power (P0) and the disk temperature (T ),

dT
dP0

= dλm
dP0

(
dλm
dT

)−1
. (5.14)

Therefore, based on experiment, the conversion efficiency from optical power to
the Si disk temperature increase ( ∆T

∆P0
) is 3.24 K/mW. Later, we will revisit this

parameter by heat conduction simulation.

5.3.3 Experimental Demonstration: Dynamic Switching

Figure 5.10: (a) The rz cross section view of the temperature increase of the MAI
Si disk, optically pumped by a laser beam with power of 0.5 mW. (b) The transient
thermal response of the MAI Si disk pumped by a modulated beam with time
period of 40 µs and duty cycle of 50%. The black dash line is the temperature
increase normalized to 1. The magenta solid line is the calculated transient optical
transmittance of the MAI Si disk resonator. The blue dash-dot line is the fitting
curve to the optical transmittance.

The heat conduction analysis of the MAI Si disk is implemented by solving the
heat conduction equation numerically, using a commercial FEM solver. It is critical
to model the materials’ thermal properties wisely, which are strongly dependent on
structure size. For instance, due to the phonon boundary scattering in micro/nano-
structure, the thermal conductivity of 250-nm-thick Si layer is 85 W/(m·K) [101],
which is much lower than that of bulk Si, with kSi,bulk = 142 W/(m·K). The optical
power of the pumping Gaussian laser beam on the sample (P0) is 0.5 mW in total.
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The power incident on the 5-µm-radius-MIM absorber (Pma) is calculated by

Pma
P0

= 1− exp
(
−2R2

ma

w2

)
, (5.15)

where Rma is the radius of MIM absorber, w is the Gaussian beam waist of the
laser spot on sample. In our case, the Pma is 90.87% of P0. Previously mentioned in
this section, the measurement data shows that the absorbance of the MIM absorber
is 0.75 at 1064 nm. It gives the heat generated in the MIM disk (Pth) is 0.34 mW,
converting from optical power by the absorber. Yan’s theoretical study [75] shows
that 68% of the heat is localized in the top Au film layer, while the rest 32% is
localized in the bottom Au film layer. Based on this, two heat sources are set in the
two Au films, accordingly. The resulted temperature increase (∆T ) distribution in
the MAI Si disk due to the photothermal heating is shown in Fig. 5.10a, where the
highest ∆T is 3.53 K locating in the MIM absorber. The ∆T at the Si disk edge (r
= 7.5 µm) is 2.41 K, where the whisper-gallery TE01 mode is located.

According to heat conduction analysis, the conversion efficiency from the optical
power to the Si disk temperature increase ( dT

dP0
) is 4.82 K/mW, which is 49% larger

than the same parameter derived from the measurement data. Two main reasons
could lead to the mismatch between the theoretical value and the measured value
of ( dT

dP0
). First, the actual optical power absorbed by the MIM absorber (Pth) may

be lower than the theoretical value (0.34 mW). The non-perfect alignment of the
laser beam and the MIM absorber, out-of-focus of the MIM absorber, or deteriorate
absorbance of the absorber, all could lower the absorbed power. Second, the actual
temperature of the Si disk edge could be lower than the theoretical value (2.41 K),
even if the Pth is perfectly right. The actual thermal properties of the materials
in the fabricated sample could deviate from the data used in the heat conduction
analysis. Generally, the thermal conductivity of materials in nanostructures are
lower than that of the bulk materials. It could lead to lager temperature difference
between the Si disk center and the Si disk edge. Therefore, the ∆T at Si disk
edge could be lower than 2.41 K. Notably, the dT

dP0
can serve as a indicator of

photothermal sensitivity of the device.
The simulated transient thermal response of the MAI Si disk is shown in

Fig. 5.10b. The MAI Si disk is pumped by a 0.5-mW-power laser beam modulated
by a square-wave signal, period of 40 µs, rise/fall time of 5 ns, and duty cycle of 50%.
The black dash line is the transient response of temperature increase normalized to 1
(∆T (t)/∆Tmax). Correspondingly, the magenta solid line is the calculated transient
optical transmittance of the MAI Si disk resonator, during modulation. The blue
dash-dot line is the fitting curve to the optical transmittance. For MAI Si disk, the
rise (τr) and fall (τf ) time constant of the calculated transient temperature is 5 µs
and 6 µs, respectively. The rise (τr) and fall (τf ) time constant of the calculated
optical transmittance of the MAI Si disk is 1.8 µs and 2.8 µs. The calculation of
the transient optical transmittance is done by applying

λm(t) = λm(0) + dλm
dT ∆T (t), (5.16)
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into the the Eq. 5.12 and 5.13. It is found that the rise time (τr) of the optical
transmittance (Topt) is smaller than that of temperature increase (∆T ). It is due
to the fact that the optical transmittance of a damped oscillator has a Lorentzian
frequency response, which is strongly nonlinear around the resonance frequency (or
resonance wavelength λm). Generally, the pulse shape of the transient transmittance
is dependent on the amplitude of the wavelength-shift sweeping, the FWHM
bandwidth of the resonance peak, and the wavelength of the probing light, i.e.
the spectral bias point of the wavelength sweeping.

Figure 5.11: The measured transient optical response of the MAI Si disk pumped
by a modulated beam with duty cycle of 50% and time period of (a) 40 µs, (b) 20
µs, (c) 10 µs, and (d) 4 µs. The magenta solid line is the measured transient optical
transmittance of the MAI Si disk resonator, during modulation. Correspondingly,
the blue line is the transient synchronization signal of the pumping light.

The measured transient optical transmittance of the MAI Si disk is shown in
Fig. 5.11, which is pumped by a modulated laser beam with duty cycle of 50% and
time period ranging from 40 µs to 4 µs. Fitted by exponential decay function, the
rise and fall time constant of the measured optical transmittance of MAI Si disk
is 2.0 µs and 2.6 µs, respectively. The time response performance of our MAI Si
disk is close to the state-of-art performance (τr = 2.2 µs and τf = 2.4 µs) of the
electric-driven thermo-optic switches with Joule current directly injected in the Si
waveguide core, reported by Watts, et al. in 2013 [66].

In summary, the design, fabrication and characterization of a MIM absorber
integrated Si disk with MIM absorber radius of 5 µm and Si disk radius of 8 µm
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is discussed, to investigate the steady-state and dynamic photothermal tuning of
the Si disk assisted by the MIM absorber. From steady-state measurement, the
photothermally-tuned MAI Si disk shows a power derivative of wavelength shift
of 255 pm/mW and a power derivative of temperature increase of 3.24 K/mW.
According to dynamic measurement data, the on-off switched optical transmittance
of the MAI Si disk shows a fast response time of τr = 2.0 µs and τf = 2.6 µs. The
required optical power for on-off switching of the MAI Si disk is as low as 0.5 mW,
which thanks to the the high efficient IR light absorption of the MIM absorber,
the good thermal conduction between heat source and the Si disk edge, and the
narrow bandwidth of the Si disk resonator. The fast response time of the optical
transmittance of the MAI Si disk is beneficial from two reasons. First, the heated
thermal capacity in a photothermally-tuned MAI Si disk includes basically only
the MIM absorber and the Si disk, as shown in Fig. 5.11, which dose no introduce
redundant heat capacity to the heated zone, for instance the heater feed line is
introduced in electric-driven devices. Second, the micrometer-scale MIM absorber as
heater is directly deposited on the Si disk, without the need of buffer layer between
the heater and the silicon photonic layer.

5.4 Tunable SOI Micro-ring Add-drop Filter Heated by a
MIM Absorber

In this section, the design, fabrication and characterization of the photothermal
tuning of MIM absorber heated Si micro-ring (MAH Si ring) add-drop filter (ADF) is
presented. Simulation study and experimental results shows that an MAH add-drop
filter with pumping power of 5.0 mW and optical response time around 5.0 µs is
achieved by utilizing the photothermal effect in the MIM absorber. The MAH si
ring add-drop filter can serve as an all-optical router in photonic integrated circuirts.

5.4.1 Design
The schematic diagram of the MIM absorber heated Si micro-ring is shown in
Fig. 5.12a. Similar to the configuration for disk resonator introduced in the previous
section, the 9-µm-radius SOI ring resonator is equipped with a MIM-film-absorber
with radius of 5 µm. The MIM-film-absorber has exactly the same Au/Al2O3/Au
three-layer design as in previous section. The absorption peak of MIM-film-absorber
is also designed at 1064-nm-wavelength. The measured absorption spectrum is
already shown in Fig. 5.5b. The through-port (T-port) transmission spectrum of
the MAH Si ring add-drop filter (ADF) is shown in Fig. 5.12b, with free spectrum
range (FSR) of 10.4 nm around 1550 nm. The T-port transmission spectrum of the
AD ring is much more clean with only one fundamental transverse mode repeating
with different azimuthal mode number (m). While the transmission spectrum of
disk resonator is more complicated with multiple higher order transverse modes
all repeating themselves in the spectrum, as shown in Fig. 5.8a. The transmission
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Figure 5.12: (a) The schematic diagram of SOI micro-ring resonator with a MIM
absorber disk in the center of the ring. (b) The measured transmission spectrum
at through port of the MAH Si ring add-drop filter with ring radius of 9 µm. (c)
The measured transmission spectrum of the add-drop filter at through port and
drop port. (d) The measured transmission spectrum of through port and drop port
around 1552.0 nm, fitted by a damped oscillation model.

spectra of through port (T-port)and drop port (D-port) are shown together in
Fig. 5.12c. It shows that the telecommunication wavelength light (λpr) is coupled
from the input strip waveguide to the ring resonator. At the m-th order whisper-
gallery mode wavelength (λm), the light in the ring is constructively self-interfering
and building up it own energy. As the energy of the light is building up in the ring,
certain light power couples to the output strip waveguide, and eventually reach the
drop port. Therefore, the transmission ditches of the T-port and the transmission
peaks of the D-port coincide at the resonance wavelengths of λm. According to
coupled mode theory [138], the transfer function at through port (T-port) is

tthro = 1−
1
Qe

i(λm−λλ ) + 1
2Qi + 1

2Qe + 1
2Qd

, (5.17)

where the Qe (Qd) is the coupling Q factor between the input (output) waveguide
and the resonator, Qi is the intrinsic Q factor of the resonator, λm is the resonance
wavelength. The normalized transmittance (Tthro) at (T-port) is defined as |tthro|2.
If the input and output coupling Q factor is symmetric, the normalized transmittance
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at drop port (D-port) is

Tdrop =
( 1
Qe

)2

(λm−λλ )2 + ( 1
2Qi + 2

2Qe )2
. (5.18)

The measured transmittance at T-port and D-port is fitted using Eq. 5.17 and 5.18.
The intrinsic Q factor (Qi) of the ring is 5.8× 104 and the coupling Q factor (Qe)
between the strip waveguide and the ring is 2.6× 104.

5.4.2 Experimental Demonstration: Steady-state Tuning

Figure 5.13: (a) The SEM image of the MIM-absorber-heated (MAH) Si ring add-
drop filter (ADF). (b) The optical microscopic bright-field image of MAH Si ring
ADF.

The SEM image of the MAH Si ring add-drop filter (ADF) is shown in Fig. 5.13a,
where the diameter of the fabricated Si ring is 18 µm and the diameter of the MIM
absorber in the center is 10 µm, and gap between the ring resonator and the strip
waveguide is around 150 nm. The optical bright-field image of the MAH Si ring
ADF is also shown in Fig. 5.13b, where the MIM absorber shows a pink color,
resembling to the color of the MIM absorber on top of the disk resonator shown in
previous section. The telecommunication light path in the add-drop filter is shown
in Fig. 5.13b.
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Figure 5.14: The measured transmission spectra of the MAH Si ring at (a) through
port and (b) drop port, operating at temperature ranging from 20◦C to 35◦C. (c)
The temperature increase versus wavelength shift of the whispering-gallery mode
in Si ring. The measured transmission spectra of the MAH Si ring at (d) through
port and (e) drop port, optically pumped by a CW laser beam with power on
sample ranging from 0.00 mW to 4.16 mW. (f) The pumping optical power versus
wavelength shift of the WG-mode in the Si ring.

The measured transmission spectra of the MAH Si ring at T-port and D-port
thermally tuned by a thermal-stage is shown in Fig. 5.14a,b. The temperature
increase versus the wavelength-shift of the resonance peak is plotted in Fig. 5.14c,
where the temperature derivative of wavelength shift is 75.3 pm/K, obtained by
linear fitting. The MAH Si ring is optically pumped by a CW laser with wavelength
of 1064 nm and Gaussian beam waist of 4.57 µm. The measured transmission
spectra at at T-port and D-port with optical pumping power ranging from 0.00
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mW to 4.16 mW is shown in Fig. 5.14d,e. The pumping power derivative of the
wavelength shift is 60 pm/mW, obtained by linear fitting. According to Eq. 5.14,
the pumping power derivative of the temperature increase ( ∆T

∆P0
) in the MAH Si

ring is 0.797 K/mW. The ∆T
∆P0

of Si ring is only one sixth of the ∆T
∆P0

of MAI Si
disk. The reason for this less power-to-temperature ratio is discussed in the next
subsection.

5.4.3 Experimental Demonstration: Dynamic Switching

Figure 5.15: The simulation results of (a) the temperature distribution and heat
flux in the laser pumped MAH Si ring, with pumping power of 5 mW on sample
surface. (b) The simulation results of transient temperature response of the MAH
Si ring, with pumping laser square-wave modulated, period of 40 µs and duty cycle
of 50%. The black dash line is the normalized temperature increase of the ring.
The magenta solid line is the calculated optical transmittance at T-port. The blue
dash-dot line is the fitting curve to the transmittance.

The heat conduction analysis of the laser pumped MAH Si ring is implemented,
using FEM method, described in the previous section. The temperature distribution
in the 5.0-mW-laser-pumped MAH Si ring is shown in Fig. 5.15a. It shows that
the temperature increase of the MIM absorber is 57 K, while the ∆T of Si ring
is only 4.66 K. Therefore, according to heat conduction analysis, the pumping
power derivative of the temperature increase ( ∆T

∆P0
) in MAH Si ring is 0.932 K/mW.

Comparing to MAI Si disk, the MAH Si ring uses 4 times pumping power to achieve
∆T of the same order. Since, the pumping method and the MIM absorber is
identical, the difference lie in the heat conduction properties of the designs. The
main reason is that, in the MAH Si ring design, the thermal conductance between
the heat source (MIM disk) and the horizontal light-guiding region (Si ring) is low
and dependent on heat conduction in the SiO2 layer (k = 1.4 W/(m·K))). In MAI
Si disk, the heat channel from source to Si disk edge is by 250-nm-Si-layer (k = 80
W/(m·K))). Another reason is that the Si ring is 9 µm away from heat source center,
while the Si disk edge is 8 µm away. These two reasons lead to the large temperature
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difference between the MIM absorber and the ring. In summary, in the MAH Si
ring, the heating of Si ring is not efficient, comparing to the MAI Si disk design.

The simulation results of transient thermal response of the MAH Si ring are
shown in Fig. 5.15b. The black dash line is the normalized temperature increase
of the ring. The magenta solid line is the calculated optical transmittance at T-
port according to Eq. 5.17,5.16. The blue dash-dot line is the fitting curve to the
transmittance. The rise (τr) and fall time (τf ) of the temperature increase of the
MAH Si ring is 7.5 µs and 8.0 µs, respectively. The τr and τf of the calculated
optical transmittance of the MAH Si ring at T-port is 3.0 µs and 4.0 µs, respectively.
The detailed description of these time constants is presented in the previous section.
It is found that the response time of the MAH Si ring is slower than that of the
MAI Si disk, which is due to the fact that the total heat capacity in the heated
volume in MAH Si ring is larger than that of MAI Si disk, during laser pumped
switching operation.

Figure 5.16: The measured transient optical response of the MAH Si ring, with
pumping laser square-wave modulated, duty cycle of 50%, and period of (a) 100 µs,
(b) 40 µs, (c) 20 µs, and (d) 10 µs. The magenta solid line is the optical transient
transmission signal of the MAH Si ring at through port (T-port). The black dash
line is the transient transmission signal at drop port (D-port). The blue solid line is
transient synchronization signal of the pumping light.

The measured transient optical transmittance of the MAH Si ring is shown in
Fig. 5.16, which is pumped by a modulated laser beam with duty cycle of 50% and
time period ranging from 100 µs to 10 µs. It shows that the modulated optical
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signals at through port (T-port) and drop port (D-port) are complimentary to each
other in time domain. Fitted by exponential decay function, the rise (τr) and fall
(τf ) time constant of the measured optical transmittance of MAH Si ring is 4.5
µs and 5.0 µs, respectively. The MAH Si ring is slower than that of MAI Si disk,
which is due to the inefficient heating of the ring. In spite of that, the measured
transient optical response performance of the MAH Si ring add-drop filter is suitable
for integrated lightwave routing application.

In summary, the investigation of the photothermal switching of MIM absorber
heated Si ring is represented in this section. The concept of the design, fabricated
sample, steady-state tuning measurement and dynamic switching measurement is
discussed. The 9-µm-radius ring equipped with 5-µm-radius MIM absorber can be
optically controlled by a vertically incident laser beam and serving as a all-optical
router with transient response time of 5.0 µs. It is a possible candidate of integrated
all optical routers.

5.5 Summary of the Chapter

To summarize this chapter, three silicon photonic devices have been presented in
the chapter, Mach-Zehnder interferometer, micro-disk resonator, and micro-ring
resonator.

All of them are equipped with metal-insulator-metal (MIM) absorbers, to assist
the photothermal tuning of the Si devices. Absorbers used in these design includes
MIM nanostrip structure (in MZI design) and MIM film structure (in disk and ring
designs). The MIM nanostrips are utilizing the antiparallel resonance mode, which
is inherited from the metamaterial plasmonic absorber design [61] [75]. The MIM
film structure is utilizing the Fabry-Pérot cavity mode [75], which is different from
the plasmonic absorber.

The MZI design, with one of the 20-µm-long branchs heated by a optically
pumped nanostrip, is numerically studied and shows a theoretical response time
of 1.0 µs and switching optical power of 56 mW. In Si disk design, a MIM film
absorber with 5-µm-radius is directly integrated on top of the 8-µm-radius Si disk
resonator. From experimental results, the MAI Si disk shows a response time of 2.6
µs and switching optical power of 0.5 mW. At last, in Si ring design, the same MIM
film absorber with 5-µm-radius is equipped in the center of the 9-µm-radius Si ring
add-drop filter. From experimental results, the MAH Si ring add-drop filter shows a
response time of 5.0 µs and switching optical power of 5.0 mW. All these switching
devices are optically driven by a Gaussian beam vertically incident on the sample
from a microscope objective on the top.

The performance of these MIM absorber assisted Si photonic devices are close to
the state-of-art electric-driven thermo-optic (TO) silicon device [66], in terms of the
response time and switching power. With further optimization of the devices, the
concept of MIM absorber assisted Si photonic devices is a promising architecture
for pursuing TO silicon devices with faster response and all optic controlling.



Chapter 6

Conclusions and Future Work

6.1 Conclusions

The photothermal effect is pervading in metallic nanostructures. The fundamental
equations describing light absorption, heat generation, and heat conduction is well
written in textbook of physics. Even with this clear logic guidance, the attempts of
understanding the related experimental phenomena and the efficient implementation
of the concept to real devices, are full of uncertainties. In this thesis, the systematic
investigation of the photothermal effect in Au nanostructures (especially metal-
insulator-metal light absorber) is presented, including theoretical description of the
problem, numerical analysis of the study case, experimental demonstration of the
phenomena, and concept-implementation in prototype devices. The objective of the
works is to pursue high absorbance plasmonic nanostructures and their integration
in the thermo-optic devices with better performance.

In chapter 2, the theoretical description of the photothermal effect in plasmonic
nanostructures is presented. In the first step, the light scattering and absorption of
nanoparticles is addressed by using Rayleigh solution, Mie solution and then the finite
element method (FEM). FEM method is used to evaluate the absorption spectra of
a set of five study cases: sphere, disk, rod, disk pair, and plasmonic absorber. Disk
pair and plasmonic absorber shows higher efficient absorption among others, due
to the antiparallel plasmonic resonance. In the second step, the heat generation
and heat conduction in solid are described by classic equations, e.g. heat equation.
While, special treatments is summarized to implement the fundamental equations
accurately in the critical scenarios, e.g. non-equilibrium between hot electrons
and the lattice during short-pulse heating (in time), frequent phonon scattering
in the nanostructures (in space), and the non-negligible temperature step at the
material interface (at surface). These treatments include two-temperature model
for electrons and lattice, correction of equivalent mean-free-path in micro/nano-
structure, and applying thermal boundary resistance. Again, using FEM method,
the temperature distribution of the five types of nanostructures heated by same
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optical pump is calculated. Among stand-alone NPs, disk pair shows the highest
temperature increase of 148 K with optical pumping intensity of 1 mW/µm2. As a
two-dimensional periodic structure, plasmonic absorber shows temperature increase
of 777.4 K with same optical intensity, thanks to the collection heating effect from
the neighbouring cells.

In chapter 3, the experimental techniques involved in the photothermal heating
of micro/nano-structures are introduced, including the fabrication of metallic
nanostructures and silicon photonic devices, the optical transmission/reflection
spectrum measurement of thin-film sample, the measurement of dark-field scattering
spectrum of single nanoparticles and the exposure-time-controlled focused infrared
light induced heating. At last, one application of the photothermal heating in metal
film is present, the photothermal direct writing of micrometer scale pattern in Au
film. These techniques are vital for investigating the physical process involved in
the photothermal heating in plasmonic nanostructures.

In chapter 4, the photothermal modification of the morphology and crystallinity
of the Au nanoparticles (NPs) in plasmonic absorbers is presented. In nanosecond
experiment, 2.6-ns pulsed infrared (IR) light exposure produces spherical NPs
with smooth surface on solid substrate. Numerical heat conduction analysis shows
that the reshaping takes place at particle temperature of 795 K with a critical
pulse fluence of 35 mJ/cm2. In continuous-wave experiment, 10-second IR laser
exposure produces faceted nanocrystals with truncated octahedron or multi-twinned
structure, at the optical intensity of 15.7 kW/cm2. The formation of nanocrystals is
explained by the crystal grain growth and surface melting, which are driven by the
enhanced and localized heating in the plasmonic absorbers. Comparison between the
nanosecond case and the CW case reveals that the pumping intensity and exposure
time both play key roles in determining the morphology and crystallinity of the
light-heated NPs.

In chapter 5, photothermal switching of three types of Si photonic devices,
namely MZI, disk and ring, integrated with metal-insulator-metal (MIM) absorbers is
presented. (1) The theoretical and numerical study of a Mach-Zehnder interferometer
integrated with MIM plasmonic strip-shape nanoheater is conducted. In principle,
the nanoheater integrated MZI switch shows a power-to-temperature-increase
coefficient of 2.67 K/mW, for astigmatic beam pumping. With two 20-µm-long
waveguide branches, the MZI switch has a on-off switching power of 56 mW and
response time of 1.0 µs. (2) The experimental demonstration of the 5-µm-radius
MIM-film-absorber integrated on 8-µm-radius Si disk resonator is presented. The
measured performance of the device is power-to-temperature-increase coefficient
of 3.24 K/mW, modulated optical signal rise time of 2.0 µs and fall time of 2.6
µs. (3) The experimental demonstration of the 5-µm-radius MIM-film-absorber
deposited in the center of the 9-µm-radius Si ring add-drop filter is presented.
The measured performance of the add-drop filter is power-to-temperature-increase
coefficient of 0.80 K/mW, modulated optical signal rise time of 4.5 µs and fall time
of 5.0 µs. Comparing the three devices, MIM-absorber-integrated disk resonator
outperforms the two others, largely due to the efficient heating of the disk by the
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absorber and the its compact size. However, MZI and add-drop filter, have their
own specific functionality, e.g. functioning in a wide spectrum range and signal
routing. The overall performance of these optic-driven thermo-optic switching
devices is close to the state-of-art electric-driven thermo-optic switching devices
with complex configuration of feed-line and suspended waveguide. The configuration
of the demonstrated MIM-absorber-integrated Si prototype devices are straight
forward, with full potential of further improvement.

6.2 Future Works

The presented works in this thesis gave a glance at the capability of the photothermal
effect in plasmonic nanostructures and its application in silicon thermo-optic devices.
A vast unknown field is beyond the sight, and waiting to be explored. A few
promising topics are listed here.

(a) The transient characterization of the light induced reshaping/annealing of
Au nanoparticles. The real-time measurement of the reflected light from the sample
can be done, during reshaping process. The time-domain variation of the reflected
signal will give information of the Au nanoparticles, especially the information on
when will the reshaping start. One more step further, the reflectance of the sample
surface at the center of the pump beam can be measured by another probe beam
obliquely incident, also in time domain. Overall, the time-domain response of the Au
nanoparticles during laser heating is a vital information to reveal this multi-physics
process.

(b) The transient performance of the MIM-absorber-integrated Si disk resonator
can be improved. In principle, reducing the radius of the Si disk and the thickness of
the bottom oxide layer will result in faster thermal response of the device. However,
the advantage of less heat capacity and better heat dissipation is accompanied by
the reduced optical property of the disk resonator and the waveguide. A balance
between these two factors have to make in optimizing the design.

(c) New configuration for applying the pumping beam in the experiment of
photothermal switching of Si photonic devices can be design. The focused light
beam can be provided from a bare fiber tip on to the Si device, in stead of provided
by a microscopic objective as in chapter 5. In such a way, the configuration for
applying the pumping beam is simplified. In other words, the photothermal all-optic
Si switching devices assisted by plasmonic absorbers can gain their compatibility
with fiber interconnect.





Chapter 7

Guideline to Papers

I Xi Chen, Yiting Chen, Min Yan, and Min Qiu, "Nanosecond photothermal
effects in plasmonic nanostructures," ACS Nano 6(3), 2550–2557 (2012).

Author‘s contribution: I performed the theoretical description and numerical
simulation of the pulsed light reshaping of Au nanoparticles in plasmonic
absorber. I finished the first draft of the manuscript.

II Xi Chen, Yiting Chen, Jin Dai, Min Yan, Ding Zhao, Qiang Li and Min
Qiu, "Ordered Au Nanocrystals on Substrate Formed by Light-Induced Rapid
Annealing," Nanoscale, 6, 1756–1762(2014).

Author‘s contribution: I performed the annealing experiment, sample characterization
and simulation of the laser annealing of Au nanoparticles in plasmonic absorber.
I finished the first draft of the manuscript.

III 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 heat conduction simulation of the
light heated plasmonic absorber. I wrote the heat conduction simulation part
of the manuscript.

IV Xi Chen, Yiting Chen, Yuechun Shi, Min Yan, and Min Qiu, "Photothermal
switching of SOI-waveguide-based Mach-Zehnder interferometer with integrated
plasmonic nanoheater," submitted for publication.

Author‘s contribution: I performed the design and simulation of the Si MZI
switch integrated with MIM absorber. I finished the first draft of the manuscript.

81



82 CHAPTER 7. GUIDELINE TO PAPERS

V Yuechun Shi, Xi Chen, Fei Lou, Yiting Chen, Min Yan, Lech Wosinski, and
Min Qiu, “All-optical-switching in silicon disk resonator based on photothermal
effect of metal-insulator-metal absorber,” manuscript.

Author‘s contribution: I performed the characterization and simulation of
the Si disk resonator integrated with MIM absorber. I wrote the simulation
and characterization part of the manuscript.

VI Xi Chen, Yuechun Shi, Fei Lou, Yiting Chen, Min Yan, Lech Wosinski, and
Min Qiu, “Photothermally tunable silicon microring-resonator-based optical
add-drop filter,” manuscript.

Author‘s contribution: I performed the characterization and simulation of
the Si ring add-drop filter integrated with MIM absorber. I finished the first
draft of the manuscript.



Bibliography

[1] D. L. Jeanmaire and R. P. V. Duyne, “Surface raman spectroelectrochemistry:
Part i. heterocyclic, aromatic, and aliphatic amines adsorbed on the anodized
silver electrode,” Journal of Electroanalytical Chemistry and Interfacial
Electrochemistry 84, 1 – 20 (1977).

[2] S. Nie and S. R. Emory, “Probing single molecules and single nanoparticles
by surface-enhanced raman scattering,” Science 275, 1102–1106 (1997).

[3] K. Kneipp, Y. Wang, H. Kneipp, I. Itzkan, R. R. Dasari, and M. S. Feld,
“Population pumping of excited vibrational states by spontaneous surface-
enhanced raman scattering,” Phys. Rev. Lett. 76, 2444–2447 (1996).

[4] P. D. Howes, S. Rana, and M. M. Stevens, “Plasmonic nanomaterials for
biodiagnostics,” Chem. Soc. Rev. pp. – (2014).

[5] B. Kang, M. M. Afifi, L. A. Austin, and M. A. El-Sayed, “Exploiting the
nanoparticle plasmon effect: Observing drug delivery dynamics in single cells
via raman/fluorescence imaging spectroscopy,” ACS Nano 7, 7420–7427 (2013).

[6] X. Zhang, Y. L. Chen, R.-S. Liu, and D. P. Tsai, “Plasmonic photocatalysis,”
Reports on Progress in Physics 76, 046401 (2013).

[7] N. E. Hecker, H. R. A., N. Sawaki, T. Maier, and G. Strasser, “Surface
plasmon-enhanced photoluminescence from a single quantum well,” Applied
Physics Letters 75, 1577–1579 (1999).

[8] K. Okamoto, I. Niki, A. Shvartser, Y. Narukawa, T. Mukai, and A. Scherer,
“Surface-plasmon-enhanced light emitters based on ingan quantum wells,” Nat
Mater 3, 601–605 (2004).

[9] H. A. Atwater and A. Polman, “Plasmonics for improved photovoltaic devices,”
NATURE MATERIALS 9, 205–213 (2010).

[10] S. H. Lim, W. Mar, P. Matheu, D. Derkacs, and E. T. Yu, “Photocurrent
spectroscopy of optical absorption enhancement in silicon photodiodes via
scattering from surface plasmon polaritons in gold nanoparticles,” Journal of
Applied Physics 101, 104309 (2007).

83



84 BIBLIOGRAPHY

[11] N. A. Grigorenko, N. W. Roberts, M. Dickinson, and Y. Zhang, “Nanometric
optical tweezers based on nanostructured substrates,” Nat Photon 2, 365–370
(2008).

[12] K. Wang, E. Schonbrun, and K. B. Crozier, “Propulsion of gold nanoparticles
with surface plasmon polaritons: Evidence of enhanced optical force from near-
field coupling between gold particle and gold film,” Nano Lett. 9, 2623–2629
(2009).

[13] M. Righini, P. Ghenuche, S. Cherukulappurath, V. Myroshnychenko,
G. de Abajo F. J., and R. Quidant, “Nano-optical trapping of rayleigh particles
and escherichia coli bacteria with resonant optical antennas,” Nano Lett. 9,
3387–3391 (2009).

[14] K. J. Savage, M. M. Hawkeye, R. Esteban, A. G. Borisov, J. Aizpurua, and
J. J. Baumberg, “Revealing the quantum regime in tunnelling plasmonics,”
Nature 491, 574–577 (2012).

[15] C. Ciraci, R. T. Hill, J. J. Mock, Y. Urzhumov, A. I. Fernandez-Dominguez,
S. A. Maier, J. B. Pendry, A. Chilkoti, and D. R. Smith, “Probing the ultimate
limits of plasmonic enhancement,” Science 337, 1072–1074 (2012).

[16] M. Moskovits, “How the localized surface plasmon became linked with surface-
enhanced raman spectroscopy,” Notes and Records of the Royal Society 66,
195–203 (2012).

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

[18] A. Melikyan, N. Lindenmann, S. Walheim, P. M. Leufke, S. Ulrich, J. Ye,
P. Vincze, H. Hahn, T. Schimmel, C. Koos, W. Freude, and J. Leuthold,
“Surface plasmon polariton absorption modulator,” Opt. Express 19, 8855–
8869 (2011).

[19] M. T. Hill, Y.-S. Oei, B. Smalbrugge, Y. Zhu, T. de Vries, P. J. van Veldhoven,
F. W. M. van Otten, T. J. Eijkemans, J. P. Turkiewicz, H. de Waardt, E. J.
Geluk, S.-H. Kwon, Y.-H. Lee, R. Notzel, and M. K. Smit, “Lasing in metallic-
coated nanocavities,” Nat Photon 1, 589–594 (2007).

[20] M. A. Noginov, G. Zhu, A. M. Belgrave, R. Bakker, V. M. Shalaev, E. E.
Narimanov, S. Stout, E. Herz, T. Suteewong, and U. Wiesner, “Demonstration
of a spaser-based nanolaser,” NATURE 460, 1110–U68 (2009).

[21] P. Berini, “Long-range surface plasmon polaritons,” Adv. Opt. Photon. 1,
484–588 (2009).



BIBLIOGRAPHY 85

[22] J. Seidel, S. Grafström, and L. Eng, “Stimulated emission of surface plasmons
at the interface between a silver film and an optically pumped dye solution,”
Phys. Rev. Lett. 94, 177401 (2005).

[23] M. A. Noginov, G. Zhu, M. Bahoura, J. Adegoke, C. E. Small, B. A. Ritzo,
V. P. Drachev, and V. M. Shalaev, “Enhancement of surface plasmons in an
ag aggregate by optical gain in a dielectric medium,” Opt. Lett. 31, 3022–3024
(2006).

[24] J. Grandidier, G. C. des Francs, S. Massenot, A. Bouhelier, L. Markey, J.-C.
Weeber, C. Finot, and A. Dereux, “Gain-assisted propagation in a plasmonic
waveguide at telecom wavelength,” Nano Lett. 9, 2935–2939 (2009).

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

[26] X. Huang, I. H. El-Sayed, W. Qian, and M. A. El-Sayed, “Cancer cell imaging
and photothermal therapy in the near-infrared region by using gold nanorods,”
Journal of the American Chemical Society 128, 2115–2120 (2006).

[27] M. S. Yavuz, Y. Cheng, J. Chen, C. M. Cobley, Q. Zhang, M. Rycenga, J. Xie,
C. Kim, K. H. Song, A. G. Schwartz, L. V. Wang, and Y. Xia, “Gold nanocages
covered by smart polymers for controlled release with near-infrared light,” Nat
Mater 8, 935–939 (2009).

[28] F. Sun, W. Cai, Y. Li, G. Duan, W. Nichols, C. Liang, N. Koshizaki,
Q. Fang, and I. Boyd, “Laser morphological manipulation of gold nanoparticles
periodically arranged on solid supports,” Applied Physics B: Lasers and Optics
81, 765–768 (2005). 10.1007/s00340-005-1978-z.

[29] A. I. Kuznetsov, A. B. Evlyukhin, M. R. Goncalves, C. Reinhardt, A. Koroleva,
M. L. Arnedillo, R. Kiyan, O. Marti, and B. N. Chichkov, “Laser fabrication
of large-scale nanoparticle arrays for sensing applications,” ACS Nano 5,
4843–4849 (2011).

[30] 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).

[31] B. C. Stipe, T. C. Strand, C. C. Poon, H. Balamane, T. D. Boone, J. A.
Katine, J.-L. Li, V. Rawat, H. Nemoto, A. Hirotsune, O. Hellwig, R. Ruiz,
E. Dobisz, D. S. Kercher, N. Robertson, T. R. Albrecht, and B. D. Terris,
“Magnetic recording at 1.5 Pb m−2 using an integrated plasmonic antenna,”
Nature Photonics 4, 484–488 (2010).



86 BIBLIOGRAPHY

[32] W. A. Challener, C. Peng, A. V. Itagi, D. Karns, W. Peng, Y. Peng, X. Yang,
X. Zhu, N. J. Gokemeijer, Y.-T. Hsia, G. Ju, R. E. Rottmayer, M. A. Seigler,
and E. C. Gage, “Heat-assisted magnetic recording by a near-field transducer
with efficient optical energy transfer,” Nature Photonics 3, 220–224 (2009).

[33] G. Dyer, G. Aizin, J. Reno, E. Shaner, and S. Allen, “Novel tunable millimeter-
wave grating-gated plasmonic detectors,” Selected Topics in Quantum
Electronics, IEEE Journal of 17, 85–91 (2011).

[34] L. Vicarelli, M. S. Vitiello, D. Coquillat, A. Lombardo, A. C. Ferrari, W. Knap,
M. Polini, V. Pellegrini, and A. Tredicucci, “Graphene field-effect transistors
as room-temperature terahertz detectors,” Nat Mater 11, 865–871 (2012).

[35] T. Maier and H. Brückl, “Wavelength-tunable microbolometers with
metamaterial absorbers,” Opt. Lett. 34, 3012–3014 (2009).

[36] T. Maier and H. Brueckl, “Multispectral microbolometers for the midinfrared,”
Opt. Lett. 35, 3766–3768 (2010).

[37] A. T. Young, “Rayleigh scattering,” Physics Today 35, 42–48 (1982).

[38] M. Kerker, The scattering of light, and other electromagnetic radiation,
Physical chemistry (Academic Press, 1969).

[39] M. I. Kaganov, I. M. Lifshitz, and L. V. Tanatarov, “Relaxation between
electrons and crystalline lattices,” Sov. Phys. JETP. 4, 173–178 (1957).

[40] S. I. Anisimov, B. L. Kapeliovich, and T. L. Perel’Man, “Electron emission
from metal surfaces exposed to ultrashort laser pulses,” Soviet Journal of
Experimental and Theoretical Physics 39, 375–377 (1974).

[41] T. Qiu and C. Tien, “Short-pulse laser heating on metals,” International
Journal of Heat and Mass Transfer 35, 719 – 726 (1992).

[42] E. H. Sondheimer, “The mean free path of electrons in metals,” Advances in
Physics 50, 499–537 (1952).

[43] A. Majumdar, “Microscale heat conduction in dielectric thin films,” Journal
of Heat Transfer 115, 7–16 (1993).

[44] G. Chen, “Size and interface effects on thermal conductivity of superlattices
and periodic thin-film structures,” Journal of Heat Transfer 119, 220–229
(1997).

[45] J. Goldak, A. Chakravarti, and M. Bibby, “A new finite element model for
welding heat sources,” Metallurgical Transactions B 15, 299–305 (1984).

[46] P. Tekriwal and J. Mazumder, “Finite element analysis of three-dimensional
transient heat transfer in gma welding,” Welding Journal 67, 150–156 (1988).



BIBLIOGRAPHY 87

[47] G. Baffou, R. Quidant, and F. J. Garcia de Abajo, “Nanoscale control of
optical heating in complex plasmonic systems,” ACS Nano 4, 709–716 (2010).
PMID: 20055439.

[48] N. Ozisik, Finite Difference Methods in Heat Transfer, Second Edition, Heat
Transfer (Taylor & Francis, 1994).

[49] J. L. Hostetler, A. N. Smith, and P. M. Norris, “Thin-film thermal
conductivity and thickness measurements using picosecond ultrasonics,”
Microscale Thermophysical Engineering 1, 237–244 (1997).

[50] A. Majumdar, “Scanning thermal microscopy,” Annu. Rev. Mater. Sci. 29,
505–585 (1999).

[51] Z. J. Coppens, W. Li, D. G. Walker, and J. G. Valentine, “Probing and
controlling photothermal heat generation in plasmonic nanostructures,” Nano
Lett. 13, 1023–1028 (2013).

[52] H. Ma, P. M. Bendix, and L. B. Oddershede, “Large-scale orientation
dependent heating from a single irradiated gold nanorod,” Nano Lett. 12,
3954–3960 (2012).

[53] J. B. Herzog, M. W. Knight, and D. Natelson, “Thermoplasmonics:
Quantifying plasmonic heating in single nanowires,” Nano Lett. 14, 499–503
(2014).

[54] P. Buffat and J.-P. Borel, “Size effect on the melting temperature of gold
particles,” Phys. Rev. A 13, 2287–2298 (1976).

[55] S. Link, C. Burda, B. Nikoobakht, and M. A. El-Sayed, “Laser-induced shape
changes of colloidal gold nanorods using femtosecond and nanosecond laser
pulses,” J. Phys. Chem. B 104, 6152–6163 (2000).

[56] M. Hu and G. V. Hartland, “Heat dissipation for au particles in aqueous
solution: Relaxation time versus size,” J. Phys. Chem. B 106, 7029–7033
(2002).

[57] S. Inasawa, M. Sugiyama, and Y. Yamaguchi, “Laser-induced shape
transformation of gold nanoparticles below the melting point: The effect of
surface melting,” J. Phys. Chem. B 109, 3104–3111 (2005). PMID: 16851329.

[58] A. Plech, R. Cerna, V. Kotaidis, F. Hudert, A. Bartels, and T. Dekorsy,
“A surface phase transition of supported gold nanoparticles,” Nano Lett. 7,
1026–1031 (2007).

[59] A. Govorov, W. Zhang, T. Skeini, H. Richardson, J. Lee, and N. Kotov,
“Gold nanoparticle ensembles as heaters and actuators: melting and
collective plasmon resonances,” Nanoscale Research Letters 1, 84–90 (2006).
10.1007/s11671-006-9015-7.



88 BIBLIOGRAPHY

[60] A. Kuhlicke, S. Schietinger, C. Matyssek, K. Busch, and O. Benson, “In situ
observation of plasmon tuning in a single gold nanoparticle during controlled
melting,” Nano Lett. 13, 2041–2046 (2013).

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

[62] 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).

[63] N. Liu, M. Mesch, T. Weiss, M. Hentschel, and H. Giessen, “Infrared perfect
absorber and its application as plasmonic sensor,” Nano Lett. 10, 2342–2348
(2010).

[64] A. Densmore, S. Janz, R. Ma, J. H. Schmid, D.-X. Xu, A. Delâge, J. Lapointe,
M. Vachon, and P. Cheben, “Compact and low power thermo-optic switch
using folded silicon waveguides,” Opt. Express 17, 10457–10465 (2009).

[65] P. Sun and R. M. Reano, “Submilliwatt thermo-optic switches using free-
standing silicon-on-insulator strip waveguides,” Opt. Express 18, 8406–8411
(2010).

[66] M. R. Watts, J. Sun, C. DeRose, D. C. Trotter, R. W. Young, and G. N.
Nielson, “Adiabatic thermo-optic mach-zehnder switch,” Opt. Lett. 38, 733–
735 (2013).

[67] J. Song, Q. Fang, X. Luo, H. Cai, T.-Y. Liow, M.-B. Yu, G.-Q. Lo, and
D.-L. Kwong, “Thermo-optical tunable planar ridge microdisk resonator in
silicon-on-insulator,” Opt. Express 19, 11220–11227 (2011).

[68] M. R. Watts, W. A. Zortman, D. C. Trotter, G. N. Nielson, D. L. Luck,
and R. W. Young, “Adiabatic resonant microrings (arms) with directly
integrated thermal microphotonics,” in “Conference on Lasers and Electro-
Optics/International Quantum Electronics Conference,” (Optical Society of
America, 2009), p. CPDB10.

[69] P. Dong, W. Qian, H. Liang, R. Shafiiha, D. Feng, G. Li, J. E. Cunningham,
A. V. Krishnamoorthy, and M. Asghari, “Thermally tunable silicon racetrack
resonators with ultralow tuning power,” Opt. Express 18, 20298–20304 (2010).

[70] T. Nikolajsen, K. Leosson, and S. I. Bozhevolnyi, “Surface plasmon polariton
based modulators and switches operating at telecom wavelengths,” Applied
Physics Letters 85, 5833–5835 (2004).



BIBLIOGRAPHY 89

[71] J. Gosciniak, S. I. Bozhevolnyi, T. B. Andersen, V. S. Volkov, J. Kjelstrup-
Hansen, L. Markey, and A. Dereux, “Thermo-optic control of dielectric-loaded
plasmonic waveguide components,” Opt. Express 18, 1207–1216 (2010).

[72] O. Tsilipakos, T. V. Yioultsis, and E. E. Kriezis, “Theoretical analysis
of thermally tunable microring resonator filters made of dielectric-loaded
plasmonic waveguides,” Journal of Applied Physics 106, 093109 (2009).

[73] K. Hassan, J.-C. Weeber, L. Markey, and A. Dereux, “Thermo-optical control
of dielectric loaded plasmonic racetrack resonators,” Journal of Applied Physics
110, 023106 (2011).

[74] K. Hassan, J.-C. Weeber, L. Markey, A. Dereux, A. Pitilakis, O. Tsilipakos,
and E. E. Kriezis, “Thermo-optic plasmo-photonic mode interference switches
based on dielectric loaded waveguides,” Applied Physics Letters 99, 241110
(2011).

[75] M. Yan, “Metal-insulator-metal light absorber: a continuous structure,”
Journal of Optics 15, 025006 (2013).

[76] C. Raman, “A new radiation,” Indian Journal of Physics 2, 387–398 (1928).

[77] J. Workman and L. Weyer, Practical Guide to Interpretive Near-Infrared
Spectroscopy (Taylor & Francis, 2007).

[78] T. H. Gfroerer, Photoluminescence in Analysis of Surfaces and Interfaces
(John Wiley & Sons, Ltd, 2006).

[79] M. Fukuda, Optical Semiconductor Devices, A Wiley Interscience publication
(Wiley, 1999).

[80] J. Kong, Electromagnetic Wave Theory, A Wiley-Interscience publication
(John Wiley&Sons, 1986).

[81] A. J. Cox, A. J. DeWeerd, and J. Linden, “An experiment to measure mie
and rayleigh total scattering cross sections,” American Journal of Physics 70,
620–625 (2002).

[82] C. F. Bohren and D. Huffman, Absorption and scattering of light by small
particles, Wiley science paperback series (Wiley, 1983).

[83] E. J. Zeman and G. C. Schatz, “An accurate electromagnetic theory study
of surface enhancement factors for silver, gold, copper, lithium, sodium,
aluminum, gallium, indium, zinc, and cadmium,” J. Phys. Chem. 91, 634–643
(1987).

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



90 BIBLIOGRAPHY

[85] B. T. Draine and P. J. Flatau, “Discrete-dipole approximation for scattering
calculations,” J. Opt. Soc. Am. A 11, 1491–1499 (1994).

[86] K. Yee, “Numerical solution of initial boundary value problems involving
maxwell’s equations in isotropic media,” Antennas and Propagation, IEEE
Transactions on 14, 302–307 (1966).

[87] R. C. J., D. Manohar D., C. C. R., and B. Fred B., “Finite element method
for eigenvalue problems in electromagnetics,” Tech. rep. (1998).

[88] V. M. Shalaev, “Optical negative-index metamaterials,” Nat Photon 1, 41–48
(2007).

[89] W. Cai and V. Shalaev, Optical Metamaterials (Springer New York, 2010).

[90] N. Fang, H. Lee, C. Sun, and X. Zhang, “Sub-diffraction-limited optical
imaging with a silver superlens,” Science 308, 534–537 (2005).

[91] V. M. Shalaev, W. Cai, U. K. Chettiar, H.-K. Yuan, A. K. Sarychev, V. P.
Drachev, and A. V. Kildishev, “Negative index of refraction in optical
metamaterials,” Opt. Lett. 30, 3356–3358 (2005).

[92] S. Zhang, W. Fan, N. C. Panoiu, K. J. Malloy, R. M. Osgood, and
S. R. J. Brueck, “Experimental demonstration of near-infrared negative-index
metamaterials,” Phys. Rev. Lett. 95, 137404 (2005).

[93] 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).

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

[95] A. Moreau, C. Ciraci, J. J. Mock, R. T. Hill, Q. Wang, B. J. Wiley, A. Chilkoti,
and D. R. Smith, “Controlled-reflectance surfaces with film-coupled colloidal
nanoantennas,” Nature 492, 86–89 (2012).

[96] J. Dai, F. Ye, Y. Chen, M. Muhammed, M. Qiu, and M. Yan, “Light absorber
based on nano-spheres on a substrate reflector,” Opt. Express 21, 6697–6706
(2013).

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

[98] R. Loudon, “The propagation of electromagnetic energy through an absorbing
dielectric,” Journal of Physics A: General Physics 3, 233–245 (1970).

[99] C. Kittel, Introduction to solid state physics (Wiley, 1986).



BIBLIOGRAPHY 91

[100] A. Okhotin, L. Zhmakin, and A. Ivanyuk, “The temperature dependence of
thermal conductivity of some chemical elements,” Experimental Thermal and
Fluid Science 4, 289–300 (1991).

[101] M. Asheghi, Y. K. Leung, S. S. Wong, M. N. Touzelbaev, and K. E. Goodson,
“Temperature-dependent thermal conductivity of single-crystal silicon layers
in soi substrates,” Journal of Heat Transfer 120, 30–36 (1998).

[102] S. Moon, M. Hatano, M. Lee, and C. P. Grigoropoulos, “Thermal conductivity
of amorphous silicon thin films,” International Journal of Heat and Mass
Transfer 45, 2439 – 2447 (2002).

[103] B. L. Zink, R. Pietri, and F. Hellman, “Thermal conductivity and specific
heat of thin-film amorphous silicon,” Phys. Rev. Lett. 96, 055902 (2006).

[104] R. W. Powell, C. Y. Ho, and P. E. Liley, Thermal Conductivity of Selected
Elements (U.S. Government Printing Office, Washington, DC., 1966).

[105] C. Auth, C. Allen, A. Blattner, D. Bergstrom, M. Brazier, M. Bost, M. Buehler,
V. Chikarmane, T. Ghani, T. Glassman, R. Grover, W. Han, D. Hanken,
M. Hattendorf, P. Hentges, R. Heussner, J. Hicks, D. Ingerly, P. Jain,
S. Jaloviar, R. James, D. Jones, J. Jopling, S. Joshi, C. Kenyon, H. Liu,
R. McFadden, B. Mcintyre, J. Neirynck, C. Parker, L. Pipes, I. Post,
S. Pradhan, M. Prince, S. Ramey, T. Reynolds, J. Roesler, J. Sandford,
J. Seiple, P. Smith, C. Thomas, D. Towner, T. Troeger, C. Weber, P. Yashar,
K. Zawadzki, and K. Mistry, “A 22nm high performance and low-power cmos
technology featuring fully-depleted tri-gate transistors, self-aligned contacts
and high density mim capacitors,” in “VLSI Technology (VLSIT), 2012
Symposium on,” (2012), pp. 131–132.

[106] A. Balandin and K. L. Wang, “Significant decrease of the lattice thermal
conductivity due to phonon confinement in a free-standing semiconductor
quantum well,” Phys. Rev. B 58, 1544–1549 (1998).

[107] X. Y. Yu, G. Chen, A. Verma, and J. S. Smith, “Temperature dependence of
thermophysical properties of gaas/alas periodic structure,” Applied Physics
Letters 67, 3554–3556 (1995).

[108] K. Kukita, I. N. Adisusilo, and Y. Kamakura, “Monte carlo simulation of
thermal conduction in silicon nanowires including realistic phonon dispersion
relation,” Japanese Journal of Applied Physics 53, 015001 (2014).

[109] E. T. Swartz and R. O. Pohl, “Thermal boundary resistance,” Rev. Mod.
Phys. 61, 605–668 (1989).

[110] A. F. Mayadas and M. Shatzkes, “Electrical-resistivity model for
polycrystalline films: the case of arbitrary reflection at external surfaces,”
Phys. Rev. B 1, 1382–1389 (1970).



92 BIBLIOGRAPHY

[111] T. Q. Qiu and C. L. Tien, “Size effects on nonequilibrium laser heating of
metal films,” Journal of Heat Transfer 115, 842–847 (1993).

[112] W. A. Little, “The transport of heat between dissimilar solids at low
temperatures,” Canadian Journal of Physics 37, 334–349 (1959).

[113] R. Kato, Y. Xu, and M. Goto, “Development of a frequency-domain method
using completely optical techniques for measuring the interfacial thermal
resistance between the metal film and the substrate,” Japanese Journal of
Applied Physics 50, 106602 (2011).

[114] B. Su-Yuan, T. Zhen-An, H. Zheng-Xing, Y. Jun, and W. Jia-Qi, “Thermal
conductivity measurement of submicron-thick aluminium oxide thin films by
a transient thermo-reflectance technique,” Chinese Physics Letters 25, 593
(2008).

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

[116] X. Chen, Y. Chen, M. Yan, and M. Qiu, “Nanosecond photothermal effects in
plasmonic nanostructures,” ACS Nano 6, 2550–2557 (2012).

[117] 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).

[118] A. Plech, V. Kotaidis, S. Grésillon, C. Dahmen, and G. von Plessen, “Laser-
induced heating and melting of gold nanoparticles studied by time-resolved
x-ray scattering,” Phys. Rev. B 70, 195423 (2004).

[119] X. Chen, Y. Chen, J. Dai, M. Yan, D. Zhao, Q. Li, and M. Qiu, “Ordered
au nanocrystals on a substrate formed by light-induced rapid annealing,”
Nanoscale 6, 1756 (2014).

[120] J.-C. Tinguely, I. Sow, C. Leiner, J. Grand, A. Hohenau, N. Felidj, J. Aubard,
and J. Krenn, “Gold nanoparticles for plasmonic biosensing: The role of metal
crystallinity and nanoscale roughness,” Bio. Nano Sci. 1, 128–135– (2011).

[121] D. Gaspar, A. C. Pimentel, T. Mateus, J. P. Leitao, J. Soares, B. P. Falcao,
A. Araujo, A. Vicente, S. A. Filonovich, H. Aguas, R. Martins, and I. Ferreira,
“Influence of the layer thickness in plasmonic gold nanoparticles produced by
thermal evaporation,” Sci. Rep. 3, 1469 (2013).

[122] C. V. Thompson, “Grain growth in thin films,” Annu. Rev. Mater. Sci. 20,
245–268 (1990).



BIBLIOGRAPHY 93

[123] U. Tartaglino, T. Zykova-Timan, F. Ercolessi, and E. Tosatti, “Melting and
nonmelting of solid surfaces and nanosystems,” Physics Reports 411, 291–321
(2005).

[124] H. M. van Pinxteren, B. Pluis, and J. W. M. Frenken, “Temperature
dependence of surface-melting-induced faceting of surfaces vicinal to pb(111),”
Phys. Rev. B 49, 13798–13808 (1994).

[125] C. J. Johnson, E. Dujardin, S. A. Davis, C. J. Murphy, and S. Mann, “Growth
and form of gold nanorods prepared by seed-mediated, surfactant-directed
synthesis,” J. Mater. Chem. 12, 1765–1770 (2002).

[126] C. J. Murphy, T. K. Sau, A. M. Gole, C. J. Orendorff, J. Gao, L. Gou, S. E.
Hunyadi, and T. Li, “Anisotropic metal nanoparticles: Synthesis, assembly,
and optical applications,” J. Phys. Chem. B 109, 13857–13870 (2005).

[127] B. Wang, M. Liu, Y. Wang, and X. Chen, “Structures and energetics of silver
and gold nanoparticles,” J. Phys. Chem. C 115, 11374–11381 (2011).

[128] J. Leuthold, C. Koos, and W. Freude, “Nonlinear silicon photonics,” Nat
Photon 4, 535–544 (2010).

[129] R. A. Soref and B. Bennett, “Electrooptical effects in silicon,” Quantum
Electronics, IEEE Journal of 23, 123–129 (1987).

[130] A. Liu, R. Jones, L. Liao, D. Samara-Rubio, D. Rubin, O. Cohen, R. Nicolaescu,
and M. Paniccia, “A high-speed silicon optical modulator based on a metal-
oxide-semiconductor capacitor,” Nature 427427, 615–618 (2004).

[131] L. Liao, D. Samara-Rubio, M. Morse, A. Liu, D. Hodge, D. Rubin, U. Keil,
and T. Franck, “High speed silicon mach-zehnder modulator,” Opt. Express
13, 3129–3135 (2005).

[132] L. Liao, A. Liu, J. Basak, H. Nguyen, M. Paniccia, D. Rubin, Y. Chetrit,
R. Cohen, and N. Izhaky, “40 gbit/s silicon optical modulator for highspeed
applications,” Electronics Letters 43 (2007).

[133] Q. Xu, B. Schmidt, S. Pradhan, and M. Lipson, “Micrometre-scale silicon
electro-optic modulator,” Nature 435, 325–327 (2005).

[134] Q. Lin, O. J. Painter, and G. P. Agrawal, “Nonlinear optical phenomena in
silicon waveguides: modeling and applications,” Opt. Express 15, 16604–16644
(2007).

[135] V. Almeida, C. Barrios, R. Panepucci, and M. Lipson, “All-optical control of
light on a silicon chip,” NATURE 431, 1081–1084 (2004).



94 BIBLIOGRAPHY

[136] G. Cocorullo, F. G. D. Corte, and I. Rendina, “Temperature dependence of
the thermo-optic coefficient in crystalline silicon between room temperature
and 550 k at the wavelength of 1523 nm,” Appl. Phys. Lett. 74, 3338–3340
(1999).

[137] F. G. Della Corte, M. Esposito Montefusco, L. Moretti, I. Rendina, and
G. Cocorullo, “Temperature dependence analysis of the thermo-optic effect in
silicon by single and double oscillator models,” Journal of Applied Physics 88,
7115–7119 (2000).

[138] B. Little, S. Chu, H. Haus, J. Foresi, and J. P. Laine, “Microring resonator
channel dropping filters,” Lightwave Technology, Journal of 15, 998–1005
(1997).


