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Abstract
The development of future devices is towards to the miniaturization and performance
improvement. This requires the large scale integration of nanodevices. Nanojoining is an
essential step for the industrial scale production of nanodevices which possess extensive
applications in nanoelectronics, nanophotonics and biomedicines. Many techniques have
been developed to produce nanojoining, and among them femtosecond (fs) laser
nanojoining is a promising one due to its limited thermal damage to the fabricated
nanomaterials. However the fs laser nanojoining technique is still not probably
characterized. In this thesis, the research of fs laser nanojoining of silver (Ag)
nanomaterials with or without polyvinylpyrrolidone (PVP) coating is conducted in different
environments (aqueous solution, air, vacuum), targeting to different application areas.
It is reported that the joining behavior of PVP coated Ag nanoparticles (NPs) can be
manipulated by controlling the distribution of localized surface plasmon induced electric
field enhancement (or hotspots) and/or the decomposition of PVP coatings into amorphous
carbon or some ionized products. This facilitates the fabrication of joined-NPs structures
with tunable plasmonic properties by tuning the geometries of the structures, for possible
application as SERS (surface enhanced Raman spectroscopy) detector. For Ag particles
without PVP coating and exposed to vacuum (10-6 Torr), their joining behavior under fs
laser radiation is also controlled by the hotspots; and high integrity interconnection of Ag
particles can be obtained benefiting from the localized ablation of the particles in the
hotspots. The joining efficiency can be improved by introducing reactive oxygen gas which
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produces external heating to the irradiated particles through O-Ag reaction on the surface
of Ag particles in the hotspots.
Overall, the hotspots-dependent fs laser nanojoining technique which is developed in this
research provides an alternative way for precise fabrication of nanodevices based on the
interconnection of nanoscale functional components.
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Chapter 1 Introduction
1.1 Nanomaterial and Nanojoining
Nanomaterials are defined as materials with sizes less than one hundred nanometers (nm)
in at least one dimension. Based on the number of dimensions, nanomaterials can usually
be classified into: (1) zero-dimensional (0D) nanoparticle (NP); (2) one-dimensional (1D)
nanowire, nanobelt, nanotube etc.; (3) two-dimensional (2D) nanosheet, nanofilm and so
on; (4) three-dimensional (3D) structured nanomaterial. When the size of the materials
goes down to nanometer scale, the size effect allows the nanomaterials to possess some
unique properties compared to bulk materials.
One effect is the depression of melting temperature. Size-dependent melting was first
reported by Takagi [1]; it was shown that the melting temperature of the material decreases
with the reduction of its size. In Fig.1-1 a transmission electron microscope (TEM) study
is summarized illustrating the relationship between the size and melting temperature of
SiO2 encapsulated silver (Ag) NP, which indicates that the melting temperature of Ag NP
whose size was less than ~50 nm decreased nonlinearly with its size [2]. This effect is now
coming into industrial use, as nanoparticles (NPs) have been widely studied as low
temperature paste for application in microelectronics packing [3], and are paving the way
to the application in flexible electronics.
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Fig.1-1, Size dependence of the melting temperature (T m) of silica-encapsulated Ag NPs. The solid line is the
fit of the calculated data with respect to the particle size (D, nm) using equation T m(K)=1233.65-1954.3/D8100/D2. The figure is adapted from ref. [2].

Another important size-dependent property of the nanomaterials is the formation of
localized surface plasmon (LSP), which is defined as the collective oscillation of free
electrons near the surface of metallic nanomaterials. This can significantly enhance the
localized electric field, forming hotspots in the nanomaterial and the surroundings
especially when the frequency of the excitation light is in resonance with that of the LSP,
facilitating the application in optical detections such as surface enhance Raman scattering
(SERS), fluorescence, and thermal imaging [4, 5]. As the scanning electron microscope
(SEM) images shown in Fig.1-2, the presence of Ag NPs on Si wafer or AAO substrate can
significantly enhance the Raman signal of the methylene blue, compared to that of the pure
Si wafer [6].
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Fig.1-2, SEM images of morphology for Ag NPs deposited on different wafers and their SERS spectra. (a)
Ag NPs on Si wafer; (b) Ag NPs on AAO substrate; (c) SERS spectra of methylene blue on three different
substrates. The figure is adapted from ref. [6].

NPs also have many other size-dependent properties such as catalytic activity [7, 8]. This is
beyond the scope of this work and will not be discussed here. Due to their unique chemical
[9], electronic [10], magnetic [11] and optical [12] properties, nanomaterials, especially
metallic nanomaterials have been of great interest to researchers for decades.
Recently, a major focus of research into nanomaterials has involved the directed
interconnection of nanomaterial building blocks into nanodevices for applications such as
bio-sensing [13], solar energy harvesting [14], and photothermal imaging [15].

The

techniques which have involved interconnecting nanomaterials building blocks or the
building blocks to substrate can be defined as nanojoining technology (or nanojoining in
short) [16]. Nanojoining is now developing rapidly and is considered as a key technology
to achieve industrial scale production of nanodevices or nano-systems. The principle of
nanojoining is to join the nanomaterials by producing adhesive bonding through
(bio)polymer molecules or by forming robust primary chemical bonds (metallic, ionic and
covalent bonds) [16]. The former is usually obtained by utilizing chemical methods, while
the latter is realized through physical methods.
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1.2 Issues in Nanojoining
Before the commercial application of nanojoining technology, three major issues in
nanojoining process development have to be solved. The first is how to position the
nanomaterials and control the final structure of the joined nanomaterial; the second is how
to avoid damage to the nanomaterial and the surrounding in the joining process; and the
last one is how to produce robust joints and obtain stable performances of the joined
structures. To solve these issues, many methods have been developed. For example, the
electron beam lithography technique has been used to produce pre-joined nanomaterial to
control the exact position of joint formation and the geometry of the final joined structure
[17]. Adhesive bonding or cold welding (room temperature welding) has been employed to
perform nanojoining without causing damage to the pre-joined nanomaterials [18]. The
following sections outline some examples of nanojoining methods and summarize their
limitations.
1.2.1 Nanojoining by chemical methods
In chemical methods, deoxyribonucleic acid (DNA) has been widely used to join
nanomaterials, because of its good controllability on the final joined structures [19-21].
For example, gold (Au) NPs core-satellite structures [22] were produced through the
hybridization of DNA which was bonded on the surface of Au NPs, as shown in Fig.1-3.
Other polymer molecules such as poly(methyl methacrylate) (PMMA), and PEGMA
(poly(ethylene glycol methacrylate)) were also studied [23, 24]. To obtain better control of
the final joined structures, electric or magnetic fields can also be used to assist the joining
process. As shown in Fig.1-4, ferromagnetic nanowires (NWs) can be joined and aligned
along the direction of magnetic field [25].
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Fig.1-3, DNA assembled Au NPs core-satellite structures, (a) Illustration of the strategy to prepare coresatellite assemblies; (b, c) TEM images of the Au NPs core-satellite structures. The size of the core particles
is ~ 30 nm while that of the satellite particles is ~ 10 nm. The figure is adapted from ref. [22].

Fig.1-4. (a) Schematic illustrating the two-step process for sequential alignment: (i, ii) dispensing of the
nanowire suspension and (iii, iv) alignment of the nanowires in an external magnetic field (red arrows). (b)
The alignment of the nanowires in a single direction using a 760 G field. (c) Two-step alignment with the
substrate shift of 30º. (d) Two-step alignment with a substrate shift of 90º. The figure is adapted from
ref. [25].
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By using chemical methods, nanomaterials can also be joined through the formation of
primary chemical bonds. This is usually performed by cleaning off the protective polymer
shell on the surface of nanomaterials which results in surface energy-driven mutual
diffusion of the nanomaterials, which is known as room temperature welding or cold
welding [26]. Directional joining of the nanomaterials can even be obtained if the
protective polymers are selectively removed. As shown in Fig.1-5, Au nanorods (NRs)
were welded end-to-end by selectively cleaning the cetyltrimethylammonium bromide
(CTAB) coating from the ends of the NRs [27].

Fig.1-5, TEM images and High-resolution TEM (HRTEM) images of cold welded Au NRs. (a, b) TEM
images of the Au NRs solution; (c, d) HRTEM of the NRs joints. (c) shows the perfect end-to-end welding
while (d) represents the twined end-to-end welding. The figure is adapted from ref. [27].

1.2.2 Nanojoining by physical methods
Compared to chemical methods, physical methods for nanojoining are straightforward.
They include the application of heat [3], force [28], radiation [29-31], soldering material
[32], spark plasma [33, 34], and electron beam [35] to join the nanomaterial by producing
robust primary chemical bonds. For example, Hu et al. [3] obtained Ag NPs networks by
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sintering the Ag NPs film in furnace at temperature > 373 K. In the sintering process,
softening or fusion of the nanomaterials takes place during their exposure to thermal
heating, and then the nanomaterials are joined via solid state diffusion (low temperature
heating) [36, 37] or viscous flow and solidification (high temperature heating) [38] at the
interface. To accelerate the joining process and improve the joint strength in the thermal
heating process, external pressure is usually applied [39], but the possible stress-induced
damage to the substrate has to be monitored.
To obtain more precise fabrication, localized heating and joining are required. This can be
done by combining the SEM equipment and localized electric thermal heating system. As
shown in Fig.1-6, two slightly separated Pt submicron wires (~ 650 nm wide) were welded
by employing an electro-thermal system to heat the wires up to their melting point [40].
Due to the higher resistance in the segment between the wires, the effective localized
heating took place in the segment and resulted in the welding of the wires. Meanwhile,
Xu et al. [35] demonstrated that localized welding of the crossed Au NWs could also be
obtained by focusing high intensity electron beam (HIEB) in the overlap area of the NWs
under TEM observation. However HIEB radiation induced destruction of the Au NWs and
the carbon substrate probably limits its application for nanojoining. Using nanoscale solder
is an alternative method to achieve localized nanojoining together with reduced damage of
the nanomaterials. As shown in Fig.1-7, two Au NWs were joined together via the heated
NW solder which diffused onto the junction; and the remaining nanowire solder was removed
by using mechanical force after the joining process [32]. The possible limitations are the high
cost of the soldering system and its low joining efficiency.
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Fig.1-6, Joining of Pt NWs by joule heating. (a,b) Experimental setup for welding Pt nanowires by joule
heating; (c) Joint morphology observation of straight welded Pt NWs; (d) Joint morphology of lap welded Pt
NWs. The figure is adapted from ref. [40].

Fig.1-7, Nanosoldering 55 nm Au nanowires. (a) Softening of the solder nanowire and contact to the two Au
nanowires to be welded; (b) Nanosoldering two nanowires together by a rectangular voltage pulse through the
solder nanowire; (c) Mechanical removal of the solder nanowire, leaving miniaturized Chinese character. The
figure is adapted from ref. [32].

Beside the physical methods mentioned above, laser nanojoining is also attracting great
attention. For instance, Kim et al. [30] welded Au NPs in a diluted aqueous solution
(9.3 nM) using a picosecond (ps) Nd:YAG laser. Liu et al. [31] achieved the brazing of
Pt-Ag NPs by utilizing femtosecond (fs) laser irradiation.

However the final joined

structures obtained in these works were uncontrolled due to the random motion of the NPs
in the aqueous solution. To obtain controllability, Mafunéet al. [41] selectively melted Pt
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NPs by exciting their LSP resonance, and then soldered other un-melted Au NPs in the
aqueous solution. Although there have been few further reports in this area, the idea of
joining nanomaterial by controlling the LSP was developed. To completely eliminate the
influence of the random motion of the nanomaterials in aqueous solution, nanomaterials are
usually deposited on a substrate and then joined by laser radiation [29]. In that case, the
final joined structure is determined by the deposition process.
In summary, in nanojoining processes, the balance between control of joined structure,
damage to pre-joined nanomaterial and joining efficiency has to be achieved.
1.3 Research motivation and objectives
Fs laser possesses high intensity but causes small thermal damage; this makes it an ideal
tool for precise fabrication of nanomaterials which are very sensitive to thermal effects. In
addition, the high intensity of fs laser will produce strong plasmonic effects (arising from
LSP) and facilitate the joining of nanomaterial by producing localized heating, near-field
ablation and optical force. So, the combination of fs laser radiation and LSP-dependent
plasmonic effects shows promising potential for the application in joining nanomaterial.
The goal of the present study is to explore an alternative LSP-assisted fs laser nanojoining
technique to join/assemble nanomaterial building blocks in a non-destructive, efficient, and
controllable way, which promises large scale production of micron/nanodevices. While the
overall focus is on obtaining a fundamental understanding of fs laser nanojoining technique,
the joining of larger (submicron scale) components is also considered because of the many
applications of these elements in micron/nanodevices. Here, Ag submicron/nanomaterial is
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chosen for this study because of its excellent plasmonic properties, and a program of
experimental and theoretical work is carried out to accomplish the following:
1. Study the feasibility and mechanism of fs laser nanojoining of Ag nanomaterial in a
controllable way (including control of the joined structure and laser radiation induced
damage).
2. Investigate the influence of operation environment (aqueous solution, air, and vacuum)
on fs laser nanojoining.
3. Identify the contribution of LSP in fs laser nanojoining processes.
1.4 Thesis organization
This thesis is organized as follows: Chapter 1 introduces nanomaterial and the development
of nanojoining techniques. Chapter 2 revisits the fundamentals and experimental work of
fs laser fabrication, and presents the background of LSP and its contribution to fs laser
fabrication. Chapter 3 describes the fs laser system and experimental setup in this study.
Chapter 4 presents the results and discussions of controlled joining of PVP coated Ag NPs
in aqueous solution by fs laser irradiation. Chapter 5 explores the joining of PVP coated
Ag NPs in air and vacuum based on the results of chapter 4, and compares it with the
joining of bare Ag NPs in vacuum. Chapter 6 investigates the assisting effect of oxygen on
the joining of bare Ag submicron/nanoparticles. Chapter 7 summarizes the work of fs laser
nanojoining in chapters 4-6 and comes to some conclusions; while future work is also
suggested.
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Chapter 2 Literature review
2.1 Femtosecond laser
Laser is the acronym for “light amplification by stimulated emission of radiation”, which is
a device that produces monochromatic, coherent, and highly collimated beams of light.
The schematic of the laser mechanism in a three-energy level system is shown in Fig.2-1.
In this system, electrons at energy level E1 are first pumped (or excited) to energy level E3,
and then they quickly decay to metastable energy level E2, releasing energy in form of heat.
When the number of the electrons at E2 is much larger than that at E1, population inversion
happens, and electrons at E2 decay to E1, emitting coherent light. According to the energy
distribution over time, lasers can be divided into two types: continuous wave (CW) lasers
whose output energy is constant over time, and pulsed lasers.

Fig.2-1, Schematic for light amplification by stimulated emission of radiation in a three energy levels (E1, E2
and E3) system

The fs laser is a pulsed laser with pulse duration ≤ 100 fs (10-13 s). Based on the selection
of the gain medium in the laser, fs lasers can be divided into fs dye lasers where the dye is
typically organic molecules in liquid solution, and fs solid-state lasers. More details about
the fs laser, such as how it works, are presented in chapter 3. The fs laser, because of its
ultrashort pulse duration, can achieve a very high intensity with a small pulse energy. This

11

makes fs laser radiation able to minimize its thermal effect, and promises many
applications in precise material removal such as cutting and drilling. Recently, the fs laser
has also shown the potential of joining nanomaterials. As Hu et al. reported [42], Au NPs
have been joined by fs laser irradiation at intensity of ~1010 W/cm2 without causing
massive destruction of the NPs, which benefited from the limited thermal effect of fs laser
radiation in its interaction with the irradiated material.
2.1.1 Fundamentals of fs laser-matter interaction
In the laser-matter interaction, the primary process is the excitation of electrons from their
equilibrium states to some excited states by the absorption of photon energy through
electron-photon coupling in the skin layer. This process happens roughly on a time scale of
~ 10-14 s. According to the definition of non-thermal and thermal processes, as shown in
Fig.2-2 [43], the electron-photon coupling process is non-thermal.

Fig.2-2, Time scale for various secondary processes after the primary electron excitation with laser radiation.
This figure is adapted from ref. [43].
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For the fs laser, because its pulse duration is less than 100 fs, the laser-material interaction
in the pulse duration is non-thermal. After the pulse, thermal relaxation of the excited
electrons through electron-phonon coupling happens in ~ 1 picosecond (ps, 10-12 s),
followed by thermal diffusion via phonon-phonon coupling [43]. This distinguishes fs
laser from conventional longer pulse (> 1 ps) lasers where both thermal relaxation of
electrons and thermal diffusion take place during the pulse duration. In order to precisely
describe fs laser-matter interaction, a two-temperature model is developed. Fig.2-3 shows
a schematic for a 1D two-temperature model describing the fs laser-matter interaction
process.

Fig.2-3, Schematic of two-temperature model for fs laser heating

In the two-temperature model [44], two equations (eqn.(2-1) and eqn.(2-2)) involve
electron temperature (Te) and lattice temperature (Tl) are written as below to describe the
heating of electrons and lattice on different time scales in the skin layer (δs).
𝐶𝑒

𝜕𝑇𝑒

𝐶𝑙

𝜕𝑇𝑙

𝜕𝑡

𝜕𝑡

= 𝑘𝑒

ð𝑇𝑒
ð𝑍

− 𝛾[𝑇𝑒 − 𝑇𝑙 ] + 𝑆(𝑍, 𝑡),

= 𝛾[𝑇𝑒 − 𝑇𝑙 ],

(2-1)
(2-2)

where Ce, Cl is the electron and lattice heat capacity (J·K-1·m-2), respectively; γ is the
electron-lattice interaction factor (or electron-phonon coupling strength, W·K-1·m-2), ke
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is the electron thermal conductivity (W·K-1·m-1), and S represents the laser source term
(W·m-2). To understand these two equations, three characteristic times which include
electron cooling time (τe), lattice heating time (τl), and laser pulse duration (τL) have to be
considered. If τL << τe ~10 ps, electron-phonon coupling is negligible in the laser pulse
duration, or γ ≈ 0. Then, eqn.(2-1) and eqn.(2-2) can be reduced to:
𝐶𝑒

𝜕𝑇𝑒
𝜕𝑡

= 𝑘𝑒

ð𝑇𝑒
ð𝑍

+ 𝑆(𝑍, 𝑡) .

(2-3)

Eqn.(2-3) shows that, in the laser radiation process, the lattice is cold when the electrons
are heated up by photons. This is the case for the fs laser irradiation process.
If τL >> τe ~10 ps, the electron and lattice have reached equilibrium in the pulse duration,
which means Te = Tl. Then, eqn.(2-1) and eqn.(2-2) is reduced to:
𝐶𝑙

𝜕𝑇𝑙
𝜕𝑡

= 𝑘𝑙

ð𝑇𝑙
ð𝑍

+ 𝑆(𝑍, 𝑡) ,

(2-4)

where kl is lattice thermal conductivity (in W · K-1 · m-1).

This case applies for

nanosecond (ns), millisecond (ms) and most ps lasers.
It is noted in Fig.2-3 that, the two-temperature model is only used to describe the electron
and lattice temperature condition in the skin layer of the irradiated target whose thickness is
twice the optical penetration depth δp. The optical penetration depth δp is the depth at
which the laser intensity inside the irradiated material falls to 1/e of its original intensity,
and it can be written as:
𝛿𝑝 =
where 𝛽 =

4𝜋𝐾
𝜆

1
𝛽

,

(2-5)

is the attenuation constant (or the absorption coefficient, m-1). Here,  is

the wavelength of the laser, K is the imaginary part of the complex refractive index. Take
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for instance a silver (Ag) slab which is irradiated by fs laser with wavelength of 800 nm as
an example, K=5.29 [45] , so the thickness of the skin layer is δs=2δp=22 nm. The material
beneath the skin layer may also be influenced by laser radiation. This depends on the
thermal diffusion length in the laser pulse duration. The calculation of thermal diffusion
length can be written:
𝐿diff = 2√𝐷𝜏𝐿 ,

(2-6)

where D is the thermal diffusivity (in unit of m2 ·s-1) and τL is the pulse duration as
mentioned above. Take an Ag slab as an example, under ps laser (10 ps) and ns laser (10
ns) irradiation, the diffusion lengths are 80 nm and 2.6 μm, respectively. These values are
close to or much larger than the size of Ag nanomaterial, suggesting that the irradiated Ag
nanomaterials are almost in thermal equilibrium in exposure by ps or longer pulse duration
lasers. While for laser (100 fs) radiation, even if considering the thermal diffusion (this is
not the fact for fs laser radiation as discussed above), take D= 1.66 x 10-4 m2/s [46], the
diffusion length in 100 fs duration is only 8 nm. This indicates that compared to ps or
longer pulse lasers, fs laser radiation is much more suitable for localized fabrication of
nanomaterials. However it is noted that the excitation of LSP in plasmonic nanomaterials
such as Ag, Au, and copper (Cu), will affect the electric field distribution (or direct the
laser intensity distribution) in the nanomaterials in the fs laser irradiation process. This will
bring some complexity to analyzing fs laser irradiated plasmonic nanomaterials.
2.1.2 Non-thermal and thermal phenomena in fs laser fabrication process
According to fs laser-matter interaction as discussed in section 2.1.1, the fs laser fabrication
process can be divided into two stages: pre-thermal stage in the pulse duration and thermal
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stage after the pulse. Below are some non-thermal and thermal phenomena which have
been observed in these two stages.
2.1.2.1 Non-thermal phenomena
In the pre-thermal stage, two significant phenomena are the Coulomb explosion and field
ion emission. Fig.2-4 shows the schematic for coulomb explosion of one cluster [47].
Under fs laser irradiation, electrons are excited and leave the clusters; with the increase of
irradiation time, more electrons leave the cluster, and the screening effect of the electrons
on the positively charged atomic cores become weaker. Then the positively charged
atomic cores repel each other, resulting in the explosion of the cluster. It is noted that a
Coulomb explosion usually takes place in dielectric materials, molecules and clusters.

electron
Fig.2-4, Schematic for Coulomb explosion in fs laser radiation process. The figure is adapted from ref. [47].

Fig.2-5 shows the schematic for fs laser-induced field ion emission. At the beginning,
some electrons are excited out from the surface of fs laser irradiated material (Fig.2-5a).
Then, an electrostatic field is built up between the excited electrons and the irradiated
surface which is positively charged (Fig.2-5b). If this field together with the electric field
of the incident light is strong enough, the positively charged ions in the irradiated surface
will be pulled out, resulting in ion emission (Fig.2-5c).
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Fig.2-5, Schematic for fs laser induced field ion emission

2.1.2.2 Thermal phenomena
After Coulomb explosion and ion emission process in the pre-thermal stage, part of the
excited electrons and emitted ions will recombine on the surface of the irradiated material,
and transfer their energy into the irradiated material. Meanwhile, the electrons in the
excited state will decay to equilibrium state. Both of these processes result in the thermal
heating in fs laser irradiated material. As can be seen in Fig.2-6a, when fs laser with low
pulse energy (130 nJ) was focused (the spot size was 6 µm) on an Au nanofilm (60 nm
thickness) which was coated on the surface of quartz glass, some bumps in the film were
generated in the irradiation area. When the fs laser pulse energy increased to 155 nJ
(Fig.2-6b), a nanodroplet was generated in the center of the bump and tended to be ejected
out of the film. The nanodroplet was then ejected out of the film, leaving a bulge in the
film, when the fs laser pulse energy was further increased to 170 nJ (Fig.2-6c). The
formation dynamic of this ejected droplet is described in Fig.2-6d. The Au film is quickly
heated up by fs laser pulses, while the quartz substrate is almost cold due to its low thermal
conductivity. Then the irradiated Au film tends to expand, but this expansion is constrained
by the cold glass and the un-irradiated Au film, resulting in mechanical instability. Due to
the low adhesion between Au and the glass substrate, the irradiated film detaches from the
substrate and forms a protrusion. If the laser intensity is high, a spherical nanodroplet is
17

formed at the tip of the protrusion due to large surface tension, and the nanodroplet is then
ejected out of the heated film because of Plateau-Rayleigh instability [48].

Fig.2-6, SEM images of the morphology for 60 nm thickness Au nanofilm on quartz glass substrate which
were irradiated by fs laser with different pulse energies, the focus diameter of the beam is 6 µm. (a) 130 nJ, (b)
155 nJ, (c) 170 nJ, (d) Formation schematic of the nanodroplet. The figure is adapted from ref. [48]

The above discussion indicates that fs laser radiation will produce thermal heating after the
pulse. This thermal effect is expected to be much smaller than that caused by longer pulse
(ps, ns and ms) or CW lasers, if the same laser intensity is applied in the same area,
because of lower energy input. This unique characteristic of producing limited thermal
effect can be defined as the “non-thermal” characteristic of fs laser radiation.
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2.1.3 Interaction of fs laser with nanomaterials
2.1.3.1 Extinction of fs laser radiation in nanomaterials
Compared to bulk material, the interaction of nanomaterials with fs laser radiation is much
different, especially in the extinction of the incident laser energy. The extinction of fs laser
radiation is comprised of two components: scattering and absorption.
For materials with different sizes, the scattering behaviors are different. This depends on
the ratio of particle size (spherical particle) to laser wavelength:
𝐴=

2𝜋𝑟
𝜆

,

(2-7)

where r (in unit of m) is the radius of the particle,  is the wavelength of the incident laser
(in unit of m). When A > 1, the scattering behavior of the particle is called Mie scattering;
while Rayleigh scattering applies to the case of A << 1. The schematic for the particles’
scattering behaviors is shown in Fig.2-7.

Fig.2-7, Schematic for particles’ scattering behavior. This figure is modified from ref.[49].

For NPs, Rayleigh scattering dominates the scattering of incident laser. The extinction
cross-section (ext) is written as:
𝜎𝑒𝑥𝑡 = 𝜎𝑠𝑐𝑎 + 𝜎𝑎𝑏𝑠 ,

(2-8)
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where sca and abs are scattering and absorption cross-sections (in unit of m2), respectively.
The scattering cross-section is calculated via eqn.(2-9):
𝜎𝑠𝑐𝑎 =

2
2𝜆2 2𝜋𝑟 6 𝑚2 −1
3𝜋

(

𝜆

) |𝑚2 +2| ,

(2-9)

where m = n’-Ki is the complex refractive index and n’ is the real part of the refractive
index that control the refraction of light. The imaginary part is related to the absorption of
light. The absorption cross-section abs is calculated via eqn.(2-10):
𝜎𝑎𝑏𝑠 = −

𝜆2 2𝜋𝑟 3
𝜋

(

𝜆

𝑚2 −1

) 𝐼𝑚 (𝑚2 +2) .

(2-10)

It is obvious that, for a dielectric particle (K=0), the contribution of absorption is identically
zero, which means ext

=

sca.

For an absorbing particle (K≠0), the contribution of

scattering to the total extinction cross-section is negligible compared to absorption, so it is
usually assumed that ext = abs.
Take 50 nm Ag NP as an example, abs = 7.5x10-18 m2 when the NP is irradiated by 800 nm
light. This cross-section can be smaller or larger than the geometrical cross-section (A*) of
Ag NPs. The ratio between the absorption cross-section and the geometrical cross-section
is defined as the absorption efficiency (Qabs) of the Ag NP. It can be written as:
𝜎𝑎𝑏𝑠 = 𝑄𝑎𝑏𝑠 𝐴∗ .

(2-11)

For the case of 50 nm Ag NP which is irradiated by light with wavelength of 800 nm, 𝜎𝑎𝑏𝑠
is much smaller than A*, resulting in Qabs = 0.0038.
2.1.3.2 Femtosecond laser radiation induced optical force
Optical force is the force exerted on the objects which are irradiated by light. It can be
divided into two components, one is the scattering force and the other is the gradient force.
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Scattering force points along the propagation direction of the incident light, it is expressed
as [50]:
𝐹𝑠𝑐𝑎𝑡 = 𝑛𝑚

⟨𝑆⟩𝜎𝑠𝑐𝑎
𝑐

,

(2-12)

where nm is the refractive index of the surrounding medium ‹S› is the time-averaged
Poynting vector (which represents the directional energy flux density of an electromagnetic
field in unit of W·m-2), c = 3x108 m/s is the speed of light, sca is the scattering crosssection of a Rayleigh sphere particle as calculated in eqn.(2-9).
Gradient force is the Lorentz force acting on the dipole which is induced by the optical
electric field (E, V/m). It is proportional to the energy density gradient, and its direction is
parallel to that of the energy density gradient. This force is given as [50]
𝛼

𝐹𝑔𝑟𝑎𝑑 = 2 ∇⟨𝐸 2 ⟩,

(2-13)

where α is the polarizability of the particle (in unit of m3). Fig.2-8 shows the optical forces
in laser irradiation process.

Fig.2-8, Schematic for optical forces in laser irradiation process. The figure is Modified from ref. [51]

2.2 Surface plasmon
In metallic material, when the free electrons in the metal are displaced from the atomic
cores by the external electric field, the positively charged atomic cores will exert a
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restoring force and pull the electrons back to their original positions. This collective
oscillation of electrons in the metal is plasmon and it occurs at the plasma frequency [52]:
𝑛 𝑒2

𝜔𝑝 = √𝜀 0𝑚 ,
𝑜

(2-14)

0

where n0 is the conduction electrons density, e = 1.6x10-19 C is the electron charge, ε0 =
8.85x10-12 F·m-1 is the permittivity of the vacuum, and m0 is the effective electron mass
(in unit of kg). Surface plasmons are then defined as the plasmon which is confined near
the surface of the metal. The schematic for the spatial distribution of a surface plasmon
which is excited at the dielectric-metal surface is shown in Fig.2-9 [53].

Fig.2-9, Schematic for the excitation of surface plasmon at the dielectric-metal interface. The arrows show
the electric field direction. The figure is adapted from ref. [53] .

The boundary condition for the excitation of surface plasmon is that the component of the
electric and magnetic fields must be continuous at the interface. This can be written
mathematically as [54]:
𝜀1
𝑘1∗

+

𝜀2
𝑘2∗

= 0,

(2-15)
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where ε1 is the dielectric function of metal, ε2 is the dielectric function of the dielectric
material, k1* and k2* are the wave numbers (in unit of m-1) of the electromagnetic waves in
the metal and dielectric material, respectively.
The condition for the excitation of surface plasmon of metal sphere is [54]:
𝑙𝜀1 + (𝑙 + 1)𝜀2 = 0, l=1, 2, …,

(2-16)

where l is the mode number of surface plasmon. For the case of a Drude metal sphere
(which is a sphere consisting of metallic ions with fixed position and free valence electrons)
in vacuum, the frequency of surface plasmon (ωl) can be written as [54]:
𝑙

𝜔𝑙 = 𝜔𝑝 √2𝑙+1 .

(2-17)

For spherical NP, it can be completely polarized by the light and forms a dipole, and the
electric field inside the NP becomes uniform. The surface plasmon mode in the NP is the
simplest dipolar mode, which means l=1 in eqn.(2-16). Then the frequency of the localized
surface plasmon (ωLSP) in the spherical NP is:
𝜔𝐿𝑆𝑃 = 𝜔𝑝 /√3.

(2-18)

It is noted that the above equations of calculating the surface plasmon are only for
estimation of the surface plasmon frequencies under ideal condition. For some noble metals
(e.g. Au, Ag, Cu), the electric interband transition have also to be considered, extensive
discussions about surface plasmon can be found in ref.[54].
2.2.1 Material and geometry dependent surface plasmon property
Usually, surface plasmon only exists in metallic materials which have free electrons, such
as Ag, Au, Cu, and Al. In some semiconductor materials such as Si and carbon nanotube
(CNT), surface plasmon is also reported [55, 56].
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As shown in Fig.2-10 [57], the

wavelength

of

the

surface

plasmon

in

different

metallic

NPs

ranges

from

approximately 200 nm to 650 nm. Among these materials, Ag NPs with size of 10 nm
show much better surface plasmon property which is reflected in the much higher
extinction cross-section (4080 nm2) at the resonant wavelength, compared to other metallic
NPs of the same size.

Fig.2-10, Resonance wavelength and extinction cross section for metallic NPs with 10 nm size in air. The
extinction cross-section of Ag has been divided by 20 for a better presentation (the real value is 4080 nm2).
The figure is adapted from ref. [57].

Fig.2-10 also shows that the wavelength of surface plasmon presented here is only for
10 nm spherical particles.

By varying the size and shape of the nanomaterial, the

wavelength of surface plasmon can be changed. Fig.2-11a shows the UV and visible (UVVIS) absorbance spectra of Ag NPs with different particle sizes in the aqueous solution
[58], in these spectra the location of the absorption band corresponds to the resonance
wavelength [59]. It can be seen that with the decrease of the particle size, the resonance
wavelength shifted to shorter-wavelength side (blue shift). It should be noted that
resonance wavelength shift is also highly affected by the matrix where the NPs are
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embedded. As shown in Fig.2-11b, when the resonance wavelength of the bare Ag NP was
measured in inert He gas, it shifted to longer-wavelength side (red shift) with the decrease
of particle size (~20-100 nm) [60].

Fig.2-11, Dependence of resonance wavelength (or frequency which is inversely proportional to the
wavelength) on particle size. (a) resonance wavelength of Ag NPs in aqueous solution; (b) resonance
frequency of Ag NPs in He gas. Figures a and b are adapted from ref. [58] and ref. [60], respectively.

Beside spherical NPs, similar size-dependent surface plasmon property is also observed in
nanomaterials with different shapes [61-63], e.g. nanowire, nanoprism, and nanocube.
Compared to spherical NPs, nanomaterials with different shapes possess more complicated
surface plasmon property due to the excitation of multipolar modes of surface plasmon [64,
65]. This is reflected in the scattering spectra of Ag nanomaterial with different shapes, as
shown in Fig.2-12 where the wavelength of the scattering light is equivalent to the
resonance wavelength of the surface plasmon.
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Fig.2-12, Scattering spectra for single silver nanomaterials of different shapes which were obtained in darkfield configuration. The figure is adapted from ref. [64].

2.2.2 LSP-induced electric field enhancement
LSP is known as the surface plasmon confined near the surface of the nanomaterial with
size comparable to or smaller than the wavelength of light used to excite the plasmon.
Fig.2-13a shows the schematic for the excitation of LSP in the nanomaterial (metallic
nanosphere is taken as an example) [53]. It shows that when the nanosphere is irradiated
by a polarized light, its electrons and positively charged atoms cores are separated, forming
a dipole along the electric field direction of the light and resulting in a locally enhanced
electric field. With the change of the electric field direction, the electrons move back and
forth, forming LSP. As shown in Fig.2-13b, the electric field distribution on the surface of
a 50 nm Ag NP which is irradiated by 800 nm wavelength light is always parallel to the
electric field direction of the incident light, and the square field strength is enhanced by
approximately 11 times (indicated by E12/E02, where E1 and E0 are the electric field of the
light after and before LSP induced enhancement).
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Fig.2-13, (a) Schematic for the excitation of LSP, (b) LSP induced square electric field enhancement (E2/E02)
in 50 nm Ag NPs. The double-ends arrows show the electric field direction of the incident light. Figure (a) is
adapted from ref. [53].

2.2.3 LSP-dependent fs laser fabrication
Since LSP can enhance the local electric field on the surface of a nanomaterial, it will favor
electric field strength dependent effects such as, heating, near field ablation, optical force
and dissociation. These dependences will be more significant if fs laser radiation and LSP
is combined, due to the high intensity of the fs laser pulse.

This facilitates the

controllability of fs laser fabrication by controlling the LSP.

The sections below

summarize four LSP-dependent fabrication methods with fs laser radiation.
2.2.3.1 LSP-enhanced heating
The excitation of LSP enhances the local electric field near the surface of the nanomaterial.
This consequently increases the absorption of laser pulse energy within enhancement
region and results in improved local heating. As reported by Liu et al. [66], Ag NWs
which were exposed to fs laser radiation at fluence approximately 110 mJ/cm2 melted into
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spherical particles from the ends of the NWs or the hotspot areas where the electric field
was enhanced due to the excitation of LSP. The molten spheres then detached from the
NW, and the new hotspots were generated which were located between the sphere particle
and the remaining Ag NW, causing the further melting of the wire (Fig.2-14).

By

controlling the nanomaterial’s structure and laser irradiation condition, even lower fluence
fs laser pulses could cause the melting of the nanomaterials. For instance, Valev et al. [67]
observed the ejection of molten nanojets from the hotspots in the G-shape Au nanostructure
which was irradiated by fs laser at fluence > 63 mJ/cm2 (Fig.2-15). Link’s study [68]
indicated that when LSP was coupled to the incident fs laser, Au NWs could be selectively
melted from the ends at fluence as low as 2 mJ/cm2. The observed LSP-dependent melting
phenomena suggest that it can be used as an effective tool to join nanomaterial, because the
melting of nanomaterials can accelerate the interaction between them.

Fig.2-14, Breakdown of Ag nanowire after fs laser irradiation, Laser polarization is parallel to the long axis of
the Ag NW. (a) and (b) After laser-induced melting and formation of separated NPs and nanobars; (c)
Absorption spectra as calculated from FDTD simulation; (d) Electric field |E| distribution calculated by
FDTD; (e) |E| distribution when the Ag NW has melted at both ends; (f) |E| distribution when particles have
been separated from the ends of the NW. The arrows indicate the polarization direction. The figure is
adapted from ref. [66].
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Fig.2-15, Simulated distribution of the resulting hotspots (marked as circles) in the G-shape Au plasmonic
structure (a), and SEM image of the nanojet (b) in G-shaped nanostructure after irradiation by a fs laser. The
figure is adapted from ref. [69].

2.2.3.2 LSP-enhanced optical trapping
As discussed in section 2.1.3.2, optical gradient force can attract nearby nanomaterials to
the area where the laser intensity (or electric field) is higher. This provides a potential tool
to bring nanomaterials close together to encourage joining. Excitation of LSP can enhance
the electric field near the surface of nanomaterial, and then increase the electric field
gradient to the surrounding medium. It suggests that LSP can be used to strengthen the
optical trapping capacity of the incident laser. This is demonstrated in theoretical works.
Xu et al. calculated the forces exerted on Ag NPs (with radius r = 45 nm) in dimer structure
with gap distance of 1 nm; and the calculation indicated that the direction of the optical
gradient force exerted on the NPs pointed towards the other particle in the dimer. The
enhanced field between the NPs were also noticed to be able to trap the molecules nearby
[70]. LSP enhanced attraction to NPs via optical gradient force is also demonstrated by
experimental observations. As shown in Fig.2-16, when the polystyrene (PS) micro-bead
moved close to the Au disc which was irradiated by linearly polarized laser at intensity
2.5x106 W/m2, the bead was trapped by the disc due to the enhanced optical gradient force
[71] from the disc. Similarly, when the Au bowtie was immersed into the Ag NPs aqueous
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solution and was irradiated by a 75 μW fs laser, Ag NPs could be attracted and joined to
the Au bowtie [17].

Fig.2-16, Optical trapping of PS beam by Au disc. (a) Sketch of the configuration for optical trapping; (b)–(d)
Chronological frame sequence show the trapping of a 4.88 μm, PS bead at a 4.8 μm Au disc. (P1), (P2), and
(P3) locate three different beads, while the vertical arrow points along the incident in-plane k vector. The
incident angle θ= 68 ° and laser polarization is p polarization. A close up of the trapped bead (P1) is shown in
inset of (d). The figure is adapted from ref. [71].

2.2.3.3 LSP-enhanced near field ablation
Laser ablation is usually considered to be the opposite of laser joining. However, if the
location and volume of the laser induced ablation can be controlled, joining of
nanomaterials could occur via the accumulation of the material which is ablated by laser
radiation. This is similar to spark plasma sintering (SPS) of nanomaterials. In the SPS
process [72], after the excitation of pulsed current, ions (or vaporized material) are firstly
emitted from the nanomaterial, then the ions solidify in between the adjacent nanomaterials
and weld them together.
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Recently, it has been reported that Au NPs (as the circles in Fig.2-17 indicate) could be
ablated by a 100 fs laser at very low fluence in the range of 9~15 mJ/cm2, and the ablated
material would fly out in the direction of laser polarization (Figs.2-17a, b and d). This
directional ablation is attributed to ion emission under the effect of LSP-enhanced local
electric field [73], facilitating the collective deposition of ablated material in between the
NPs and the formation of joint. In that work, LSP-enhanced ablation was confined in the
surface of the irradiated Au NPs and the main structure of the NPs was near-intact after fs
laser irradiation. This suggests that LSP enhanced ablation can be used for nanojoining
without causing significant damage to pre-joined nanomaterials. Fig.2-17c also shows that
non-directional ablation of the Au NPs took place when the pulse duration of fs laser was
stretched to 970 fs. This implies that, except longer pulse lasers, it is only feasible for fs
laser radiation to achieve directional near field ablation and near-intact joining of the
irradiated NPs.

31

Fig.2-17, Small-angle X-ray scattering (SAXS) patterns of fs irradiated 10 nm Au NP as observed for a 1 μs
delay. The x-ray beam and laser beams are propagating in the x direction. (a) 100 fs pulses of 0.0135 J/cm2,
laser polarization is horizontal, and the circle shows the position of NP; (b) the same, but laser polarization is
vertical; (c) the same, but polarization is vertical and the pulse is 970 fs; (a-c) show the difference photosignal
ΔS (Qy,Qz) on the CCD detector in a false colour plot and the central circle marks the shadowed region from
the beam block. Detailed information can be found in ref. [73]; (d) the anisotropy of the SAXS patterns as a
function of laser fluence as observed for a delay of 2 ns. The figure is adapted from ref. [73].

2.2.3.4 LSP enhanced dissociation
Aside from the above LSP-dependent effects, LSP can also enhance the dissociation of
molecules which are adsorbed on the surface of metallic NPs. This is performed by
breaking the bonds under the impact of emitted electrons/ions from the surface of the
irradiated NPs. As shown in Fig.2-18 [74], plasmon excitation in Au NP causes the
emission of an electron from the surface, and this electron impacts the H-H bond in the
adsorbed hydrogen molecule (H2), resulting in its dissociation and the generation of atomic
hydrogen (H).
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This effect is very important for joining NPs which are produced by chemical synthesis
methods, since those are usually coated with polymer shell to prevent agglomeration. The
dissociation of the polymer shell and the generation of dissociated product will then highly
influence the joining behavior of the NPs. This should be carefully considered when
polymer coated NPs are used as pre-joined nanomaterial.

Fig.2-18, Schematics of plasmon-induced hot electron generation on Au NP and the dissociation of absorbed
H2 on the surface. (a) plasmon excitation; (b) electron-hole pair generation; (c) hot electrons on the surface;
(d) H2 Physisorption; (e) electron transfer from the surface of NP to H2; (f) dissociated H2. This figure is
adapted from ref. [74].
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Chapter 3 Equipment and Experimental Setup
3.1 Overview of experimental setup
The present study involving fs laser nanojoining includes three different processing
environments (aqueous solution, air, and vacuum) by utilizing a fs laser fabrication stage.
This fabrication stage consists of the fs laser system and an operation stage, as shown in
Fig.3-1. The fs laser system (Legend Elite, Coherent Inc.) is left as a factory setup and
kept unchanged. The factory parameters of the output laser beam are: 35 fs pulse duration,
800 nm wavelength, 1 kHz repetition and S polarization. The mode of the beam is TEM00
Gaussian beam with M2<1.3.

Fig.3-1, Setup of the fs laser fabrication stage which includes laser system (1) and operation stage (2).
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The setup of the operation stage for the experimental research in aqueous solution and air is
shown in the lower image of Fig.3-1. This stage consists of a shutter (used to control the
number of laser pulses), convex lens, piezo motor (TPZ001,Thorlab Inc., used to control
the spot size by controlling the distance betweem the convex lens and the sample), and a
2D stage (PI Micro Co., used to provide the support of the pre-irradiated samples and
control their locations). For the experimental research in vacuum environment, a vacuum
operation stage is also designed, as shown in Fig.3-2. It consists of a vacuum chamber for
experimental operation, a vacuum gauge (IGM401 Hornet, Instrutech Inc.) for pressure
measurement, a Turbo pump (Turbo V-551 Navigator, Agilent) which is connected to a dry
mechanical pump (TS-300, Agilent), and some optical components including convex lenses
and reflecting mirrors. In all the experiments, the intensity of the laser beam is adjusted by
utilizing neutral density filters (Thorlabs Inc.) and the power of the laser beam is measured
by a power meter (S314C, Thorlabs Inc.) with resolution of 1 mW.

Fig.3-2, Setup of vacuum operation stage.
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3.2 Femtosecond laser system
Fig.3-3 shows the schematic for the fs laser system, which consists of three main parts
including seed laser, high power pump laser and amplifier. The seed laser, Mantis-5, is
comprised of a pumped semiconductor laser and Titanium:sapphire (Ti:Al2O3) oscillator.
When the continuous wave (CW) green light (532 nm) from the semiconductor laser shines
into the Ti:Al2O3 crystal in the oscillator, a CW light with a wavelength of 800 nm is
emitted. Then by employing Kerr lens mode-locking (KLM) technique and negative
dispersion mirrors, fs laser pulses with 800 nm wavelength, 5 fs pulse duration, and
80 MHz repetition rate are generated.

Fig.3-3, Schematic for the fs laser system (Legend Elite, Coherent Inc.).

KLM is a technique of passive mode locking a laser, using an artificial saturable absorber
based on the Kerr effect. The schematic of Kerr effect is shown in Fig.3-4; it indicates that
when the intensity of the light is high enough, self-focusing of the light will happen due to
the change of the refraction index in the optical Kerr medium. So, when the light which
consists of several modes with different intensities passes through the Kerr medium, selffocusing only happens in modes with high intensity. If an aperture is put in front of the
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Kerr medium, as shown in Fig.3-4, only high intensity modes will be selected as the output
light source.

Fig.3-4, Principle of the Kerr effect.

In the Mantis system (seed laser) here, many modes exist in the emitted CW 800 nm
wavelength light. By changing the length of the cavity which the Ti:Al2O3 crystal is
located in-between, some of these modes will constructively interfere with each other, and
the intensity of the mode after interference is enlarged. As shown in Fig.3-5, after modelocking, six modes in the CW light are forced in phase and amplified, and they contribute
the bandwidth of the laser pulse. Once the intensity of this pulse is sufficiently high, Kerr
effect induced self-focusing happens; this pulse then becomes the dominant pulse and
forms a mode-locked output.

Fig.3-5, Schematic for mode-locking. This figure is modified from ref.[75].

37

The output of mode-locked fs laser pulses are stretched by diffraction gratings, before it
goes into the amplifier, in order to avoid self-focusing induced damage to the mirrors and
cavities in the amplifier. The schematic for pulse stretching is shown in Fig.3-6a. When
the laser pulse passes through the diffraction grating, the short wavelength (blue)
component travels a longer distance than the long wavelength (red) component. The result
is that long wavelength component exits the pulse stretcher first, and the pulse is
temporally stretched.

Fig.3-6, Schematic for pulse stretching (a) and pulse compression (b). This figure is modified from ref.[75].

The Q-switched high power neodymium-doped yttrium lithium fluoride (Nd:YLF) pump
laser produces laser pulses with a wavelength of 532 nm and pulse duration ~ 150 ns. Its
output power is 45 W and the repetition rate is 1 kHz. This high power laser then
interferences with that of the seed laser in the cavity of the amplifier, and amplifies the
seed laser’s output. The wavelength of the output light from the amplifier is 800 nm, and
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the repetition rate is 1 kHz. This output light is then compressed to a pulse duration of
approximately 35 fs through the compressor which also consists of diffraction gratings; and
the total average output power is ~ 7 W. In the compressor, the pulse compression process
is the reverse process of pulse stretching, as shown in Fig.3-6b. Fig.3-7 shows the typical
measured pulse shape and pulse duration of the output laser beam by using a Silhouette
pulse shaper (Coherent Inc.); the results indicate that the central wavelength of the laser
beam is 799.7 nm and the bandwidth is 25.7 nm which corresponds to a pulse duration of
33.8 fs.

Fig.3-7, Measurement of laser pulse shape and corresponding pulse duration.

The pulse duration is measured by utilizing autocorrelation measurement technique. This
technique is based on the relationship between the bandwidth and pulse duration (τL) which
can be written as [75]:
𝜆 2

0
𝜏𝐿 = 𝐾 ′ Δ𝜆∙𝑐
,

(3-1)

where K'=0.441 is known as the “time-bandwidth product” of the pulse and is a constant
for a Gaussian beam, 0 is the central wavelength (in unit of m), ∆ is the measured
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bandwidth (in units of m) at full-width at half maximum (FWHM). The pulse duration of
the seed laser, which is ~ 5 fs, is estimated as well by measuring the bandwidth.
3.3 Equipment for morphology and spectrum characterization
The SEM images of the morphology for the NPs in chapter 4 were taken by utilizing a
SEM LEO 1550 (Watlab, University of Waterloo), and the images in other chapters were
taken by a SEM LEO 1530 (Nanomechanics Research Institute, University of Waterloo).
The TEM and high resolution TEM (HRTEM) images of the morphology for the Ag
particles were taken by a JEOL-2010F (Canadian Centre for Electron Microscopy,
McMaster University). The AFM images of the particles’ morphology were taken in a
near-field scanning optical microscope (NSOM) (XE-NSOM Park Systems, Centre for
Advanced Materials Joining, University of Waterloo).
The optical spectra in chapters 4 and 5 were recorded by a UV-VIS-NIR spectrometer UV2501PC (Shimadzu) with wavelength in range of 190-1100 nm, with a resolution of 0.1 nm
and accuracy of ±0.3 nm. The Raman spectra in chapter 4 were obtained by utilizing
Raman spectrometer (RM100, Renishaw) which is equipped with reflected light
microscopy and two excitation lasers of different wavelengths (488 nm and 633 nm).
3.4 Chemical synthesis of Ag NPs
Silver NPs with average size 50 nm are synthesized by a seed method where Ag NPs with
size around 5-10 nm are used as seed for the growth of larger size NPs. The detailed
procedures for the synthesis of seeds and large size NPs are shown below.
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3.4.1 Synthesis of seed NPs
Silver nitrate (AgNO3, Alfa Aesar) aqueous solution (0.5 ml, 59 mM) and 1 ml sodium
citrate (Na3C6H5O7, Alfa Aesar) aqueous solution (34 mM) are mixed with 100 ml
deionized water in a beaker, and then the beaker is put in ice water mixture to maintain the
temperature at 0 ℃.

The mixed solution is then stirred and 0.5 ml 20 mM sodium

borohydride (NaBH4, Sigma-Aldrich) aqueous solution is added drop by drop in 10 min.
The color of the final seed NPs solution is bright yellow, indicating that the size of these
NPs is around 5-10 nm. The morphology of the seed NPs is shown in Fig.3-8.

Fig.3-8, TEM image of the morphology for Ag seed NPs as indicated by the dashed rings.

3.4.2 Preparation of 50 nm Ag NPs
Ag NPs were prepared following the method reported by Peng et al.[29]. Sodium citrate
aqueous solution (12 ml 200 mM) was added to 200 ml deionized water with vigorous
stirring, followed by adding 2 ml 20 mM polyvinylpyrrolidone (PVP, (C6H9NO)n, K25
with molecular weight 24000, Alfa Aesar) aqueous solution, 2 ml 120 mM [Ag(NH3)2]+
aqueous solution which was made by adding ammonium hydroxide aqueous solution
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(approximately 30 vol%, Fisher Scientific) into AgNO3 aqueous solution, and 0.4 ml 1 mM
Ag seed aqueous solution. Then, 10 ml 10 mM ascorbic acid (C6H8O6, Alfa Aesar)
aqueous solution was added drop by drop in 30 min. The concentration of the resulting Ag
NP aqueous solution is ~ 1.2 mM. Fig.3-9 shows the typical UV-VIS absorbance spectrum
of the Ag NPs aqueous solution, the band of the peak is located at ~ 430 nm which is
corresponding to particle size ~ 50 nm. The average particle size is 50±10 nm based on
200 measurements. Fig.3-10a shows the SEM image of morphology for the NPs in aqueous
solution with concentration of 0.2 mM, which indicates that the NPs were well dispersed.
The TEM observation of the NPs is shown in the inset image of Fig.3-10a, and it shows
that the NPs had irregular shapes. Further HRTEM analysis of the NPs indicates that the
thickness of the PVP coating was ~ 2 nm (Fig.3-10b, based on 10 measurements).

Fig.3-9, Typical UV-VIS spectrum of Ag NPs aqueous solution.
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Fig.3-10, SEM and HRTEM images of the morphology for NPs in 0.2 mM solution. (a) SEM and TEM (the
inset image) observation; (b) HRTEM observation of the surface of Ag NP.

3.5 Preparation of Ag NPs film
The prepared Ag NPs aqueous solution described in section 3.3 was centrifuged at speed
3000 r/min for 60min and re-dispersed into deionized water to eliminate the residual Ag
seeds, and other ions in the solution. Ag NPs films with NPs embedded in the PVP matrix
were obtained by immersing clean Si wafers (as received, <100> N-type, WRS Materials)
into the re-dispersed Ag NPs solution and keeping them in a dry environment (humidity
≤ 35%) to let the water evaporate, as shown in Fig.3-11a. Fig.3-11b shows the SEM image
of the morphology for the Ag NPs film. It indicates that the film consisted of a single-layer
of NPs at the edge and multiple-layers of NPs in the center. The AFM measurement
(Fig.3-11c) showed that the maximum number of NPs layers in the center was ~ 6
(obtained by dividing the particle size 50 nm by the measured height ~ 300 nm of the film).
Ag NPs films on silica glass were also prepared using a similar method and then used for
UV-VIS absorbance spectrum investigation.
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Fig.3-11, Schematic of Ag NPs film preparation (a), and SEM (b) and AFM (c) images of the surface of the
NPs film.

3.6 Deposition of Ag particles on silicon wafers
Ag particles were deposited on the Si wafers by fs laser ablation of an Ag target (99.99%,
Kurt J. Lesker) in a vacuum at a base pressure of 10-6 Torr. The schematic setup for fs
laser deposition is shown in Fig.3-12. The fluence used to ablate the Ag target was
~ 1.4 J/cm2 and ablation proceeded for 10 sec. The particles landed with their flat surface
in contact with the Si substrate. The particle shape is similar to an elliptic cylinder
(demonstrated later in chapter 5). Fig.3-13a and 13b shows the morphology of the particles;
it was found that some donut-like particles were present in the deposited particles,
suggesting the ablated material from the target were in a softened or even molten state prior
to sticking the substrate. The aspect ratio of the particles is 1.08±0.06 based on 200
measurements and the diameter/height ratio was 2.8±0.6 based on 45 measurements. Size
distribution analysis based on 200 measurements showed that the size of the particles
ranged from 50 nm to 600 nm (Fig.3-13b). Here, particles with size less than 50 nm were
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not counted since it is difficult to distinguish the morphology change of those particles
before and after laser radiation.

Fig.3-12, The schematic setup of fs laser deposition system.

Fig.3-13, SEM image (a) and AFM image (b) of the morphology, and size distribution (c) of deposited Ag
particles.
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Chapter 4 Controlled Joining of Silver Nanoparticles in
Aqueous Solution by Femtosecond Laser Irradiation
4.1 Introduction
With recent development and research in plasmonics, the surface plasmon property of NPs
has been extensively studied. A major focus of research into surface plasmon has involved
the directed assembly of NPs structures for applications ranging from bio-sensing [76], to
solar energy harvesting [14], and to photothermal imaging [15]. As discussed in Chapter 1,
a variety of methods have been utilized to fabricate NPs structures.

For example,

Yao et al.[22] and Gandra et al.[77] produced Au NPs with core-satellite structures using
DNA and p-aminothiophenol as molecular linkages.

However, chemical fabrication

processes are frequently complicated and time-consuming. Alternative techniques such as
those incorporating electric/magnetic field induced dipole-dipole interactions [78-80] are
faster and simpler and have been widely studied, but the use of inter-NP polymer linkages
can introduce inconsistency in the plasmonic properties of the resulting structures [81].
Recently, laser assembled NPs structures have attracted much attention because the laser
method is straightforward and readily implemented. It has been demonstrated that NPs can
be manipulated by using laser-induced optical forces, and that robust joining of NPs is
facilitated by the optical electric field which is concentrated near hotspots between nearby
NPs [82-84]. However, when a CW laser or conventional (ps, ns, and ms) pulsed laser is
used, the low laser intensities required to avoid thermal damage in the NP structures [85]
result in optical forces that are weaker than those arising from van der Waals interactions
[86]. Under these conditions, the resulting NPs structures are poorly constrained. Fs laser
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radiation is a promising alternative for the fabrication of NPs structures, as high peak
intensities (usually 1014-1015 W/cm2) are known to induce strong optical forces on NPs.
Meanwhile, the limited thermal damage associated with fs laser pulse interactions with
materials facilitates the fabrication of NPs structures having different geometries that can
be tailored to optimize tunable plasmon properties [87].
As metallic NPs are usually prepared in solution by chemical synthesis methods, fs laser
radiation is studied here to join Ag NPs in an aqueous solution. To obtain controlled
joining of Ag NPs in aqueous solution, two technical issues have to be overcome. One is
the random motion of the NPs which makes controlled joining of NPs difficult. The other
is the polymer shell on the surface which is usually used to control the geometry of the NPs
and protect them from aggregation. The presence of polymer coatings will prevent the
formation of a robust metallic bond between the NPs. These two issues can be solved by
utilizing high intensity laser radiation, because the polymer will decompose under that
condition while the laser induced optical gradient force can dominate the motion of the NPs
over the Brownian motion and turbulent motion due to fs laser induced heating of the
aqueous solution or ablation of the irradiated NPs[17, 86]. It is noted that a high intensity
(or high fluence) fs laser radiation may cause damage to the NPs. As Hu et al. [42]
reported, fragmentation of NPs dominated at intensity > 1014 W/cm2 while joining of NPs
was produced in intensity range of 1010-1014 W/cm2. In this section, joining of Ag NPs by
utilizing both high fluence and low fluence fs laser radiation is studied, in order to develop
a systematic understanding of fs laser nanojoining techniques at different intensity levels.
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4.2 Experimental and simulation setup
Two laser fluence ranges (> 1.8 J/cm2, and < 380 µJ/cm2) were selected to investigate the
joining behavior of Ag NPs in aqueous solution. Intermediate fluence fs laser radiation
was not studied due to facility limitation, and it is expected to be the combined effect of
high fluence and low fluence fs laser radiation. In high fluence range (> 1.8 J/cm2), the
prepared Ag NPs solution as mention in chapter 3 was diluted with deionized water to
~ 0.01 and 0.05 and 0.2 mM before laser radiation. Samples of 5 ml of these diluted Ag
NPs solutions were then placed into individual quartz cells (3 mm x 2mm x 1 mm) and
irradiated with focused (spot size ~10 µm) S polarized fs laser pulses for various exposure
times. Pulse energies of 85, 200 and 500 µJ were obtained by attenuating the beam with
neutral density filters. SEM and TEM were used to analyze the particle morphology. The
transmittance of the irradiated samples was characterized using UV-VIS-NIR spectroscopy.
SERS enhancement of the obtained sub-micron plasmonic structures which were deposited
on clean Si substrates was evaluated using 10-3 M adenine solution as analyte [88]. Raman
signals from six spots of the sub-micron structures were collected for analysis. The SERS
detection limit was also evaluated by reducing the concentration of adenine solution to 10-5,
10-7 and 10-9 M. The wavelength of the laser for excitation of SERS spectra was 633 nm.
FDTD software (Lumerical Inc.) was used to model the distribution of hotspots in
representative sub-micron structures. The light source is total field scattering field (TFSF)
plane wave with wavelength of 800 nm, and the same setup is applied to the FDTD
simulations of Chapters 5-6.
In low fluence range (< 380 µJ/cm2), the prepared Ag NPs solution as described in chapter
3 was diluted to ~ 0.2 mM, and 5 ml of this dilute solution was placed into a quartz cell
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and irradiated for 20 min. Pulse fluences of 95, 200 and 380 µJ/cm2 were obtained by
attenuating the beam with neutral density filters. SEM and TEM were used to analyze NPs
morphology. Raman spectra of pure PVP and PVP coated Ag NPs before and after
irradiation were obtained after deposition on cleaned Si substrates; while a 10-3 M adenine
solution was used to evaluate SERS enhancement by Ag NPs before and after irradiation.
The wavelength of the exciting laser for Raman and for excitation of SERS spectra was
488 nm.
4.3 Control of the geometry of joined NPs by high fluence fs laser radiation
4.3.1 Effect of laser fluence
Fig.4-1 shows SEM images of the products extracted from the 0.01 mM Ag NPs solution
after irradiation at different fs laser pulse fluences. It is evident that Ag sub-micron
structures were generated following 60 min of laser irradiation (Figs.4-1a, 1c and 1e).
These sub-micron structures were not present in the original Ag NPs solution as shown in
Fig.3-9. SEM images at higher magnification (Figs.4-1b, 1d and 1f) indicated that the
surfaces of these sub-micron structures were decorated by smaller Ag NPs (HRTEM
images are shown later) and that the shape of the sub-micron structures depended on the
laser pulse fluence.
Fig.4-1b shows that ellipsoidal sub-micron structures were formed after irradiation at pulse
fluence ~1.8 J/cm2, while cubic sub-micron structures (Fig.4-1d) and other structures with
highly organized features (Fig.4-1f) were produced at pulse fluences of ~4.2 and 10.5 J/cm2,
respectively.

This suggests that the morphology of the sub-micron structures can be

tailored. In this context, the modification of NP shapes has been shown to be useful in
obtaining tunable plasmonic properties [87]. It should be noted that sub-micron structures
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with some of these characteristics were also observed in the NP solutions irradiated at
different fluences. This is probably due to the random motion of the NPs and the nonuniform spatial distribution of laser intensity in the solution during irradiation.

Fig.4-1, SEM images of sub-micron structures extracted from 0.01 mM Ag NP solutions which were
irradiated by fs laser under different irradiation parameters. (a, b) 1.8 J/cm2 for 60 min; (c, d) 4.2 J/cm2 for
60 min; (e, f) 10.5 J/cm2 for 60 min.

4.3.2 Effect of concentration
The concentration of Ag NPs in solution was then increased to 0.05 mM and 0.2 mM in
order to produce a higher abundance of sub-micron structures using this technique. With
the same irradiation conditions as at lower concentration, sub-micron structures with
similar morphology were obtained in a 0.05 mM Ag NPs solution (Fig.4-2), while the size
and shape of the sub-micron structures were more uniform. Figs.4-2a and 2b show that Ag
sub-micron structures with diameters of 450±130 nm together with individual NPs were
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obtained after laser radiation at a pulse fluence of approximately 1.8 J/cm2. The diameter
of the sub-micron structures increased to 710±140 nm when the pulse fluence was
increased to ~ 4.2 J/cm2, and some NPs were still found in the surrounding medium
(Fig.4-2c and2d). A further increase in the pulse fluence to ~ 10.5 J/cm2 resulted in the
transformation and enhanced joining of NPs and sub-micron particles into large micron
structures with diameters of 1480±300 nm (Figs.4-2e and 2f), as well as a small number of
sub-micron structures with diameters of 620±100 nm (Fig.4-2g).

Fig.4-2, SEM images of sub-micron and micron structures extracted from the 0.05 mM Ag NP solutions
which were irradiated by fs laser under different irradiation parameters. (a, b) 1.8 J/cm2 for 60 min; (c, d)
4.2 J/cm2 for 60 min; ( e, f, g) 10.5 J/cm2 for 60 min.
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Similar sub-micron structures could still be obtained when the concentration of the Ag NPs
solution was increased to 0.2 mM. However, much of the residual original Ag NPs were
present in the solutions which were irradiated at fluences ~ 1.8 and 4.2 J/cm2 for 60 min,
due to the incomplete interaction among the NPs. At a fluence of approximately 1.8 J/cm2,
the size of the ellipsoidal sub-micron structure was ~ 200 nm (Figs.4-3a and 3b). When the
fluence increased to 4.2 J/cm2, cubic sub-micron structure (Fig.4-3c) with edge length of
~500 nm generated beside ellipsoidal structure (the inset of Fig.4-3c) which is similar to
those obtained in solution with concentration of 0.01 mM. The magnified image of the
cubic sub-micron structure clearly shows that it was porous and formed via the joining of
NPs (Fig.4-3d).

When the fluence was further increased to ~10.5 J/cm2, clusters of

spherical sub-micron structures or other shaped structures were produced (Figs.4-3e, 3f).
This can be attributed to fs laser induced joining which resulted from LSP-induced electric
field enhancement. As reported, under fs laser irradiation, Ag sub-micron particles could
be attracted and joined to the Au bowtie structures where the LSP produced an electric
field enhancement and exerted an attractive force on the nearby NPs [17].
It should be noted that there were also some NPs with size of ~ 5-100 nm surrounding the
sub-micron and micron-sized structures (Fig.4-2f and Fig.4-3f), which was demonstrated
later by the TEM observation. These NPs were likely produced by the ablation of submicron and micron-sized structures or they might be remnants of the original NPs in the
solution. Again, all the sub-micron and micron-sized structures were also decorated by
smaller NPs (Figs.4-2 and 4-3).
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Fig.4-3, SEM images of sub-micron structures extracted from 0.2 mM Ag NP solutions which were irradiated
by fs laser irradiation at different fluences for 60 min. (a, b) 1.8 J/cm2; (c, d) 4.2 J/cm2, the inset in c shows
the magnified SEM image of the ellipsoidal structure; (e, f) 10.5 J/cm2, the inset in (e) shows the magnified
SEM image of joined sub-micron structures.

4.3.3 Effect of laser irradiation time
To understand how the sub-micron and micron-sized structures were produced by fs laser
joining, a 0.05 mM aqueous solution of Ag NPs was irradiated at a pulse fluence of
approximately 10.5 J/cm2 for different times. Figs.4-4a, 4b and 4c show the morphology of
the particles/structures in the solution before and after laser irradiation. It can be seen that,
before irradiation, some Ag NPs were linked in networks as a result of inter-particle
agglomeration (Fig.4-4a), which could be due to van der Waals force, electrostatic
interaction or chemical effects [89]. After 20 min irradiation, the number of Ag NPs
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networks was reduced and some sub-micron particle-like structures with variable diameters
began to appear (Fig.4-4b). The inset in Fig.4-4b shows the morphology of the large
structures, and indicates that these sub-micron structures (290±100 nm) were covered with
many NPs as observed in the structures shown in Figs.4-2 and 4-3. It is believed that these
NPs decorated sub-micron structures will favor the plasmonic enhancement [88]. When
the irradiation time was increased to 40 min (Fig.4-4c), Ag NPs were transformed into
large well dispersed sub-micron structures with diameters of 160±50 nm.

The size

reduction of sub-micron structures from 290±100 nm to 160±50 nm is attributed to the
densification of the NPs structures due to local heating at the hotspots [66] after long
irradiation times. After a further increase in the irradiation time to 60 min, the 160 nm submicron structures were no longer observed, and the ~1480 nm diameter micron structures
were generated (Figs.4-2f). These micron structures with diameters of approximately
1480 nm could then be attributed to fs laser induced joining of the 160 nm sub-micron
structures as mentioned above.

Fig.4-4, SEM morphologies and transmittance spectra of samples after irradiation at a pulse fluence of
10.5 J/cm2 for different times. (a) 0 min; (b) 20 min; (c) 40 min; (d) transmittance spectra after different
irradiation times.
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As discussed above, NPs could be attracted and joined together because of the enhanced
optical force and heat generation at the hotspots [66, 70]. The diameters of the sub-micron
structures would increase as more NPs were attracted and joined to the existing sub-micron
structures.

In addition, it is apparent that even sub-micron structures could also be

combined, resulting in the size increase of the structures. On the other hand, further
sintering among NPs and sub-micron structures due to hotspots-enhanced heating may
reduce their diameters. Therefore, the final observed diameters reflect the interplay
between these two factors, which may explain why the diameters of the sub-micron
structures at 40 min are smaller than those at 20 min.
Transmittance spectra (Fig.4-4d) of the NPs solution before and after irradiation provided
more evidence about the formation of sub-micron/micron structures during fs laser
irradiation. These spectra show that the transmittance of the original NPs (50±10 nm) was
reduced at 430 nm, due to excitation of the plasmon resonance which enhances the
scattering and absorption of incident light [59]. After 20 min of irradiation, the
transmittance at 430 nm increased. This is associated with a reduction in the concentration
of the original NPs. The transmittance of the solution between 550-900 nm decreased after
20 min irradiation, following the formation of larger particles that scatter and absorb laser
radiation efficiently over this wavelength range [90]. This is consistent with the SEM
observations in Fig.4-4b, and the observation of a scattering peak at 880 nm indicates that
large particles/structures were present in the irradiated solution [91]. With an increase in
the irradiation time to 40 min, the transmittance between 550 and 900 nm was increased
while that at 430 nm was almost unchanged. This is probably due to the growth of NPs
together with the densification of 290±100 nm sub-micron structures into 160±50 nm sub-
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micron structures with resonance wavelengths in the near infrared. After a further increase
in irradiation time to 60 min, the resonance peak at 430 nm disappeared and no other
resonance peaks could be seen in the spectrum, suggesting that most of the NPs have
become incorporated into the sub-micron and micron sized structures. It is noted that
although the fs laser pulses were sufficiently intense to fragment NPs [66, 68, 92], no blue
shift in the NP resonance was observed here. This is in contrast to the previous research
reports [66, 68, 92]. It can be attributed to the fact that only a small number of NPs were
fragmented while the products of this fragmentation had a wide size distribution which
broadens the plasmon resonance.
4.3.4 Investigation of joining mechanism
Based on the above discussion, the formation of sub-micron structures is attributed to the
joining of NPs. In these kinds of joined NPs structures or sub-micron structures, the
surface plasmon becomes localized, forming hotspots adjacent to the joined NPs or submicron structure. These hotspots produce two effects: one is to produce local heating [66],
which accelerate the joining of NPs; the other is to increase the electric field gradient
between hotspots and the surrounding medium, which enhances the attraction to the nearby
NPs via enhanced optical gradient force [70]. These two effects will facilitate further
joining of NPs, implying that the joining of NPs into the above observed sub-micron or
micron structures was in response to the development of hotspots.
To investigate the possibility, a 3D FDTD simulation was performed to identify the
development of the hotspots. In the simulation, for simplification, individual NPs in the
aggregates were assumed to be 50 nm in diameter, and the bold red lines in Fig.4-5 traced
the outlines of the NPs (cross-section view). The simulation began with two welded NPs
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(which is relatively easy to obtain) with a certain overlap distance (surface to surface
distance) d which is defined in Fig.4-5a. As shown in Fig.4-5b, the initial overlap distance
d between welded NPs was very small (~ 2 nm, measured from the NPs solution which
were irradiated by fs laser at fluence 10.5 J/cm2 for 30 sec).

Fig.4-5, FDTD simulation of electric field distribution in welded NPs structures. (a) Definition of overlap
distance d; (b) measured overlap distance; (c, d, e, f) electric field distribution in structures containing 2, 6, 16
and 32 NPs, respectively. The arrows in the images show the locations of the hotspots in the structures. The
incident laser is perpendicular to the XY plane. The double ends arrow indicates the laser polarization
direction.
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After laser irradiation with polarization parallel to the X axis of the welded structure, the
locations of the hotspots in the welded structure were identified (as shown by the arrows in
Fig.4-5c). By introducing additional NPs into the hotspots where the electric field was
enhanced, the distribution of the hotspots in the resulting larger welded NPs structures
could be identified (Fig.4-5d). With further continuous placement of NPs in hotspots,
larger sized or even the final welded NPs structures could be modeled (Figs.4-5e and 5f).
It is clear that when the overlap distance was fixed to 2 nm, a 3D welded NPs structure was
developed by continuously introducing additional NPs into the hotspots (Fig.4-5f). Similar
structure development (in two dimensions) was also observed in the simulations where one
additional NP was introduced to the hotspots each time or the simulation started from three
welded NPs in a row followed by introducing one additional NP each time. As shown in
Fig.4-5f, the 3D structure (containing 32 NPs) had a diameter of ~250 nm. This is close to
the observed 290 nm diameter of the structure which was obtained after fs laser irradiation
at fluence ~10.5 J/cm2 for 20 min. Then no NPs were further introduced in the structures,
and the absorption spectra of the present structures were modeled.
The simulation results (Fig.4-6) show that with the increase of the number of NPs in the
structure, the absorption at wavelength of 800 nm increased. When the number of the NPs
in the structure increased to 32 (the diameter of the structure was ~ 250 nm), an absorption
peak at 816 nm appeared. This is consistent with the UV-VIS spectra of the fs laser
irradiated solution at fluence 10.5 J/cm2 for 20 min, where the average diameter of the
obtained sub-micron structure in the irradiated solution was 290 nm. This implies that the
290 nm sub-micron structure could be formed by hotspots-directed joining of Ag NPs. In
addition, because the absorption wavelength of the structure was close to that of the
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incident laser beam, significant absorption of the laser energy would happen in the welded
structure due to the excitation of surface plasmon resonance (SPR) [66] and consequently
result in the heating and compaction of the welded structure. This is probably the cause for
the observed size reduction of sub-micron structure from 290 nm to 160 nm, when the
irradiation time increased from 20 min to 40 min at fluence 10.5 J/cm2.

Fig.4-6, Calculated absorption cross section in the structures containing different numbers of Ag NPs.

It is noted that the FDTD simulation cannot perfectly mimic fs laser joining due to the
irregular NP geometry, complex irradiation environment in the aqueous solution and the
dynamic evolution of the geometry of the welded NPs structure during the whole joining
process. Further studies are still needed to better understand LSP induced joining of NPs
via an enhanced laser-induced optical gradient force.
The above analyses suggest that the generation and growth of sub-micron structures in the
irradiated Ag NPs solutions can be associated with joining of particles induced by fs laser
pulses. A schematic tracing of a possible formation sequence of sub-micron or micron
sized structures is shown in Fig.4-7 where, for simplification, all the NPs are represented as
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spherical particles. The initial process involves fragmentation of the original Ag NPs under
fs laser irradiation. This results in the creation of many smaller NPs (5-20 nm in this study).
Together with fragmentation, laser irradiation promotes the joining of smaller NPs and the
original particles under the effect of optical gradient force. It is found that the hotspots
generated in the joined NPs initiate local heating and the growth of NPs. Following this
stage, laser induced joining and growth dominates, and the joined NPs structures continue
to increase in size resulting in the formation of larger size structures with different shapes.
This is balanced to some extent by laser ablation which tends to fragment the structures and
change their shapes. The resulting size distribution and shape of the structures in solution
is then likely determined by an evolutionary sequence in which the surviving structures in
solution have a combination of size and geometry that minimizes coupling to the incident
radiation field.

Fig.4-7, Postulated sequence in the growth of sub-micron and micron size structures.

4.3.5 Structure and SERS investigation
The sub-micron structures were further studied by using TEM, and their surface plasmon
properties were also evaluated using SERS detection. Fig.4-8 shows the TEM images of
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the sub-micron structures which were obtained by fs laser irradiation at a pulse fluence
~10.5 J/cm2 for 40 min. It can be seen that many Ag NPs (50±10 nm) and smaller ones (520 nm in diameter, may be produced by laser induced fragmentation from the original 50
nm NPs) were collected on the surface and became joined to the larger (160±50 nm) core
particle, forming a core-satellite structure. These sub-micron structures further combined in
some cases to form even more complex-shaped structures (Fig.4-8a). The core-satellite NP
structures have been reported to possess high SERS enhancement factors [77], implying
that these complex-shaped structures in this work could be used for SERS detection.
HRTEM analysis shows that Ag NP (label ① in Fig.4-8b) has been welded to the core
particle with the Ag(111) lattice planes aligned. This NP-core particle weld morphology
would enable the generation of hotspots in the neck area, resulting in plasmonic
enhancement. Bonding of tiny NPs to core particles via a thin layer of amorphous carbon
(α-C) (this is demonstrated in the following section 4.4, and it is indicated by dashed lines
in Fig.4-8b) was also observed. This bond configuration has also been demonstrated to be
beneficial for the enhancement of SERS [93]. It is noted that the sub-micron structures or
NPs were covered by α-C. This may influence the densification of the joined NPs or submicron structures arising from enhanced heating-induced sintering, but could improve their
resistance to photochemical damage [94]. The SERS enhancement properties of these
complex-shaped structures may also be fairly reproducible due to the narrow size
distribution (5-20 nm) of the attached smaller size NPs (Fig.4-8b) and the robust NP-core
weld strength.
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Fig.4-8, TEM observation and SERS analyses of the submicron structures extracted from NPs solution which
were irradiated at a fluence of 10.5 J/cm2 for 40 min. (a) TEM image of the morphology for sub-micron
structures; (b) is taken from the square area in (a), the dash lines in (b) show the positions of amorphous
carbon (α-C); (c) SERS results from 6 sub-micron structures spots (Raman spot size is ~ 1 µm) in the sample
irradiated at fluence ~10.5 J/cm2 for 40 min; the analyte molecule is adenine.

The SERS analyses of the sub-micron structures on the wafer (the data were collected from
six spots) are shown in Fig.4-8c, and the sharp characteristic peaks of adenine [95, 96] at
~726 and 1325 cm-1 in the six spectra indicate that these sub-micron structures could
produce high SERS enhancement and possess good reproducibility. Meanwhile, as the
Raman laser spot size is ~ 1 µm, the number of sub-micron structures in the spot is very
small, less than 6 as shown in Fig.4-8c. This suggests that these sub-micron structures
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possess the potential for single particle SERS enhancement as required for ultra-sensitive
bio-sensing [97].
To assess this possibility, SERS spectra were obtained for individual Ag particle structures
with sizes ~ 160 nm for a range of low concentration adenine solutions. Fig.4-9 shows that
when the concentration of adenine solution was decreased from 10-5 to 10-7 and then to
10-9 M, the diagnostic peak of adenine at ~1319 cm-1 gradually became undetectable.
However, the spectral feature at ~735 cm-1 was observed although it became broader and
its intensity relative to the Si peak 951 cm-1 decreased. This suggests that the sub-micron
Ag NP structures produced using fs laser radiation contain a range of bonding sites having
different enhancement characteristics. The activity of individual sites for SERS
enhancement is reflected in the changes in the SERS spectra in Fig.4-9 as the concentration
of adenine is reduced. This observation indicates that sub-micron Ag composite structures
may exhibit useful properties for the detection of low concentrations of bio-molecules in
solution.

Fig.4-9, SERS spectra obtained from single ~ 160 nm Ag structures for different concentrations (10 -5, 10-7,
and 10-9 M) of adenine solutions.
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4.4 Control of joint morphology by low fluence laser radiation
As reported in section 4.3, fs laser irradiation at high fluence possesses the ability of
controlling the geometry of the welded NPs. However, high fluence fs laser radiation
causes serious damage to the irradiated Ag NPs, this will limit its application in fabricating
geometry sensitive plasmonic structures which were obtained by joining NPs. It is also
found in numerical simulations that welded NPs are still not the most efficient structures
for LSP enhancement [98]. These calculations indicate that dimers with a narrow interparticle gap (~ 0.5 nm) are capable of producing the highest local electromagnetic field
enhancements.
It is noted that Ag NPs which are prepared by chemical synthesis method as mentioned in
chapter 3 are coated with a PVP protective layer; it is possible to obtain the Ag NPs dimers
with narrow inter-particle gap by tailoring the thickness of PVP protective layer. Low
fluence fs laser radiation is an interesting choice for this application, because it has been
employed to modify the polymers and causes limited thermal damage to the irradiated Ag
NPs. In addition, LSP in Ag NPs may also facilitate the fs laser fabrication process
through LSP induced hot electrons emission which has been reported to dissociate
molecules adsorbed on the surface of Au NPs [74]. The work of this section is to explore
this feasibility of obtaining Ag NPs dimers with small separation distance by using fs laser
radiation at low fluence (< 380 µJ/cm2) which can avoid the damage to the irradiated Ag
NPs, and investigate the corresponding mechanism.
4.4.1 Morphology study of irradiated Ag NPs
Fig.4-10 shows TEM and HRTEM images of the morphology for Ag NPs after irradiation
for 20 min at different fluences. It can be seen that fs laser radiation resulted in the
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formation of Ag NP networks (Figs.4-10a, 10c and 10e), but that the shape of individual
particles was not significantly affected by this process. Figs.4-10a and 10b show that after
irradiation at a fluence of approximately 95 µJ/cm2, Ag NPs were separated by a ~ 0.5 nm
narrow gap and they appear to be bonded by a carbonaceous shell (demonstrated by Raman
scattering analysis later). When the fluence increased to ~ 200 and 380 µJ/cm2 (Figs.4-10c
and 10e), part of the inter-particle gaps was replaced by necks.

Fig.4-10, TEM (left) and HRTEM (right) images of Ag NPs irradiated by fs laser with different pulse fluence
for 20 min. (a, b) 90 µJ/ cm2; (c, d) 200 µJ/ cm2; (e, f) 380 µJ/ cm2. The scale in the inset figure is 20 nm.
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HRTEM images show that these necks were metallic, acting as bridges between individual
Ag NPs, and widen as the fluence increased (Figs.4-10d and 10f). The mechanisms of the
coalescence between NPs, e.g., on how the neck layers form and how the coalescing atomic
planes align to those of the NPs, have been discussed extensively in the literature [36, 99].
It appears in this work, that neck layers can form (see the dashed region in Fig.4-10f)
where part of the planes are aligned almost parallel to those in the above NP while the
others are parallel to those in the bottom NP.

The formation mechanism of this

configuration, which has not been reported in literature, needs further studies. It is clear
from the above observations that the separation between Ag NPs (i.e., inter-particle
distance) can be controlled by adjusting laser fluence, and that laser irradiation of NPs in
solution may be a useful technique for tailoring the properties of Ag NP networks.
4.4.2 Investigation of joining mechanism
To understand how the Ag NPs were bonded by carbonaceous shells, the generation of
carbonaceous shell is first discussed. Fig.4-11 shows the Raman spectra of Ag NPs before
and after fs laser irradiation, which were obtained after deposition on a clean Si substrate.
The Raman spectrum of a sample prepared from NPs prior to irradiation is shown in
Fig.4-11a. Spectral features at 1202, 1235, 1495, and 1605 cm-1 are indicative of the
presence of PVP [100] which forms a coating on each NP. After irradiation at a fluence
~95 µJ/cm2 (Fig.4-11b) for 20 min, peaks associated with the stretching vibration of sp2
bonded carbon (the "G" peak) appeared at 1552 cm-1 together with bands at 1153, 1277 and
1458 cm-1 attributable to trans-polyacetylene chains [101-104]. These spectral features
indicate that α-C:H was created from the irradiation of the PVP which was coated on the
surface of Ag NPs. The Raman spectra in Figs.4-11c and 11d show that the G peak shifted
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to 1572 and 1578 cm-1 while another feature "D" peak arising from sp2-bonded carbon in
defect sites in amorphous carbon (α-C) appeared at 1346 and 1348 cm-1 in samples
irradiated at fluences of 200 and 380 µJ/cm2, respectively. The amplitude ratio of the D
and G peaks (ID/IG) was also found to increase with fluence, indicating that the C/H ratio
and structural order were enhanced in α-C:H under these conditions [105].

Fig.4-11, Raman spectra of Ag NPs and PVP in aqueous solution before and after irradiation with fs laser
pulses. (a) NPs before irradiation; (b) NPs after irradiation at 95 µJ/cm2; (c) NPs after irradiation at
200 µJ/cm2; (d) NPs after irradiation at 380µJ/cm2; (e) pure PVP solution after irradiation at 380 µJ/cm2.

Since PVP is only weakly absorbing at 800 nm, it is unlikely that PVP can be decomposed
by direct fs laser irradiation in an aqueous solution at low fluence. The Raman spectrum of
an aqueous solution of PVP after irradiation at fluence ~380 µJ/cm2 can be seen in
Fig.4-11e and is characterized by the C=O, C-N stretching bands [106] of the PVP
molecule. No spectral features of α-C:H or α-C were detected, indicating that PVP in
aqueous solution was not decomposed under direct fs laser irradiation at low fluence
conditions.

Therefore, the formation of α-C:H and α-C may be due to the thermal

decomposition of PVP at the surface of Ag NPs as reported previously [107].
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To understand the mechanism for the thermal decomposition of PVP on the surface of Ag
NPs, Raman spectra for Ag NPs extracted from aqueous PVP solution after these have
been heated for 3 min in air at various temperatures (Fig.4-12) were obtained. Spectral
features at 1613 and 1510 cm-1 after heating to 200 ºC (Fig.4-12a) indicates that PVP was
still present on the surface of Ag NPs, but peaks at 1288, 1350 and 1549 cm-1 show that
some PVP had decomposed into α-C:H [101-104]. After heating to 300 ºC (Fig.4-12b),
residual PVP was completely converted to α-C:H. A further increase in heating temperature
to 400 and 500 ºC converted α-C:H into α-C and led to the appearance of D and G bands at
1353 and 1566 cm-1 (Figs.4-12c and 12d). As expected, the ID/IG ratio increased when the
heating temperature increased from 400 to 500 ºC. These results indicate that temperatures
in excess of ~200 ºC are required to thermally decompose PVP adsorbed on the surface of
Ag NPs.

Fig.4-12, Raman spectra of Ag NPs heated to different temperatures in air: (a) 200 ºC; (b) 300 ºC; (c) 400 ºC;
and (d) 500 ºC.

To see if this temperature rise, ΔT, is consistent with irradiation conditions, ΔT can be
estimated from the energy, E, absorbed during the laser pulse
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(4-1)

where Qabs is the particle absorption efficiency, F (J/m2) is the pulse fluence, r (m) is the
equivalent radius of the NP, ρ is the density of Ag=1.05x104 kg/m3, and C=230 J/(kg·ºC)
is the heat capacity of Ag. Since r << λ and laser fluence is low, Qabs can be calculated
using the Rayleigh approximation [108]
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where m = n’– Ki = 0.144 – 5.29i is the complex refractive index for Ag [45] at λ=800 nm.
Then, taking r=2.5x10-8 m as a representative radius for the Ag NPs in our samples,
Qabs=0.0038.

Fig.4-10c shows that localized fusion between adjacent Ag NPs was

produced at F = 2 J/m2 but ΔT calculated from eqn. (4-1) predicts that the temperature rise
is << 1 ºC under these conditions. This implies that thermal heating is not the cause of the
observed decomposition of PVP and welding between Ag NPs at fluences between 200 and
380 μJ / cm2.
Then, the role of LSP induced hot electrons emission from the Ag NPs on the
decomposition of PVP is investigated. As known, the localization and enhancement of the
electric field at the interface between NPs due to LSP results in hotspots and then enhances
electron or ion emissions from the NPs [73]; and this likely occurs under the conditions of
the present experiments. Electrons/ions emitted from the surfaces in the hotpots area give
rise to two primary effects: the first is to initiate the decomposition or dissociation of PVP
and the conversion of this material to α-C:H and α-C [74], while the second effect will be
to produce a softening of the lattice at the Ag surface.
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Fig.4-13 shows the structure of PVP and the bond energies for certain bonds in PVP [109].
It indicates that the bond energy of the C-N bond has the lowest value, suggesting that it is
easier for the C-N bond to be dissociated under the impact of electrons/ions which were
emitted from the surface of irradiated Ag NPs. The dissociation of C-Ns bond will then
result in the formation of trans-polyacetylene chain. This is consistent with the Raman
spectra result (Fig.4-11) which shows the existence of α-C:H and α-C [110], and it mimics
the effects of thermal heating including spallation [111, 112] of this layer. It therefore
appears that modification of the structure of PVP by impact of electrons/ions is responsible
for the similarities between Raman spectra of laser processed and thermally heated material
as shown in Fig.4-11 and 4-12.

Fig.4-13, Structure of PVP and the bond energies for certain bonds in PVP. The red bar indicates the location
which is easy for dissociation.

The produced α-C:H was then coated to the surface of Ag NPs. Because α-C:H is
hydrophobic, Ag NPs coated with this material tended to aggregate to form networks. A
reduction in surface energy, as well as plasmonic interactions [70] would also favor
network formation. After network formation, hotspots arising from LSP at the interface
were generated between adjacent NPs. This enhanced the overall emission of electrons or
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ions and leaded to a reduction in volume or elimination of α-C:H or α-C on the surface of
NPs, facilitating the welding and formation of metallic necks between adjacent NPs. It
should be pointed out that direct heating of α-C:H or α-C layers can also occur via Ohmic
heating induced by the electric field of the incident light wave [69]. At low fluence, impact
of electrons or ions and Ohmic heating effects are minimized, and Ag NPs are connected
by α-C:H bridges (see Figs.4-10a, and 10b). Welding of Ag NPs at fluences between 200
and 380 µJ/cm2 is then accompanied by a reduction in the volume of the α-C:H shells as
these are removed by electron/ion impact. It is reasonable to expect that all the α-C:H
bridges can be replaced by the necks at fluences between 200 and 380 µJ/cm2 if the
irradiation time is sufficiently long. The above analyses suggest that the contact geometry
between adjacent Ag NPs can be manipulated by controlling the laser fluence.
4.4.3 SERS investigation
SERS spectra of adenine absorbed on Ag NP deposits after irradiation were obtained, as
shown in Fig.4-14, to evaluate the LSP induced electric field enhancement in samples
prepared at different fluence levels. In previous studies, it has been shown that the Raman
peaks of adenine at 730 and 1327 cm-1 are diagnostic of the SERS enhancement effect [42,
95, 96] and that the bands of adenine were significantly enhanced in SERS spectra of
welded Ag NPs [95]. In addition, Ag NPs joined through highly conjugated carbon chains
exhibit a 10x larger Raman enhancement than single NPs [93]. The spectra in Fig.4-14
indicate that a narrow gap mediated by the presence of an extremely thin α-C:H film
(~ 0.5 nm thickness), gives even higher SERS enhancement than that occurring in welded
NPs. This is consistent with the results of calculations showing that the enhancement
cross-section in dimers is largest when the gap between NPs is reduced to 0.4~1 nm, and
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reducing the gap to zero results in a nonlinear reduction of the plasmon-induced field
enhancement due to the neutralization of charge density on opposite sides of the gap in
response to an induced current flow [98].

Fig.4-14, SERS spectra of adenine solution (1 mM) absorbed on the surface of Ag NPs.

The role of the α-C:H film in producing enhancement of the SERS signal is probably
twofold: the first effect is to separate the Ag NPs by a small amount, while a secondary
effect may be the facilitation of active adsorption sites at the surface of Ag NPs. It is also
worth noting that, in addition to strong SERS enhancement, the formation of carbon shells
on the surface of NPs may inhibit metal-molecule interactions and reduce sensitivity of
NPs to photochemical damage [94]. As a result, the presence of α-C:H bridges between Ag
NPs, and the fact that the properties of such systems can be tailored through exposure to fs
laser pulses, opens up many new possibilities for the application of these materials in nanostructured SERS devices.
4.5 Summary and concluding remarks
Under high fluence fs laser irradiation, it is shown here that complex-shaped core-satellite
sub-micron and micron-sized structures can be synthesised by focusing a high intensity fs
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laser beam into an aqueous solution of Ag NPs. By adjusting the concentration of NPs in
the solution (0.01-0.05 mM), the irradiation time (20-60 min), and the laser fluence (1.810.5 J/cm2), it is feasible to control the sizes and shape of the resulting structures. For
example, at a pulse fluence of 10.5 J/cm2, well dispersed 160 nm and 1480 nm particles
were produced in the 0.05 mM solution after 40 and 60 min of irradiation, respectively.
These complex plasmonic structures have potential applications as single particle detectors
for biomolecules at low concentration. SEM and UV spectra analysis together with the
FDTD simulation, suggest that the formation of submicron structure is directed by LSPinduced hotpots.
Under low fluence laser irradiation, it is found that, by adjusting the fs laser pulse fluence
during irradiation of PVP coated Ag NPs in aqueous solution, it is feasible to control the
separation and bonding within networks of Ag NPs. The primary effect at low fluence
(≈ 95 μJ/cm2) is the generation of an α-C:H coating on individual Ag NPs as a result of the
decomposition of adsorbed PVP. It is shown that the decomposition of PVP is due to the
impact of electrons or ions emitted from the surface of the irradiated NPs. At higher
fluences (typically between 200 and 380 μJ/cm2), the effect of electron or ion impacts from
the hotspots between the adjacent Ag NPs is large enough to remove some of the α-C:H
layer and weaken the Ag lattice structure, producing local welding of the NPs. The
narrowest gaps between separated Ag NPs (< 1 nm) are found in non-welded samples
irradiated at low fluence. A SERS study of Raman spectra of adsorbed adenine indicates
that Ag NPs joined by narrow α-C:H shell possess much higher SPR enhancements than
welded or single NPs.
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Chapter 5 Gathering and Joining of Silver Particles on Silicon
Wafer by Femtosecond Laser Radiation
5.1 Introduction
In the process of joining or assembling nanomaterials into nanodevices, precise fabrication
of the nanomaterial is usually required; that is because the properties of the nanodevices are
very sensitive to in the nanomaterials’ geometry [64] and their orientation. Localized
fabrication is a promising way to achieve this goal. Recently, a variety of localized
nanojoining methods including high energy electron beam radiation [35], ultrasonic
nanowelding [28], and nanosoldering [32] have been developed. However, these
techniques are limited by the high cost of high energy electron beam systems, the intrinsic
complexity of the nanosoldering system and low fabrication efficiency.
The localization of LSP-induced effects such as enhancement of the optical gradient force
[70] as well as site-specific heating [67] and ablation [73] can restrict the process area in
nanomaterials, facilitating localized fabrication. The use of fs laser radiation is an ideal
tool, because its “non-thermal” characteristic can produce highly localized structural
transformations in nanomaterials as a result of strong plasmonic enhancement. Some
efforts at controlling fs laser induced joining of Ag NPs in aqueous solution by controlling
LSP enhanced optical gradient force have been discussed in chapter 4. However, there are
still some difficulties in obtaining completely localized joining, due to the random motion
of NPs in an aqueous solution. Limiting the NPs’ random motion by depositing NPs on a
substrate is then an alternative way; and the localized joining of NPs may be achieved by
controlling another two LSP-induced effects including the localized heating and
ablation/re-deposition.
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Considering the fact that most NPs especially those with specific geometries are usually
coated by polymer protective layers, and that these polymers on the surface of NPs will
affect the joining process as reported in chapter 4, the feasibility and mechanism of locally
joining both PVP-coated and bare Ag NPs by utilizing fs laser radiation are studied in this
section.
5.2 Gathering of PVP coated Ag NPs
5.2.1 Experimental and simulation setup
The Ag NPs films, which were prepared by the method as described in chapter 3, were
irradiated for up to 60 sec with fs laser pulses at average fluence ranging from
~ 3.6 mJ/cm2 to 28.8 mJ/cm2.

The schematic for the experimental setup is shown in

Fig.5-1. The morphology of the Ag NPs films before and after laser irradiation was
characterized by SEM and TEM. FDTD software was used to simulate the distribution of
hotspots in plasmonic Ag NPs structures during irradiation with 800 nm laser light.

Fig.5-1, Schematic for the experimental configuration

5.2.2 Morphology study
The SEM images of the morphology for Ag NPs film before and after laser irradiation are
shown in Fig.5-2. Due to the nature of the deposition process, these films had a non75

uniform thickness distribution. At their thickest point, the films contained ~ 6 layers of Ag
NPs. Figs.5-2a and 2b show that, before irradiation, most of the individual NPs in these
films had sizes between 20-80 nm with an average size of 50 nm. Individual NPs were
irregularly shaped as shown in the inset in Fig.5-2a. After irradiation for 10 sec (10,000
pulses), at laser fluence ~7.2 mJ/cm2 some spherical particles were generated, as indicated
by the dashed circles in the inset image in Fig.5-2c. The size distribution of these newly
formed spherical particles, measured over 300 particles, is given in Fig.5-2d. It can be seen
that large spherical particles having diameters between 80-160 nm appeared after 10 sec
laser irradiation. Particles in this size range were not present before irradiation. The
generation of larger spherical particles suggests that fs laser irradiation under these
conditions produce efficient heating which causes the melting and subsequent coalescence
of the original Ag NPs. Molecular dynamic simulations and experimental observations of
the solid-state sintering behavior of NPs has shown that sintered NPs will not grow into
larger sphere-like structures until the sintering temperature approaches the melting point
[113, 114].

No apparent change was observed in the morphology and size of these

generated spherical particles, when the irradiation time was increased to 30 and 60 sec. As
shown in Fig.5-3, the size of the large spherical particles was still in the 80-160 nm range
after the NP film was irradiated at a fluence of ~ 7.2 mJ/cm2 for 30 sec (Figs.5-3a and 3b)
and 60 sec (Figs.5-3c and 3d). This indicates that the generation of spherical particles does
not depend on the irradiation time and implies that other factors such as laser fluence and
the localized structure in the NP film may dominate the interaction.
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Fig.5-2, SEM and TEM images of morphology for Ag NPs films on a Si wafer before and after irradiation, (a)
SEM image of NP film before irradiation, the inset TEM image shows the details of the NPs; (b) size
distribution of the NPs in the film before irradiation; (c) SEM image of the NP film after irradiation at a
fluence 7.2 mJ/cm2 for 10 s (10.000 pulses), the inset image shows the formation of larger spherical
nanoparticles; (d) size distribution of the larger spherical particles in the film after irradiation.

Fig.5-3, SEM morphology and size distribution of generated spherical particles in the NPs films where were
irradiated by fs laser at fluence ~7.2 mJ/cm2 for 30 and 60 sec. (a-b) 30 sec, (c-d) 60 sec.

Fig.5-4 shows SEM images of the morphology for Ag NPs in the film which was irradiated
at different fluences for 10 sec. At 28.8 mJ/cm2 (Fig.5-4a), the NPs in the irradiated film
were melted and sintered due to the large energy input, and the Si wafer showed the
development of small holes (see the arrows in Fig.5-4b). These holes were the result of
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ablation. Since this fluence is much smaller than the damage threshold in Si (170 mJ/cm2)
irradiated with a 25 fs pulse [115], hole drilling in the Si wafer can be attributed to an
enhancement in the local laser intensity as a result of multiple scattering [116]. At a laser
fluence ~ 14.4 mJ/cm2, spherical particles were also obtained and the size distribution of
these spherical particles was almost the same as that in samples irradiated at a fluence
approximately 7.2 mJ/cm2. The only exception was that a few slightly larger (160-220 nm)
particles were also generated (Figs.5-4c and 4d). When the laser fluence was decreased to
3.6 mJ/cm2 (Fig.5-4e), modification was not evident in the irradiated NP films. These
observations indicate that the generation of spherical particles is influenced by the laser
fluence, but there is no direct correlation between laser fluence and the resulting size of the
spherical particles.

Fig.5-4, SEM images of the morphology and size distribution of generated spherical particles in the NPs films
which were irradiated by fs laser at different fluences for 10 sec. (a-b) 28.8 mJ/cm2, (c-d) 14.4 mJ/cm2, (e)
3.6 mJ/cm2.
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5.2.3 Investigation of formation mechanism
To understand how these spherical particles with a particular size distribution were
generated, Ag NPs films which were irradiated by fs laser at fluence 7.2 mJ/cm2 were
selected for further study. As discussed above, the formation of larger size spherical
particles was caused by the melting and gathering of the irradiated Ag NPs.

Here,

enhancement in the local laser intensity due to multiple scattering, including speckle
formation and sub-wavelength self-focusing [115], was first considered as the origin of
efficient heat generation leading to the melting of Ag. This might be expected to be
important in multiple-layer Ag NP films, and has been observed in previous studies and the
present experiment (Fig.5-4b). For example, sub-wavelength self-focusing of an incident
laser beam was observed at the bottom surface of a multiple layer ZnO NP film [115]. The
laser intensity in the self-focused beam was enhanced by a factor of 2.5. In the present
experiments, the enhancement factor was estimated to be ~ 6. This value was obtained
from the ratio of the fluence (~28.8 mJ/cm2) consistent with producing visible damage to
the Si substrate in the present experiments to that reported as the damage threshold
(170 mJ/cm2) for irradiation of Si with a 25 fs pulse [115]. Based on this comparison, one
can come to conclusion that sub-wavelength self-focusing is not the primary source of the
efficient heating and melting of NPs found in the present experiments as discussed in
section 4.4.
To minimize the influence of sub-wavelength self-focusing, and to investigate the
underlying causes of efficient fs laser induced localized heating, single-layer Ag NPs films
were prepared and irradiated under the same conditions. Fig.5-5 shows SEM images of the
morphology for single-layer NPs films before and after 16 laser pulses, which was the
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minimum number of overlapping pulses needed to produce an observable change in the
single layer Ag NP film.

These images show that larger spherical NPs can also be

generated in single-layer NPs films after fs laser irradiation (as indicated by arrows in
Fig.5-5b). This implies that multiple scattering induced sub-wavelength self-focusing was
not the source of the efficient heating effect resulting in melting of the original NPs. SEM
observations in the same area of the NPs film before (Fig.5-5a) and after (Fig.5-5b) fs laser
irradiation showed that, a large spherical particle was created in the structure where 4 NPs
were located (ring 1 in Figs.5-5a and 5b). This particle is shown in the inset image of
Fig.5-5b.

Removal of NPs from the PVP matrix leaved and outlined their original

positions (eg. ring 2 in Fig.5-5b). The inset image in Fig.5-5b indicates that 3 of the 4
adjacent Ag NPs coalesced into a larger particle while the remaining NP was unaffected.
This suggests that selective fs laser-induced heating of Ag NPs is concentrated in certain
structures where the absorption of laser energy is enhanced, and that this heating occurs
without apparent damage to the NPs surrounding these structures. It is consistent with the
observation that spherical particles with diameters of ~ 76, 83 and 100 nm were located
close to the structures in which 3, 4 and 7 NPs were absent after laser irradiation (dashed
rings in Figs.5-5c, 5d and 5e, respectively).

The number of Ag NPs removed was

estimated from the SEM images (Fig.5-5). The area, S, of the removed structure is
S=(1/f)Nπr2 where f is the filling factor for the NPs in the structure, N is the number of NPs,
and r = 25 nm is the average NP radius. Volumes calculated for the resulting spherical
particles correspond almost exactly to the sum of the volumes of the particles removed
from the PVP matrix. The removal of Ag NPs is likely due to fs laser irradiation induced
ablation of the NPs and/or the PVP shell around these particles [73, 117, 118]. It should be
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noted that ions/electrons produced in the initial stages of the ablation process can increase
the absorption of fs laser energy [119, 120], leading to enhanced heating of the NPs.

Fig.5-5, SEM images of the morphology for single layer NP films before and after irradiation with 16 fs laser
pulses at 7.2 mJ/cm2. (a) before irradiation; (b) after irradiation of film in (a). The arrows show the generation
of spherical particles while the double-ended arrow in the inset image shows the direction of the laser
polarization. The dashed rings 1 and 2 show the area where NPs were ejected, and the inset image shows a
magnified view of the circular area 1; (c, d, e). spherical particles generated near NP assemblies containing 3,
4 and 7 NPs.

Another characteristic of the laser-matter interaction is that Ag NP dimers whose long axis
was parallel to the direction of laser polarization (as indicated by the double ended arrows
in Fig.5-6) tended to be removed from the PVP matrix. Individual isolated NPs were not
removed under these conditions (Fig.5-5 and Fig.5-6). This effect and the dependence on
laser polarization and local structure are similar to the polarization-dependent generation of
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LSP-induced hotspots. This suggests that the efficient heating of NPs in these films can be
attributed to LSP-induced hotspots.

Fig.5-6, Laser polarization dependent ejection of NP dimers in a single layer NP film after irradiated by 16 fs
laser pulses at a fluence of 7.2 mJ/cm2. The double ended arrows show the long axis of the NP dimer.

FDTD simulations have been carried out to identify the location of hotspots in Ag NPs
structures containing 2, 3, 4 and 7 NPs as indicated by the SEM observations (Fig.5-5), and
to study the effect of LSP-induced hotspots on the heating of NPs and the formation of
larger spherical particles in specific structures. Aggregates containing 5 and 6 NPs are not
considered, because they are not close-packed structures and are rarely seen in the Ag NP
films. A schematic for the simulation geometry is shown in Fig.5-7a, where Ag NPs are
supported on a Si wafer with 2 nm thick oxide layer. For simplification, all the NPs were
taken to be spherical with a diameter of 50 nm and the irradiation occurred in air. The gap
distance between adjacent NPs was set to be 8(±2) nm which was an average value of gap
distance from 200 measurements using SEM images. The distribution of hotspots in the
XY plane at the half height of the NP was recorded in the simulations. Fig.5-7 shows the
calculated hotspot distribution in a variety of structures. These are indicated by the bright
red and yellow regions, while the bold dark red rings outline the NPs. It is evident
(Fig.5-7b) that the maximum enhancement factor (E12/E02, ~10) in the hotspots in single
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NPs occurs in the direction of the laser polarization. The same enhancement factor (~10) is
seen in an Ag NPs dimer when the laser polarization is perpendicular to the long axis
(Fig.5-7c). The low electric field enhancement in these hotspots is consistent with reduced
laser induced heating and emission of electrons and ions from the NPs and the PVP shell,
and with the observation that isolated single NPs or NPs dimers with their long axis
perpendicular to the laser polarization direction were not removed from the irradiated PVP
matrix (Fig.5-6).

Fig.5-7, Simulated electric field distribution in Ag NPs structures assembled from 50 nm NPs. (a) Schematic
of simulation setup, a dimer structure is taken as an example; (b-g) hotspots distribution in Ag NPs structures
with different number of particles, the enhancement factor in the scale bar is defined as E12/E02. The hotspots
are located in the bright red and blue area. The double-end arrows show the electric field direction of the
incident laser. The single-end arrows show the proposed motion of NPs. The gap between the NPs is set to
be the measured average distance of 8 nm.

These simulations indicate that the field enhancement factor (~ 40) is much greater in Ag
NP dimers with their long axis parallel to the direction of laser polarization (Fig.5-7d). As
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proposed by Xu et al. [70], the effect of this enhancement is to cause the NPs to move
towards each other. The attractive force is shown with single ended arrows in Fig.5-7.
This attraction facilitates the gathering of NPs and initiates the formation of larger
spherical particles. The electric field enhancement and the proposed motion of the NPs in
other structures are shown in Figs.5-7e, 7f and 7g.
To determine how the presence of hotspots may contribute to the efficient heating of NPs
via enhanced laser energy absorption, the minimum absorption efficiency, Qabs, that must
be achieved to reach the melting temperature is estimated by using equations
where Qabs =

4
𝐸𝑎𝑏𝑠
⁄𝐸 and 𝐸𝑎𝑏𝑠 = 𝑁 [3 𝜋𝑟 3 𝜌(𝐶∆𝑇 + 𝐻𝑚 )] . 𝐸𝑖𝑛𝑐 = 𝐹S is the total
𝑖𝑛𝑐

laser energy incident on the structure, where F = 72 J/m2 is the laser fluence and S is the
effective absorption area of the structures as outlined in Fig.5-6. Eabs is the energy required
to completely melt the Ag NPs in a structure containing N NPs, while r is the NP radius, ρ
is the density, C is the heat capacity, V is volume and Hm is the latent heat of fusion.
Taking r = 25 nm for an Ag NP, ρ=1.0x104 kg/m3, C=230 J/(kg•℃) and Hm=1.05x105 J/kg,
it is found that the minimum absorption efficiency, Qabs, required to produce melting
(ΔT=940 ℃) in these structures is > 0.7. The maximum temperature that the particle can
reach is estimated to be 993 ℃ if all the incident laser radiation is absorbed. Depression of
the melting temperature is not considered here because this is not significant for 50 nm Ag
NPs [2, 121]. High absorption efficiencies (> 0.7) for NPs as calculated above are usually
only obtained when the LSP of the structure is in resonance with the incident laser
polarization and wavelength [5]. However, the measured absorption spectrum (Fig.5-8)
clearly shows that no resonance occurs at 800 nm in the Ag NP structures at low incident
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intensity. This is also supported by the calculated absorption spectrum based on the FDTD
simulation (inset in Fig.5-8). Some differences between the experimental and calculated
spectrum are observed at wavelengths near 550 nm. This difference likely arises because
the NPs in the simulation were assumed to be spherical and embedded in air, while in
reality the NPs are irregular and are coated with a ~2 nm thick PVP layer. The temperature
rise in individual NPs is estimated in the usual way based on the measured absorbance
(=0.1 at 800 nm wavelength). Then 0.1 = ln(I0/I), where I0 is the incident light intensity
and I is the intensity of the light after passing through the NP film. The measurements
show that the absorption efficiency is < 0.1 which is much smaller than the minimum
absorption efficiency ~ 0.7 required to produce melting. As a result, the temperature rise of
the NPs is < 140 ℃ which is much lower than the melting temperature of Ag. This shows
that the observed efficient heating and melting of Ag NPs is not primarily due to the LSP
resonance itself, but likely occurs because of enhanced absorption arising from increased
excitation of ions and electrons produced from the decomposition of PVP or ionization of
air on the surface of Ag NPs in the vicinity of hotspots as reported previously [119, 120,
122]. However, the generation of the LSPs is important in the initial stages of the laser NP
interaction, as LSP induced hotspots act to facilitate and enhance coupling of fs radiation
into these structures.
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Fig.5-8, Absorbance spectra of Ag NPs film, the inset image is the calculated absorption cross-section of the
structures containing 2, 3, 4, 7 NPs.

To investigate the possible contribution of PVP and air to the heating effect, the Ag NP
film was irradiated by fs laser in a high vacuum (6.6 x 10-7 Torr). The results (Fig.5-9)
show that larger size spherical particles could still be obtained and their size distribution
(80-180 nm) did not evidently change compared to those irradiated in air. This suggests
that the contribution of air to the enhanced heating is not the dominant factor under the
present experiment condition. However, the role of PVP is still not clear, as there is still no
effective way to prepare un-aggregated Ag NPs films by completely removing the PVP
protective layer on the surface of Ag NPs. So in the following section, fs laser irradiated
bare Ag particles which are produced by laser deposition in vacuum are studied. This will
be helpful to identify the role of PVP in fs laser irradiation process.
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Fig.5-9, SEM images of the morphology for the irradiated Ag NPs film in vacuum (6.6x10 -7 Torr) at fluence
7.2 mJ/cm2 for 10 sec (a), and size distribution of the generated spherical NPs after laser irradiation (b).

5.3 Localized joining of bare Ag Submicron/Nanoparticles
5.3.1 Experimental and simulation
Ag submicron/nanoparticles were deposited on a Si wafer by fs laser irradiation as
described in chapter 3. After deposition, the Ag particles on the surface of Si were then
irradiated using the same fs laser at fluences ~ 900 μJ/cm2 or 1300 μJ/cm2 for up to 90 sec.
Both the ablation/deposition and irradiation/joining operations were carried out in vacuum
at a base pressure of ~10-6 Torr. The morphology of selected Ag particles before and after
laser irradiation was compared using SEM and high magnification images of welded
structures were obtained using TEM. FDTD software was used to identify the electric field
enhancement in the Ag particles which were irradiated by laser at 800 nm.
5.3.2 Joint morphology study
Fig.5-10

shows

the

SEM

images

of

the

morphology

for

deposited

Ag

submicron/nanoparticles before and after 50 sec laser irradiation at a fluence of
approximately 900 µJ/cm2. Comparison of these images shows that laser irradiation did
not change the position of the deposited Ag particles, although the particles were slightly
ablated (see the larger particle in the inset image of Fig.5-10b).
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Fig.5-10, Scannng electron microscopy (SEM) images of the morphology of deposited Ag particles before
and after fs laser irradiation at a fluence ~ 900 µJ/cm2 for 50 sec. (a) before irradiation; (b) same area after
irradiation. The inset images are magnified view.

Under the same irradiation conditions, some closely-spaced Ag particles (~ 30 nm
separation) became welded together (Figs.5-11a and 11b); while there was no apparent
damage to these particles apart from a slight change in morphology near the weld area.
Since the particles did not move during the irradiation process, welding occurs as the result
of material filling the small gap between the particles. This is shown in the inset images of
Figs.5-11a and 11b where two separated particles were seen to be interconnected by filler
material, forming dumbbell shaped structures. This filler material originated from ablated
Ag material (the inset image of Fig.5-10b) due to LSP-induced hotspots in the vicinity of
the gap between the particles, as reported in a previous study [123]. This ablation is clearly
observed in the welded Ag particles (see the left particle in Figs.5-11c and 11d) when the
samples were tilted by 75°for clearer observation. Figs.5-11c and 11d also show that the
area below the weld did not contain filler material implying that the weld was formed by
highly directional deposition of the ablated material. Similar welded NPs structures were
also observed when the irradiation time changed to 10 sec or 90 sec, as shown in Fig.5-12.

88

Fig.5-11, SEM images of the morphology of deposited Ag particles after fs laser irradiation at a fluence of
~ 900 mJ/cm2 for 50 sec. (a-b) welded Ag particles afer irradiation, the double ended arrows show the
direction of laser polarization, and the inset images show a magnified view of the joint; (c) view of welded
Ag particles after tilting by 75°; (d) magnified view of the square area in figure (c).

Fig.5-12, SEM images of the morphology for the NPs irradiated by fs laser at fluence 900 uJ/cm 2 for different
time. (a) 10 sec, (b) 90 sec.

The cross-sectional morphology of welded Ag particles has been analyzed using TEM.
Samples were prepared from selected pair of submicron particles (Fig.5-13a) by etching
with a focused ion beam. It is evident that the bottom surface of the deposited Ag
submicron particles pair has been flattened, forming disc-like structures with a
diameter/height ratio of ~ 3.7 (Figs.5-13a and 13b). In some cases, the deposited Ag
submicron particle could form donut structures, as shown in Fig.3-6a. This is similar to the
structure obtained in splat cooling [124, 125], suggesting that Ag particles ablated from the
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sputtering target were in a softened or molten state [124, 125] as they travelled at high
speed prior to impacting on the Si wafer surface. As in splat cooling, quasi-liquid or liquid
particles solidify immediately on reaching the surface of the Si wafer. Studies have shown
that when Ag particles were deposited on a carbon film under the same conditions, and
then irradiated with fs laser pulses with the same fluence (~2.7 mJ/cm2), adsorbed particles
were ejected from the surface due to the dewetting between Ag and carbon [126]. This was
not seen when Ag particles were deposited on a Si wafer, implying that the Ag particles
bonded to the Si wafer during deposition. HRTEM scans at the interface between the Ag
particle and the Si wafer (Fig.5-13c) show that bonding occured in the contact area
between the Ag particle and the ~ 3 nm thick amorphous native oxide (SiOx) layer [127] on
the surface of the Si wafer. HRTEM analysis also shows (Fig.5-13d) that the Ag(111)
lattice planes in both particles were aligned across the junction.

Fig.5-13, Morphology of a pair of welded Ag particles. (a) SEM images; (b) TEM image of the crosssectional view of the Ag pair in (a) along the the black line; the small particles on the top of particles A and B
are re-deposited material as a result of the TEM sample preparation process; (c) HRTEM image of the Ag-Si
wafer interface; (d) HRTEM image of the weld between the two Ag particles. The arrows indicate the
corresponding area of the HRTEM images in figure (b).
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5.3.3 Investigation of joining mechanism
Figs.5-11a and 11d show that interconnection between the two particles was generated by
the formation of a bridge comprising filler material from ablated submicron particles. This
ablation can be attributed to LSP-induced hotspots which are accompanied by localized
electron and ionic emission [73]. To investigate the possible contribution of this localized
emission to the formation of the interconnection, FDTD calculations (Fig.5-14) have been
used to simulate the hotspots distribution near and in between a pair of Ag submicron
particles.

Fig.5-14, Simulated hotspots distribution in two adjacent Ag particles as observed in figure 2a. (a) view of
the X-Z plane crossing the axes of the two particles; (b) view of the X-Y plane at the same height in particle
B, as indicated by the dashed line in (a). The arrows show the locations of the hotspots, the enhancement
factor in the scale bar is defined as E12/E02.

The two-particle structure shown in Fig.5-11a is selected as representative, and both
particles A and B are assumed to be discs having a diameter/height ratio of 3.7. This
geometry approximately relplicates that seen in the TEM scans. The incident laser beam
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with a wavelength of 800 nm is normal to the Si wafer which supports particles A and B,
and the angle between the laser polarization and the axis of the particle pair is the same as
that in the experiment. The simulation results show that a hotspot with an electric field
enhancement factor (E12/E02) ~ 180 appeared between the two discs (Figs.5-14a and 14b)
close to the top edge of the lower disc (Fig.5-14a). This simulation is in good agreement
with the experimental observations (Fig.5-11), implying that LSP-induced hotspots
facilicate the interconnection of pairs of Ag particles.
Extensive studies have shown that the generation of hotspots arising from LSP produced
localized ablation and electron/ion emission from the particles, and that the material
ablated from the particles re-deposited near the ablated surface within the hotspots [126].
This re-deposition of ablated material can gradually reduce the gap distance between the
particles resulting in the formation of an interconnecting link. In the present case, the
electic field enhancement factor is ~ 13.4 giving a root square enhancement factor of ~ 180,
corresponding to the presence of a local electric field E of 5x109 V/m near the surface of
the Ag particle. This field is close to the measured threshold for field ion emission [127],
suggesting that ions can be emitted from the Ag particles under the effect of LSP-induced
hotspots. These ions then contribute to the formation of an interconnection between the
particles and facilitate the welding process.
The laser fluence was then increased to ~ 1300 μJ/cm2 in order to mimic the enhancement
that occurs in LSP-induced hotspots, and identify the contribution of enhanced ablation
(ionic emission) at hotspots to the joining of particles. Fig.5-15a shows the SEM images of
the morphology for freshly deposited Ag submicron/nanoparticles. These images reveal
that the surface of these particles was almost smooth prior to irradiation. Particles labeled
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1 and 2 are seen to be closely separated. After these particles were irradiated for 50 sec by
fs laser pulses at a fluence of 1300 μJ/cm2 (Fig.5-15b), the particle morphology was seen to
change and the surface became rough, indicating that ablation of the particles occurred
under these conditions. Emitted material was also seen to form a bridge between the two
particles 1 and 2.

This suggests that the electric field enhancement in the hotspots

facilitates the generation of a weld between adjacent Ag particles. It should also be noted
that, under fs laser irradiation, the isolated particles tended to be ablated at the two poles in
the direction parallel to the laser polarization. Ablated material from these locations
re-deposited at the poles of the particles (see particle 3 in Fig.5-15b). The location of the
ablated area in these particles is consistent with that of LSP-induced hospots [73],
indicating that laser induced hotspots selectively enhanced ablation of the particle. This is
apparent in the SEM scan of the sample after rotation by 90°followed by further irradiation
by fs laser pulses for another 50 sec at the same fluence. The SEM image (particle 3 in
Fig.5-15c) clearly shows that, when the sample was rotated by 90°, the ablated area
appeared at the other poles whose direction was parallel to the laser polarization. This
direction is perpendicular to that of the previous poles. In particle 1 and particle 2, the
dependence of ablation on laser polarization is minimized because the influence of the gap
distance between them dominates over the polarization on LSP-induced hotspots. This
confirms that LSP-induced hotspots generated by fs laser irradiation contribute to localized
ablation of the particle and then to the interconnection produced between two adjacent
particles.
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Fig.5-15, Development of joint between two Ag particles under fs laser irradaition at a fluence ~1300 μJ/cm2.
(a) Ag particles before irradaition; (b) same Ag particles after 50 sec laser irradiation with polarization
(double-ends arrow) shown; (c) same Ag particles after another 50 sec laser irradiation with the polarization
direction perpendicular to that in (b).

It is significant that, due to the use of low fluence combined with the ″non-thermal″ nature
of the fs laser-matter interaction, the irradiated particles were virtually unaffected and had
no apparent damage after welding (Figs.5-11 and Fig.5-15). This suggests that fs laser
irradiation is a promising technique for precision fabrication in the ″non-destructive″
interconnection of submicron/nanodevice parts for applications in nanoelectrics. However,
it is noted that, under low fluence fs laser irradiation, the allowable separation distance
between two pre-joined particles for achieving joining has to be controlled to a very small
value (usually < 40 nm);

it will probably limit the application of fs laser in “non-

destructive” interconnection. This issue is then the main topic of chapter 6.
5.4 Summary and concluding remarks
In this work, it is shown that PVP coated Ag NPs in specific symmetric plasmonic
structures can be efficiently heated up to their melting point and gathered into larger size
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spherical particles when irradiated with very low fs laser fluence (~7.2 mJ/cm2). The first
stage in this process, which involves the selective gathering of several nanoparticles prior
to bonding, is also of interest as a potential method for the further assembly of functional
devices. Enhanced coupling and efficient heating was strongly dependent on the geometry
of the NPs structures and laser polarization. This selective heating effect and collection of
NPs was found to be most evident in clusters of 2, 3, 4 and 7 Ag NPs. FDTD simulations
and measured absorption spectra indicate that the efficient heating, melting and collection
of NPs in these structures was triggered by LSP-induced hotspots. The overall effect is
strongly dependent on the orientation of laser polarization in relation to the symmetry axis
of selected structures.
For bare Ag submicron/nanoparticles on a Si wafer, it is shown that the interconnection of
two adjacent Ag particles can be achieved without the use of additional filler material. The
Ag particles were self-bonded to the Si wafer following deposition by laser ablation.
Adjacent Ag particles separated from each other by a small gap were found to be welded
together after fs laser irradiation for 50 sec at fluences between ~ 900 and 1300 µJ/cm2.
SEM and TEM scans show that the metallic interconnection linking the particles was
generated by the re-deposition of ablated material in the gap between the particles. The
integrity of both particles was conserved in this process and the overall damage to the nonbonded component of the Ag submicron/nanoparticles was found to be negligible. FDTD
simulation indicates that the ablation of the Ag submicron/nanoparticles and the formation
of the interconnection can be attributed to LSP-induced hotspots. This study points the
way to the development of a high integrity and location controllable interconnection
technique in the fabrication of submicron and nanodevices.
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Chapter 6 Oxygen-assisted Interconnection of Silver
Submicron/Nanoparticles with Femtosecond Laser Radiation
6.1 Introduction
Joining metallic nanomaterials by utilizing physical methods which usually produce robust
metallic bonding is straightforward, but it usually faces the challenge of minimizing the
damage to the pre-joined nanomaterials [3, 35, 128]. Recently, the fs laser nanojoining
technique exhibits the potential of solving this issue [129]. As discussed in section 5.3 that
two adjacent Ag particles (~ 30 nm separation) which were deposited on the Si wafer were
interconnected through the re-deposition of locally ablated material by utilizing fs laser
irradiation in high vacuum (10-6 Torr), while their geometries were almost intact. However,
there is still a long way to go before industrial application of this high integrity
interconnection technique; the required small separation distance and the needs of high
vacuum are two major limitations.
One possible solution is to employ gases to assist the joining process. The role of gas is to
improve the absorption of laser pulse energy [119] or enhance heat generation through
chemical reaction with the pre-joined materials [130], which consequently accelerates redeposition process due to the increased amount of locally ablated material. Atomic gases
(He, Xe, Ne and H2) have been reported to efficiently enhance the absorption of laser pulse
energy at high intensity (1013 ~ 1017 W/cm2) ps laser irradiation condition by forming
plasma [119]. In that case, high intensity laser radiation would unavoidably produce
thermal damage to the irradiated nanomaterials. This thermal damage can be minimized if
LSP is excited in nanomaterials, because in LSP-induced hotspots the required laser
intensity to produce the ionization of diatomic gases can be significantly lowered.
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Then, the issue comes to how the ionized gases transfer the absorbed energy to the
irradiated nanomaterials. The reaction of the ionized gases with the irradiated
nanomaterials is one way, and the recombination of ionized gases on the surface of
irradiated nanomaterials is another possibility. In this section, the influence of gases
(specifically oxygen) on fs laser irradiated Ag particles which were deposited on Si wafer
is studied, and the role of LSP in the irradiation process is identified.
6.2 Experimental and simulation setup
After the deposition of Ag submicron/nanoparticles on Si wafer as described in section 2.5,
Ag particles on the Si surface were then irradiated by fs laser pulses at a fluence ranging
from ~ 2 mJ/cm2 (corresponding to ~ 5.7 x 1010 W/cm2) to 14 mJ/cm2 (corresponding to
~ 4 x 1011 W/cm2) for varying times. Different gases (air, nitrogen and oxygen) and
pressures (760, 1, 10-2 and 10-4 Torr) were used to identify the influence of the gases on fs
laser irradiated Ag particles. The morphology of the irradiated Ag particles was analyzed
by SEM, and the cross-section of joined Ag particles was analyzed with TEM observation
of the sample prepared by focused ion beam etching.
6.3 Morphology study of irradiated Ag submicron/nanoparticles
To

study the

feasibility of

obtaining

high

integrity interconnection

of

Ag

submicron/nanoparticles at pressures other than at high vacuum (10-6 Torr) as mentioned
above, Ag particles were irradiated by fs laser pulses at different pressures ranging from
1.3x10-4 Torr to 760 Torr (atmosphere pressure). The SEM images of the morphology for
irradiated NPs show that, at pressures of 1.3x10-4 Torr and 1.7x10-2 Torr (Figs.6-1a and 1b),
Ag submicron/nanoparticles were ablated in the two pole areas which were parallel to laser
polarization direction. The size distribution of these ablated particles was located in the
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range of 60~150 nm (Fig.6-1c). This can be contributed to hotspots-enhanced localized
ablation in the pole areas due to the excitation of LSP [73]. The ablated material then redeposited nearby, formed “tab-like” structure, and resulted in the extension of the particle
in laser polarization direction. The ratio between the length of the “tab-like” structure (L)
and the particle’s diameter (D) (L/D ratio) is 0.13±0.06 based on 50 counts. This
directional extension of Ag submicron/nanoparticles shows the potential of interconnecting
well-separated particles.

Fig.6-1, SEM morphology and size distribution of Ag particles which were ablated by fs laser irradiation at
fluence 7.2 mJ/cm2 for 10 sec in different pressures. (a) 1.3x10-4 Torr, (b) 1.7x10-2 Torr, (c) size distribution
of the particles irradiated at pressure of 1.7x10-2 Torr, (d-e) SEM morphology at pressure of 760 Torr, (f) size
distribution of the particles irradiated at pressure of 760 Torr. The double ends arrows show the direction of
laser polarization.
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When the particles were irradiated in air at pressure of 760 Torr, similar “tab” structures
were obtained (Figs.6-1d and 1e), and the L/D ratio increased to 0.27±0.09 (based on 50
counts). This suggests that the increase of air pressure enhanced the ablation of the
particles in laser polarization direction. Meanwhile, aside from the ablation of the particles
in size range of 50-150 nm, ablation was also observed in the particles with sizes larger
than 300 nm (Figs.6-1e and 1f). As the enhancement factor in LSP-induced hotspots which
contribute to the ablation of irradiated particles is much lower in the large sizes particles
(> 300 nm) than that in the particles ranging from 50-150 nm (data is not shown here), the
ablation in larger size particles is probably due to LSP-triggered reaction between the
particles and air. As the air is consisted of 21 vol% oxygen (O2) and 78 vol% nitrogen (N2),
their contributions were investigated by irradiating Ag particles in pure N2 and O2 at
atmosphere pressure, respectively. The SEM images of the morphology for Ag particles
irradiated in N2 (Fig.6-2a) and O2 (Fig.6-2b) indicate that more serious ablation of the
particles happened in O2 than in N2. The L/D ratio in N2, 0.12±0.03, was close to that in
vacuum, while the ratio in O2 (0.21±0.04) was much larger than that in N2 and close to
that in the air. It implies that the O2 played a dominant role in enhancing the ablation of Ag
submicron/nanoparticles under fs laser irradiation.

Fig.6-2, SEM images of the morphology for Ag NPs which were irradiated by fs laser pulses at fluence
7.2 mJ/cm2 for 10s in N2 (a) and O2 (b). The double ends arrows show the laser polarization.
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6.4 Investigation of mechanism
The reaction between O2 and Ag is negligible at room temperature [131], this implies that
the laser radiation is vital for the reaction of O2 with Ag. Three different interactions
between laser radiation and O2, corresponding to multi-photon dissociation (photon energy
< 5.2 eV) or ionization (photon energy < 12.1 eV) of O2, have been reported [132, 133].
They can be written as:
𝑂2 + 𝑛1 ℎ𝜈 = 𝑂 + 𝑂

(6-1)

𝑂2 + 𝑛2 ℎ𝜈 = 𝑂2+ + 𝑒 −

(6-2)

𝑂 + 𝑛3 hv = 𝑂+ + 𝑒 − ,

(6-3)

where n1, n2, and n3 are the numbers of the laser photons absorbed by O2 molecules in the
dissociation (eqn.6-1) and ionization (eqns. 6-2 and 6-3) processes. The threshold energy
for the dissociation of O2 (eqn.1) is 5.2 eV [134], while those for ionization of O2 (eqn.6-2)
and O (eqn.6-3) are 12.1 eV [135] and 13.6 eV [136], respectively. It indicates that the
dissociation of O2 is much easier than the ionization of O2 and O, implying that the
dissociation of O2 will be the primary laser-O2 interaction. In this work, the photon energy
is 1.55 eV, and absorption of five photons is needed to dissociate O2 [132]. After the
dissociation of O2, the generated O with 1.28 eV kinetic energy (half of the exceeded
energy which is calculated by minus the dissociation energy 5.2 eV of O2 with the total
absorbed photon energy 7.75 eV) would impact and react with the surface of the particle to
become stabilized. Assuming all the kinetic energy of O is released in its reaction with the
surface of Ag particle, then the possible reactions of O with Ag can be written as follows
[137, 138]:
O + 2𝐴𝑔 = 𝐴𝑔2 𝑂 + 154. 6𝑘𝐽/𝑚𝑜𝑙
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(6-4)

O + 𝐴𝑔2 𝑂 = (𝐴𝑔𝑂)2 + 116.7 𝑘𝐽/𝑚𝑜𝑙

(6-5)

𝑂 + (𝐴𝑔𝑂)2 = 𝐴𝑔2 𝑂 + 𝑂2 + 130.3 𝑘𝐽/𝑚𝑜𝑙.

(6-6)

Eqns.6-4, 6-5, and 6-6 clearly show that a huge amount of energy is released after the
reaction of O with Ag; this released energy will cause the localized heating in the particle.
Due to its low decomposition temperature (190 ℃), Ag2O will probably decompose if
reaction of eqn.6-4 induced temperature rise in the Ag2O is higher than 190 ℃. It is noted
that the reactions of eqns.6-5 and 6-6 are dependent on the generation of Ag2O, or in other
words the reaction of eqn.6-4, implying that the reactions of eqns.6-5 and 6-6 may not
take place in fs laser radiation process. The decomposition of Ag2O can be written as:
1

𝐴𝑔2 𝑂 = 2𝐴𝑔 + 2 𝑂2 − 31.1 𝑘𝐽/𝑚𝑜𝑙,

and its activation energy is ~ 124 kJ/mol [139].

(6-7)

The released energy in eqn.6-4 is

154.6 kJ/mol; this value is much larger than the activation energy for the decomposition of
Ag2O, and the enthalpy of formation 31.1 kJ/mol in eqn.6-7, suggesting that Ag2O will
decompose after its initial generation through reaction of eqn.6-4. In other words, Ag2O is
the intermediate product which transfers the kinetic energy of O into the irradiated Ag
particles and produce enhanced localized heating; few or even no Ag2O will be present in
the re-deposited material. Then, eqns.6-4 and 6-7 can be simplified as eqn.6-8, supposing
that Ag particles only provide the surface for the recombination of O and the energy
transfer from O to the particles.
Ag

2O → O2 + 247 𝑘𝐽/𝑚𝑜𝑙

(6-8)
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Eqn.6-8 suggests that the enhanced local heating in fs laser irradiated Ag particles depends
on the amount of O which recombines on the surface of the particles.

The more

recombined O, the more significant localized heating. This is reflected in the increase of
the L/D ratio as indicated in Fig.6-2.
As shown in Fig.6-3, with the increase of N2 pressure from 10-2 Torr to 760 Torr, the L/D
ratio of Ag particles which were irradiated by fs laser at a fluence ~10 mJ/cm2 for 10 sec
were ~ 0.16-0.2. The absence of a strong effect of N2 pressure on the L/D ratio arises
because N2 does not react with Ag particles, and the pressure does not significantly
influence the deposition of ablated material.

Fig.6-3, Correlation between L/D ratio and pressure in fs laser irradiated Ag particles at different N 2 pressures.
The laser fluence is ~ 10 mJ/cm2, and irradiation time is 10 sec.

A significant variation of the L/D ratio was observed when the Ag particles were irradiated
by fs laser at different air pressures (corresponding to different O2 concentration). Fig.6-4a
shows the change in the L/D ratio with O2 concentration. It is evident that at a laser fluence
7.2 mJ/cm2, increasing the concentration of O2 from 6x1011/cm3 (corresponding to
1x10-4 Torr as indicated in Fig.6-4a) to 6x1015/cm3 (corresponding to 1 Torr as indicated in
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Fig.6-4a), results in an increase in the average L/D ratio from 0.1 to 0.25.

Further

increasing the concentration to 5x1017/cm3 (corresponding to 760 Torr as indicated in
Fig.6-4a), the average L/D ratio remained almost unchanged, only slightly increasing to
0.27. This implies that at certain fs laser fluence the amount of O which is generated from
the dissociation of O2 will be saturated when the O2 concentration increases up to a critical
value. Above the critical O2 concentration, the amount of generated O can be further
increased by increasing laser fluence [133]. Fig.6-4b shows the correlation of L/D ratio
with laser fluence at O2 concentrations of 5x1017/cm3 (corresponding to 760 Torr) and
6x1011 /cm3 (corresponding to 1x10-4 Torr). It indicates that at both concentrations the L/D
ratio increases with the increase of laser fluence; while it increases much faster at the
concentration of 5x1017/cm3 than at 6x1011 /cm3, especially when the fluence is larger than
~7.2 mJ/cm2. At a concentration of 6x1011 /cm3, the L/D ratio tends to reach constant ~ 0.2
with the increase of laser fluence from ~ 4 mJ/cm2 to ~ 14 mJ/cm2. That is because this O2
concentration is much lower than the critical concentration, and the L/D ratio is therefore
limited by the concentration of O2.

Fig.6-4, Correlation between L/D ratio and the O2 concentration (a) and the laser fluence (b). The laser
fluence in (a) is 7.2 mJ/cm2.

To better understand the development squence of Ag submicron/nanoparticles under fs
laser radiation in air, the morphology change of the irradiated particles with irradiation time
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were recorded. Fig.6-5 shows the SEM images of the morphology for Ag
submicron/nanoparticles irradiated by fs laser pulses for 1, 4, 7, and 10 sec at a fluence
14 mJ/cm2.

Here, high fluence (~ 14 mJ/cm2) was used in order to obtain visible

morphology change of the irradiated paticles in small irradiation time.

Fig.6-5, SEM images of the morphology for the Ag NPs where were irradiated by fs laser at fluence
14 mJ/cm2 for different time. (a) 1 sec; (b) 4 sec, the inset image shows the holes in the Si wafer; (c) 7 sec; (d)
10 sec. The double ends arrows show the laser polarization.

Fig.6-5a shows that after 1 sec laser radiation, “tab-like” structure formed on the irradiated
particles, but no evident damage to the particles was observed. This is similar with the
observations in Figs.6-1 and 6-2. With an increase of irradaition time to 4 sec (Fig.6-5b),
the particles start to be ablated. Some particles were blown away after laser irradiation
leaving two holes in the Si wafer, as shown in the inset of Fig.6-5b. Since the laser fluence
was much lower than the damage threshold fluence of Si wafer [115], the holes in the Si
wafer were caused by the enhanced ablation in LSP-induced hotspots as reported
previously [73]. This implies that the ablation of the particles started from the edge of its
bottom surface where electric field enhancement in the hotspots is much higher that in
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other locations (this is supported by the simulated electric field distribution in the NPs, data
as shown later in Fig.6-6). Further increases in the irradiation time to 7 sec (Fig.6-5c) and
10 sec (Fig.6-5d), results in more serious ablation of the particles, and the particles were
extend in the laser polarization direction due to the re-deposition of ablated materials,
facilating the joining of separated Ag submicron/nanoparticles.
As discussed in Fig.6-5, the ablation of a Ag particle starts from the edge of its bottom
surface where the hotspots are located due to the excitation of LSP. To demonstrate this,
FDTD simulations were carried out to identify the hotspots distribution in the irradiated Ag
particles on the Si wafer. The schematic of the simulation setup is shown in Fig.6-6a,
where an Ag cylinder with a diameter/height (Y/Z) ratio of 2.8 is placed on the 30 nm thick
Si wafer with a 2 nm SiO2 surface layer. Laser radiation with wavelength 800 nm is
incident in the Z direction and the laser polarization direction is parallel to the Y axis. The
hotspot distribution in the YZ (Fig.6-6b) and XZ planes at different heights (Figs.6-6c, 6d
and 6e) are recorded. Fig.6-6b clearly shows that the hotspots with the highest electric
field enhancement factor are located at the bottom edge of the particle. This is consistent
with the SEM observation in Fig.6-5b. The hotspot distribution in the XY planes at
different heights of the particle, as shown in Figs.6-6c, 6d and 6e, indicates that the electric
field enhancement factor at the bottom edges of the Ag particles is several tens times
higher than at other locations. It also shows that the distribution of the hotspots is parallel
to laser polarization. This is consistent with the SEM observation of directional ablation of
the Ag particle in the laser polarization direction, suggesting that LSP-induced electric field
enhancement (or hotspots) is the trigger for the enhanced ablation in air.
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Fig.6-6, Schematic for FDTD simulation of the electric field enhancement in Ag NP (Y=150 nm) which is
placed on a 30 nm Si wafer with a 2 nm SiO2 surface layer (a), electric field enhancement (bright area, the
same in the following figures) in XZ plane (b), electric field enhancement in the XZ plane which is 1 nm
above the bottom surface of the particle (c), electric field enhancement in the XZ plane which at the half
height of the particle (d), electric field enhancement in the XZ plane which is 1 nm below the top surface of
the particle (e). The laser with wavelength 800 nm is incident in Z direction, and laser polarization is in Y
direction. The enhancement factor in the scale bar is defined as E12/E02.

6.5 Joint analysis of interconnected Ag submicron/nanoparticles
As discussed above, under fs laser radiation, the irradiated submicron/nanoparticles
extended in the direction of laser polarization due to the accumulation of ablated material,
possessing the potential of interconnecting separated particles for application in the
assembly of nanodevices. Fig.6-7a shows that the separation distance between two Ag
particles was reduced due to the accumulation of re-deposited material in laser polarization
direction after fs laser radiation at fluence ~ 7.2 mJ/cm2 for 10 sec. Some of the Ag
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particles were even interconnected when the separation distance between them was illdefined, as shown in Fig.6-7b. Ag particles with very large separation distances (~180 nm)
could also be interconnected when the irradiation time was increased to 30 sec and 50 sec,
as shown in Figs.6-7c and 7d. A bridge is obtained via the accumulation and sintering of
ablated material between the separated particles. Prolonging the irradiation time results in
the further accumulation of re-deposited material between the separated particles,
facilitating the interconnection of particles with large separation distance.

Fig.6-7, SEM images of the morphology for the interconnected Ag particles which were irradiated by fs laser
at fluence ~ 7.2 mJ/cm2 for different time. (a-b) 10 sec, (c) 30 sec, (d) magnified view of the square area in (c),
(e) 50 sec, (f) magnified view of the square area in (f). The double ends arrows show the laser polarization
direction.
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This is supported by the increase of the ratio between the total length L1 of the irradiated
particle and its diameter D with the increase of irradiation time. The schematic for the
measurement of L1 and D is shown in Fig.6-8a. Fig.6-8b shows that, at a fs laser fluence of
approximately 7.2 mJ/cm2, the L1/D increased from 1.1 to 1.54 and tended to reach a
constant when the irradiation time increased from 0 sec to 70 sec. After 70 sec laser pulses
irradiation, Ag particles were seriously damaged (Fig.6-8c), and in some cases the
remaining part of the irradiated particle would be popped out from the deposited materials
as shown in the inset image of Fig.6-8c. This can be contributed to the impact of the
ablated material from the bottom edge of the irradiated particles, which is consistent with
the SEM observation in Fig.6-5.

Fig.6-8, Schematic for the measurement of the total length L1and diameter D of the extended NP (a), (b)
correlation between L1/D ratio with irradiation time at fs laser fluence ~7.2 mJ/cm2, (c) SEM images of the
morphology for the Ag NP which was irradiated by fs laser at fluence ~7.2 mJ/cm 2 for 70 sec. The double
ends arrows in (c) show the direction of laser polarization.
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For fs laser irradiation at higher fluence, the sintering of the re-deposited material in the
interconnected area can be more extensive due to higher energy input, and a relatively
denser joint structure can be obtained.

As shown in Fig.6-9a, dense interconnection

between two Ag submicron-sized particles with diameters 430 nm and 500 nm and
separation distance 110 nm were obtained by fs laser irradiation at a fluence of
approximately 11 mJ/cm2 for 10 sec. This did not cause serious destruction of the particles
except in the pole areas which were parallel to the laser polarization direction. Figs.6-9b
and 9c show TEM images of the cross-section morphology in the interconnected area. It
can be seen that two Ag submicron particles were interconnected via the accumulation of
re-deposited material. This is reflected in the clear bonding interface between the Ag
submicron particle and the re-deposited material (Fig.6-9d). The presence of re-deposited
material in the Si wafer suggests that the ablated material came from both the Ag submicron particles and the wafer due to localized heating.

EDS analyses in the

interconnected area show that Si and O are present in the area close to the Ag particle. The
ratio between Si and O atoms was approximately 1 (EDS spots A, B, C in Fig.6-9c). This
ratio is close to that in the SiOx (x<2) layer on the surface of Si wafer [127], suggesting that
this material came from the ablation of the Si wafer. In the center of the interconnected
area, the material consisted mainly of Ag with a small amount of Si but with some O (EDS
spots D in Fig.6-9c), indicating there was no oxidation of Ag during its reaction with the
atomic O from the dissociation of O2. This is consistent with the above analysis and
reveals that no Ag2O is present in the ablated material. This implies that O2 assisted fs laser
processing technique can be used to join well-separated Ag particles without causing
oxidation and possesses the potential for application in fabrication of nanoscale electronic
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devices. Here, the Si in the re-deposited material came from the ablation of the wafer. The
presence of Si in the interconnected area will influence the strength and electric
conductivity of the joint. Figs.6-9d and 9e show the HRTEM images of the morphology
for the interconnection of spots A and D, respectively. A clear bonding interface between
the particle and the re-deposited material was observed in the area close to the particle
(Fig.6-9d), while pure Ag-Ag metallic bonding could also be obtained in the center of the
interconnected area, suggesting that complete metallic bonding between the irradiated Ag
submicron particles could be obtained if the Si can be eliminated by reducing the ablation
of the Si wafer.

Fig.6-9, SEM and TEM analyses of Ag submicron particles which were irradiated by fs laser at fluence
11 mJ/cm2 for 10 sec. (a) SEM image of the morphology for Ag submicron particles, the double-ends arrow
shows the direction of laser polarization; (b) TEM image of the cross-section view of the submicron particles
as the dash line indicates; (c) magified viiew of the square area 1 in (b) and corresponding EDS analyses of
spots A, B, C, D; (d) HRTEM image of spot A in (c); (e) HRTEM image of spot D in (c).
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Ablation of the Si wafer is due to the generation of hotspots close to the surface of the
wafer. This is apparent in a FDTD simulation of the distribution of hotspots in the dimer
particles present in Fig.6-9a. Fig.6-10a shows that hotspots are produced at the top and
bottom tips of the particles in the region of the gap. The presence of hotspots at the bottom
edge of the particles near the surface of Si wafer will be more commonly observed, because
the particles usually had curved top surfaces due to the nature of the sputtering deposition
process. The effect of curvature on the top of the particles on the location of hotspots can
be seen in Fig.6-10b.

Fig.6-10, LSP-induced hotspots distribution (bright area) in different structures. (a) simulation of the dimer
particle in Fig.6-9a, the Ag particles on the left has D1=500 nm, D2=470 nm and H=130 nm, the one on the
right has D=430 nm and h=121 nm. (b) the effect of introducing curvature as shown. The curvature height is
60 nm. 800 nm wavelength laser radiation is incident in the Z direction, and the black double ends arrow
shows the direction of optical electric field.
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6.6 Selective tuning of hotspots
Elimination of ablation of the Si wafer can be accomplished by tuning the location of LSPinduced hotspots in the irradiated Ag particles. The influence of particle geometry, the
ordering of particles including the distance by which they are separated, and laser
wavelength has been studied in this context. Ag cylinders which can be easily fabricated
by using electron beam lithography are chosen as representative structures.
Fig.6-11 shows the variation of the distribution of hotspots with the height of pairs of
submicron Ag cylinders under irradiation with the 800 nm wavelength laser. The cylinder
diameter is 200 nm, and the separation distance between cylinders is kept constant at 40 nm
when varying the cylinder height. The simulations show that the hotspots are located at the
bottom edges of the cylinders when the height of the cylinders is 80 nm (Fig.6-11a), but
that they move to the upper edges of the cylinders when the height increased to 100, 120
and 140 nm (Figs.6-11b, 11c and 11d, respectively).

Fig.6-11e records the minimum

height/diameter (H/D) ratio as a function of diameter consistent with the appearance of
hotspots at the upper edges of the cylinders. This indicates that the ratio decreases with an
increase in cylinder diameter and that the minimum height should be > 100 nm. It also
shows that it is impossible to generate hotspots in the upper edges of pairs of cylinders
having diameters of 100 nm. This provides an important guide for the selection of particle
sizes.
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Fig.6-11, Changes in the distribution of hotspots between pairs of identical Ag cylinders having a diameter of
200 nm and different height. (a) Height is 80 nm; (b) Height is 100 nm; (c) Height is 120 nm: (d) Height is
140 nm; (e) Required minimum height/diameter (H/D) ratio in cylinders pairs with different diameters for the
appearance of hotspots at upper edges; the cross indicates that there are no hotspots at the upper edges. The
separation distance between the cylinders is constant at 40 nm, and the cylinders are irradiated by 800 nm
wavelength laser in the Z direction.

The effect of separation distance between pairs of cylinders on the spatial distribution of
hotspots is shown in Fig.6-12. The simulations show that the hotspots are located at the
upper edges of the cylinders when the separation distance is < 100 nm (Figs.6-12a, 12b and
12c). In general, the enhancement factor in the hotspots also decreased with an increase of
separation distance (Fig.6-12f). With a further increase in the separation distance to 120
and 160 nm, hotspots appear at the bottom edges of the particles (Fig.6-12d and 12e).
Simulations are then useful in determining the irradiation conditions that minimize the
damage to the underlying Si wafer.
The effect of laser wavelength on the distribution of hotspots is given in Fig.6-13a. This
shows that in pairs of Ag cylinders having 400 nm diameter and 60 nm height, hotspots are
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located at the upper edges between the cylinders when irradiated by a 500 nm wavelength
laser. This type of distribution minimizes damage to the Si wafer. With laser wavelength
is increased to 600, 700, and 800 nm, the hotspots move toward the surface of the Si wafer.
This suggests that for pair of cylinders of a given diameter, the required minimum H/D
ratio can be further decreased by decreasing the wavelength of the laser pulses.

Fig.6-12, Hotspots distribution between pairs of 400 nm diameter Ag cylinders with different separation
distances.(a) 40 nm; (b) 60 nm; (c) 100 nm; (d) 120 nm; (e) 160 nm; (f) correlation between separation
distance and enhancement factor in the hotspots. The pairs of cylinders are irradiated by 800 nm wavelength
laser in the Z direction.

Fig.6-13, Hotspots distribution in pairs of Ag cylinders which are irradiated by different laser wavelengths. (a)
500 nm; (b) 600 nm; (c) 700 nm; (d) 800 nm. The diameter of the cylinders is 400 nm, and the height is
60 nm. The laser is incident in the Z direction, and gap distance is constant at 40 nm.

114

In summary, varying the particle geometry, the structure of pairs of particles, and the laser
wavelength allow for tuning the distribution of hotspots to facilitate the interconnection of
adjacent Ag cylinders for specific practical application.
6.7 Summary and concluding remarks
In this work, it is demonstrated that Ag submicron/nanoparticles can be directionally
ablated by fs laser irradiation in air via LSP-induced hotspots in fluence range of
2~14 mJ/cm2. The hotspots also facilitate the dissociation of O2 which further accelerates
the ablation process as O atoms react with the Ag surface and produce additional localized
heating. The ablated material re-deposits near the irradiated particles and results in their
directional extension in the direction of the laser polarization, facilitating the
interconnection of Ag submicron/nanoparticles.

TEM analyses of the cross-section

morphology for interconnected Ag particles indicate that no Ag2O is present in the
interconnected area but that some SiOx and Si is present. This material originates from the
ablation of the Si wafer.

FDTD simulations show that changing particle geometry,

structure arrangement and laser wavelength can tune the distribution of hotspots to
minimize this effect and damage to the Si wafer. This should result in improved joint
strength and electric conductivity in the junction.
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Chapter 7 Conclusions and Suggestions for Future Work
7.1 Conclusions
The work described in this thesis has focussed on a study of the interaction of fs laser
radiation with Ag submicron/nanoparticles under a variety of conditions. These conditions
include, particles with or without a PVP coating, particles in random motion in solution,
and particles deposited on a Si wafer in air or high vacuum. The mechanisms responsible
for the interconnection of Ag particles under these conditions have been investigated and
the role of the excitation and propagation of LSPs in the fs laser irradiation process has
been identified. The conclusions drawn from these studies can be summarized as follows:
1. The fs laser radiation causes the dissociation of PVP which is coated on the surface of
Ag NPs and its transformation into amorphous carbon. The formation of hydrophobic
amorphous carbon on the surface of Ag NPs promotes the adhesive bonding of NPs in the
aqueous solution. Hotspots, where electric field is enhanced, are then generated between
the adhesively bonded Ag NPs due to the excitation of LSP. This enhances the removal of
the amorphous carbon in the junction between NPs, leading to the formation of metallic
bonds. In addition, the gradient of the electric field in the hotspots in the joined structure
can lead to the appearance of an optical force on nearby NPs. This facilitates the attraction
and bonding of the nearby NPs to the original structure, resulting in the formation of larger
NPs assemblies consisting of joined component when the NPs solutions are irradiated at
fluence > 1.8 J/cm2.
2. In plasmonic Ag NPs structures deposited on the surface of a Si wafer, NPs are melted
and may be joined when irradiated with fs laser pulses at fluence > 7.2 mJ/cm2, forming
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larger spherical particles. This process is attributed to the enhanced absorption of laser
radiation which associated with the generation of LSP-induced hotspots in the plasmonic
structures. LSP-induced hotspots promote the decomposition of PVP coatings, which
further increase the absorption of laser radiation. As a result, an absorption efficiency > 0.7
can be obtained in the plasmonic structures.
3. Ag sub-micron/nanoparticles (50-600 nm) were deposited on the surface of a Si wafer by
laser ablation of an Ag target. It was found that at fs laser ablation of these particles in
high vacuum (10-6 Torr) occurs in the areas near the hotspots. In the case of sub-micron
Ag particles pair with a small distance (~ 30 nm), ablation is located between the particles
when the laser polarization direction is parallel to the long axis of the particles pair.
Ablated material is redeposited between the particles, resulting in their interconnection.
The ablation is significantly enhanced when the Ag particles are irradiated in air at a
pressure > 1 Torr; and the interconnection of particles with larger separation distance
(> 100 nm gap) can be achieved at an air pressure of 760 Torr. This is attributed to the
enhanced local heating arising from the reaction of atomic oxygen with the surface of Ag
particles. The atomic oxygen is believed to be produced from the multi-photon dissociation
of oxygen molecules, and this process is enhanced in the vicinity of laser-induced hotspots.
7.2 Suggestions for future work
Based on the above research results, some future work about fs laser fabrication is
suggested as:
1. In-situ fabrication of nanodevices based on pre-fabricated plasmonic structures by
manipulating LSP-enhanced optical force, local heating or local ablation. Chemical
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synthesis is a convenient method for the production of nanomaterials for nanodevice
fabrication, but positioning these chemically synthesized nanomaterials and joining them to
a substrate is difficult. Precise manipulation of precursor with AFM tip combined with
near scanning optical microscopy (NSOM) without causing serious damage to the
nanomaterials is a challenge. Pre-selection of specific plasmonic structures followed by
the fabrication of tailored functional nanodevices via the manipulation the hotspots in the
pre-fabricated structures as discussed above is an attractive alternative. Electron beam
lithography is the technique of choice for pre-fabrication plasmonic structures due to its
high resolution. This is enhanced by FDTD calculations which guide the design of prefabricated plasmonic structures. These studies will be helpful for obtaining better
understanding LSP facilitated nanofabrication.
Fig.7-1 shows an example of a field effect transistor which can be produced based on prefabricated metallic plasmonic nanocylinders, electrodes (drain and source) and single
crystalline Si nanocube on the insulate substrate, by utilizing electron beam lithography
technique and fs laser radiation. Before fs laser irradiation, the pre-fabricated nanocylinders,
electrodes, and nanocubes are isolated. After fs laser irradiation with a polarization
direction parallel to nanostructures array, the metallic nanocylinders will be ablated and
extended along both sides along the laser polarization direction due LSP-induced local
ablation as reported in chapter 6. This will result in the interconnection of the electrodes
and the Si nanocube and formation of a single particle field effect transistor. Fig.7-2 shows
the proposed fabrication protocol for this field effect transistor. The procedure includes
resist coating, electron beam etching, metallic film deposition, lift-off, positioning of the Si
nanocube, and fs laser radiation. The first four operations in the fabrication procedure are
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standard processes in electron beam lithography. After lift-off, the Si nanocube can be
positioned into the pre-fabricated pattern by charge patterning as reported previously [140],
and then be interconnected to the drain or source by fs laser radiation, forming a field effect
transistor. This procedure can also be used to produce transistor arrays for applications as
sensor arrays.

Fig.7-1, Schematic for the design of a single particle field effect transistor

Fig.7-2, Procedure of producing a single crystalline Si field effect transistor by combining electron beam
lithography and fs laser radiation.
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2. Investigation and quantitative characterization of the stability of Ag and Cu
nanomaterials after fs laser irradiation. Ag nanomaterials show promise applications in
nano-electronics or optics because of their excellent electrical or optical properties.
However, these nanomaterials, especially Ag nanowires which are usually produced by
chemical synthesis method, are not stable when they are thermally heated or exposed to
sulfur-containing air. The stability of Ag nanomaterials can be improved by modifying the
crystal structure. As reported, Ag nanowires with <111> crystal facets are more stable than
those with other types of facets [141]; while fs laser annealing at low fluence (less than
several tens of millijoule per square centimeter) might be an effective way of obtaining
thermally stable crystal structures. In addition, fs laser induced dissociation of the polymer
on the surface of Ag nanomaterial into amorphous carbon can also be used to inhibit the
reaction of Ag with sulfur-containing chemicals in air. A quantitative characterization the
stability of Ag nanomaterials can provide a valuable guide for the use of these materials in
industrial applications.
Identify the feasibility of improving the anti-oxidation ability of Cu nanomaterials by
transforming their polymer coating on the surface into amorphous carbon with fs laser
radiation, and then quantitatively characterize the anti-oxidation ability of carbon coated
Cu nanomaterials will also be an interesting topic for nanoelectronics. The Cu
nanomaterials have similar electric conductivity to Ag nanomaterials, it is less susceptible
to electromigration and the cost is much lower.
3. Extend the research into gas assisted fs laser processing for high aspect hole drilling for
applications in integrated optics. In integrated optics, holes with ~200-300 nm diameters
have to be drilled to deeper than 2 µm in photonic crystals (InP or InGaAsP based), in
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order to produce vertical step-index waveguides for compact optical solutions. Chemical
assisted ion beam etching (CAIBE) or plasma etching are two widely used methods, where
chlorine (Cl2) is usually used as assistant chemical. In these methods, a mask is usually
needed to protect the photonic crystals against the damage from the high energy ion beam
or plasma. It is found that the ion beam or plasma tends to produce a rough sidewall which
affects the waveguide performance.
By utilizing fs laser irradiation, self-focusing of laser beam can generate localized high
intensities, trigger the ionization and dissociation of Cl2. This could facilitate etching of
these photonic crystals. In addition, the dissociation energy of Cl2 is only 2.5 eV. This can
reduce the requirement of the incident laser intensity, minimize laser induced damage to
the photonic crystal and obtain higher quality holes. Mask material may be not necessary,
which makes the procedure much simpler.
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