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Preface

Manufacturing is the basis of modern economics and society. The modern pursuit
of high quality of life requires the revolution of modern manufacturing and engi-
neering to produce products with unprecedented complex structures and properties.
Reducing the costs in materials and energy, and enhancing freedom in design while
continuously improving the performance at the device and system level remain
major technological challenges. Micro- and nano-manufacturing, especially 2D and
3D microprinting, has emerged as effective solutions for the development of the
Internet of things (IoTs), 5G/6G communication, portable electronics, artificial
intelligence, and automated driving.

Lasers are powerful tools for various machining processes. For precision
manufacturing at a micro-to-nano-scale, the fundamental understanding of light-
nanomaterial interaction is crucial. The basic energy and mass transporting govern
the relevant machining procedures. Unlike the macroworld, the unique properties
and principles will be dominant in a microworld and nanoworld, such as the surface
energy becomes dominant compared to volume energy and capillary force will
overcome the gravitational force. This leads to the size effect of melting and
innovative assembly strategy of nanomaterials. These must be further considered in
precision micro-to-nano-manufacturing. On the other hand, with the blooming of
laser technologies, laser enables work using tunable wavelengths, pulses, shapes,
powers and other processing parameters. Especially due to the extensive availability
of cheaper semiconductor laser and fiber laser, laser-based manufacturing becomes
versatile in 2D-3D printing. Moreover, laser-based micro-nano-manufacturing can
be integrated with other advanced manufacturing tools to address intellectual and
green manufacturing. This makes laser-based micro-nano-manufacturing very
unique and promising for microelectronics, energy, environment application.

In this book, we first introduce the fundamental of light-nanomaterial interaction,
the size effect, the scaling of nanomaterials, and the surface plasmonic excitation of
nanomaterials. For photonic manufacturing, we mainly compare the photothermal
effect induced by long pules (long than 1 picosecond) or continue wave laser to the
nonthermal effect induced by an ultrafast pulsed laser (shorter than 1 picosecond).
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Subsequently, we review two kinds of key techniques for micro-to-nano-
manufacturing: various micro-to-nano-manipulations and nanojoining. Based on
these reviews, we introduce the latest progress on innovative molecular devices,
near-field manufacturing, and super-resolution manufacturing.

In Chap. 2, Minlin Zhong and Peixun Fan present a comprehensive overview
of the state of the art and current challenges of antireflection surface micro-
nano-structures (SMNS), especially those fabricated by laser. The antireflection
performances of the fabricated SMNS demonstrate in detail different multiscale
structures. They also discuss the great application prospects of these SMNS.

In Chap. 3, Casas and Kautek focus on one potential approach to surpass the
optical diffraction limit by introducing “Apertureless Scanning Near-Field Optical
Lithography.” In this method, a scanning probe microscope tip is illuminated by a
focused laser beam and the electromagnetic field is strongly enhanced in the
vicinity of the tip’s apex. This may generate nanomodifications on a solid surface in
close proximity to the tip. In this chapter, they review the thermal effects that allow
distinguishing the underlying physical mechanisms: near-field optical enhancement
and/or thermal surface modification.

In Chap. 4, Compagnini et al. review the basic principles of pulsed laser-induced
nanoparticle synthesis in liquid. Two kinds of materials are focused as case studies,
porous graphene, and TiO2 nanoparticles. Biosensing and photocatalytic degrada-
tion by these materials are discussed.

Sano et al. introduce laser peening, as a surface modification technology using
laser-driven shock compression to improve the properties of metals such as hard-
ness, residual stress, fatigue properties, and corrosion resistance. A femtosecond
laser-driven shock wave in solids enables peening without sacrificial overlay under
atmospheric conditions. A brief explanation of a formation mechanism of a fem-
tosecond laser-driven shock wave in solids including interactions of femtosecond
laser pulse with metals and femtosecond laser ablation of metals, and applications
of the femtosecond laser peening without sacrificial overlay under atmospheric
conditions on aluminum alloy and iron are described in this chapter.

Feng Chen et al. review the laser processing of optical waveguides. The focused
ultrashort pulses interact with the bulk matrix, resulting in modification of the
refractive index of the localized regions. Both positive and negative index changes
have been successfully utilized to generate waveguiding effects. Owing to the
capability and feasibility of direct femtosecond laser writing, a number of waveg-
uide devices have been fabricated in versatile optical materials, which brings out
intriguing applications in many areas.

Guoying Feng et al. overview the laser processing microfluidics. Microfluidic
channels are the key components of a micro-total analysis system (l-TAS).
Photolithography is a major method of microfluidic channels fabrication which is
actually a two-dimensional planar fabrication technology. They argued that the
fabrication of three-dimensional (3D) microfluidic structures by photolithography-
based techniques requires additional stacking and bonding, leading to an increase in
complexity and cost. A main method for achieving 3D microfluidic structures in
transparent substrates is to use Femtosecond Laser Direct Writing is demonstrated.
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Sugioka et al. focus on laser direct writing of microfluidic devices and
nano-scale additive manufacturing. Microfluidic devices with three-dimensional
(3D) configurations and multiple functionalities are exceptionally useful for on-chip
construction of artificial biological environments and 3D manipulation of
bio-species in microscale spaces. Direct writing of 3D microstructures having
designable functionalities with femtosecond lasers allows the production of
microfluidic, micro-optic/photonic and microelectronic elements, which can be
monolithically integrated into a single glass substrate for the fabrication of
high-performance biochips. The principles of fs laser direct writing manufacture of
microfluidic, optofluidic, electro-fluidic, and ship-in-a-bottle biochips are intro-
duced herein. Practical techniques and recent advances are reviewed. In addition,
possible future directions in this field are discussed.

In Chap. 9, Zergioti et al. cover the laser-induced forward transfer as a prosing
additive manufacturing. This chapter discusses the fundamental theory supporting
laser printing and specifically laser-induced forward transfer that is a direct
non-contact and non-destructive laser printing technique in an aim to provide a
complete overview of the printing mechanism and the jetting dynamics, while
potential applications are also presented. This chapter is also focused on the evo-
lution of the technique toward additive manufacturing as well as industrialization
activities that have risen in the last five years.

Kirihara reviews that artificial dendrite structures with dendritic geometries and
spatially ordered micro-cavities are successfully fabricated using three-dimensional
stereolithographic printing and ultraviolet laser. The metal and ceramic nanoparti-
cles are dispersed in photosensitive liquid resins to obtain thixotropic pastes. Solid
electrolyte dendrites of yttria-stabilized zirconia have been fabricated for fuel cell
miniaturization. Subsequently, metallodielectric photonic crystals with diamond
lattice structures are printed and demonstrated. Moreover, artificial bones of
hydroxyapatite scaffolds were modeled to realize excellent biocompatibility. The
graded porous structures in the artificial bones were processed.

In the last chapter, Wilhelm et al. report that laser processing technologies for
micro-/nano-structuring of electrode materials in improving the electrochemical
performance and operational lifetime of lithium-ion cells. Different types of laser
structuring are used on metallic current collectors and thin or thick film electrodes.
For thin metallic current collector foils, at anode and cathode sides, the
self-organized structuring by laser-induced periodical surface structures and laser
interference methods is successfully applied for improving electrode film adhesion
and cell impedance. For thin and thick film electrode layers, direct laser ablation
with structure sizes down to the micrometer range and high aspect ratios is found
most powerful in order to create three-dimensional (3D) cell architectures with
benefits regarding cell performance and a homogenous wetting of composite
electrodes with liquid electrolyte. A huge impact of laser formed 3D batteries
regarding capacity retention and cell lifetime at high charging and discharging rates
is detected. A further improvement of 3D battery performance due to an operation
in high potential regime and for advanced high energy silicon anode material has
been achieved by joining of laser structuring and thin film passivation either of
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active particles before laser patterning or by passivating of complete 3D electrodes
after laser processing. The impact of 3D architectures on lithium distribution and
chemical degradation processes in 2D batteries is studied.

We hope this book can provide a fundamental yet comprehensive overview
of the state of the art of laser micro-nano-manufacturing and 3D microprinting. It
can be utilized as an instructive book for graduate students and senior undergrad-
uates to grasp the latest developments in this field. It can also be a reference for
researchers and engineers to quickly access a great number of research articles in
this direction. It is necessary to mention that there are lots of important fields are
excluded in this book due to the width and depth of laser processing. Meanwhile,
due to rapid growth and new insight in this field, it is inevitable to have some
mistakes in the current version. The correction from the readers is welcome and will
be integrated in the future editing. Finally, I owe special thanks to all authors for
their great efforts in preparing corresponding chapter. It was my great honor to work
with all those who have collaborated, shared, reviewed, helped, explained, and, in
general, taught me about this interdisciplinary field. I would thank Viradasarani
Natarajan and Zachary Evenson, who help to coordinate, organize and discuss, and
edit this book.

Knoxville, TN, USA Anming Hu
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Chapter 1
Introduction to Laser Micro-to-Nano
Manufacturing

Anming Hu, Ruozhou Li, Shi Bai, Yongchao Yu, Weiping Zhou,
Denzel Bridges, Yangbao Deng, and Lingyue Zhang

Abstract Laser-based micro-to-nanomanufacturing becomes attractive in surface
engineering, precising machining and 2D and 3D microprinting. This chapter intro-
duces the fundamental of light-nanomaterial interaction, the size effect and scaling
of nanomaterials and the surface plasmonic excitation of nanomaterials. We focus on
the unique features of energy and mass transporting at a nanoscale under photonic
excitation. For photonic manufacturing, we mainly compare the photothermal effect
induced by long pulse (long than 1 picosecond) or continue wave laser to the
nonthermal effect induced by an ultrafast pulsed laser (shorter than 1 picoseconds).
We review various laser-based processing, such as, photonic reduction, sintering,
laser direct writing and laser carbonization. Subsequently we reviewed two kinds of
key techniques for micro-to-nanomanufacturing: various micro-to-nano manipula-
tions and nanojoining. On the basis of these reviews, we introduce latest progresses
on innovative molecular devices, near-field manufacturing and super-resolution
manufacturing.
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1.1 Introduction

Laser has become a powerful and versatile tool for manufacturing various mechan-
ical, energy, optoelectronic and biomedical devices with a precision down to amicro-
and nano-size [1–3]. To enable a precise engineering and manufacturing it is a
linchpin to understand the fundamentals of laser-matter interaction, specially at a
small scale [4–6]. Due to the scaling law and the size effect, many materials will
behave quite different from their bulk counterparts. Meanwhile, the principles of
micro-optics and nanophotonics, which govern the propagation and further manip-
ulation of light and laser (i.e., high single color, extremely strong and aligned light)
and the optics at a macro scale are fundamentally disparate. This point has to be
considered for micro-to-nano manufacturing. Due to the blooming development of
both nanotechnology and nanophotonics, micro- and nanomanufacturing based on
laser technology is demonstrating the bright perspective for the extensive application
in emerging consumable electronics, flexible, portable and wearable electronics, big
data, Internet of things (IoTs).

Traditionally, a pulse period shorter than a nanosecond (10−9 s) is named as ultra-
fast laser. Since the invention of chirped pulse amplification, femtosecond (10−15

s) lased laser has attracted extensive interests for precision machining [7]. It has
found that limited heating diffusion on the surrounding region of the processed area
is one of pronounced features of ultrafast laser processing [8, 9]. By employing
a femtosecond ultraviolet laser, polymethyl methacrylate was ablated without the
formation of a heat-affect zone [10, 11]. Comparing to the ablationwith a nanosecond
pulsed laser, the ablation threshold using a femtosecond and or a picosecond laser
was also reduced significantly. These features encourage the high-precisionmanufac-
turing using various materials, such as biological tissues, semiconductors and other
dialectical materials [12]. For an ultrafast interaction, the absorption of photons stim-
ulates the carriers within hundred femtoseconds (fs), which is too short to disturb
lattice since the electron-phonon coupling typically occurs in range of 1-100 ps [13,
14]. Meanwhile, an ultrafast pulse width is less than 1 ps. Thus, in an ideal case,
ultrafast excitation only occurs within the focal spot. However, for a laser pulse
with duration of nanoseconds or longer, the thermal diffusion cannot be neglectable
[15]. On the other hand, the nonlinear multiphoton absorption is another important
aspect of ultrafast laser processing. The probability of multiphoton absorption can be
significantly increased with the extremely high laser peak intensity of tightly focused
ultrashort laser pulses since the probability is a power function of the peak inten-
sity [16, 17]. The highly localized nonlinear effect of ultrashort laser may lead to a
super-resolution processing beyond the optical diffraction limit and thereby strong
absorption can even occur in a transparentmaterial [18, 19]. Thismultiphoton absorp-
tion of ultrafast laser not only permits the surface processing, but also permits the
internal microfabrication of transparent materials, such as glass and polymer [20,
21]. Due to the unique multiphoton excitation and the aforementioned highly local-
ized thermal processing, ultrafast laser is found unprecedent application for precise
micro-to-nanomanufacturing.
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This chapter is organized as follows: starting from the absorption, ionization
and surface plasmonic excitation we will briefly review the fundamentals of laser-
matter interaction based on a electron-hole plasma frame. We will specially discuss
the differences of two kinds of laser, ultrafast pulsed laser and long pulsed or
continuous-wave laser interacting with a dielectric material and metal. Based on
these physical pictures, we will introduce unique electromagnetic properties of
nanomaterials through the scaling law, and then we will briefly overview nanopho-
tonics and plasmonics. In the Sect. 1.4, we will focus on the unique thermal and
nonthermal phenomena dominantly induced by long laser pulses and short pulses,
separately. In the following two sections, we can review two key fields for micro-to-
nanomanufacturing, i.e., nanomanipulation and nanojoining. At last, we will review
the latest progress on the nanomanufacturing overcoming the optical diffraction limit.

1.2 Laser-Matter Interaction: Absorption and Ionization

Light-matter interaction is based on the photonic energy is reflected (and/or scattered)
by the surface and the absorption of molecules. According to the Lambert-Beer law,
the transmittance T can be expressed as (1.1.1)

T = I/I0 = e−αx (1.1.1)

where, x is thewidth ofmedia, I0, I and I ′ stand for incident, transmitted and reflected
light intensities, respectively. Thus, the interaction only happens in the surface layer
(the penetration layer) L ~ 1/α for a non-transparent material. Figure 1.1 shows a light
transmitting material with absorption coefficient, α. For graphite, this depth is about
30 nm for 620 nm light [22]. For aluminum, the penetration depth is about 15 nm at
308 nm [23] (Palik 1985). The conventional absorption spectroscopy measures the
absorbance A = Ln(I0/I ) = αx .

The primary laser-matter interaction process thus involves the excitation of elec-
trons from their equilibrium states to higher energy levels by photo-absorption. Since
the light is an electromagnetic wave, the physics of interaction can be described in a
better picture by electromagnetic theory. We suppose that a material fills half-space
at x > 0, overlapped by the skin depth (optical penetration depth) l = c

ωκ
, where k is

the imaginary part of the refractive index and ω the light frequency. At a low laser

Fig. 1.1 Absorption,
transmission and reflection
in a planar sample
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power (i.e., the laser power lower than the ablation threshold) for a visible to infrared
light (at this band, the intra-band absorption can be neglect. For a ultraviolet wave-
length, the Loranz-Drude approximation is needed [24, 25] for electron excitation
due to the intra-band absorption), the material state can be described by a dielectric
function in the Drude approximation

ε = 1 − ne
〈σ 〉
ω

(i + ωτm) = 1 − ω2 pe
ω(ω + ivm)

ε1/2 = n + ik (1.1.2)

Here ne is the electron density, ωpe is the frequency of electron plasma under
excitation, ωpe = (4πe2ne/m)1/2, vm is an effective collision frequency of electrons
with the lattice (ions). The corresponding absorbance, reflection coefficient, and
transmittance, A, R, and T, are given by

R =
∣
∣
∣
∣

1 − √
ε

1 + √
ε

∣
∣
∣
∣
= 4Re

√
ε

∣
∣1 + √

ε
∣
∣
2

T =
∣
∣
∣
∣

2Re
√

ω

1 + √
ω

∣
∣
∣
∣

and A = 1 − R ≈ 4Re
(√

ε

|ε|
)

≈ 2 ν
ω

(
ne
ne

)1/2
here ne = πmc2/(e2λ2) is the critical

density.
We will further consider the surface plasmonic excitation (ωpe) in details in the

Sect. 1.3.2. Here, let us first consider photonic-induced ionization at a short light
wavelength or a high laser power. For a conventional photoelectron effect, the elec-
tron energy is linear dependent on the photonic energy when the photonic energy is
higher than a threshold potential. For a transparent dielectric material, there is limited
absorption when the photon energy is smaller than the energy gap Eg of dielec-
tric material. Nonlinear absorption mechanism allows photonic-induced ionization.
According to the laser intensity and the wavelength, there are three mechanisms for
ionization, i.e., tunneling ionization [26], multiphoton ionization [27] and avalanche
ionization induced by inverse Bremsstrahlung [28]. Shown in Fig. 1.2, the boundary
for the first two cases is described by the Kelddysh parameter [29].

γ = ω

e

√

mecnε0Eg

I
(1.1.3)

where e is the electron charge, me is the effective electron mass and c is the light
velocity. When the laser intensity is high and thereby lowers the potential barrier
while at a low photon energy (light frequency is low) the electron can pass through
the potential barrier through quantum tunneling. As the laser wavelength is short, the
electron ismore easily excited through amultiphoton absorption. The study displayed
that γ � 1, a tunnel ionization is dominant meanwhile the multiphoton absorption
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Fig. 1.2 Multiphoton ionization and tunneling ionization

is governed at γ � 1. When γ is approximated near 1, two mechanisms may occur
simultaneously [29]. Besides, the non-resonant nth order multiphoton ionization rate
[30] is

Pi = σn

(
I

�ω

)n

(1.1.4)

where σ n is the generalized nth order cross section and I is the peak laser intensity.
Therefore, at a long lightwavelength, themultiphoton ionization rate can be improved
at an extremely high laser intensity.

Electrons at the conduction band can also absorb photon energy through an inverse
Bremsstrahlung. When the electrons are enough hot (the kinetic energy is higher the
energy gap), they can excite the electrons from the valent band to the conductive band
through impaction and then generate two free electrons at the bottom of conductive
band (Fig. 1.3). If the intensive laser field constant presents, this excitation of the
initial electrons will be repeated and result in a large amount of free electrons. This
impact-induced ionization is called the avalanche ionization [31]. And the initial

Fig. 1.3 Avalanche ionization through inverse Bremsstrahlung excitation



6 A. Hu et al.

excited electrons can originate from the thermal excitation of impurity and/or from
tunneling andmultiphoton ionization. The avalanche ionization causes the significant
increase of free electron density. Meanwhile, the laser heat enhances the plasma
frequency ωpe approaching the laser frequency. This subsequently yields a stronger
resonant absorption and improves the free electron density to a critical value ne =
πmc2/(e2λ2)(~1022 cm3).

For a practical photonic excitation with a high laser power, these ionizations may
synergically exist. For example,with a 100 fs pulse excitation,multiphoton ionization
creates a substantial amount of free electrons. When the electron density approaches
1017 cm−3, the collisional ionization rate begins to exceed themultiphoton ionization
rate [31].When this electron density approaches 1022 cm−3, a critical electron density,
the reflectivity dramatically increases [32]. The maximum density was thus limited
to 1022 cm−3, which corresponds to approximately 10% of the total valence-band
population [32].

A lattice softening has been theoretically expected when 10% of the valence elec-
trons are excited into the conduction band [33, 34]. This lattice softening eventually
leads to lattice melting, as predicted by ab initio molecular-dynamic calculation [35,
36] and observed experimentally by time-resolved reflectivity [37]. Such melting
is an ultrafast phenomenon and is not a consequence of conventional thermal heat
transfer.

1.3 Laser-Nanomaterial Interaction

1.3.1 Scaling Law

Nanomanufacturing is further based on the laser-nanomaterials interaction. When
the size decreases from a macroscale to a nanoscale, some negligible properties at
a macroscopic world become dominant. Although some macroscopic principles are
still valid at a microsize, nanomaterials behave very unique. Specially, the quantum
effect is critical at an interatomic range or very close to the surface, i.e., within a
few nanometers distance. At this size range, a tiny nanoparticle is conventionally
named as a quantum dot. The scaling law is a useful method to observe nanoworld
based on our knowledge of the macroworld. The scaling law displaying the relation
between physical quantities, allows to investigate physical principles and variations
in the macro-, micro- and nanoworlds [38].

Size-Effect For a solid material, it is well known that surface atoms have fewer
bonds than internal atoms. Less energy is thus needed for them to leave the surface.
Considering n balls with an even diameter of R closely compacted in a 2D plane, it is
easily to calculated that the total volume is 4n/3R3, while the surface area is n R2. The
surface/volume ratio is 3/(4R), which will significantly increases when R decreases.
For a rough estimation, there are about 0.3% atoms presented at the surface for a
1 Â μm particle. However, 87.5% atoms will occupy the surface state in a 2 nm



1 Introduction to Laser Micro-to-Nano Manufacturing 7

particle! According to thermodynamics estimation, a large surface/volume leads to
a size depression effect of the particle melting temperature [39, 40]. Accordingly
to classical Gibbs-Thomson equation, the melting point of particles (Tm(d)) can be
expressed as follows [41]

Tm(d) = T (∞)

(

1 − 4σsl

Hfρsd

)

(1.1.5)

where d stands for the particle diameter, T (∞) is the bulk melting point, σsl is the
solid-liquid interface energy,H f is the bulk heat of fusion, ρs density of solid and d is
the particle size. In a practical situation, particle surfaces have a high concentration
of defects [40]. As a result, the surface atomicmobility is higher than the inner atoms.
Nanoparticles can even demonstrate more activated behaviors at a temperature lower
than its melting temperatures. Shi et al. indiced a surface melting model to describe
the thermal stability of nanoparticles and/or a 2D system [42],

Tm(d) = Tm(∞)exp

[

− α − 1
d
3h − 1

]

(1.1.6)

where h is the monolayer height of the surface atoms, r is the particle diameter, α is
a material constant, relevant to the surface vibration energy. Considering a surface
diffusion is a thermally activated, thus D(d, T ) can be written in the Arrhenius law

D(d, T ) = Do(d)exp

[

− E(d)

RT

]

(1.1.7)

where D0 is the intrinsic diffusion coefficient, R is the ideal gas constant. E(d) is the
diffusion barrier. Assuming D0(d) ~ D0(∞) and

E(d)

E(∞)
≈ Tm(d)

Tm(∞)

Combining with the Arrhenius law, one can obtain the thermally activated
diffusion coefficient as a function of particle diameter [43]

D(d, T ) = D0(d)exp

[

− E(∞)

RT
exp

[

− α − 1
d
3h − 1

]]

(1.1.8)

This indicates the diffusion is remarkably enhanced at a nanoscale. Equa-
tions (1.1.5) and (1.1.8) will significantly influence the nanomanufacturing. In brief,
(1.1.5) indicates a the nanomanufacturing does not require a high energy. For
example, compared to a welding at the macroscale is a Kilo Joule to Mega Joule
procedure, a nanojoining only needs a nanojoule energy [44]. Soldering or even
brazing at a nanoscale can be even realize by a innovative self-heating procedure
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Table 1.1 Displays the
typical forces as a scale of L
[50]

Force type Scaling

Surface tension l1

Electrostatic force l2

Fluid force l2

Weight/inertia l3

Electromagnetic force (for constant current density) l4

Van de Waal’s force l1

[44–46]. Equation (1.1.8) further indicates numerical involving mass transporting
occurs at a lower temperature, even at a room temperature [47]. Therefore, it is
understood that a joining of nanowire does not need any heat at room temperature
[47, 48]. Furthermore, (1.1.8) demonstrates the nanomanufacturing is a surface engi-
neering with a size range less than 100 nm [5, 6, 16]. It is notable that compared to
(1.1.5) successfully explain lots of experiment, (1.1.8) has not well established by
experimentally investigation [49].

Scaling Laws of Mechanics Let us consider mechanical properties varying with a
typical linear dimension L. It is obvious that the geometric area S is proportional to
L2 and the volume V varies with L3. For a weight which is dependent on the volume,
thus the weight varies with L3. The buoyancy force is dependent on the surface and
proportional to L2. The S/V is 10−4/mm for an elephant while this value is 10−1/mm
for a dragonfly. This can explain why the dragonfly can fly while an elephant cannot
(Table 1.1).

This scaling behavior will significantly influence the nanomanufacturing. It is
well known that robotic arms are extensively used in a modern automation assembly
line. As shown in Fig. 1.4, this operation cannot be realized in a nanomanufacturing
since the robotic arm cannot grasp and then release a nanoscale building block. For
a nanoparticle, its weight is pretty smaller than the tension force with the surface of
robotic arm. This means that once the particle absorbs by the robotic fingers due to
the surface it will sticks on the arm. The gravity cannot separate it from the fingers. A
robotic manipulation cannot be completed. Thus, a manipulation has to be addressed
for nanomanufacturing. We will discuss this in Sect. 1.5.

Scaling Laws of Fluidics are important for inkjet based 3D printing, sensing in
liquid and biomedical applications. When a body with a diameter of d falls into
a viscous liquid, the friction force and the gravity will make the body falling in a
constant velocity, vc, vc = 4ρgd2/18ηd vc, where η is the viscosity of the liquid and
ρ is the density of liquid.

vc ∼ L2

τ ∼ L2
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Fig. 1.4 Manipulation difference in a macroworld and a nanoworld

where τ is the transient time. The fluxmode can be identified by the Reynold number
Re, Re = ρvL/η. If v ~ L, then

Re ∼ L2

For a particle travels a distance L by diffusion in a diffusion time τ d= αD, where
α is a geometrical constant and D is the diffusion constant. One can obtain,

τd ∼ L2

For liquid passes through a needle with a diameter of α, if the needle length is L
and the flow rate is Q, the pressure drop through the needle will be

�P = 8μlQ

πα4
∼ L−3

According this scaling law, for a 30 μm in diameter and 3 cm long needle with a
flow rate of 1 microliter per min the pumping pressure is 1.5 atm, but for a 0.3 μm
in diameter needle the pumping pressure has to be more than 1.5 × 106 atm!

Scaling Law of Electromagnetics The nanomanufacturing and the operation of
nanodevices are frequently involve the electromagnetic properties. Table 1.2 displays
the scaling laws of the popular electromagnetic variables.

When the voltage remains constant and L varies, the electrical field Eel obviously
changes Eel ~ L−1. The magnetic field intensity in a solenoid with n turns of wire,
of the length L, is defined as B = nμI/L, then B ~ L. The magnetic energy stored in
the solenoid is
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Table 1.2 Scaling laws of
electromagnetic variables
[51]

Electric quantity Index, α in Lα

Current, I 2

Voltage, V 1

Resistance, R −1

Capacitance, C 1

Inductance, L 1

Power, P 2

Bmag= B2V /2μ, V is the volume of the solenoid. One can get

Bmag ∼ L5

Scaling Laws of Optics are surely critical for laser nanomanufacturing. When light
shines on the particle with a length of L, the reflective wave diverges. The divergence
angle ≈ λ/L. Hence,

θ ∼ L−1

This indicates a scattering light will have a very wide solid angle. For photolithog-
raphy, the optical diffraction limitation with a fixed numerical aperture (NA) lens
is

d ∼ L ≈ 2λ/(πNA) (1.2.1)

Therefore, a shorter wavelength is required for machining a small size of elec-
trical component of integrated circuit chips. For a nanomanufacturing, an electrical
ultraviolet (EUV) light source is required for photolithography.

These scaling laws have comprehensive influences of nanophotonic devices and
laser-based nanomanufacturing. While microsized optical fibers possess superior
performance for telecommunication with reduced lose and band width, submicro-
size photonic devices, like, ring-shape resonant cavity, Fabry-Perot laser demonstrate
limited quality factors and significant loss. These have to be considered for devel-
oping all-optics photonic devices and circuits [52]. In contract, metallic nanomate-
rials display potential to build plasmonic devices and circuits for light manipulation
and confinement at a nanoscale. Through simulation, we have demonstrated several
hybrid nanophotonic devices by integrating photonic circuits and plasmonic cavity
or boundaries [53–55]. In the following sections we will first discuss how the light
excites surface plasmonic resonance on a metallic nanoparticle and then illumi-
nate how the light propagates along an optical fiber and a metallic nanowire. These
fundamentals will form the foundation to understand, design andmanufacture hybrid
nanophotonic-plasmonic devices.
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1.3.2 Surface Plasmonic Excitation of Nanoparticles

Surface Plasmons are coherent and collective electron oscillations bounded at the
interface between two materials with positive and negative real part of dielectric
functions respectively [24]. Fig. 1.5 shows the local electrical filed enhancement due
to surface plasmonic excitation. The inherent subwavelength nature of surface plas-
mons enables significant spatial confinement of light energy and thereby dramatically
strengthen the interaction between photons and materials. [56, 57] The enhanced
light–matter interactions create fast-developing fields on plasmon-enhanced Raman
spectroscopy [58, 59], photocatalysis [60], photothermal [61, 62], photovoltaic [63],
fluorescence [64], nonlinear optics [65], etc.

The interaction of plasmonic material with light can be generally regard as the
interaction of photons with the free electron gas inside the materials. Over a wide
frequency range, the optical properties of plasmonic material can be linked to the
well-known Drude approximation [66], where a gas of free electrons of number
density moves against a fixed background of positive ion cores [24]. Here, electron-
electron interactions and details of the lattice potential are simplified by using the
effective mass of the electrons instead, under the hypothesis that the band structure is
incorporated into the effective mass in some certain degree. The electrons oscillates
with the applied light at an angular frequency ω, and their motion is damped via
the relaxation time of the free electron gas τ . The dielectric function of plasmonic
material can be write as

Fig. 1.5 The field distributions of localized surface plasmon resonances (LSPRs) in gold
nanospheres and nanoplates
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ε(ω) = 1 − ω2
p

ω(ω + jγω)
(1.2.2)

where ωp is the plasma frequency of the free electron gas, γ ~ 1/τ is the impact
frequency and τ is the characteristic impacting time.

Clearly the dielectric function of plasmonic material includes a complex form.
The real and imaginary components ε(ω) = εr(ω) + εi(ω) are given by

εr(ω) = 1 − ω2
pτ

2

1 + ω2τ 2
(1.2.3)

εi(ω) = ω2
pτ

2

ω
(

1 + ω2τ 2
) (1.2.4)

where the imaginary components of the complex dielectric function implies the
attenuation of the lights inside the plasmon materials.

Note that this approximation is not adequate for high angle frequencies, where
interband transitions occur [67]. This phenomenon is considerable at visible optical
band for noble metals, where photons are efficient in inducing interband transitions
[24]. For some of the noble metals such as gold and silver, this effect even occurs
at an optical wavelength around 1 μm. The electrons from the filled band below the
Fermi surface are excited to higher bands, and ultimately leads to a consequence of
an increased damping.

By introducing the complex dielectric function of plasmon material, the interac-
tion of plasmonmaterialswith light can be generally described through classical elec-
tromagnetic field theory based on macroscopic Maxwell’s equations. This theory is
valid even when the spatial scale of the plasmon material is down to several nanome-
ters, though quantum mechanics should be taking into account at sub-nanometer
scale reign. In this chapter we limit our description within the realms of the classical
theory. However, we have to be openmind for unexpected phenomenawith the strong
dependence of the properties on frequency and material characteristics.

Surface plasmons can be divided into two categories, i.e., localized surface plas-
mons (LSPs) and surface plasmon polaritons (SPPs). LSPs are non-propagating exci-
tations of the conduction electrons of plasmonic structures by the light [68]. Formetal
or some certain kind of semiconductor nanoparticles with dimensions smaller than
the incident light wavelength, LSPs can be excited by direct optical excitation. On
the other hand, SPPs are electromagnetic excitations propagating at the interface and
evanescently confined in the perpendicular direction [69, 70]. With the wavevector
matching, SPPs can also be excited and propagated along a metallic nanowire that
served as a subwavelength plasmonic waveguide, which is discussed in the next
section.

Here, let us consider a small, isolated metal particle with its size comparable to
the penetration depth of the incident electromagnetic field into the metal. Therefore
the external electromagnetic field can penetrate into the particle and shift the free
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Fig. 1.6 Diagram of localized surface plasmon resonances (LSPRs) (Reprinted with permission
from [71]. Copyright 2019. Hindawi Publishing Corporation)

conduction electron cloud with respect to the metal lattice and leads to a localized
restoring field within the particle. The periodical shift of the electrons and change
of the restoring field create coherent, resonant oscillations of the electron gas related
to the exciting electromagnetic field. This phenomenon is called localized surface
plasmon resonances (LSPRs) (Fig. 1.6).

Quasistatic Approximation can be used to describe LSPs in nanoparticles whose
sizes are significant small compare with the wavelength of the exciting light [24].
Therefore exciting light can be regarded as a homogeneous field and the retardation
over the particle volume can be neglected. Consider a homogeneous, isotropic sphere
located at the origin in a uniform, static, homogeneous electric field E0, surrounding
by an idea non-absorbing, isotropic medium with dielectric constant εm. Here we
define the polarizability α via p = ε0εmaE0, where p is the dipole moment at the
particle. By casting the Laplace equation, the complex polarizability is given by

α= 4πa3
ε(ω) − εm

ε(ω) + 2εm
(1.2.5)

where a and ε(ω) are the diameter and the dielectric function of the sphere of the
sphere, respectively. The distribution of the electric field can be expressed as

Ein = 3εm
ε(ω) + 2εm

E0 (1.2.6)

Eout = E0 + 3n(n · p) − p
4πε0εm

1

r3
(1.2.7)

where r is the position vector point from the center of the sphere to the outside, n is
the unit vector. The corresponding cross sections for scattering and absorption Csca

and Cabs are given by
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Csca = k4

6π
|α|2 = 8π

3
k4a6

∣
∣
∣
∣

ε − εm

ε + 2εm

∣
∣
∣
∣

2

(1.2.8)

Cabs = Im[α] = 4πka3Im

[
ε − εm

ε + 2εm

]

(1.2.9)

where k = 2π
λ

is the wave vector of the exciting light. The extinction cross section
can be defined as Cext = Csca + Cabs, i.e.

Cext= 9
ω

c
ε3/2m V

ε2

[ε1 + 2εm]2 + ε22
(1.2.10)

When the particle diameter matches a << λ, the cross sections for scattering and
absorption Csca and Cabs scale with a3 and a6, respectively. Clearly all the scattering,
both absorption and extinction of the particle are resonantly enhanced due to the
LSPRs.

Quasistatic approximation can be relaxed to more complex geometrical shapes.
For example, an ellipsoid with semiaxes specified by x2

a21
+ x2

a22
+ x2

a23
= 1, where

a1 ≤ a2 ≤ a3, the polarizabilities αi along the principal axes i = 1,2,3 can be written
as

αi = 4πa1a2a3
ε(ω) − εm

3εm + 3Li (ε(ω) − εm)
(1.2.11)

where the geometrical factor Li can be expressed as

Li = a1a2a3
2

∞∫
0

dq
(

a2i + q
)

f (q)
(1.2.12)

f (q) =
√

(

q + a21
)(

q + a22
)(

q + a23
)

(1.2.13)

Despite only account for small plasmon structures with dipolar LSP modes, the
quasistatic approximation still reveals the main profiles of the LSPs, i.e., the great
field enhancement in the near field, and the significant scattering and absorption
characteristics. The characteristics ofLSPs canbe influencedby the following factors,
the shape and the size of the nanostructure (Figs. 1.7, 1.8), the dielectric function of
the plasmon material and the dielectric function of the surrounding medium. Also,
the excitation of the LSPs can be anisotropic for more complex plasmon structures
with respect of the polarization of the exciting light (Fig. 1.9) [72].

Mie theory [73], based on the superposition of different eigenmodes which
are dipolar or multipolar in character, provides a more exact analytical theoretical
descripting of the absorption and scattering of light by spheres, especially for the
spheres with a larger size, where the quasistatic approximation is not accurate. For
more complex plasmon structures or the coupling amongmultiple structures, numer-
ical computation protocols, such as, finite-different time-domain (FDTD) or finite
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Fig. 1.7 The extinction spectra of nanoparticles in a variety of shapes. (Reprinted with permission
from [74]. Copyright 2019 American Chemical Society)

element method (FEM), are more preferred to calculate the field distributions of the
LSPs [24].
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Fig. 1.8 The extinction spectra of silver nanoplates in a variety of sizes. (Reprintedwith permission
from [75]. Copyright 2011 American Chemical Society)

Fig. 1.9 The polarization dependence of the LSPs for nanoparticles in orthogonal directions.
(Reprinted with permission from [76]. Copyright 2015 Royal Society of Chemistry)

1.3.3 Propagation Along an Optical Nanofiber (Optical
Mode) and Metallic Nanowire (Plasmonic Mode)

Conventional dielectric fibers can guide electromagnetic modes with the core diam-
eter thicker than the cut-off diameter. The lateral mode size in a dielectric fiber is
limited by the diffraction limit to the order of λ/n, and will restrict higher degrees
of miniaturization. Shown in Fig. 1.10, when the fiber diameter d is decreased,
the evanescent fields of the fundamental mode extend deeper into the surrounding
medium, which will degenerate the field confinement. Further decreasing the fiber
diameter eventually turns the guided mode into a bulk plane-wave in the medium
surrounding the fiber. The smallest mode size of conventional dielectric fiber is thus
limited to a micrometer scale [77, 78].

Optical Nanofibers are one-dimensional (1D) nanoscale optical fibers with diame-
ters in subwavelength scale (several hundred nanometers or less) respect to the guided
light [79]. Compared with commercial glass fibers with diameters from several
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Fig. 1.10 The guided modes of the dielectric fibers with a variety of diameters. (Reprinted with
permission from [77]. Copyright 2010. Springer Nature)

micrometers to hundreds of micrometers, optical nanofibers enable subwavelength
or even deep subwavelength light guiding, and illustrate merits such as high optical
confinement, strong field enhancement, small size and light weight. High optical
confinement enables optical circuits with tight mode size, low loss sharp bends and
short optical paths, which will be in favor of the minimization and condensing of
optical or photonic devices, and may promote low-threshold or low-power optical
nonlinear effects. Strong field enhancement will offer enhanced light-matter interac-
tions at the nanofiber surroundings, and naturally promote the applications such as
high sensitivity and fast response optical sensing. The steep gradient of the evanes-
cent fields can provide large gradient force for optical trapping or deep potential
wells for cold atom trapping and guiding.

Two mechanisms are mainly involved to realize subwavelength light guiding
in optical nanofibers, high index difference for optical dielectric nanofibers and/or
surface plasmon polaritons for plasmonic fibers.

High Index Difference is commonly utilized to construct optical dielectric
nanofibers which supports optical waveguide modes. Shown in Fig. 1.11, a nanofiber
consist a dielectric core with its refractive index n1 significant higher than the index
n2 of the surrounding claddings such as vacuum, air and water. The guided light in
optical dielectric nanofibers obtain the law for the conventional dielectric fibers. The
mode size still contained by the diffraction limit. However, utilizing high-index core
materials and high index difference (�n = n1−n2) can remarkably reduce the mode
size and extend the optical fibers from micro scale to nano reign. A typical refractive
index difference of an optical nanofiber (�n > 2) is obviously higher than that of
commercial optical fiber (�n ≈ 0.01).

The waveguiding properties for an optical nanofiber can be deduced from the
Helmholtz equations
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Fig. 1.11 Index profile of
dielectric optical nanofibers.
(Reprinted with permission
from [79]. Copyright 2012.
Elsevier Inc.)

(∇2 + n2k2 − β2
)

E = 0,
(∇2 + n2k2 − β2

)

H = 0 (1.2.14)

where k is the wave vector of the light in vacuum and β is the propagation constant.
Therefore the modes HEvm and EHvm can be expressed by the equations [79]:
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(1.2.15)

The TE0m modes is given by

{
J1(U )

U J0(U )
+ K1(W )

WK0(W )

}

= 0 (1.2.16)

The TM0m modes is given by

{
n21 J1(U )

U J0(U )
+ n22K1(W )

WK0(W )

}

= 0 (1.2.17)
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Fig. 1.12 Mode field distributions of dielectric optical nanofibers with thicknesses of a 400 nm
and b 200 nm, respectively.

in which

U = a(k20n
2
1 − β2)1/2

W = a(β2 − k20n
2
2)

1/2

V = k0a
(

n21 − n22
)

Jv and Kv is the Bessel function of the first kind and the modified Bessel function
of the second kind.

Figure 1.12 demonstrates the field distributions of nanofibers with diameters of
400 and 200 nm. A thinner nanofiber leads to a larger fractional evanescent fields
which intrigue new opportunities for nanoscale light manipulation [80].

Surface Plasmon Polaritons (SPPs) are the coherent longitudinal charge oscilla-
tions of the conduction electrons coupled to the electromagnetic field at the interface
of a metal and a dielectric, and are able to propagate along the interface [24]. Elec-
tromagnetic waves can be tightly confined around the interface in evanesce waves
form with exponential distributions outwards from the dielectric-metal interfaces to
both sides of metal and dielectric. [70] For plasmonic nanofibers, the fields decay
exponentially in both the metal core and surrounding medium. The optical proper-
ties of SPPs can be deduced from Maxwell’s equations of macroscopic electromag-
netism and solve Helmholtz equation. The electromagnetic waves propagation along
z directions matches the equations

β2 + k2x + k2y = εmμ0ω
2 (1.2.18)

β2 − κ2
x − κ2

y = εdμ0ω
2 (1.2.19)
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where β is the propagation constant of the SPP mode, kx , ky, κx and κy are the
component of the wavevector perpendicular to the interface in the two media, i.e.,
the metal cladding and surrounding dielectric. Note that, surface plasmons typically
involve complex εm with negative real part and large imaginary part of εm. The
kxand ky can be imaginary, making it possible to confine and guide the light beyond
the beyond the diffraction limit in plasmon nanofibers like metal nanowires [81, 82]
(Fig. 1.13).

Themode pattern of SPP can bemuch smaller than the optical propagationmodes.
When the diameter d of the plasmonic nanofiber is reduced below the wavelength
λ0sp of the SPP, there is significant reduction in the phase and group velocities,
and thereby localization occurs [77]. It is possible to reduce the mode size of the
guided SPP down to a few nanometers. Shown in Fig. 1.14, the diameter of plasmonic
waveguide,2a, canbemuch smaller thanλ/(2n), the so-calledoptical diffraction limit.

Fig. 1.13 Diagram of Surface plasmon polaritons (SPPs), a charge oscillations of the conduction
electrons coupled to the electromagnetic field (Reprinted with permission from [69]. Copyright
2003. Springer Nature), field distributions of SPP modes propagate along, b a dielectric-metal
interface (Reprinted with permission from [69]. Copyright 2003. Springer Nature.), and c a metal
nanowire, showing the exponential distributions of the evanescewaves outwards from the dielectric-
metal interface (reprinted with permission from [83] ©The Optical Society)

Fig. 1.14 The guided SPP modes of the metal nano wires with a variety of diameters (Reprinted
with permission from [77]. Copyright 2010. Springer Nature)
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The dielectric fiber, as we discussed in Fig. 1.10, on the contrary, with an extending
of the evanescent fields, dramatically enlarges the mode sizes and eventually lose the
effective confinement with a decreasing fiber diameter.

The dispersion relation of SPPs obeys the equation

β = k0

√
εdεm

εd + εm
(1.2.20)

in which k0 = ω
c is the wavevector of the light in vacuum, εm an εd are the dielectric

functions of the metal and the surrounding dielectric. The wavevector of the SPP
mode ksp = β is obvious smaller than that of the light in vacuum. Therefore unlike
LSPs, SPPs cannot be launched directly by incident light due to the momentum
mismatch between the photons and plasmons. Techniques such as prism coupling,
lens focusing, nanowire coupling and electron excitation were developed for the
exciting of SPPs (Fig. 1.15).

Figure 1.16 demonstrates SPPs propagates along metal nanowires. With a bright
spot of the exciting light at one end of a nanowire, dimmer spot can be observed at

Fig. 1.15 Several techniques for the exciting of SPPs such as prism coupling, lens focusing and
nanowire coupling (Reprinted with permission from [81]. Copyright 2013, Wiley-VCH)

Fig. 1.16 SPPs propagates along metal nanowires (a Reprinted with permission from [84]. Copy-
right 2004 American Physical Society. b Reprinted with permission from [85]. Copyright 2006.
American Chemical Society)
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the other. The propagation of the SPP modes are limited by the attenuation due to
the absorption in metal [84, 85].

The propagation length of SPP is given by

δsp = 1

2k ′′
sp

= c

ω

(
εd + ε′

m

εdε
′
m

) 3
2
(

ε′
m

)2

ε′′
m

(1.2.21)

in which k ′′
sp is the imaginary part of the complex SPP wavevector ksp = k ′

sp + ik ′′
sp,

ε′
m and ε′′

m are the real and imaginary parts of the complex dielectric function of the
metal

εm = ε′
m + iε′′

m. (1.2.22)

The propagation length of a SPP mode is strictly dominated by the mode size.
For a silver nanowire, the propagation length typically ranges from hundreds of
nanometers to several micrometers (Fig. 1.15). This characteristic sets the upper size
limit for any photonic circuit based on SPPs.

To extend the propagation length, hybrid plasmon mode involve together with
optical waveguide modes and SPP modes, and combine the superiority from both
high index difference and SPPs [86, 87]. Fig. 1.17 demonstrates two configurations
involves hybrid plasmon modes. Figure 1.18 shows subwavelength devices based on
plasmonic circuits: plasmonic route, logic gate and the hybrid nanophononic circuits.

Fig. 1.17 Configurations involves hybrid plasmon modes (a Reprinted with permission from
[87]. Copyright 2009. Springer Nature. b Reprinted with permission from [53]. Copyright 2010.
American Institute of Physics Publishing)
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Fig. 1.18 Subwavelength devices using plasmonic nanofibers: plasmonic route (Reprinted with
permission from [88]. Copyright 2016. Institute of Physics publications), logic gate (Reprinted
with permission from [89]. Copyright 2010. American Chemical Society) and hybrid nanopho-
tonic circuits (Reprinted with permission from [90]. Copyright 2009. Proceedings of the National
Academy of Sciences)

1.3.4 Nanocomposite Absorption and Photothermal Effect

Photothermal effect is a well-known phenomenon that involves light absorption
and heat generation. Nanocomposites consisting of metal nanostructures and other
dielectrical/polymer materials, are considered as efficient and localized light-driven
heat sources due to the huge absorption cross sections, effective light concentration
and strong absorption medium due to large Ohmic losses of light-induced surface
plasmons [61]. The heat from surface plasmons is generated from two parts, metal
nanostructures and the surrounding dielectrics.

Photothermal effects in metal nanostructures arise from the exciting of surface
plasmons. Surface plasmons can decay nonradiatively, which create energetic
carriers, referred as “hot” carriers (electrons and/or holes) [91]. Following Landau
damping, the athermal distribution of electron–hole pairs decays through two path-
ways, re-emission of photons or carrier multiplication caused by electron–electron
interactions. Then the hot carriers will redistribute their energy by electron–elec-
tron scattering processes, subsequently generate heat through a Joule effect (i.e.,
electron-lattice scattering), and eventually transfer to the surroundings of the metal
nanostructure through thermal conduction [92].

Since the heat originates from Joule effects, the heat power density distribution
(q(r, t)) in the metal nanostructure is given by [93]

q(r, t) = j(r, t) · E(r, t) (1.2.23)

in which j(r, t) and E(r, t) are the complex amplitude of the electronic current
density and the complex electric field intensity inside the metal, respectively. The
equation can be write as

q(r) = 1

2
ε0ω Im[ε(ω)]|E(r)|2 (1.2.24)
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Obviously, the imaginary part (Im[ε(ω)]) of the dielectric functions of the
nanostructure, represents the loss in the nanostructure, and contributes to the heat
generation.

Surrounding the metal nanostructures, organic or inorganic mediums serve as the
dielectrics which affect the field distributions of the surface plasmons and in turn
impact the light absorption and heat generation processes. The absorption of light
by the surrounding medium also contribute to the heat generations to some extent.

The total heat power p can be obtained from

p =
∮

v

q(r)dV (1.2.25)

where the integral runs over the metal nanostructure volume V.
Let us consider a silver/organic nanocomposite cluster (Fig. 1.19), which consists

of layered silver nanoplateswith 3nm-thick polyvinylpyrrolidone (PVP) shell capped
on each of the nanoplate. The surface plasmons is extremely localized within the
ultra-small volume between two silver nanoplates due to the strong plasmon coupling
effect [94], whereas very limited electric field distribute in silver [75]. The heat, on
the other hand, generates mainly in the silver reign due to the strong absorption in
metal. However, the heat generated in PVP is several orders of magnitude smaller

Fig. 1.19 Photothermal effect in a silver/polyvinylpyrrolidone (PVP) nanocluster, a diagram of the
setup and SEM images of silver nanoplates,b calculated heat generation as a function ofwavelength,
electric field distributions with light wavelengths of c 525 nm and d 1025 nm, and heat distributions
at wavelengths of e 525 nm, f 875 nm and g 1025 nm, respectively (Reprinted with permission
from [95]. Copyright 2015 Royal Society of Chemistry)
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Fig. 1.20 Applications of photothermal effects, a photonic sintering (Reprinted with permission
from [94]. Copyright 2012. Springer Nature.), b laser direct writing (Reprinted with permission
from [98]. Copyright 2015 Royal Society of Chemistry)

than that generated in silver. Also, similar to Ag nanowires, heat generation is highly
localized and self-contained in the junction point, creating “hot spots”. Despite the
heat at the hot spots can rapidly spread to the whole Ag nanoplate because of the
high thermal conductivity of silver, the heat could be contained in several to hundreds
nanometers scale depended on the size and shape of the nanostructures [61].

Besides the aforementioned merits, such as, highly localized heating and effi-
cient light conversion, light-induced heat generation can be well controlled by
multiple factors: material absorption involving material, geometrical morphology,
size, etc., and incident light properties, such as light intensity, dose, polarization,
direction, spectra and even pulse parameters for pulsed light sources. For example,
the photothermal effects shows strong wavelength dependency in the silver/PVP
nanocluster. The peaks in the heat-wavelength curves (Fig. 1.19b) typically reveals
the strong surface plasmon resonance as well as the high efficient heat generation.
Therefore, photothermal effects in nanocomposites naturally stimulate vast physical
processes and chemical reactions with unprecedented spatial and temporal controls
[94, 96]. Shown in Fig. 1.20, applications of photothermal effects have been extend
to the fields as photothermal therapy [97, 100], laser direct writing [98], photonic
sintering [94], solar energy harvesting [62], surface modification [99], and so on.

1.4 Photothermal Versus Photonic Nonthermal
Manufacturing

1.4.1 Photonic Sintering

Photonic sintering is critical for printed electronics and 3D printing. Compared to
conventional thermal sintering photonic sintering is a local effect by highly selected
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surface plasmonic excitation. As aforementioned, the locally excited plasmonic reso-
nance can only heat the adjacent particles with the narrowest gap. Besides, plasmonic
sintering is more energy efficient by selected wavelength for excitation than the
thermal sintering. The most unique feature of photonic sintering is “smart” and self-
terminated: once the adjacent particles are fused together the new plasmonic excita-
tion will automatically move to the new adjacent positions which usually locate at
the edge of a pore [94, 101, 102]. Thus, the particle fusion induced by plasmonic
sintering will lead to the eventual disappearance of pores.

The nature of photonic sintering that photothermally induced diffusion. For the
diffusion, the liquid phase diffusion is much faster than a solid-state diffusion since
the diffusivity in a liquid is much higher than in a solid [103]. As discussed in
Sect. 1.1.2, the surface atoms are much activated than the inner atoms due to less
bonding and the surface defects [40]. As a result, the sintering temperature can be
much lower than the melting point of a particle. The onset sintering temperature as
a function of the melting temperature can be written as

Ts(d) = αTm(d) (1.3.1)

where the d is the particle diameter. For microparticles, α ranges from 0.5 to 0.8
[40], but for nanoparticles, this value decreases to 0.1–0.3 [45]. This indicates that
the sintering of nanoparticles can occur at a very low temperature, only 10% of the
melting point. This explains nanomaterials can be joined even at a room temperature
without external heating [47]. Considering a possible surface melting of nanoparticle
and thereby associated a liquid phase sintering, sintering of nanoparticles for 2D to
3Dprinted electronics and functionalmechanical components are extremely attracted
in micro-to-nanomanufacturing.

Diffusion Mechanisms Based on a conventional sintering theory, the driving force
for sintering is dependent on the curvature of two touched particles, i.e., (Fig. 1.21)

σ = γ

(
1

R1
+ 1

R2

)

(1.3.2)

where γ is the specific surface energy, R1 and R2 are principle radii of two spherical
particles. For two identical particles with a radium of r, the neck size can be expressed
a function of r [104],

x

r
=

(
Bt

rm

)1/n

(1.3.3)

where t is the sintering holding time,B is a temperature-dependent sintering function,
and the values of m and n are defined by individual diffusion mechanisms. Three
dominant mechanisms have been discussed as the surface diffusion, grain boundary
diffusion and the lattice diffusion. If sintering is driven by surface diffusion, (1.3.3)
becomes
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Fig. 1.21 sintering of two
particles with the identical
radiums

( x

r

)

surf
=

(
4.17δDsγsv�t

RTr4

)1/6

(1.3.4)

where δ is the surface layer thickness and is estimated as 0.3 nm for Ag [105])
Ds is the surface diffusion coefficient calculated by (2), δsv is the bulk solid-vapor
interfacial surface energy and is estimated as 1.14 J/m2 for Ag [106]) and � is
the molar volume (10.3 cm3/mol for Ag). If sintering is driven by grain boundary
diffusion, (1.3.3) becomes

( x

r

)

gb
=

(
32ωDgbγsv�t

RTr4

)1/6

(1.3.5)

where w is the grain boundary width and is estimated as 0.5 nm for Ag [105]) and
Dgb is the grain boundary diffusion coefficient, which can be calculated by (1.1.8).
For lattice diffusion sintering, (1.3.3) becomes

( x

r

)

l
=

(
42.05Dlγsv�t

RTr3

)1/4.78

(1.3.6)

whereDl is the lattice diffusion coefficient calculated by (1.1.8).Ds = 5× 103 m2/s)
for surface diffusion, Dgb = 1.2 × 105 m2/s) for grain boundary diffusion, and Dl

= 4.4 × 105m2/s) for volume diffusion [107]. E(∞) is bulk activation energy and
is equal to (E(∞) = 2.661 × 105J/mol), (E(∞) = 9 × 104 J/mol), and (E(∞) =
18.5 × 104J/mol) for surface diffusion, grain boundary diffusion, and lattice diffu-
sion, respectively [107, 108]). Dependent on differentmaterials, particle size, particle
shape and local temperatures, one of these or two, even three of themmay involve the
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underlying diffusion. It is possible to identify these mechanisms by characterizing
the neck variation as a function of time. Nevertheless, there is limited experimental
analyses by these models. The molecular dynamics simulations display remarkable
differences from these models [107, 108]. The further investigation is desired to
verify these models at a nanoscale.

It is extensively to use a pulsed light rather than a continue wave (constant) light
for photonic sintering. With a constant energy output, a pulsed laser indicates a
higher peak, which allows a deep penetration since the penetration is proportional to
the input power. Besides, the pulsed laser allows the photothermal energy dissipation
with a pulse gap for cooling. For sintering of printed circuit with pulsed light, because
of the absorption difference of printed materials and substrates, it is possible to limit
the thermal effect on the oriented layer only by choosing the proper wavelength. The
metallic particles mainly absorb a visible or infrared light while the plastic/paper
absorbs a ultraviolet light. It is thus reasonable to use a long-wavelength light for
photonic sintering to avoid the thermal accumulation onto the plastic/paper substrate.
This feature has advantage because one can print circuits onto a cheap plastic and/or
paper substrates for flexible and/or stretchable devices for wearable/portable elec-
tronics [101, 109]. On the other hand, it is worth noting that the plasmonic resonant
frequency is proportional to the anisotropy of nanomaterials. This means that the
resonant wavelength has a blue-shift while the sintering processing [5, 75]. Thus, if
the photonic sintering is completed by integrating different light sources, one should
put a longer light sources before a short light source. Figure 1.22 shows a practical
photonic sintering system by combining three kinds of pulsed light for sintering of
printed Cu circuits [110].

The single sinteringwill gradually lead to the decrease of resistance. However, due
to the inhomogeneous distribution of grain size as well as the diffusion is influenced
by grain orientations and impurity on the grain boundaries, it is naturally predicted
that there are large variation of local resistivity [111]. Thus, the global resistivity
of printed circuits will dependent on several factors including the scattering from
grain boundaries and surface roughness. It is extensively expressed the resistivity as
follows [112],

ρ = ρb + ρim + ρgbσgb

R
+ ρss

h
(1.3.7)

where ρb is the bulk resistivity, ρ im is due to the impurity scattering, this 3rd term
is the resistivity due to the scattering of grain boundaries, R is the grain size and
σ gb is the grain boundary width, ρgb is the specific boundary resistivity and the
last term comes from the surface scattering with s the surface roughness, h the
film thickness and ρs the specific surface resistivity. Microstructure observation can
determine σ gb and R. Atomic force microscopy measurements can determine the
surface roughness. During the transient temperature can bemeasured by a high speed
infrared (IR) camera. Assuming the ρb and ρ im unchanged during curing, one can
deduce the resistivity arising from grain boundaries and surface scattering at different
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Fig. 1.22 Photonic sintering with different light sources. Adapted from [110]

temperatures. From the relationship between the microstructure and resistivity one
can easily optimize the processing window of photonic sintering.

1.4.2 Ultrafast Laser Versus Long Pulsed and Continue Wave
Laser Direction

Although laser has been extensively employed for precise manufacturing down to
a nanoscale the physics procedure of laser-matter interaction will be significantly
influenced by laser pulse widths since the relevant energy and mass transfers will
take different characteristic times. To elucidate these procedures is critical to optimize
laser-based manufacturing. Before we discuss nanomaterials processed by different
lasers let us first check the physics model for laser-matter interaction with different
pulse widths.

Two-Temperature Model for Different Pulsed Lasers According to a one-
dimensional, two-temperature diffusion model [113, 114] the energy of low intensity
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short laser pulses is absorbed by free electrons due to inverse Bremsstrahlung (Joule
heat). The evolution of the absorbed energy involves thermalization within the elec-
tron gas (electron subsystem), energy transfer to the lattice and thermal diffusion in
the lattice. These processes can be expressed as:

Ce
∂Te
∂t

= ∂Q(z)

∂Z
− γ (Te − Tl) + S (1.3.8)

Cl
∂Tl
∂t

= γ (Te − Tl) (1.3.9)

Q(Z) = −ke
∂Te
∂z

, S = I (t)Aαexp(−αZ) (1.3.10)

here z is the direction of energy propagation perpendicular to the target surface,Q(z)
is the heat flux, S is the laser source function, I(t) the laser intensity, A= 1− R is the
surface transmissivity and α is the absorption coefficient. Ce and Cl are the specific
heat of the electron and lattice subsystems with Ce = aT e where a is a constant, γ
is the electron-lattice coupling parameter, and ke is electron thermal conductivity. In
(1.3.8) we should consider three characteristic time scales: τ e, τ i, and τL. τ e = Ce/γ
is the electron cooling time, τ i = Cl/ γ is the lattice heating time and τL the laser
pulse width. Following previous studies [9, 115], the laser pulses can be separated
into three kinds of time regimes.

Femtosecond Pulses For a fs pulse, the laser width is much shorter than the electron
cooling time, τL � τ e ~ 1 ps. Then, CeT e/ t � γT e, and electron-lattice coupling
can be neglected. IfDeτL < α−2, whereDe = ke/Ce is the electron thermal diffusivity,
the electron heat conduction term can be neglected and (1.3.8) reduces to

C ′
e

∂T 2
e

∂t
= 2Iααexp(−αz) (1.3.11)

and gives

Te(t) =
(

T 2
0 + 2Iαα

C ′
e

t exp(−αz)

)1/2

(1.3.12)

here it is assumed that I(t) = I0 and Ia = AI0, while T 0 = T e(0) is the initial
temperature.C ′

e =Ce/T e is a constantwhenT e remains smaller than the Fermi energy
(in temperature). At the end of the laser pulse the electron temperature is given by

Te(τL) ≈
(
2Fαα

C ′
e

) 1
2

exp
(

− z

δ

)

(1.3.13)
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where T e(τL)� T 0, Fa = Iaτ L is the absorbed laser fluence, and δ = 2/α is the skin
depth. After the laser pulse the electrons are rapidly cooled due to energy transfer
to the lattice and heat conduction into the bulk. Since the electron cooling time is
very short, (1.3.9) can be written as T i ~ T e(τL)t/τ i (neglecting the initial lattice
temperature). The maximum lattice temperature can be estimated from the average
cooling time of the electrons,

τ a
e ∼ τe

2
= C

′
e
Te(τe)

2γ

and is given by

Tl ∼ T 2
e (τL)

C
′
e

2Cl
≈ Faa

Cl
exp(−az) (1.3.14)

Significant evaporation will occur when CiT i > ρ Lv, where ρ is the density and
Lv is the specific heat of evaporation. Using (1.3.14), we can express the condition
of strong evaporation as Fa ≥ F th exp(az), where F th ~ ρ Lv/α is the threshold
laser fluence with fs pulses. Then the ablation depth per pulse L is

L ≈ α−1ln

(
Fa

Fth

)

(1.3.15)

Such a logarithmic dependence of the ablation depth per pulse has been confirmed
by the ablation of copper in vacuum using 150 fs laser pulses (780 nm,Momma et al.
1997) and in the ablation of highly oriented pyrolytic graphite (HOPG) with 120 fs
pulses [16, 116]. It is notable that this penetration depth, standing for the influence
regime of hot electrons, may be larger than the optical penetration depth described
in formula (1.1.1).

Picosecond Pulses For a ps pulse, τ e ~ 1 ps < τL < τ i ~ 10 ps. At times t � τ e,
CeT e/t � γT e, (1.3.8) becomes quasi-stationary, (1.3.8)–(1.3.10) reduce to

∂

∂z

(
ke∂Te
∂z

)

− γ (Te − Tl) + Iaa exp(−az) = 0 (1.3.16)

Tl = 1

τl

t∫
0
exp

(

− t − θ

τl

)

Te(θ)dθ + T0 (1.3.17)

The integral corresponds to the temperature increase of the lattice. At t � τ i,
(1.3.17) can be simplified due to the quasi-stationary character of the electron
temperature. Neglecting T 0, we get

Tl ≈ Te

(

1 − exp

(

− t

τl

))

≈
(
t

τl

)

Te (1.3.18)
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It is obvious that in the ps regime the lattice temperature remains much lower
than the electron temperature. Thus the lattice temperature can be omitted in (1.3.16).
When the condition keT eα

2 � γT e is fulfilled (1.3.16) and (1.3.11) are very simple.
The electron and lattice temperatures at the end of a ps pulse are given by

Te ≈ Iaa

γ
exp(−az) (1.3.19)

Tl ≈ Faa

Cl
exp(−az) (1.3.20)

Note that the obtained lattice temperature is governed by the electron cooling time.
Thus, in fs and ps regimes (1.3.14), (1.3.19) and (1.3.20) give the same expression for
the lattice temperature. This indicates that a logarithmic dependence of the ablation
depth on laser fluence is also found in the ps regime. However, this conclusion is
based on an assumption that the electron heat conduction is negligible. This is a very
crude approximation since the electron heat conduction and the formation of melted
zone must be related in ps ablation.

Nanosecond Pulses Ablation with ns pulses can be modeled with the condition τ i

~ 10 ps � τL. In this case, the electron and lattice temperatures are equal, T e = T l

= T and (1.3.8)–(1.3.10) reduce to

Cl∂T

∂t
= ∂

∂z
( k0∂T

∂z

) + Iaa exp(−az) (1.3.21)

There are many experimental and theoretical studies on the processes involved in
laser heating and irradiation with long pulses [117]. In this regime the target surface
is first heated to the melting point and then to the vaporization temperature. During
the interaction the dominant energy loss is heat conduction into the solid target.
The heat penetration depth is given by l ~ (Dt)1/2, where D = k0/Ci is the thermal
diffusivity. Note that for a long pulse, DL � 1/α2. The energy deposited inside the
target per unit mass is given by Em ~ It/ρl. Evaporation occurs when Em ~ Lv at tth,
where Lv is the specific heat of evaporation. So, the condition for strong evaporation
becomes, Em > Lv (or τL > tth) and

I ≥ Ith ∼ ρLvD1/2

τ 1/2

F > Fth ∼ ρLvD
1/2τ

1/2
l (1.3.22)

for the laser intensity and the fluence, respectively. A striking characteristic is that
the threshold laser fluence depends on the square root of the laser pulse width. A
deviation of the damage threshold from the τ 1/2 scaling with short pulses has been
clearly evident by ablation of fused silica by infrared (1053 nm) and visible (526 nm)
laser radiation [118].
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In summary of this section, fs pulses trigger a nonthermal ablation mechanism
since both the electron-lattice thermal coupling and thermal diffusion to the lattice
take longer time than the pulse width. ns pulses allow thermal equilibrium to occur
between the electrons and the lattice.

Comparative Study Between Ultrashort Laser and ContinueWave Laser Inter-
acted with 1-D Nanowire Due to the size effect, thermal diffusion in a nanoscale
will be quite different from the aforementioned macroscale. Besides, the energy
radiation, reflection and dissipation to the environment have to be considered. To
understand the local melting of a Cu nanowire (Cu NW) using a focused laser beam,
we recently conducted a comparative study with 1030 nm FS laser and 532 nm
continuous-wave (CW) green laser at different power and atmosphere conditions
[6]. To support the experimental observation and explain the difference between two
types of laser irradiation, we examined computational modeling of the temperature
distribution of CuNW. For the simulation, we model CuNW as a circular rod with
a length of 30 μm and a diameter of 200 nm and assume that laser is irradiated at
the tip of a modeled NW, and the temperature is distributed only along the length
(defined as x direction) as shown in Fig. 1.23.

A one-dimensional (1-D) heat diffusion model and the finite difference method
are employed for the thermal analysis of two types of laser irradiation: femtosecond
laser (FS) and a continue wavelength laser at 532 nm (CW). In the case of CW laser,
assuming a steady heat supply, the single-temperature model is used to calculate
the temperature distribution and its evolution. In contrast, simulations of FS laser
irradiation consider the electron and lattice temperatures (T e and T l), separately,
(i.e., the aforementioned two-temperature model) due to the time-dependent heat
flow from electrons to lattice.

Single-Temperature 1-D Heat Diffusion Model The temperature distribution in
Cu nanowire (CuNW) and its evolution during the CW laser heating are calculated
by using the single-temperature 1-D heat diffusion model and the finite difference

Fig. 1.23 Computational model of 30 μm long CuNW for 1-D heat diffusion equation solved with
finite difference method simulation. Convection and radiation heat transfer are considered as the
experiment occurred in the ambient atmosphere. The heat source from laser is considered at the tip
(first nodal point) of the CuNW [6]
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method. The energy balance in control volume of each nodal point (m) is used as the
following governing equation [119, 120]:

Qlaser + Qcond − Qconv − Qrad = �Est, (1.3.23)

where Qlaser is the heat addition by laser and considered for the first nodal point (m
= 1 or x = 0) only, Qcond is the net heat conduction flow to the neighboring nodes,
Qconv andQrad are the convection and radiation heat loss through the CuNW surface,
and �Est is the change of stored heat in the control volume of each node. Here,
for simplification, this analysis excludes heat dissipation through the substrate. This
omission of the CuNW/substrate conduction heat transfer is because its inclusion
can impose excessive complexities (from contact shape, roughness, and interfacial
transport) although their influence is not significant (due to roughness and smaller
actual contact area) and can be included in other surface heat dissipation terms (Qconv

andQrad).Qlaser is given as the product of laser heat flux qin, absorptance (ratio of the
absorbed to the incident radiant power) β, and the first node surface area, i.e., Qlaser

= qin βA, and our simulations employ qin = 4.46 × 1010 W/m2 for CW laser and β

= 0.5 at the wavelength of CW laser (532 nm) [121]. Qcond is calculated using nodal
temperatures (Tm) and Cu thermal conductivity, k = 400 W/m K with 1-D Fourier
heat conduction equation [119]. The convection and radiation heat transfer are calcu-
lated as Qconv = hA(Tm – T∞) and Qrad = εσA(T 4

m − T 4
surr) [119]. Here, σ represents

the Stefan-Boltzmann constant, and we use room temperature for the surrounding
and ambient air temperatures (T surr = T∞ = 303 K), convection coefficient of h =
2000 W/m2 K, and Cu emissivity of ε = 0.07 [122]. Lastly, specific heat capacity,
c = 385 J/kg K and density ρ = 8960 kg/m−3 of Cu are used for the calculation of
the stored thermal energy change, i.e., �Est = ρVc(∂Tm/∂t), where V is the control
volume of nodal point m.

Two-Temperature Model for 1-D Nanowire With a short pulse of high-intensity
laser irradiation, nonequilibrium between electron and lattice systems dynamically
changes, and to address this nonequilibrium dynamics, electron and lattice tempera-
tures of CuNW (T e and T l) are separately calculated. As in the analysis of CW laser,
1-D model and FDM are employed, but for each nodal point, the thermal energy
balances for electron and lattice are considered, given by [13]:

for electron Te, Qlaser − Qel→latt + Qel,cond = �Eel, and (1.3.24)

for lattice Tl, Qel→latt + Qlatt,cond − Qconv − Qrad = �Elatt. (1.3.25)

Here, the laser heat addition (Qlaser = qinβA) is applied to the first node as in the
CW laser simulation but considered only in T e analysis [13, 123]. At the wavelength
of FS laser (1030 nm), β has been reported as 0.06 [121]. During a pulse with 300 fs
of duration, we assume a constant laser heat flux, qin = 1.77 × 1017 W/m2, which
ensures the employed average power of FS laser (5 mW) considering 1 μm of laser
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beam diameter and 120 kHz of pulse repetition rate. Heat flow from electron to the
lattice, Qel→latt is calculated using the electron-lattice coupling coefficient (g, W/m3

K) from the literature [124] and the difference between T e and T l, i.e., Qel→latt=
gV (T e – T l). Conduction heat flow and stored thermal energy change for electron
and lattice [Qel,cond and�Eel in (2) andQlatt,cond and�Elatt in (3)] are calculated using
the electron thermal conductivity, ke = 385 W/m K, lattice thermal conductivity, kl
= 17 W/m K, [125] temperature-dependent electron volumetric heat capacity Ce

(J/m3 K) from [124] and lattice volumetric heat capacity,Cl = 3.45× 106 J/m3 K for
Cu [125]. Convection and radiation (Qconv and Qrad) are included in the T l analysis
only and calculated as the single-temperature modeling using the same properties.

Figure 1.24 shows SEM images of laser-irradiated CuNWs under different
processing conditions. Two kinds of laser beams, either a 130 fs pulse laser or 532 nm
continue wavelength green laser, was focused by a long working distance 100×
microscope lens with an NA of 0.8. After focusing, the diameter of the laser beam
spot applied to the substrate was around 1 μm. The experiments were accomplished
at room temperature and ambient atmosphere. Figure 1.24a-represent an experiment
result for FS laser with an average laser power of 35 mW and Fig. 1.24d–f represent
experiment results for CW laser at the same average power of 35 mW. Obviously, at
the same average laser power, two laser irradiations create significant differences. For
the FS laser, explosive deformations can be observed on both substrate and CuNW
after the laser process by comparing Fig. 1.24a–c. The silicon wafer substrate is
damaged, and a large number of Si and Ag nanoparticles splash around in the vicinity
of the irradiation area (about ten micrometers). A large particles-aggregation appears
on top of the NW. However, there is no structural and surface deformation on other
parts of the nanowire. On the other hand, at the same laser power condition, the CW
laser produced a different effect from that with the FS laser. Comparing Fig. 1.24d, e,

Fig. 1.24 SEM images of CuNW a before and b after FS laser irradiation, and c enlarged image of
FS laser irradiation area. CuNW images (d) before and (e) after CW laser irradiation and f enlarged
image of the CW laser irradiation area [6]
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CW laser cannot break a CuNW at all but create a very clear surface deformation on
the nanowire. As shown in Fig. 1.24f, at the laser-focused position, CuNW is partially
melted at high temperatures induced by laser irradiation, and then the melted wire
solidifies and crystalizes again after the laser is off. Furthermore, this thermal effect
is propagated along the CuNW, and cause the increase of surface roughness of the
entire nanowire (see Fig. 1.24f). In a sharp contrast, the surface of the un-irradiated
area is kept as clean and smooth before and after FS laser irradiation. However,
after CW laser irradiation, a clear surface change can be observed even in the un-
irradiation area. Because the CuNW was exposed to air, serious oxidation could
occur on the surface due to the heat-induced by CW laser, which will be further
confirmed by the chemical analysis later. This oxidization has been confirmed by
checking the oxygen distribution before and after the CW laser irradiation [6]. FS
laser is an ultrafast high repetition pulse laser, with an average laser power of 35
mW, it can generate a peak power density of 1.24 × 1014 W/cm2. On the other hand,
with 35mW power, CW laser only generates a power density of 4.46 × 106 W/cm2.
Meanwhile, from the aforementioned theoretical analysis, for an ultrafast interac-
tion, the absorption of photons stimulates electrons within a hundred femtoseconds
(fs), which is too short to disturb lattice. The absorbed energy was thus transferred
from electrons to the lattice by electron-lattice scattering after the laser pulse [13,
14]. The thermal coupling between free electrons and lattices typically occurs within
100 ps, depending on the electron-phonon coupling strength of different materials.
The typical electron-phonon coupling time of hundred femtoseconds is much shorter
than the heat transfer period by thermal conduction. Therefore, the thermal diffusion
to the laser-irradiated surrounding area for a FS laser is very limited [15].

According to our computational simulations [6] with the CW laser (35 mW)
irradiation (at x = 0), heat is accumulated, increasing temperature of CuNW with
heating time (t), and the heat is dissipated along the length of CuNW (i.e., in the x-
direction) in a nanosecond scale, as shown in Fig. 1.25a. With the CW laser heating
longer than 0.5 μs, the temperature rises beyond the Cu melting point (Tm, Cu =
1368 K [126]), and a large portion of CuNW has a temperature above the oxidation
temperature (1073 K) [127, 128]. Figure 1.25b displays that the thermally affected
zone (i.e., the heated portion of the CuNW where the temperature is above the
oxidation temperature) extends to 10μm after 1μs of heating time. It can be inferred
that with the increase of irradiation time, the whole CuNW will be heated above the
oxidation temperature. This explains that the oxidization of the entire CuNW with a
CW laser observed from the experiment conducted in an ambient atmosphere in our
study.

With the FS pulse laser irradiation at x = 0, the electron temperature (T e) reaches
a very high peak value (~27.5 × 104 K) within the pulse duration (~300 fs), and then
it decays rapidly, releasing their energy to phonons (or lattice). The electron-lattice
interaction causes the rise of local T l [129], and T e reaches almost equilibrium with
T l shortly (<20 ps) after the pulse at x = 0 (Fig. 1.25c). The lattice temperature
(T l) rises and decreases, and for most of the wire (>27 μm), it stays below the Cu
melting point (Fig. 1.25d). A non-thermal ablation is expected at the beginning of
the irradiated zone (<1 μm, close to the focus spot size) as the lattice temperature
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Fig. 1.25 a Temperature distribution and b heatmap of a modeled CuNW with respect to the
distance from the heating area (x; the length direction) at a different heating time (t) when using
the CW laser irradiation. c Electron and lattice temperatures of the first nodal point (T e and T l at
x = 0) in a short time period after the FS laser pulse (with an average power of 5 mW) starts (<
20 ps). Time evolution of lattice temperature (T l) from the beginning of a laser pulse (300 fs) at five
different locations (i.e., x = 0, 0.75, 1.5, 3.0, and 4.5 μm) of CuNW with average FS laser power
of d 5 mW and e 35 mW. (f) Temperature distribution and g heatmap of CuNW in the x-direction
at different t when using the FS laser with 5 mW average power. The regions surrounded by green
lines in (b) and (f) are above the oxidation temperature and vulnerable to oxidation [6]

is above the evaporation temperature of Cu (T ev = 2840.15 K [130]), as shown in
Fig. 1.25d. It is important to point out that such heat is very localized and maintained
in a very short time period; Tl can be above the melting point less than 100 ns only
near the heating region (x < 3 μm). FS laser irradiation with an average power of
35 mW as in the CW laser is expected to induce ablation of the much larger area, as
Fig. 1.25e shows up to 6 μm of CuNW with a higher temperature than T ev. With an
average power of 5 mW, T l drops below the oxidation temperature in 150 ns after a
laser pulse, and the entire CuNW will be cooled close to room temperature before
the next laser pulse comes (t = 8.33 μs with 120 kHz), as indicated by Figs. 1.25f,
g. As T l is maintained below the oxidation temperature in most regions (x > 4 μm),
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we expect no significant oxidation even the experiment is conducted in an ambient
atmosphere [6]. Even if thermal melting and oxidation exist, they are limited to a
very local region (near the irradiated region) less than 3 μm. This simulation result
is identical to the experiments, indicating that FS laser irradiation effect zones are
about 2.5–4 μm with different laser powers [6].

In summary, computational simulations using 1-D heat diffusion equation and
finite difference method (FDM) were performed to gain an insight into metal-
laser interactions with different lasers. Simulation studies on lasers have established
contrasting melting behaviors of metal under laser irradiations, which may pave the
way to use the ultrashort laser for innovative nonthermal welding of nanowires and
relevant devices development.

1.4.3 Photonic Reduction

Photonic reduction of metal salt has been developed as an effective method to form
metal nanoparticles. The morphology of metal nanoparticles can be controlled by the
various photonic parameters, such as, intensity, frequency, pulse width and polariza-
tion, etc. Generally, the photonic reduction of metal salt is realized by single-photon
and two/multiphoton absorption induced photochemical reaction.

Single-photon Reduction and Two/Multiphoton Reduction For metal salt solu-
tion, the energy of a single photon in near-ultraviolet (3.11–6 eV), visible (3.11–
1.78 eV) and infrared region (<1.78 eV) is not enough to photodecomposition of
water (>6.5 eV) leading to the production of e− to reducemetal ions [131]. Therefore,
reducing reagent is needed for reducing reaction. As one typical reducing agent for
silver salt reduction, citrate is extensively used for the synthesis of silver nanoparticles
[132]. The process of photoreduction on silver ions by citrate is known as,

Citrate
hv→ acetone − 1, 3 - dicarboxylate + CO2 + e−

Ag+ + e− → Ag0

In addition, small silver clusters Agn (n = 2–8) could be formed by continuous
photoreduction,

Citrate + Agn
hv→ acetone - 1, 3 - dicarboxylate + CO2 + Ag−

n

Ag−
n + Ag+ → Agn+1

By inducing the reducing agent, the metal ions may be also reduced by a
photothermal effect. For example, the copper ions can be reduced by ethylene
glycol during laser irradiation. The temperature of copper precursor increases to
250 °C by laser irradiation, which will result in the ethylene glycol decomposes into
acetaldehyde [133]. The –CHO group of acetaldehyde can reduce the copper ions to
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copper.

2HO(CH2)2
−H2O→ 2C2H4O

Cu(OH)(NO3)→ C4H6O2 + 2H+ + 2e− + Cu2+ + OH− + NO−
3

→ C4H6O2 + Cu + H2O + HNO3

→ C4H6O2 + Cu + 1

2
H2O + NO2 + 1

4
O2

There are lots of reducing reagents suitable for different ion reduction. The
reduction potential will gradually increase from ethylene glycol, polyvinylpyrroli-
done (PVP), sodium citrate, ascorbic acid, sodium hypophosphite, sodium boron
hydrate, and hydrazine hydrate. For a higher reduction potential, a lower tempera-
ture is required for reduction. On the other hand, some polymers can work as the
capping layer to protect nanoparticles or limit the crystal growth in a certain direc-
tion and thereby to control the nanocrystal orientation. The experiments show that
PVP is easily absorbed onto the (110) plane, while poly(methacrylic acid) (PMAA)
and poly(acrylic acid) (PAA) tend to attach to (111) and (100) planes, respectively.
Therefore, it is widely to use PVP with different molecule masses to grow silver
nanowires [101] and nanoplane [95]. Ethan et al. have successfully grown (100)
silver nanoplates with PMAA [134] and silver nanowire with nanodisc piling chains
has been fabricated with PAA [135].

If the photon intensity is high enough to trigger two/multiphoton absorption,
the metal salt can be converted to metal nanoparticles by photoreduction without
any reducing agent [136]. Solvated electrons can be generated through a double
photon excitation. This transient electron can reduce silver ions [137]. Furthermore,
at the focal spot of a tightly focused laser beam, the energy absorbed during the
transition (three-photon absorption) can exceed 7 eV. The water is photodecomposed
and produces e−, OH• and H• radicals. The metal ions can be therefore reduced to
their zero valence state,

Ag+ + e− → Ag0

Ag+ + H → Ag0 + H+

However, the efficiency of the photodecomposition of water is very low that only
~10% of silver ions can be reduced after 1 h [131]. It should be noted that the
photon energy should surpass the threshold of multiphoton absorption which means
high energy density is needed. It indicates that for laser processing, the multiphoton
absorption usually occurs at an area in the center of beam focal spot. Therefore,
the size of the reactive area may smaller than the focus spot, which may fabricate
quantum dots with a size smaller than the optical diffraction.

Selectivity of Photonic Reduction for Wavelength Interestingly, the shape of
nanoparticles synthesized by photonic reduction can be controlled by different
wavelength illumination. Typically, the shape of nanoparticles is a sphere under
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Fig. 1.26 SEM images of Ag film photoreduced by a 365 nm light and (b) 615 nm light [132]

short-wavelength illumination (Fig. 1.26a). In opposite, the shape of nanoparticles
converted to a plate (disk) under long-wavelength illumination (Fig. 1.26b).

This phenomenon can be explained by the surface plasmon-enhanced photonic
reduction. Briefly, in the case of short-wavelength illumination, the surface plasmon
mode is dominantly transverse. Thus, short-wavelength light acts as feedback irra-
diation making the particle grow spherical. Conversely, as the longitudinal plasmon
absorbs the longer wavelength irradiation more strongly, this longer particle axis
grows preferentially, resulting in a plate-like shape [138].

1.4.4 Laser Direct Writing and Interference Lithography

LaserDirectWriting Laser directwriting provides highflexibilitywith non-contact
and maskless fabrication processes, which significantly reduces the fabrication cost.
Since laser directwriting can achieve a one-step fabrication combing local processing
with patterning, the manufacturing efficiency is significantly enhanced. Figure 1.27
shows one schematic for laser direct writing setup. The setup has four basic elements
to realize direct writing, including laser source, beam expander, focus lens (objective

Fig. 1.27 Schematic for
laser direct writing setup
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lens), and translation motorized stage (multi-axis platform). Using high numerical -
aperture objective lens and piezo stage stages, laser direct wiring have the fabrication
resolution down to the sub-micrometer dimension.

Laser Interference Lithography Although laser direct writing has advantages as
the aforementioned, laser interference lithography is suitable for the fabrication of
periodic pattern due to high fabrication efficiency. Figure 1.28 shows a schematic of
laser interference lithography setup using two inferred beams split by a beam splitter
and the SEM image of periodic metal nanoparticle array fabricated by laser interfer-
ence lithography. The period of interference pattern fabricated by laser interference
lithography can be calculated by the following:

p = λ/2

sin(θ)

where P is the period of the interference pattern, λ is the laser wavelength and θ is the
angle of the two interference beams. Also, by controlling the laser parameters such
as beam intensity, the number of inferred beam and phase of a wavefront, periodic
nanodots, and nanopolygon array can be fabricated by laser interference lithography.
For multibeam interference lithography, the interference pattern can be calculated
by the following equations:

I (x, y, z) = ∫
∣
∣
∣
∣
∣

N
∑

n=1,2,3....

En(En0, x, y, z, kn, θint, ϕn, ωn, αn, t)

∣
∣
∣
∣
∣

2

dt (1.3.26)

where n is the number of laser beams, θ int is the polar angle, ϕ is the azimuthal angle,
α is the phase shift. For example, Fig. 1.29 shows the interference pattern at α = 0
and α = π, which indicates the shape of the pattern is ring and square, respectively
[140]

It is worth mentioning that another method to fabricate periodic structure by laser
is the laser-induced periodic surface structure (LIPSS). The orientation of the periodic
structure of LIPSS is perpendicular/parallel (based on the fabrication conditions) to
the laser polarization. Therefore, the two-dimensional periodic nanostructure can

Fig. 1.28 a Schematic of laser interference lithography setup and b SEM images of periodic metal
nanoparticle array fabricated by laser interference lithography [139]
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Fig. 1.29 Interference patterns as the phase shift. a 0 and b π using laser interference lithography
(Figure adapted from [140])

be fabricated by orthogonally double laser exposure [141]. Such a nanostructure is
successfully used for in situ on-line real-time pollutant monitoring of water.

1.4.5 Laser Ablation, Trimming, and Drilling

Extreme conditions, such as a high-temperature and high-pressure plasma state,
generated by laser provide unique access to materials science and manufacturing.
New materials and new phases synthesized via femtosecond laser-induced micro-
explosions have appeared as a very attractive research topic [142].As aforementioned
procedure of Sect. 1.1.2, electron ejection due to ultrafast laser-matter interaction
will lead to a Coulomb explosion of positively charged ions after laser-induced
vaporization of electrons [4, 16]. This Coulomb explosion is confined in amicroscale
space in the vicinity of the focal spot. High-temperature and high-pressure conditions
can thus be used for the synthesis of new materials. Hu reported that sp-bonded
carbon chains (polyyne) can be formed on a graphite surface using femtosecond laser
irradiation associated with the formation of amorphous tetrahedral carbon (diamond-
like carbon) [16]. This sp-bonded carbon chain species can be precursors for various
carbon allotropes, including carbon nanotubes, fullerenes, and carbynes [143]. Rapp
reported a new tetragonal polymorph of silicon induced by confinedmicroexplosions
[144]. On the other hand, this Coulomb explosion can also occur in a liquid by
focusing femtosecond into an organic solvent. Polyyne molecules are evident in
such an environment [143, 145, 146]. However, polyyne molecules are unstable in
a laser-thermal conduction, thus a nonthermal interaction induced by femtosecond
is favorited for polyyne synthesis. Moreover, the mechanical shock wave induced
by fs laser pulses can be used as a powerful surface peening tool for metals [147].
Femtosecond laser peening research without using a sacrificed layer was motivated
by the process simplicity and localized shock pressure attainable with fs pulses in
comparison to ns laser peening. More recently, strengthened mechanical properties
in terms of high compressive residual stress and hardness enhancement were reported
in fs laser peening of aluminum [148] and steel [149] free from a protective coating
and a transparent overlay. Hence, it can be said that ultrafast laser is innovative for
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materials synthesis and surface engineering but more research is needed in these
directions.

Femtosecond laser-inducedwater spliting and coal gasification have been reported
for facile synthesis of porous graphene and graphene quantum dots [150, 151]. The
underlying dynamics is not yet established but taking a critical role for large scale
synthesis of quantum dots. Femtosecond laser direct writing is also employed for
device fabrication though the laser-induced reduction of graphene oxide. The reduc-
tion should be correlated to both the photonic thermal effect and multiphotonic
absorption [98].Recentlywe studied laser trimmingof alloy stripeswith femtosecond
laser and nanosecond pulsed laser. The precision cutting for precisive resistance
adjustment is realized by femtosecond laser trimming [152].

Multiphoton absorption of ultrafast laser is extensively used for drilling high
aspect ratio microchannel or holes in transparent materials which the linear absorp-
tion is limited [1]. Recently we reported the microball lens by forming the micro-
cavity in polymer [21]. Shown inFig. 1.30, awide angle imaging is demonstratedwith

Fig. 1.30 Super-wide imaging by cavity microball lens. a Super-wide imaging taken by an inverted
microscope. b Schematic for the super-angle-imaging of embedded microball lens [21, 153]
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a micro-cavity ball lens combined with an inverter microscope. The photothermal
modified optical index convex lens is also formed by precisely controlling laser power
[153].

1.5 Micro-to-Nano Manipulation

The size effect and the scaling law make the nanoworld is quite different from the
micro- andmacroworld. Shown in Fig. 1.31, the volume force, such as gravity, scaling
to L3 will be negligible at microscale by compared to surface forces, scaling to L2,
like electrostatic force and pressure and friction force. The manipulation operating
in the macroworld cannot thus work for a microscopic assembly. Furthermore, the
linear force, such as surface tension is much stronger than a surface force. Therefore,
a microtool cannot be used for a nanomanipulation. As a result, nanoscopic assembly
methods have to be developed before a nanomanufacturing can be implemented.

In vacuum and/or ambient atmosphere, a metallic tip, such as a tungsten tip, is
usually used for manipulating a microscale building block. However, for a nano-
material, certain attachment-detachment procedures are required. For example, to
prepare a TEM sample preparing by focused ion beam (FIB), the cut piece has to
attach to the tip by the first deposition a carbon film to join the TEM sample and tip
together, and then the separation of them by cutting carbon film by FIB again after
the tip displacement with a 3D programmed platform. Cox et al. used this method to
construct an “ATI” logo with carbon nanotubes [154].

Magnetic force allows the manipulation and orientation in both air and liquid
environment without contacting. The magnetic force acting on a nanoparticle can be
expressed as

Fig. 1.31 Scaling laws of different forces at macro-, meso-, micro- and nanoworld
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Fm = Vm�χ∇
(
1

2
B · H

)

(1.4.1)

where the 1
2 B · H is the energy density of the magnetic field, Vm is the volume of

the particle, �χ is the effective susceptibility of the particle (assumed in water), if
> 0, the magnetic force will cause the displacement of a nanoparticle. For placing
a nanowire in a uniform magnetic field, the torque m acted on the nanowire can be
expressed as [155]

τm = m × H = Msπr
2HL sinθl (1.4.2)

where Ms is the saturation magnetization and m is the magnetic moment of the
nanowire, L is the angle between the nanowire and the magnetic field. The friction
torque generated by liquid can be calculated through the following equation [155],

τd = 1

3
ωwπηL3C (1.4.3)

where w is the angular rotation speed, C is the geometric factor. Then the rotation
equation of nanowire driven by the magnetic field can be written by

Iαw(t) = τm − τd (1.4.4)

where the aw is the mass density of nanowire and I is the moment of inertia of
nanowire.

In liquid optical tweezer is one popular tool for micromanipulation. In principle,
optical tweezers generate forces by the optical gradient field. At the vicinity of the
focal point, two forces will be generated: pick-up force F ∇ and scattering force Fs

[156].

F∇ = 2πa3
√

ε0

c

(
ε − ε0

ε + 2ε0

)

∇|S| (1.4.5)

Fs = 8

3
π(ka)4a2

√
ε0

c

(
ε − ε0

ε + 2ε0

)2

S (1.4.6)

where the s is Poynting vector, s = 1/ExB, ε, and ε0 are the dielectric coefficients
of the particle and the medium, a is the particle diameter. F▽ is scaling to a3 and
Fs scaling to a6 . At the microsize, Fd will be larger than Fs. A microscale building
block is easily entrapped by a focal light. However, at a nanoscale, F▽ will decrease
rapidly and therefore, cannot effectively grasp a nanoparticle. For a nanoparticle, a
near-field plasmonic tweezer has been developed [157], where the surface plasmonic
field provides an entrapped force to grasp a metallic nanoparticle. However, optical
tweezer, as a non-contact tool, is very practical for cell manipulation and other
biomedical applications. To grasp a nanowire, amultipoint optical tweezer is invented



46 A. Hu et al.

Fig. 1.32 Multifocal point optical tweezer (Reprinted with permission from [156] ©The Optical
Society)

[156]. Shown in Fig. 1.32, through splitting light into a multibeam using a liquid
crystal mirror and then focus several points onto a nanowire, a nanowire can be
effectively picked up [156]. Through synchronously rotating the focal points the
nanowire can be rotated.

Electric interaction is another popular tool for manipulation in liquid. For charged
ions, the DC (direct current) electrical field will directly drive the displacement of
ions. However, for a charged particle suspended in an electrolyte solution (Fig. 1.33),
the electrical double layer phenomenon will make it similar to a neutral particle.
According to the Stern model, the zeta potential can be expressed as

ζ = ϕ(z)eκz , where the κis a constant relevant to the electrical double layer
thickness, which at least spreading over a Debye length λD.

λD = κ−1 =
√

εdκBT
∑

i q
2
i c

2
i

(1.4.7)
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Fig. 1.33 Electrical double layers around a charged particle in an electrolyte solution

where d is the dielectric permittivity of the solution, KB is the Boltzmann constant,
qi is the electrolyte charge, Ci is the concentration of electrolyte. For pure water,
D is about 700 nm but in salted water, the double layer can be as thin as 10 nm.
When the charged particle, the associated electrical double layer structure will move
accordingly, the effective mass of the charged particle thus significantly increases. In
this case, the dielectric interaction between the electrical field and electrical dipolar
moment of particles will result in a driving force. Dielectrokinetics results in three
kinds of effects: dielectrophoresis (DEP), electro-osmosis (EO), and electrothermal
effect (ET). Because the electrical field can be generated by either DC (direct current)
or AC (alternative) current source, electrokinetics can respectively be DCEK and
ACEK.DCEK requires a high voltage to drive electrokinetic flow, an electrochemical
reaction or a bubble can be easily formed in liquid during DCEK. In contrast, ACEK
induced changes of fluidic polarity and thus effectively drive the transporting of
liquid and suspended particles. ACK is thus extensively employed for manipulation.

For a DEP, a force will exert on a dielectric particle when it is subjected to a non-
uniform electrical field. This force does not require the particle to be charged. All
particles exhibit dielectrophoretic activity in the presence of electric fields. However,
the strength of the force depends strongly on the medium and particles’ electrical
properties, on the particles’ shape and size, as well as on the frequency of the electric
field. Shown in Fig. 1.34, DEP force in a conducting dielectricmedium can bewritten
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Fig. 1.34 Dielectrical forces acting on a particle in an electrical field

as

FDEP = πr2lεmk(ω)

(
⇀

E r · ∇ ⇀

E r

)

= πr2lεmk(ω)∇|Er| (1.4.8)

k(ω) = Re

[
ε∗
n − ε∗

m

ε∗
m

]

(1.4.9)

ε∗ = ε − i
σ

ω
(1.4.10)

where ε∗
n is the complex permittivity of particle and ε∗

m is for medium, ε is the
dielectric constant, σ is electrical conductivity and ω is the field frequency, Er is the
root mean square of the external excitation field E. For a positive DEP, the particle
will move toward to high field region and the negative DEP drives the particle to
move away from high field region. In our recent works [6], both Cu nanowires and
T e nanowires are aligned by DEP at a certain frequency range and voltage.

ACEO is a phenomenon of induced-charge electro-osmosis of liquid, where the
fluidic flow is generated by the action of an electric field on its induced ion diffu-
sion near a polarizable surface. The ion‘s attachment and accumulation to the elec-
trode surface will cause the capacitance change. Thus, ACEO is extensively used for
sensing in liquid [158].

Since ACEO is caused by the counter-ions migration with or against the elec-
tric field, which produces fluidic motion due to fluidic viscosity, it is expected that
the fluidic flow velocity will keep changing due to the ion migration. At a low
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applied voltage (<100 mV), the time-average displacement of ACEO as a function
of frequency can be expressed as

u ∝ εV 2

η(1 + δ)L
[

ω
ωc

+ ωc
ω

]2 (1.4.10)

where η is the viscosity of the fluid, E is the permittivity of fluid, V is the applied
voltage, L electrode spacing, δ is the ratio of the diffuse-layer to compact-layer
capacitances (both assumed constant). The peak frequency is at the scale of the RC
charging time

ωc ∝ D(1 + δ)

λL
(1.4.11)

where λ is the Debye screening length andD is a characteristic ionic diffusivity. At a
high voltage, a Faradic charging occurs at the particle surface [159]. The aforemen-
tioned model is not appropriated. ACEO has applied to manipulate the microparticle
and cells [160]. The application of ACEO for nanomanipulation is still unclear.

ACET refers to fluid motion resulting from temperature gradients in the fluid
induced by an AC electric field. The fluid velocity based on the thermal gradient
[160, 161] can be expressed as

|u| ≈ 3 × 10−3

(
εV 2

ησ

)(
∂T

∂y

)

(1.4.12)

where V is the voltage, σ is electrical conductivity, η is the viscosity of fluid, E is
permittivity of fluid and ∂T

∂y is the local thermal gradient along axis y. Unlike Joule
heating, the ACET velocity has a quadratic relationship with voltage [162]. The
electrothermal force can be expressed as below [163]

FET = 1

2

ε(α − β)

1 + (ωτ)2
(∇T · E)E − 1

4
εα|E |2∇T (1.4.13)

where α = 1
ε

(
∂ε
∂T

)

, β = 1
σ

(
∂σ
∂T

)

, is the angular frequency of the AC electrical field,
and. For aqueous solutions and temperatures around 293 K, a and beta can be esti-
mated as−0.4%K−1 and 2%K−1, respectively [164]. Therefore, the aforementioned
equation can be simplified as [165]

FET = −0.012 · ε|E |2
1 + (ωτ)2

· ∇T − 0.001∇T · ε|E |2 (1.4.14)

ACET is extensively applied in microsystems for mixing, pumping of fluids, and
microparticles manipulation [166]. Nanoparticle manipulation and/or in a nanofluid
is relatively less studied.
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Fig. 1.35 Diagram of various motion mechanisms and forces in liquid [165]

Figure 1.35 displays various dielectric force versus gravity, buoyancy, and Brow-
nianmotion. For effectivemanipulation,DEPworks for amicroparticle or a nanowire
with a length inmicrometer. However, for a nanoparticle and/or quantumdots, ACEO
is especially powerful to suppress the Brownian motion.

It is possible to combine an electrical field driving and an optical tweezer principle
and form a so-called optoelectrical tweezer (OET). Shown in Fig. 1.36 is the principle
of OET [167]. Light excises a transparent amorphous Si film and causes the increase
of local conductivity. The local conductive Si electrode and transparent top-electrode
form a 3D electric field for electrical driving. By scanning light, this field can be
programmed and patterned for particlemanipulation.Micro-and nano-robots become
innovative tools for nanomanipulation.

Fig. 1.36 Principle of an
optoelectrical tweezer [167]
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Numerical innovative methods have been investigated for particle manipulation.
Microrobots have been proposed for manipulation [168]. It is facile to generate a
microbubble by laser heat and use this bubble as a microrobot for particle manip-
ulation [169]. Recently, such a microrobot has been demonstrated to enable 3D
assembly of a micromechanical device [170]. Surface tension and LB methods are
also used for nanowire alignment [76]. Large-area photonic crystal can be formed
through self-assembly [171]. Laser-induced front transfer can be a powerful tool for
nanomaterial transporting and manipulation. The last chapter of this book will focus
on this method.

1.6 Nanojoining and Molecular Devices

1.6.1 Overview of Nanojoining

Welding of nanomaterials is essential manufacturing of functional nanoelectronics
[172], including nanocircuits [173], light-gated nanowire transistors [174], nano
waveguides and nanophotonic circuits and nanoplasmonic devices for quantum
computation [5, 89, 175]. To realize a nanoscale joining, various methods have been
developed to join nanomaterials, such as mechanical riveting [176, 177], mechan-
ical pressure [178, 179], adhesive bonding [180, 181], cold welding [45, 47, 48],
Joule heating [182–185], thermal annealing [95, 186–188], soldering and brazing
[189–195], and laser (laser-induced plasmonic) welding [196–198].

Table 1.3 Various
conventional joining methods
versus nanojoining
innovations

Conventional catalogue Nanojoining

Mechanical joining Mechanical clamping [176]
Von der Waals force [177]
Pressure [178, 179]

Adhesive joining CNT/epoxy, polymer [180, 181]

Solid-state bonding Diffusion/sintering/cold welding [47,
48]
Electron/ion beam [199, 200]
Ultrasonic welding [201]

Soldering/brazing Resistance soldering [185]
Active brazing [192]
Self-powered brazing [195]
Laser brazing [193]
Vacuum brazing [194, 202]
Transient liquid phase bonding [195]

Fusion welding Resistance spot welding [182]
Laser welding [196]
Ultrafast nonthermal welding [6, 198]
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Table 1.3 shows a comparison between conventional joining techniques and nano-
joining innovations [41]. Solid-state diffusion driven by surface energy has enabled
welding of two bare Au nanowires in vacuum at room temperature [47] and joining
of two silver nanowires after removal of the surface-capping amorphous layer at an
ambient atmosphere [48]. However, this solid-state diffusion is difficult to achieve
joining with an arbitrary angle unless applying the external excitation energy, such
as a head-to-side joining (T-shape) since the capping layer on the sidewall is thicker
than the layer at the wire head [48]. Although the Joule heating was proposed to
join metallic nanowires in case of contact wires [182, 183], the so-called nanoscopic
resistance spot welding can be only applied to conductive nanowires. A mechanical
pressing with nanoindentation was also developed to join nanowires to the substrate
[178, 179]. Unfortunately, this press will significantly deform the wire head. On the
other hand, the substrate can be also deformed seriously by Joule heating, mechan-
ical pressure and thermal annealing unless the processing parameters, e.g., current,
pressure, and temperature, are accurately controlled. Compared with these joining
methods, photonic sintering was conducted for joining metal nanowires at arbitrary
contact angles, which enables non-contact processing and good thermalmanagement
to minimize the damage of the substrate and nanomaterials. Due to self-localized
plasmonic excitation [94], this plasmonic heat can lead to the perfect joining of adja-
cent and/or contact nanowires. A continuous-wave laser was reported to braze the
crossed NWs [196], which is similar to autogenous laser brazing for metal micro-
joining [203]. However, laser joinedmetal NWs display a polycrystalline nature with
lots of defects at the joined regions [88, 197, 204]. This is quite different from a self-
oriented joining with solid-state diffusion where a clear lattice matching is founded.
Femtosecond laser joining and a laser-healing of cutting wires has shown possible
epitaxial recrystallization or enhanced grain orientation [88, 204, 205]. Therefore,
precise control of laser parameters based on the understanding of the interaction of
laser and nanowires is critical to improve nanojoining quality for innovative applica-
tions. As shown in Fig. 1.37, recent experiments by comparing femtosecond laser to
continuous-wave laser and computation simulation andmodeling have demonstrated

Fig. 1.37 Femtosecond laser joining of single Cu nanowire onto silver nanofilms printed by an
aerosol printer [198]. The groove is cut by femtosecond laser. The groove width is 4 μm. a Before
laser joining. Two dashed circles indicate the joining site. b After laser joining. The thin Cu
nanowires indicated by circles in (a) were blown away by laser illumination
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the success welding of metallic nanowires [6, 206]. However, the further work to join
dissimilar nanowires, such as, metallic oxide nanowires still needs extensive research
[197].

1.6.2 Molecular Electronics

Transistor, which is one of the essential components in integrated circuits, controls
the flow of electrons by customizing the voltage that applied. In 2004 Ghost et al.
predicted to realize an evolutional solid-state molecular transistor by the electrostatic
regulation of the molecular orbital energy of a single molecule [207]. Electrostatic
and conformational interactions are two possible mechanisms for field-effect molec-
ular transistors. Electrostatic component leads to the thermal limit in the absence of
tunneling. In their research, it shows that only if the molecular dipole moment μ

is close to qtox, where tox represents the thickness of the oxide isolation layer, the
conformational field effect can take a major role. Take advantage of that, if a large
molecular dipole along a suitable direction is established, the conformational transi-
tion can be achieved. Soon after, Ahm et al. [208] have suggested another approach,
in which internal electrostatic charge density can be adjusted by using an external
node to control the charge transfer across the metal electrodes and the molecules.
Transistor action can be achieved by aligning the molecular energy levels and the
Fermi level of the leads. Remarkably, researchers have developed molecular tran-
sistors by gold nanowire wires [209]. In this research, an approximately 100 nm
gold nanowire was patterned by electron beam lithography on top of an aluminum
gate electrode. As an active device, a 1,4-benzenedithiol (BDT) with a delocalized
aromatic ring as a π-conjugated molecule was coated on the gold nanowire surface,
which acted as a channel material.

Diodes are another crucial component of integrated circuits that conduct current
only in one direction when they are forward biased. Usually, a diode is composed of
two kinds of semiconductor materials to form a P-N junction. Currently, two types
of molecular diodes have been reported: rectifying diodes and resonant tunneling
diodes. In 1974, Aviram and Rater discussed the possibility of a rectifier, which
provided a foundation for current works onmolecular rectifying diodes [210]. In their
research, a donorπ -system and an acceptorπ-system linked by a σ-bonded tunneling
bridge. This behavior has been identified by a hemi-quinone molecule, as shown in
Fig. 1.38 [211]. For resonant tunneling diodes (RTD), electrons can pass through
the resonant state at different energy levels; these diodes can be used as oscillators
and switches [212]. For molecular RTDs, methylene groups or aliphatic groups are
attached to both sides of a benzene ring, which leads to creating a potential barrier.
To create a functional device, electrodes need to be able to pass through this potential
barrier. However, the unoccupied energy level of the benzene ring does not match
the energy level of the electrode. In this case, the transistor remains in the “off” state.
The transistor can be turned to an “on” state, by varying the applied voltage [213]. To
design a proper molecule device, computation modeling is facile and time-effective.
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Fig. 1.38 a schematic of a hemi-quinone molecular structure [211]

Currently, the Hartree–Fock self-consistent field theory and the density functional
theory (DFT) are two main theories used in developing a theoretical fundamental for
molecular electronic devices.

Based on the concept of molecular electronic devices, molecular capaci-
tors/memory units are developed as well. Jurow et al. have been reported a detailed
review of porphyrins, which elucidated a potential for using these molecules in the
fabrication ofmolecular capacitors [214]. Coming tomolecular diodes andmolecular
transistors,molecular devices functional on dielectricsmaterial and tunable dielectric
constant are desired. In 2007, Chen et al. reported a hafnium dioxide (HfO2) based
metal-insulator-molecule-metal device [215]. A HfO2 dielectric layer was deposited
by an atomic layer deposition process. Although new studies provide an excellent
potential for deployment of the molecular capacitor, current understanding of the
molecular mechanism of the capacitor are not yet well experimentally established.

On the other hand, to establish a complete molecular electronic system, the devel-
opment of molecular isolator and conductive wire is also necessary. For any inte-
grated circuit, the isolator plays a significant role in regulating the flow of current.
Many molecular with specific functional groups can be used as molecular insulator
material. Currently, aliphatic organic molecular is considered as the best molecular
insulator [216]. In aliphatic organic molecular, there are only σ bonds existing. By
inserting these molecules between electrodes, it is very easy to break the pass current
flow. Similar to the isolator, the concept of themolecular wire is crucial when dealing
with the molecular electronics system. Different frommolecular isolators, molecular
wire requires high electrical conductivity. There are two primary types of molecular
wires can be classified: saturated chains and conjugated chains [16, 217]. The main
difference between the two chains is that whether atoms are connected with single
bonds or connected by alternate single and double bonds [218]. In the development
of molecular wire, CNTs are considered as a widely acceptable material [219].
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1.6.3 1D (Nanowire and Nanotube) and 2D Material
in Molecular Electrodes

1D and 2D materials are very promising building blocks for molecular electronics;
especially, the carbon-based material plays a significant role in the design process
and device fabrication. The first demonstration of carbon nanotubes (CNT) used in a
field-effect transistor has been reported in 1998 [220]. A single wall CNT (SWCNT)
was positioned on top to bridge two gold electrodes, which were fabricated on a
SiO2 film grown on a silicon wafer. Two gold electrodes act as source and drain
electrodes, and the wafer itself was used as the gate electrode (“back-gate”). These
CNT-FETs behaved as p-type FETs with ON/OFF current ratio of ≈105 [221]. The
further improvement of current conductance across the metal -molecule interface is a
great technical challenge in a molecular transistor [222, 223]. It has been proved that
the Schottky barrier between nanotube and metal contact leads to limit the current
flow, which reduces molecular conductivity [224]. In terms of this issue, Javey et al.
provided a valuable idea to reduce the barrier by placing a palladium contact with
SWCNT [225]. The research shows that palladium has a high work function and an
exceptional wetting interaction with CNTs, these properties can effectively reduce
the contact resistance. Furthermore, metallic and semiconductor property of CNTs
can be strengthened by controlling its geometric features during growth [226].

CNT has also become an indispensable material in other molecular devices. In
2004, Dragoman et al. discussed the possibility of using semi-conductive SWCNT
for amolecular diode. As reported, the semi-conductive SWCNTyields better perfor-
mance than the usual semiconductor hetero-structured RTD [227]. In their design,
the barrier height was controlled by the DC voltage applied to the gate and the gap of
intra-electrodes. Pandey et al. bridged pseudopeptide between two semi-conductive
CNT and created a based molecular RTD (Fig. 1.39) [228]. As claimed in this
system, no special bistable properties of the molecule are required and can exhibit
longer reliability than bistable molecules, which is known as molecules that can be
switched reversibly between two stages, such as magnetic [229], electrical properties
[230], or optical properties [231]. Except for carbon-basedmaterials, metal andmetal
oxide nanowire/nanotube-based 1Dmaterial have also been developed for molecular
devices. In 2017 Madini et al. provide a new theoretical framework for molecular
capacitor by introducing a single-walled boron nitride nanotube (SWBNNT) inside

Fig. 1.39 Schematic of the CNT–pseudopeptide–CNT [228]
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of anther SWBNNT [232]. Green et al. reported a 160-kilo-byte molecular electronic
memory pattern, which fabricated by over 1400 Ti nanowires [233]. These molecular
device patterns were configured to form a fully functional random-access memory
circuit for storing and retrieving information.

Graphene is a typical 2D material providing valuable mechanical, electronic,
chemical, and optical properties. At the same time, graphene is recognized as an
ideal candidate for molecular junction [234, 235]. Wang et al. evident graphene as
the ideal electrode through a comparative study to PEDOT:PSS and gold inmolecular
devices [235]. In their report, graphene has better transport characteristics and contact
conductance. Nowadays, graphene is extensively applied in multiple molecular elec-
tric devices, such as conducting electrode in memory devices [236], field-effect
transistors [236], and dye-sensitized solar cells [237].

1.6.4 Fabrication of Molecular Devices

In the process of molecular devices fabrication, pre-patterning, and precise manip-
ulation of nanomaterials are required as very critical processes. Usually, e-beam
lithography and chemical vapor deposition for in situ growth are the main tools for
these procedures [238, 239].With the development of molecular devices, some novel
approaches have been established. As aforementioned the laser as a tool for preci-
sion machining has considerably contributed to the nanoscale process, such as laser-
induced plasmonic nano joining [5, 6], nanoscale ablation [240], and etching [141,
241]. The precision machining property of laser processing has also been applied
in molecular electrical devices as well. Maurice et al. reported a low-temperature
process for nanogap creating in graphene [242]. In this study, a tightly focused
femtosecond laser was used to induce a pre-patterned defect in graphene. After
the laser process, an electro-burn process was applied to generate a gap with tens
nanometer wide. During this process, the defected area could locally generate a
dynamic hot spot, further facilitate the burn of graphene and eventually yield a nano-
size gap. As a result, the nanogap width is 36.4 ± 18.5 nm (as presents in Fig. 1.40).
A few nanometer gap as a basic architecture allows a single molecule to be inserted
to create molecular transistors [243, 244], DNA sequencers [245, 246], and sensors
[247]. Therefore, develop a nanogap fabrication process is essential in the field of
molecular electronics.

Currently, the development of molecular electronics using DNAmolecules as the
building blocks or template for growth nanostructure has gained a huge interest.
The key to using DNA as a scaffold for electronic circuits is to effectively trans-
form the DNA molecules into conductive wires, which is called DNA metallization
[248]. Typically, DNA-templated electronics is a two-step process; First, establish
metallic nucleation centers on DNAmolecules, which can be approached by binding
metal ions or complexes to the DNA and their subsequent reduction, or by directly
placing small metallic particles to the DNA. Once metallic nucleation centers were
formed, using these centers as catalysts for selective deposition of metal along with
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Fig. 1.40 AFM height
image of a graphene device
after laser pre-patterning and
electroburning Modified
from [242]

the DNA molecular template, which leads to creating a conductive metallic wire by
bridginggaps betweennucleation sites.Variousmetals havebeen employed including
silver [249], palladium [250], platinum [251] and gold [252]. The disadvantage of
this metallization method is the non-uniformity over the entire DNA scaffold. To
address the uniformity problem, sequence-specificmolecular lithographywas further
developed [253]. In molecular lithography, masks used in conventional photolithog-
raphy is replaced by the information encoded in the DNA molecules. In 2003 Keran
et al. reported a caritative process for assembly a CNT along with a pre-designed
template on a DNA substrate [254]. In this research, a framework of using DNA and
homologous genetic recombination for CNT self-assembly is established. By using
homologous recombination, which is a protein-mediated reaction between two DNA
molecules, a CNT was localized at a desired DNA scaffold molecule. RecA protein
from Escherichia coli bacteria was used in the process. After CNT was localized,
DNA molecule is metallized by AgNO3. Conductive metallic wires were formed by
silver reduction along the DNA. In here, RecA act as a protector to protects the active
area of the transistor againstmetallization. Subsequently, electroless gold platingwas
applied using the silver clusters as nucleation centers to create a highly conductive
gold electrode. Figure 1.41 shows an SEM image of an individual SWNT contacted
by two DNA-templated gold nanowires.

Although current approaches of making DNA-templated wires have shown a
promising development, it is still facing a difficulty in the production of smaller-
scale nanostructures and devices, which is the major drawback [255]. To overcome
this problem, better methods to realize conductance based on DNA scaffolds have to
be developed. The laser-induced photochemistry is probably a promising solution.
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Fig. 1.41 A DNA-templated carbon nanotube FET and metallic wires contacting it. SEM images
of SWNTs contacted by self-assembled DNA-templated gold wires. a An individual SWNT. b A
rope of SWNTs. Scale bars, 100 nm [254]

1.7 Ultrafast Laser Near- and Super-Resolution
Manufacturing

For decades, the ultrafast laser has been successfully used in cutting, drilling,welding,
cleaning, surface modification, micromachining, and additive manufacturing [256].
Super-resolution processing is always one of the attractive goals of precision laser
processing. Super-resolution laser manufacturing technology refers to technology
that manufactures or processes dimensions smaller than the optical diffraction limit
of the laser system (~λ/(2n.sinα)). At present, the smallest voxel size is about 50 nm,
which is equivalent to 0.5 million dots per inch (dpi) in today’s 2D graphics printing
[257]. Although this value is already more than ten times smaller than the laser
wavelength used, they are insufficient to manufacture many components compared
to an electron beam with a resolution of a few nanometers, which is frequently
required for a molecular device. Therefore, many innovative methods are still under
development to further increase the resolution.
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1.7.1 Two-Photon Direct Writing

The two-photondirectwriting technologybasedon femtosecond laser has beendevel-
oped to prepare micro/nanostructures. Two-photon absorption means that organic
materialmolecules can simultaneously absorb twophotons,with the sameor different
frequencies, and then be excited from a low energy state to a higher energy state. This
two-photon direct writing technology enables the feature size of 3D printing down
to submicron, thereby promoting the trend of miniaturization. The theoretical manu-
facturing size of TPP is about λ/(2.7n.sinα), smaller than the single-photon diffrac-
tion limit [18]. Gissibl demonstrated the application of direct writing and testing
by two-photon direct laser writing with a target of approximately 100 μm multi-
lens and verified its high performance and functionality for quantitative measure-
ment of modulation transfer function and aberrations [258]. Liao proposed a tech-
nique based on two-photon polymerization (TPP) for the preparation of precise and
customizable hollow three-dimensional microstructure devices [259]. Different from
traditional manufacturing technology, direct laser writing with TPP manufacturing
scheme can better control all geometric characteristics of the manufactured architec-
ture both interiorly and exteriorly. Two-photon printing is also used in the biological
field. Worthington used the two-photon direct writing technique to print topological
patterns with different feature sizes to study their effects on cell differentiation. This
technique demonstrates a fast manufacturing of terrain surfaces with well-defined
shapes with a resolution of less than 3 μm [260].

1.7.2 Near-Field Manufacturing

Another powerful nanofabrication using lasers with a spatial resolution beyond the
optical diffraction limit is to use near-field technology, that is, evanescent waves
manufacturing near scattering objects, which can achieve sub-diffraction limited
focusing (minimum∼10nm) [261]. In the near-field optical phenomenon, the evanes-
cent wave becomes more important than free space far-field wave. The characteristic
of the evanescent wave is that its amplitude decays rapidly in at least one direc-
tion of space. The light can be confined to a lateral dimension far less than half of
the wavelength. There are a few near-field laser nanomanufacturing technologies as
follows.

Particle lens array (PLA) technology uses an array of two-dimensional (2D) small
particles as a lens array. The array is then used to convert the laser beam into a
near-field parallel focused multiple enhancement optical spot. The efficiency of this
method is very high. As the lens array covers a large area, millions of nanostructures
can be prepared by irradiating with laser pulse only once. This makes it an ideal
method for nanofabrication of large-area surfaces [262]. With 140 nm dielectric
particles and 248 nm laser light source, PLA can obtain smaller features with a
resolution as low as 30 nm [263].
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Laser coupled near-field scanning optical microscopy tip can prepare arbitrary-
shaped nanofeatures by controlling the path of the needle tip, as shown in Fig. 1.42.
In a scanning near-field optical microscope (SNOM), a very small fiber tip (usually
50 nm) is used to scan while approaching the target surface (10–20 nm), which
produces a high-resolution evanescent energy field at the tip [19]. Using this method
a resolution of 35 nm can be obtained, corresponding to λ/10 [264].

Plasma lithography (PL) technology is the use of surface plasmon ultrashort wave-
length characteristics combined with field positioning for nanolithography. Surface
plasmons can produce high-precision patterns to realize a subwavelength resolution
in the optical near-field with metal masks [265]. The lithography mask is usually
composed of a silver film perforated with a 2D nanohole array. Numerical studies
have shown that this method can achieve a lithographic resolution of 20 nm by using
light at a wavelength of 365 nm through a silver mask. The experiment proves that the
half-pitch resolution of nanolithography is as lowas 60nm[266, 267].Dongproposed
a surface plasmon interference lithography technique that uses a deep ultraviolet
plasma structure to form ultra-high-resolution periodic nanopatterns in photoresists.
The resolution of the generated pattern can thus be adjusted by changing the refrac-
tive index and thickness of the photoresist [268]. It is proved by numerical methods
that one-dimensional and two-dimensional patterns with a half-pitch resolution of
14.6 nm can be generated. In addition, the half-pitch resolution of the generated
pattern can be as low as 13 nm, using a high refractive index photoresist.

1.7.3 Stimulated Emission Depletion (STED) Manufacturing

In 1994, Hell and Wichmann provided a revolutionary proposal to ultimately break
Abbe’s resolution limit in fluorescence microscopy [269]. In their proposal, the fluo-
rophore at the outer edge of the point spread function (PSF) is deliberately switched
off by a mechanism of stimulated emission depletion (STED). Here, a second laser
beam is focused into a special ring-shape, deactivating a surrounding part of the
excitedmolecules, thereby limiting the effect of the excitation laser to a small volume
at the central spot. In this case, the observation region does not have any fundamental
diffraction limits. STED-nanoscopy has been proven to achieve resolutions below
10 nm [270]. In 2014, StefanHell was awarded theNobel Prize in Chemistry, because
of the diffraction barrier is eliminated in the optical fluorescencemicroscope, through
the concept of stimulated emission depletion (STED) [270]. This STED concept can
also be applied to optical super-resolution manufacturing. Figure 1.43 shows typical
setups of STEDmicroscopy and STED lithography. In a typical STED principle, the
diameter of the exposure area can be calculated by the formula [271, 272]

d ≈ λ

2nsinα
√
1 + bISTED/IS

(1.6.1)
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Fig. 1.42 A schematic
diagram of laser coupled
scanning near field optical
microscopy tip [19]

Fig. 1.43 Set up of STED microscopy (left) and STED lithography (right) [19]

where nsinα is the numerical aperture, b is a systematic coefficient dependent on
the beam shape, ISTED is the intensity of the depletion light, and Is is the switching
intensity at which half of the radicals will be depleted through stimulated emission.
It can be easily understood that one can reduce the exposure area by increasing
ISTED/IS ratios. Wollhofen proposed new limitations on the lateral resolution and
feature size of the STED lithography technology with two-photon STED direct laser
writing. The minimum lateral width can be prepared up to 55 nm, the width of
separated twin lines can reach 120 nm [273]. Vitukhnovsky demonstrated the advan-
tages of STED-inspired nanolithography for the preparation of metals and hybrid
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nanostructures [274]. Compared with the direct laser writing method, they demon-
strated that the use of STED nanolithography can greatly reduce the lateral size of the
line.Using optically STED lithography, sub-diffraction-limited acrylate nanoanchors
were prepared [275]. Acrylic nanopatches with a diameter of 60–70 nm prepared by
STED enhanced two-photon polymerization are easily functionalized by antibodies
at the single-molecule level. He proposed a control method of 45 nm wire based on
direct laser writing with STED, which has a rod-shaped effective focal point. In tradi-
tional standard direct laser writing, a donut-shaped depletion focus is usually used,
and the minimum line width is limited to 55 nm. In this work, they push this limit to
the sub-50 nm size with a rod-like effective focal point, which is a combination of
Gaussian excitation focusing and twin-oval depletion focusing [276]. Furthermore,
Gan has demonstrated deep sub-diffraction optical beam lithography with a 9 nm
feature size based on the STED mechanism [277].

1.8 Summary and Outlooks

A laser is a crucial tool for precise micro-to-nano manufacturing. For various appli-
cations the understanding of fundamentals between the laser and material interaction
is basic. With the development of ultrafast laser available for a shorter pulse, higher
peak power, and tunable wavelength at a wider band, the laser manufacturing enables
versatile processing with a higher precision beyond the optical diffraction limit.

The basic interaction of laser and materials involves in energy absorption. At
a micro-to-nanoscale, this physical procedure includes surface plasmon excitation
and surface electron excitation. At a periodic approximately equal to or shorter than
the electron-lattice coupling time, typically a couple of picoseconds, the so-called
Coulomb explosion, and nonthermal melting will occur due to the surface electron
vaporization. This localizes the thermal effect to the size similar to the optical pene-
tration depth. This is the current physical basis for precision manufacturing using an
ultrafast laser.

At a nanoscale, the physical properties of materials will be quite different from
their bulk counterparts. The micro-to-nano manufacturing leads to the mass transfer
at these scopes. The surface properties will be dominant due to the size effect and the
scaling laws. The nanoparticles can be melt and sintered at a pretty low temperature,
even close to room temperature. The involved surface liquid phase and enhanced
surface diffusion will bring new mechanisms to the manufacturing and materials
science.

Due to these new features, laser-based micro-to-nanomanufacturing is especially
effective and powerful for printed electronics, such as flexible/stretchable electronics,
3D microprinting for portable electronics at current big data, Internet of things,
next-generation computation and artificial intelligent era. It will create extensive
opportunities in energy, environment, sensing, and biomedical applications.

With the further development of laser-based micro-to-nano manufacturing, it can
be expected that molecular devices with high manufacturing and manipulation will
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be research hot topics. These fields should base on hybrid manufacturing which
may involve interdisciplinary techniques and disruptive concepts, such as near-field
manufacturing and super-resolution manufacturing. It is believed that these progress
may pave the way for science and technique evolution for post-Si and post-Moore’s
law and beyond.
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Chapter 2
Ultrafast Laser Enabling Versatile
Fabrication of Surface Micro-nano
Structures

Minlin Zhong and Peixun Fan

Abstract Surface micro-nano structures play an important role in realizing various
functions at solid surfaces and interfaces. Ultrafast lasers, especially the new-
generation high-repetition rate high-power ultrafast lasers, have been proven to be
powerful and versatile tools in enabling the fabrication of surface micro-nano struc-
tures. Taking the antireflection property as the key and cut-in point, this chapter
presents a brief overview on the state-of-the-art and current challenges on the
fabrication of surface micro-nano structures. Special focus will be placed on our
achievements in the recent years in developing ultrafast laser-based approaches
for the general, scalable, and controllable construction of surface micro-nano func-
tional structures, including nanoscale structures, micro-nano dual-scale structures,
and macro-micronano-nanowire multiscale structures, and the unique antireflection
performances realized by these surface micro-nano structures. This chapter intends
to offer readers an integrated tour of ultrafast laser fabrication techniques for surface
micro-nano structures and an outlook on their great application potentials.

2.1 Introduction

The research on surface micro-nano structures (SMNSs) on solids is an important
route for extending surface engineering studies towards micro-nano scales and also
an indispensable branch of the international frontier research of nano science and
technology. Investigations of SMNS originate from the observance of fascinating
structural properties in nature as well as the research efforts devoted to understanding
the mechanisms behind them. Through billions of years of evolution, biological
systems routinely produce micro-nano structured surfaces with useful properties [1–
4], such as the self-cleaning effect of lotus leaves by micropapillae and branch-like
nanostructure [5], the structural colors of butterfly wings by periodic hierarchical
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microstructures [6, 7], and the antireflection (AR) performance of moth eyes by two-
dimensional sub-wavelength structures [7]. All of these amazing surface structures
have aroused devouring curiosity of scientists as well as engineers to learn from
nature and provided enormous inspiration for them to mimicking these unprece-
dented properties for the real-world applications. Currently, the research of SMNS
has involvedmultiple disciplines and provided an effective bridge connecting surface
engineering techniques to advanced materials, functional surfaces, and intelligent
devices, exhibiting great potentials in wide practical fields.

As a typical representative of the properties of SMNS, optical antireflection has
essential importance for a variety of critical applications like solar energy utiliza-
tion, optoelectronic devices, infrared imaging, stealth, aerospace, etc. Thus, it has
been being one of the focuses of worldwide research on SMNS. Since there have
been many research and review articles introducing the physical fundamentals of
antireflection effect within the past few years [8–10], we will not go deep into the
details on that in this chapter. Instead, taking the AR properties as a main reference,
we pay special emphasis on the fabrication of various SMNS with different geomet-
rical features, aiming to provide a general description on the relationships among
fabrication process, SMNS features, as well as their properties.

In order to fully explore the potential of SMNS, the primary research task is to
prepare desired surface micro-nano structural features just according to the applica-
tion requirements. Over the years, most of the conventional micro-nano fabrication
methods including both the top-down and bottom-up strategies have been utilized
for producing SMNS [11–14], as shown in Fig. 2.1. Among that, pulsed laser abla-
tion has shown superior advantages in flexible, non-contact, and highly controllable
material processing without obvious material dependence, making it very promising
in formingmicro-nano structures on solid surfaces. In the past decades, various types
of pulsed lasers spanning over the timescale of ns to fs and the wavelength range

Fig. 2.1 Bottom-up and top-down strategies and the corresponding main methods for fabricating
SMNS
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of ultraviolet (UV) to infrared have been used in the fabrication of SMNS [15–17].
Laser-assisted surface micro-nano structuring has been increasingly investigated,
aiming at the tailoring of surface functionality of variety of materials [18–20], etc.

In comparison with the continuous wave and long pulse (ns ~ ms) lasers, ultrafast
laserswith pulse duration in the timescale of ps and fs ranges can induce a unique cold
processing effect, based on which the heat affect zone on processed materials can
be greatly reduced [21]. Attributing to this advantage, higher processing precision
down to the sub-microscale can be realized, and thus, fabrication of SMNS can be
conducted in a more controllable manner. The research on ultrafast laser can date
back to the 1980s. In the early stage, the mainstream ultrafast lasers are those with
narrow pulse durations in the range of 50–150 fs. However, the pulse repetition
rates as well as laser power of such kinds of ultrafast lasers are usually limited,
making them mainly suitable for fundamental research. Over the nearly past decade,
high repetition rate (up to MHz) and high power (up to 102–103 W) ultrafast lasers
keep emerging out, which can fabricate the SMNS in a greatly increase processing
efficiency. Although the pulse durations of these kinds of ultrafast lasers are not so
narrow as the former types, they can indeed provide not only scientific instruments
for fundamental physical and chemical research, but also industrial tools for practical
engineering applications.

In recent years, based on these new generation high repetition rate high power
ultrafast lasers, we paid special research efforts on developing laser-assisted new
methods in general, scalable and controllable construction of metal surface micro-
nano functional structures, as shown in Fig. 2.2. Taking the antireflection property
as the key and cut-in point, we get deep into the study of photon absorption, transfer,
storage, and conversionwithin themetal surfacemicro-nano structures. The potential

Fig. 2.2 Schematic of research roadmap on laser-assisted construction of metal surfacemicro-nano
structures for photon absorption and conversion applications
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applications of the proposednewmethods aswell as the preparedmetal surfacemicro-
nano structures in the fields like photothermal conversion, photoelectrocatalysis, and
optoelectronic devices are explored.

In the present chapter, a brief overview of the state-of-the-art and current chal-
lenges of antireflection SMNS, especially those fabricated by laser, is provided first.
After that, the specific methods we developed with high repetition rate high power
ultrafast lasers for fabricating SMNS on metals are introduced in Sect. 2.3. The
antireflection performances of the fabricated SMNS are demonstrated in detail in
the following part, which is further organized into three sections according to the
scale features of SMNS: (Sect. 2.4) antireflection of nanoscale structures, (Sect. 2.5)
antireflection of micro-nano dual-scale structures, and (Sect. 2.6) antireflection of
multiscale structures. In the last Sect. 2.7, some representative applications of the
SMNS we constructed are presented. This chapter intends to offer readers both an
integrated tour of laser fabrication technologies for SMNS and a basic realization of
their great application prospects.

2.2 Overview of Research

2.2.1 Micro-nano Structures on Semiconductor Surfaces
for Antireflection

Silicon is the most widely used semiconductor material. The antireflection structures
on Si surfaces are essential for enhancing their light absorption and improving their
performances particularly in photovoltaic and photodetector fields. In 1999, Eric
Mazur et al. [22] in Harvard University produced conical spike arrays on silicon
surfaces through fs laser irradiation and reduce its surface reflectance down to below
10% in the spectrum of UV (0.25 µm) to the near-infrared (2.5 µm), which is called
“Black Silicon”. After that, a number of similar shaped Si surface structures with
varied geometrical dimensions have been fabricated, not only by lasers but also by
other methods, in order to continuously improve their antireflection properties [23,
24]. In 2007, for example, Huang et al. [25] prepared arrayed Si nanotips with a
base diameter of ~200 nm and lengths up to 16,000 nm through plasma etching,
achieving highly efficient antireflection performances over through the ultrabroad
spectrum range from 0.25 to 200 µm.

Encouraged by the success of antireflection SMNS on Si, the research on
antireflection SMNS on other semiconductor materials has also been extensively
conducted, especially on the gallium-based semiconductors like GaAs [26], GaN
[27], GaP [28], etc. Song et al. [26] use a two-beam laser interference method to
fabricate closely packed and aspect-ratio-controlled subwavelength grating struc-
tures on GaAs surfaces, the measured reflectance values of which are below 5% over
a wide wavelength range of 300–1100 nm.
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2.2.2 Micro-nano Structures on Metal Surfaces
for Antireflection

Guo et al. [29–32] from the University of Rochester conducted pioneering work on
turning highly reflectivemetal surfaces to be highly absorptive through the fabrication
of surface micro-nano structures via fs laser irradiation, producing the so-called
black metals, e.g., black platinum, gold, tungsten, titanium, and aluminum. The
broadband absorption, typically around 85–95% over the wavelength spectra from
UV to near-infrared (NIR), i.e., 0.25–2.5 µm, was attributed to periodic groove
structures covered with finer sub-structures at micro- and nanoscales, as shown in
Fig. 2.3. Such sub-structures were spontaneously formed during laser ablation with
femtosecond pulses.

Guo et al. [32] also have extended their studies on the antireflection properties
of metal SMNS to longer wavelength ranges and found that the fs laser-produced
SMNS can still be useful in bringing the surface reflectance down to lower values in
relative to the intrinsicmetal surfaces in themid-infrared (MIR) and even far-infrared
(FIR) spectrum regions, as shown in Fig. 2.4. However, obvious increasing trend in
surface reflectance with wavelength was observed.

Many other scientists and researchers have also devoted their efforts to continu-
ously improve the antireflection properties of fs laser formed SMNS and reduce the
metal surface reflectance to lower levels [33–35]. For example, Iyengar et al. [35]
used a fs laser to produce conical microstructures on Ti surfaces, of which the surface
reflection combined with scattering was reduced to low values of ∼3% over a broad
spectral (0.4–1.6 µm) and angular range (0–60°), with a lowest total reflection of
~1.8% being achieved at certain wavelengths.

Usually, the processing speeds of conventional fs lasers are in the magnitude of
µm s−1, making it a rather time-consuming process to fabricate the black metals by
simply focusing the fs laser beams on to the sample surfaces. In order to increase

Fig. 2.3 a–d SEM images showing surface structures of the black platinum produced by fs laser;
e spectral reflectance of the black and polished platinum samples. Reproduced from [29] with
permission from the American Institute of Physics
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Fig. 2.4 a–d SEM images showing surface structures of fs laser processed titanium sample; e spec-
tral reflectance as a function of wavelength for both the fs laser processed and the polished titanium
samples. Reproduced from [32] with permission from the American Institute of Physics

the processing efficiency, Paivasaari et al. [36, 37] proposed a four-beam interfer-
ometric fs laser ablation approach and fabricated hole-array structures on stainless
steel and copper surfaces. Although almost total absorption was obtained for stain-
less steel sample in the 200–2300 nm spectrum, a gradual increase of reflectance to
~50% was observed for copper samples at the wavelength of 800 nm. It is worth
noting that nanosecond laser has also been used for blackening copper [38], where
steady absorption above 97% in the spectral range of 250–750 nm was realized by
forming highly organized periodicmicrostructures. However, a nearly linear increase
of reflectance up to 30% occurred between 750 and 2500 nm.

The antireflection properties of nanoscale structures fabricated by fs laser onmetal
surfaces have also been investigated. Because their dimensions are comparable with
the visible spectrum wavelengths, selective optical responses are usually performed
by the nanoscale structures [30]. Dusser et al. [39] created oriented nanostructures
on the metal surface, namely nanoripples, which are typically in the range of visible
spectrum and smaller than the laser wavelength. Colorful surface effect was induced
which was further utilized to generate specific color patterns as shown in Fig. 2.5.

2.2.3 Challenges

The capabilities to harvest light, and correspondingly to eliminate the surface reflec-
tion over broadband spectrumwithout obvious wavelength dependence, are essential
for various critical applications. Also, it is one of the major and shared goals of the
continuous advances in different antireflection strategies, including from the conven-
tional quarter-wavelength (λ/4) films to the multilayered film stacks for destructive
interference [8, 40]; from the directly moth-eye mimics to nanowire/porous-based
dielectric structures for gradient refractive index [41, 42]; from single-scale metallic
micro or nano features to multiscale hierarchical structures for light trapping [43,
44]; and from rigorously designed and fabricated metamaterials to their pattern and
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Fig. 2.5 Color effects (on the right) resulting from controlled nanostructures formed by fs laser
irradiation on stainless steel surface; SEM images (on the left) of controlled nanostructures with
two different orientations. Reproduced from [39] with permission from The Optical Society

dimension varied counterparts for exciting resonance in ε and μ individually [45,
46]. In addition to that, various novel light-harvesting strategies are still emerging
for now [47–50].

It is well known that landmark achievement on antireflection research has been
achieved by the coatings of vertically aligned carbon nanotubes, reaching ultralow
reflectance (<1%) over ultrabroadband spectrum ranges (from UV to far-infrared)
[51, 52]. Besides, we have talked in Sect. 2.2.1 that by fabricating nanotip arrays on
silicon surfaces, ultrabroadband light harvesting over theUV to THz spectrum ranges
has also been realized. Compared to that, however, the research on antireflection
properties of metal surfaces is still unsatisfactory. Surface engineering methods to
reach antireflection on metal surfaces, meeting both broadband effectiveness and
ultralow reflectance requirements, are still in great need.

From the viewpoint of micro-nano structure manufacturing, great challenges
exist in the designable, predictable, controllable, as well as scalable fabrication of
surface micro-nano structures until now. Beyond that, it is the continuous pursuit
of researchers to further develop general strategies and techniques for fabricating
surface micro-nano structures on various materials.

Based on this background, our research is aiming to tune the light manipulation
properties of metal surface via SMNS constructed by the new generation high repe-
tition rate high power ultrafast lasers (ps and fs). Correspondingly, the following
sections will introduce in detail the recent progresses we achieve on the fabrication,
functionalization, and application of metal surface micro-nano structures.
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2.3 Fabrication of Metals Surface Micro-nano Structures

2.3.1 Fabrication of Metal Surface Nanoripples
and Nanoparticles

The formation of LIPSS (i.e., laser-induced periodic surface structures) under laser
irradiation is a well-known phenomenon and has been being studied since years
ago. As a special type of LIPSS, nanoripples with spatial periodicities obviously
shorter than the irradiation laser wavelengths have exhibited many unique physical
properties and thus attracted numerous research interests. With the high repetition
rate high power ultrafast lasers, we have also produced nanoripples onmetal surfaces.
Figure 2.6a shows a typical SEM image of these nanoripples. Through continuous
laser scanning where the adjacent laser tracks were partially overlapped to each
other, continuous and long ripples perpendicular to the linear polarization vector of
the laser beam can be produced. Figure 2.6b shows a AFM image of the nanoripples,
which have clear contours. From the cross-sectional profile shown in Fig. 2.6c, it can
be seen that the nanoripples have an average height of 270 ± 22 nm and an average
periodicity of 750 ± 31 nm, which is significantly smaller than the wavelength of
laser utilized (1064 nm).

Another major type of nanoscale feature generated by the high repetition rate high
power ultrafast lasers is nanoparticles. Our investigations show that the nanopar-
ticle distributions on metal surfaces can be effectively controllable by sequentially
changing the ultrafast laser processing parameters. Figure 2.7 demonstrates typical
morphologies of nanoscale features produced under ultrafast laser on copper, where
nanoparticles are found to be existing together with irregular surface nanostruc-
tures. Most nanoparticles are spherical in shape, with their diameters varying from
a few to over a hundred nanometers. Those nanoparticles distribute randomly over
the nanostructured copper surfaces, with no obvious orientations. With a relatively
lower scanning speed, like 2000 mm s−1, and correspondingly higher energy input
per area, more abundant nanoparticles tend to be produced, covering the areas both
around and among the surface nanostructures.

Statistical analysis on the radius distribution of the nanoparticles was made (see
Fig. 2.8). Most of nanoparticles on the nanostructured copper surfaces are smaller
than 100 nm in radii. Besides, the radius distributions are pretty narrow, with over
80% of the nanoparticles having a radius below 60 nm for all studied conditions. As
the scanning speed decreases, two evolution trends ban be observed. On the one hand,
the number densities of nanoparticles in all radius ranges increase simultaneously,
resulting in an obvious increase in the total number of nanoparticles from near 50 to
about 125 per 10 µm2. On the other hand, the mean radius of nanoparticles is kept
almost constant, showing only a slight increase from 42 to 48 nm. As a consequence,
the mean distance between these nanoparticles decreases obviously from ~400 to
~200 nm. Nanoparticle features with similar distributions have also been produced
on other metal surfaces like steel, titanium, aluminum, etc. It is well known that
metallic nanoparticles can induce unique localized surface plasmon resonance effect,
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Fig. 2.6 a SEMmicrograph of nanoripples on copper surface formed by an ultrafast laser; b AFM
image of the nanoripples; c cross-sectional profile of the nanoripples. Reproduced from [53] with
permission from Elsevier

for which the response wavelength of nanoparticles is determined by their shapes,
diameters, as well as distances. In this consideration, the ultrafast laser micro-nano
structuringgives us a good candidate for tuning the optical responses ofmetal surfaces
via controlling the distributions of produced nanoparticles.



84 M. Zhong and P. Fan

Fig. 2.7 a–c SEM images of surface features on copper fabricated with a scanning speed of 2000,
3000, and 5000 mm s−1, respectively. The green arrows refer to the nanoparticles while the blue
arrows refer to the surface nanostructures.Reproduced from [54]with permission from theAmerican
Institute of Physics

Fig. 2.8 Distribution
histograms of nanoparticles
on the ultrafast laser
nanostructured copper
surfaces. Reproduced from
[54] with permission from
the American Institute of
Physics
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2.3.2 Fabrication of Metal Surface Micro-nano Dual-scale
Structures

When more laser energies, i.e., higher laser fluence and more laser pulses, are input
into metal surfaces, different kinds of microscale structures can be fabricated by the
high power high repetition rate ultrafast lasers. On the surfaces of the microscale
structures, there covers abundant nanoscale features, naturally forming the unique
micro-nano dual-scale hierarchical structures.

One representative type of structural features for demonstrating this is surface
particle structures. As laser energy input increases, particle structures with sequential
size changes from nano scale to micro scale have been successfully fabricated. Here,
we classify them into five categories: the nano particles with sizes varying from tens
(~101) to hundreds (~102) nm (as discussed in Sect. 2.3.1), the sub-micro particles
with sizes in the range of 0.5–1 µm, the fine-micro particles with sizes in the range
of 1–10 µm, the microparticles of 10–50 µm in sizes, and the coarse-micro particles
larger than 50 µm, as shown in Fig. 2.9. Despite that all these sample surfaces are
dominated by particle features, differences in their structural constitutions can be
observed. The nano and sub-micro particles are single-scale structures, while the
surfaces of microscale particles are covered by sub-microscale features, constituting
dual-scale hierarchical structures. Moreover, only the particle feature exists on the
nano and sub-micro particle dominating surfaces,whilemicro pores andvoids occupy
the space among particles in the threemicroscale particle dominating surfaces. As the
particle sizes change from fine-micro to coarse-micro, the dimensions of the pores
also change.

The microparticle size and surface porosity of the three dual-scale particle struc-
tures have also been statistically analyzed. As illustrated in Fig. 2.10, the average
particle size increases from ~7 µm for the fine-micro particle structures to ~56 µm
for the coarse-micro particle structures; meanwhile, the surface porosity shows an
obvious decrease from ~54 to ~21%. Therefore, it demonstrates that the coarsening
of particle structures will compress the space of pores and voids on metal surfaces,
which will alternately influence their optical responses as indicated by the starred
curve in Fig. 2.10.

Figure 2.11 shows the typical SEM images of another representative type of
ultrafast laser fabricated surface micro-nano dual-scale structures, i.e., the arrayed
structures, demonstrating their evolutionwith laser scanning intervals.As a reference,
the diameter of the ultrafast laser focal spot for this particular investigation is ~30µm.
With the scanning interval increasing from smaller to greater than of the focal spot,
three kinds of structures were formed on copper surfaces. When scanning intervals
were much smaller than the focal spot, the entire metal surfaces were scanned and
modified by laser more than once. As a result, irregular coral-like surface structures
composed of micro-cavities with random orientations were fabricated (Fig. 2.11a).
Such micro-cavities consist of large hollows with dimensions of 30–100 µm where
small holes with dimensions of 1–30 µm were embedded, with micro protrusions
and particles surrounding them, forming a unique kind of porous structure. When
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Fig. 2.9 SEM images of surface particle structures with different sizes fabricated by ultrafast
laser. a Nano particles; b sub-micro particles; c, d fine-micro particles; e, f micro particles; g,
h coarse-micro particles. Reproduced from [55] with permission from Elsevier

scanning intervals were equivalent to the focal spot, regularly distributed surface
structures began to form and uniformhole-array structureswith dimension of ~20µm
were produced (Fig. 2.11b). When scanning intervals were larger than the focal spot,
only a certain portion of themetal surfaces can be directly irradiated by laser, through
which arrayed bell mouth-like structures with plateau-like areas among them were
generated (Fig. 2.11c).

It can be seen that not only the dimensions but also the topological forms of SMNS
can be easily controllable by adapting the ultrafast laser processing parameters. Thus,
large flexibility is offered to us by the high repetition rate high power ultrafast lasers
for fabricating the desired SMNS for targeted optical performances.
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Fig. 2.10 Statistics of the particle size and surface porosity of the micro-nano dual-scale particle
structures. Reproduced from [55] with permission from Elsevier

2.3.3 Construction of Metal Surface
Macro-micronano-Nanowire Multiscale Structures

As one of the most promising materials for energy conversion and storage, the
direct synthesis of oxide nanowires on conductive substrates and their assembly into
three-dimensional (3D) self-supporting architectures are of great importance for the
improvement of their functions.We have proposed and experimentally demonstrated
a top-down and bottom-up combined fabrication strategy, which has the outstanding
advantages for preparing 3D self-supporting macro-micronano-nanowire multiscale
architectures directly on metal substrates in a well-controlled fashion.

As shown in the schematics in Fig. 2.12a, such a combined approach starts
from the ultrafast laser structuring of metal surfaces (Procedure 1). Through this
procedure, versatile surface micro-nano structures can be directly generated on bulk
metals (Structure 1). After that, the bulk metal samples with the micro-nano struc-
tures premade by ultrafast laser are heated in a horizontal-tube furnace for thermal
oxidation (Procedure 2). Within this process, the premade micro-nano structures
play the role of precursor, which defines the microscopic environment where the
metal-oxide nanowires are synthesized. All the structural elements involved in such
a combined approach, from the bulk metal substrate, to the ultrafast laser fabri-
cated micro-nanoscale features, and to the oxide nanowires, together construct a
macro-micronano-nanowire multiscale architecture (Structure 2).

As a demonstration, Fig. 2.12b–e shows the nanowires grown in situ on the
ultrafast laser made one dimensional (1D) periodic structures on Cu surface. The
nanowires, with lengths over 10 µm, grow perpendicularly to the sidewalls of the
micro gratings and extend to the free space. The chemical composition of the
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Fig. 2.11 SEM images of ultrafast laser fabricated SMNS on Cu with different scanning intervals:
a 5 µm, b 30 µm, and c 50 µm. Reproduced from [56] with permission from The Optical Society

nanowires was analyzed via EDS and XRD characterizations, which identified a
main phase constitution of cupric oxide. Serving as a transitional bridge, the rela-
tively larger scale gratings connect the oxide nanowires with the underneath metal
substrates and also play the role of skeleton which supports the integrated surface
architectures. Resembling the grass taking root in the soil, the oxide nanowires
are tightly connected with the skeleton resulting from the in situ growing process.
The precursor structures and the nanowires are naturally combined without obvious
interface characteristics, making the constructed architectures an intact and robust
structural system.

With different types of precursor structures introducedbyultrafast laser, themicro-
scopic environment for growing oxide nanowires also differs. As an illustration, we
have intentionally fabricated two kinds of 1Dperiodic structures through adapting the
ultrafast laser structuring process, as shown in Fig. 2.13. Despite that the two grating
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Fig. 2.12 a Schematics of the top-down and bottom-up combined fabrication strategy (P1-
Procedure 1, S1-Structure 1, P2-Procedure 2, S2-Structure 2). b, c SEM images of the nanowires
grown on the laser fabricated 1D periodic structures. d, e 3D laser confocal microscope images for
the structures in (b, c) in gray and color charts. Reproduced from [57] with permission from The
Royal Society of Chemistry

structures are similar at the microscale, their surfaces are covered with different
nanoscale features. Specifically, nano ripples cover the micro gratings in Fig. 2.13a,
while nano particles cover the micro gratings in Fig. 2.13e. Massive papillae exist
on the former gratings, which are finer and more homogeneous than the particles
on the latter gratings. After thermal oxidation, both kinds of 1D periodic structures
can grow out oxide nanowires but with distinguishing characteristics. On the micro
gratings covered by nano ripples, the oxide nanowires are thinner (50–80 nm in
diameter) and longer, which distribute densely on the whole grating surfaces. Due
to their high length/diameter ratios, some nanowires even bend at the wire top. In
contrast, the nanowires on the micro gratings covered by particle features are thicker
(130–250 nm in diameter) and have a relatively sparser distribution; however, they
have higher stiffness and look straighter. Such an influence of the precursor structures
on the geometries and distributions of oxide nanowires to grow can be utilized for
preparing multiscale structures with desired hierarchical features, which is also the
advantages of the top-down and bottom-up combined fabrication strategy.

The precursor effect discussed above can also be used for selectively growing
oxide nanowires on designated surface areas. For instance, a pattern of “TSINGHUA
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Fig. 2.13 SEM images of nanowires grown on different types of 1D periodic structures fabricated
by ultrafast laser. The 1D periodic microscale structures covered with nanoscale ripples in (a, b) and
covered with nanoscale particles in (e, f); (c, d); and (g, h) show nanowires grown on the structures
in (a) and (e), respectively. Reproduced from [57] with permission from The Royal Society of
Chemistry

UNIVERSITY” has beenmade on Cu surface, and the results after thermal oxidation
are shown in Fig. 2.14. As can be found, all surface areas with the premade micro-
nano structures can grow out numerous and well-aligned oxide nanowires, with
multiscale architectures being constructed. Compared to that, the surface areas that
were not pre-structured by ultrafast laser can seldom produce oxide nanowires. It
is verified that the ultrafast laser structuring can activate metal surfaces to provide
microscopic environment from which oxide nanowires preferentially grow.

Basedon the aboveknowledge, the spatial distributionof nanowires canbedirectly
designed by intentionally controlling the dimensions and patterns of the premade
structures. For example, two-dimensional (2D) periodic structures with different
periodicities, like micro cone arrays, have been fabricated via ultrafast laser. After
thermal oxidation, remarkable 3D macro-micronano-nanowire hierarchical struc-
tures are successfully prepared, as shown in Fig. 2.15. Specifically, when the period-
icities of the arrayed micro cones gradually increase from Fig. 2.15a–c to 2.15e, the
potion of surface areas covered by the nanowires decreases. One of the distinguishing
advantages of ultrafast laser structuring is that it is a program-controlled approach,
which makes the content and distribution of oxide nanowires on metal surfaces also
programmable. This is crucial for the achievement of desired physical–chemical
properties for various practical applications.

In addition, with the capability of facilitating the growth of oxide nanowires
and seamlessly connecting them with larger scale metal structures as well as bulk
metal substrates, more kinds and more complex 3D multiscale architectures have
been facilely constructed, including 2D periodic structures with spindle-like units,
fractal structures composed of particle clusters, and vivid helical structures, as shown
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Fig. 2.14 SEM images of nanowires grown on a Cu surface partially structured by ultrafast laser:
a, b unstructured areas; c, d areas structured in the pattern of letter “H”; e, f areas structured in the
pattern of letter “A”. Reproduced from [57] with permission from The Royal Society of Chemistry

Fig. 2.15 SEM images of nanowires grown on 2D periodic structures of different periodicities
fabricated by ultrafast laser: a, c, e in low and b, d, f in high magnifications. g, h 3D confocal
microscope images for structures in (a) in gray and colorful charts. Reproduced from [57] with
permission from The Royal Society of Chemistry
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Fig. 2.16 SEM images of nanowires grown on various SMNS produced by ultrafast laser: a before
and b, c after growth of nanowires on spindle-like structures; d before and e, f after growth of
nanowires on particle cluster structures; g, h, i nanowires grown on helical structures. Reproduced
from [57] with permission from The Royal Society of Chemistry

in Fig. 2.16. Although the structural forms of premade micro-nano structures are
strikingly different for them, they have succeeded in growing oxide nanowires out
of their surfaces without exception.

Another advantage of the ultrafast laser structuring is that it is a unique technique
without obvious material dependence. Also, thermal oxidation is an approach that
has beenwidely used for synthesizing nanostructures and nanomaterials with various
oxide compositions. On the basis, the ultrafast laser structuring and thermal oxidation
combined strategy can be generally applied for the creation of 3D self-supporting
architectures on various solid surfaces.
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Fig. 2.17 a, b Photographs of the ultrafast laser fabricated large area (25 × 25 mm2) nanoripples
on Cu surfaces; c photograph of colorful words produced on Cu surfaces. Reproduced from [53]
with permission from Elsevier

2.4 Antireflection of Metal Surface Nanoscale Structures

2.4.1 Rainbow-Like Colors of Metal Surface via Nanoripples

As mentioned in Sect. 2.3.1, continuous long and uniformly distributed nanoripples
have been produced onmetal surfaces in large area by overlapped laser scanning step
by step. Figure 2.17 shows that the large area nanoripples perform various colors at
different viewing angles,which is a typical optical response of grating type nanostruc-
tures in the visible spectrum. Due to the advantageous flexibility of the laser surface
structuring method, colorful words can be produced on metal surfaces by scanning
particular selected areas. Such an unique kind of rainbow-like structural colors may
find applications in the fields of color display, decoration, and identification of codes.

2.4.2 Sequential Colorization of Metal Surfaces
via Nanoparticles

Also in Sect. 2.3.1, it has been discussed that the nanoparticle distributions on metal
surfaces can be facially tuned by adapting ultrafast laser processing parameters. This
characteristic can also be utilized to arouse selective surface antireflection perfor-
mances ofmetal surfaces in the visible wavelength range and thus form a colorization
effect on metal surfaces.

In particular, under optimized laser parameters, the original shining Cu surfaces
can be turned into colorful appearances sequentially varying from black to brown,
yellow, green, blue, purple, and pink only when the ultrafast laser scanning speeds
are tuned from 100 to 200, 500, 1000, 2000, 3000, and 5000mm s−1, as demonstrated
in Fig. 2.18.

In contrast to the structural colors induced by nanoripples, the colors of nanopar-
ticles will not change with viewing angles (see Fig. 2.19). Besides, reflection spectra
of surface nanoparticles have beenmeasured under different incident angles, with the
overall trend of the reflection spectra with wavelength remaining consistent except
the slight difference in their curve levels. Therefore, it indicates that the selective
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Fig. 2.18 Photographs of polished and ultrafast laser colorized copper surfaces. The scanning
speeds for samples b–h were 100, 200, 500, 1000, 2000, 3000, and 5000 mm s−1, respectively.
The area of all sample surfaces is 10 × 20 mm2. Reproduced from [58] with permission from the
American Institute of Physics

Fig. 2.19 Photographs of the nanostructured copper surfaces at different viewing angles. Samples
a–c correspond to samples a–c in Fig. 2.7, respectively. The sample tilting angles in (1)–(4) were
0°, 30°, 45°, and 60°, respectively. The area of all sample surfaces is 10 × 25 mm2. Reproduced
from [54] with permission from the American Institute of Physics

spectral responses of nanoparticles in the visible spectrum are irrelevance to the
incident angle of the incoming light.

Similar results have also been achieved on other metal surfaces (see Fig. 2.20),
sufficiently proving the general applicability of the ultrafast laser sequential
colorization method via producing surface nanoparticles.

2.4.3 Colorful Self-cleaning Metal Surfaces via Nanoscale
Structures

In addition to the colorization effect, the nanoscale structures on metal surfaces
can also render them excellent superhydrophobic as well as self-cleaning properties.
Taking the nanoripples, for example, an apparent contact angle up to 153.9± 3.2° and
a small sliding angle of 11 ± 3° can be realized between their surface and the water
droplets, showing obvious superhydrophobicity (see Fig. 2.21). The water droplets
could effortlessly move away even when the surface was only slightly tilted, which
is attributed to the large amount of nanoscale structural features presenting on the
surface.
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Fig. 2.20 Photographs of ultrafast laser colorized steel surfaces. The scanning speeds for samples
a–f were 1000, 1500, 2000, 2500, 3000, and 3500 mm s−1, respectively. The area of all sample
surfaces is 20 × 20 mm2. Reproduced from [59] with permission from Laser Institute of America

Fig. 2.21 a, b Optical image of water droplets on a colorful metal surface treated by ultrafast laser;
c, d photographs of a water droplet rolling down when the sample was tilted. Reproduced from [53]
with permission from Elsevier

2.5 Antireflection of Metal Surface Micro-nano Dual-scale
Structures

2.5.1 Tunable Antireflection via Metal Surface Particle
Structures

The reflection spectra of particle structures of different dimensions in the UV–VIS-
NIR spectrum range were plotted in Fig. 2.22a. The single-scale nanoparticles show
characteristic peaks and valleys in its reflection spectrum in the visible range, as
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Fig. 2.22 Reflection spectra of the ultrafast laser fabricated surface particle structures in the a UV–
VIS-NIR and b UV-MIR wavelength ranges. Reproduced from [55] with permission from Elsevier

discussed in Sect. 2.4. Approaching into longer wavelengths, the spectrum of the Cu
nanoparticles ascends rapidly and tends to steady at a certain level. In contrast, the
sub-micro particle structure displays a nearly linear response in its surface reflection
to incident lightwithwavelength around 500–2000 nm. The threemicro scale particle
structures show similar evolution trends on their surface reflection spectra. In specific,
they have achieved broadband antireflection, with their surface reflectance drastically
and steadily reduced relative to the polished Cu surface. For the micro scale particles
of different sizes, their reflection spectra have been lowered to different levels. The
surface average reflectance increases from ~12% for the fine-micro particles to ~22%
for the coarse-micro particles, which is positively related to the evolution tendency
of particle sizes and negatively related to that of the surface porosity (see Fig. 2.10).

We further measured the optical reflection of the sub-micro, fine-micro, and
coarse-micro particles in even longer wavelength spectra (i.e., the MIR range), as
presented in Fig. 2.22b. Overall, a continuing evolution trend is shown in all the
reflection spectra as in the UV–VIS-NIR spectrum. Specifically, it can be observed
that the reflection curve of the sub-micro particles reaches a high level and shows a
similar changing trend as the polished Cu surface in the MIR range. The reflectance
of the coarse-micro particles firstly rises to a high level of ~40% and then drops
back to a similar level as the fine-micro particles after the wavelength of ~15 µm.
It is only the fine-micro particles which preserve steady low surface reflectance
lower than 20% over through the studied spectrum range of 0.2–25 µm, providing
a promising candidate for broadband light absorption and electromagnetic shielding
which demands antireflection properties without apparent wavelength dependence.

Figure 2.23 demonstrates the relationships among antireflection properties,
particle sizes, and amounts of ultrafast laser pulses input. A constant increase is
shown in the particle size from the nano scale ones to the coarse-micro scale ones.
However, the most effective antireflection, i.e., minimum surface reflectance over
broad wavelength spectrum, is achieved by the particle structure with a medium
dimension. Thus, the structural form and dimension need to be adjusted according to
the property requirements. The ultrafast lasers offer excellent capabilities in realizing
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Fig. 2.23 Schematic diagramof the evolution of antireflection properties of ultrafast laser fabricated
surface particle structures with respect to the particle sizes. Reproduced from [55] with permission
from Elsevier

such an adjustment feasibly and facilely. As validated in our research, the reflection
on copper surfaces has been tuned from 10 to 90% in spectral level and from UV to
MIR in spectrum range.

2.5.2 Ultrabroadband Antireflection of Micro-nano
Dual-scale Structures

The reflection spectra of arrayed micro-nano dual-scale structures in the UV–VIS-
NIR spectrum range were shown in Fig. 2.24. As can be seen, the ultrafast laser
processing parameters (scanning interval (I), for example) indeed have obvious influ-
ence on metal surface reflection via forming different forms of SMNS. The lowest
reflectance was obtained with lower scanning intervals, with over 97% absorptance
in the UV and visible spectral regions and over 90% absorptance in average in the
UV–VIS-NIR regions being obtained. Due to the decreased reflectance in the visible
region, the initial shining surface of the polished Cu sample turns to be black. With
scanning intervals equivalent to and larger than the laser focal spot, the produced
SMNS exhibits weakened antireflection properties especially in the infrared region.
This is a natural result caused by the reduction of light trapping structural features
presenting onCu surfaces from the porous coral-like structures to uniformhole arrays
then to the open bell mouth-like structures.

Moreover, the dual-scale structural architectures of the ultrafast laser-produced
antireflection SMNS make them now only effective for short wavelength spec-
trum but also effective for much longer infrared wavelength ranges, as shown in
Fig. 2.25a, b. Actually, through carefully adapting the ultrafast laser micro-nano
structuring process and thus, highly random to the features, the average reflectance
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Fig. 2.24 Reflectance of ultrafast laser-produced SMNS on Cu as a function of wavelength (I is
short for scanning intervals). The inset shows the photographs of polished Cu (on the left) and
blackened Cu (on the right) samples. Reproduced from [56] with permission from The Optical
Society

Fig. 2.25 a Hemispherical reflectance of original Cu and “black” Cu surfaces in mid-infrared
regions; b specular reflectance of original Cu and “black” Cu surfaces in far-infrared regions;
c average reflectance of ultrafast laser fabricate Cu SMNS in different wavelength ranges.
Reproduced from [60] with permission from Chinese Laser Press

of metal surfaces in the UV–VIS, UV-NIR, UV-MIR, and UV-FIR regions have
been reduced down to around 2%, 6%, 5%, and 8%, respectively, exhibiting ultra-
broadband highly effective antireflection properties (see Fig. 2.25c). Besides, these
antireflection performances show little change within the incident angle range of
0–60°. To the best of our knowledge to date, this is the broadest and the most stable
optical antireflection performances ever reported on metal surfaces.

For the sake of practical applications, we performed different aging tests for the
ultrafast fabricated ultrabroadband antireflection SMNS, including the high temper-
ature aging, the Xe light aging, and the salt spray aging tests. No apparent changes in
the structural features and chemical compositions have been observed after the tests.
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Attributing to that, no degradation on the antireflection properties has occurred,
confirming the stability of the ultrafast fabricated SMNS. Therefore, it is demon-
strated that the ultrafast laser fabricated antireflection SMNS is advantageous for both
its wavelength-independent antireflection performance and its structural robustness,
which has essential importance for practical applications.

2.5.3 General Broadband Antireflection of Metal Surfaces
via Micro-nano Dual-scale Structures

In addition to Cu, the micro-nano antireflection structures can be conveniently made
on other kinds of metal substrates by the high repetition rate high power ultrafast
laser in high efficiencies. As shown in Fig. 2.26, we have successfully produced black
Al SMNS, black Ti SMNS, and black steel SMNS, whose total reflectance in the
UV–VIS-NIR spectrum regions significantly decreases down to around 10%, 5%,
and 5%, respectively. Thus, the high repetition rate high power ultrafast laser micro-
nano structuring approach is proved to be generally applicable in forming desired
SMNS on metal surfaces to realize highly effective optical functions.

2.6 Antireflection of Metal Surface
Macro-micronano-nanowire Multiscale Structures

2.6.1 Enhanced IR Antireflection of Metal Surfaces
via Multiscale Structures

Here, the 2D periodic surface structural architectures are taken as an example
for demonstrating the antireflection properties of the produced macro-micronano-
nanowire multiscale structures. When a scanning interval of 40 µm was used with
other optimizedultrafast laser conditions,micro cone arrays uniformlydistributingon
the Cu surface in a periodicity of 40 µmwere fabricated, among which were regular
micro holes (Fig. 2.27a). These micro cones are covered by plenty of nanoscale
features, e.g., nano particles and nano corrugations. After thermal oxidation, oxide
nanowires with a dense and uniform distribution radially grow out from the outer
surface of the micro cones, turning the micro cones to be fluffy and the micro holes
to be blurry, as shown in Fig. 2.27c.

The antireflection properties of the 2D periodic Cu multiscale structures in the
MIR region (2.5–25 µm) were measured by a mid-infrared spectroscope equipped
with an integrating sphere. As presented in Fig. 2.28, the polished Cu surface without
any SMNS has high reflectance throughout the MIR spectrum. With the micro cone
arrays fabricated above, the hemispherical reflectance of Cu surface shows a 20–
30 percentage-point decrease in comparison with the polished one. However, the
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Fig. 2.26 Ultrafast laser fabricated black metal surfaces and their reflection spectra: a “Black” Al,
b “Black” Ti, c “Black” Steel. Reproduced from [60] with permission from Chinese Laser Press

surface reflection is still at an approximately equal level at different wavelengths,
with the reflectance curve remaining a steady line within the whole studied spectrum.
Further, after the growth of oxide nanowires, the hemispherical reflectance declines
abruptly over thewhole studiedwavelength range,with some deep reflectance valleys
emerging. Particularly, at the wavelengths around 15–16 µm, the surface reflectance
drops to a minimum value of ~2%, achieving a reduction by a factor ~38 and ~48
with respect to the micro cones without nanowires and the polished Cu surface,
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Fig. 2.27 Microscopic characterization of the micro-nano structures as well as nanowires on the
ultrafast laser structured Cu surface. Reproduced from [61] with permission from the American
Chemical Society

Fig. 2.28 Enhanced IR antireflection via the oxide nanowires grown on ultrafast laser fabricated
SMNS. The black, red, and blue solid lines correspond to the measured hemispherical reflectance
for the polished Cu surface, the structured Cu surface without oxide nanowires, and the structured
Cu surface with oxide nanowires, respectively. Reproduced from [61] with permission from the
American Chemical Society

respectively. Given that the bulk Cu is opaque to the infrared light, this yields a 98%
absorbance, suggesting that a near-unity infrared antireflection property has been
realized.
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Furthermore, attributing to the isotropic and symmetric distribution of the Cu
SMNS, this broadband infrared antireflection property shall be independent from
the incident angles or polarizations of the incoming light. A simulation study on the
hemispherical reflectance of the Cu micro cone structures with oxide nanowires at
oblique incident angles has been conducted.Also, the specular reflectance of the same
Cu SMNS has been experimentally measured at variable incidence angles in theMIR
region. The results validate that neither the simulated hemispherical reflectance nor
the measured specular reflectance have apparent change at different incident angles
up to 60°. It is demonstrated that the multiscale hierarchical structures fabricated
via the top-down and bottom-up combined approach can provide us unique infrared
antireflection properties.

2.6.2 Mechanism of Enhanced IR Antireflection
of Multiscale Structures

Within the macro-micronano-nanowire multiscale structures, the relatively larger
features, e.g., micro cones, function as the skeleton of the entire surface architec-
tures. Since these micro cones have spacings between them that are larger than
the wavelengths of incident light investigated in this chapter, they can perform the
multiple internal reflection and geometrical light trapping effect, which is the main
reason accounting for the improved antireflection properties of ultrafast laser fabri-
cated SMNS compared to the polished surfaces. Specifically, the number that the
internal reflection occurs for an incident light before escaping the SMNS is deter-
mined by their geometrical dimensions. And the overall reflectance of the SMNS
should be the product of reflectance for each internal reflection of the incident light
within the SMNS.

Here, for the sake of brevity, we assume that the reflectance for each internal
reflection is the same, termed as R0. Then, the difference between R0 of the micro
cone arrays without nanowires and that with nanowires is mainly triggered by the
oxide nanowire features. It is known that the oxide nanowires can induce phonon
dissipation and eliminate the energy of incident photons, resulting in a lower R0.
Then, the reduced R0 gets multiplied through the multiple internal reflection among
themicro structures produced byultrafast laser, reaching amuch lower overall surface
reflectance, as schematically indicated by the thickness difference of the arrows in
Fig. 2.29c, d.

The macro-micronano-nanowire multiscale structures combine the phonon dissi-
pation effect of the oxide nanowires with the light trapping effect of the larger scale
metal structural features. Indeed, it is reasonable to regard thewholemultiscale struc-
ture as an effective medium between the metal surface and the free space. The oxide
nanowires are metallurgically connected to the bulk metal through the micro-nano
structures produced by ultrafast laser. A gradual and seamless transition in struc-
tural features from the nanowires to the micro-nanostructures and to the original
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Fig. 2.29 Schematic of the strategy to enhance the antireflection performance of metal SMNS by
growing oxide nanowires on their surfaces. a Blank Cu sample; b integrated micro cone arrays; c,
d unit structure from the micro cone arrays showing the multiple internal reflection effect, where
the blue arrows represent the traveling of incident light among the micro cones. Reproduced from
[61] with permission from the American Chemical Society

bulk substrate was established. Attributing to that, the multiscale structures play the
role of an excellent effective medium, which can dramatically diminish the surface
reflection in a broadened wavelength range, giving rise to remarkable antireflection
properties.

2.6.3 Tunability of IR Antireflection of Multiscale Structures

Themacro-micronano-nanowire hierarchical structures as well as their antireflection
performances can be facilely controlled by the ultrafast laser structuring process. As
an example, micro cones with a denser distribution than those in Fig. 2.27 and micro
petals are fabricated by changing the laser scanning intervals to 30 µm and 50 µm,
respectively (Fig. 2.30a, b). After thermal oxidation, nanowires are grown on both
their surfaces regardless of their specific morphologies (Fig. 2.30c, d.)

Analog results as in Fig. 2.28 can be observed in the reflection spectra of the
densermicro cones and themicro petals (Fig. 2.31a), especiallywhen considering the
reflectance difference between the structures with and without nanowires. However,
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Fig. 2.30 Microstructure characterizations of modified Cu SMNS with a periodicity of 30 µm (a,
c) and 50µm (b, d). All scale bars are equal to 20 µm. Reproduced from [61] with permission from
the American Chemical Society

Fig. 2.31 Broadband near-unity antireflection of themodified SMNS in theMIR spectrum, a hemi-
spherical reflectance of Cu SMNSwith periodicity of 30µm (magenta lines) and 50µm (olive lines)
b average reflectance in different wavelength ranges of Cu SMNSwith nanowires with a periodicity
of 30 µm. Reproduced from [61] with permission from the American Chemical Society

the reflection spectra of both the densermicro cones and themicro petals have reached
obviously lower levels than those in Fig. 2.28. In particular, the reflectance from both
structures with nanowires decreases to below 10% in a broad spectrum. The denser
micro cones and the micro petals achieve enhanced antireflection performances
through a similar physical mechanism. The smaller spacing between the adjacent
cones in the denser micro cone arrays and the unique morphology of the micro petals
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can both provide Cu surfaces with more effective light trapping effects and conse-
quently reach lower reflectance. For the denser micro cone arrays with nanowires, a
reflectance valley of ~0.6% at around the wavelength of 17 µm has been realized,
which is one of the lowest experimental results reported on metal surfaces to the best
of our knowledge to date. In addition to that, such a near-unity infrared antireflection
property has no obvious wavelength dependence, which is broadband effective with
hemispherical reflectance steadily below 3% attained over the 14–18µmwavelength
range. In Fig. 2.31b, it is further shown that the average reflectance within the 10–
15, 15–20, and 20–25 µm spectra is all below 10%, indicating that nearly 90% of
surface reflection has been eliminated by the macro-micronano-nanowire multiscale
antireflection structures.

2.7 Applications and Outlook

2.7.1 Photothermal Conversion

As mentioned in Sect. 2.1, we aim to study the photon absorption as well as conver-
sion properties of the metal surface micro-nano structures. It has been shown in the
former sections that SMNS with outstanding antireflection properties over broad
spectrum as well as broad incident angle ranges has been successfully fabricated
through the ultrafast laser-assisted micro-nano structuring approaches we devel-
oped. Such extraordinary antireflection properties can greatly enhance the photon
trapping capability of metal surfaces and improve their photo absorption efficiency.
After that, the absorbed photon energies can be utilized through various means,
among which photothermal conversion is one most direct way. In this section, we
take the photothermal conversion process as an application instance of the excellent
antireflection SMNS we fabricated.

Here, we selected four kinds of typical SMNS for comparison. As shown in
Fig. 2.32a–d, when the four kinds of SMNS are produced, the Cu surfaces get darker
gradually from Structure 1 to Structure 4, indicating increased light absorption on Cu
surfaces. Based on the SEM and laser confocal microscope characterizations, these
structures can be classified into two groups. Structures 1 and 2 are constituted of
uniform arrays ofmicro cones aswell asmicro holes among them. Both the cones and
holes have clear contours.On the surfaces of themicro cones, there exist plenty of sub-
micro scale features like corrugations and particles. Structure 2 has higher cones and
deeper holes than Structure 1, which is accountable for the contrast in their brightness
under the same SEM conditions. Structures 3 and 4 feature with particles ranging
fromnano tomicro scales,which distribute randomly andhierarchically on the copper
surfaces and are a highly disordered structural form. Particularly in Structure 4, the
particle architectures are more prominent while the minimum structural features are
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Fig. 2.32 Photographs (top row), SEM images (middle row), and 3D laser confocal microscope
images (bottom row) for four kinds of SMNS fabricated by ultrafast laser on Cu. From left column to
right: Structure 1, Structure 2, Structure 3, and Structure 4. Reproduced from [62] with permission
from The Royal Society of Chemistry

smaller and more shape-diversified, through which a unique kind of cauliflower-
shaped architecture has been constructed whose branches and shrubs are formed by
clusters of smaller particles.

The light absorption properties of these four SMNS onCu are shown in Fig. 2.33a.
Intrinsically, the polished Cu surface has strong light reflection. The reflection spec-
trumdecreases gradually fromStructure 1 to Structure 4, consistentwith the changing

Fig. 2.33 a Measured hemispherical reflectance for four kinds of micro-nano structures as well as
blue coating on Cu surfaces, b comparison of the measured specular reflectance as a function of
wavelength and incident angle between Structure 4 and blue coating. Reproduced from [62] with
permission from The Royal Society of Chemistry
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of brightness on the four Cu surfaces in Fig. 2.32. Compared to the uniform micro
cone arrays, the disordered particle aggregates can absorb light more effectively.
Specifically, Structure 2 reaches higher light absorption than Structure 1 while
Structure 4 reaches higher light absorption than Structure 3. In particular, a steady
broadband spectrum with below 10% reflectance from UV to the infrared regions
is obtained in Structure 4. An average hemispherical reflectance of ~2% has been
realized in the spectrum of 200–800 nm, suggesting that ~98% of the irradiated solar
energy in this wavelength range can be collected by the structure. In contrast, the
light trapping capability of Structure 4 is even more significant than the commercial
antireflection blue coating over broader spectrum ranges.

Further, the specular reflectance under varied incident angles is measured. At
higher incident angles, the reflection spectra of the blue coating rise to higher levels
successively (see Fig. 2.33b). Compared to that, the reflection spectra of Structure 4,
namely the ultrafast laser fabricated cauliflower-shaped structure, stay at much lower
levels at all incident angles tested, with no increment being observed till the incident
angle of 50°. Even at the incident angle of 60°, its specular reflectance spectrum is
only around 0.1%. Such results illustrate that the SMNS fabricated by ultrafast laser,
particularly the cauliflower-shaped hierarchical structure, can benefit applications
of light absorption with their remarkable capabilities of broadband antireflection
without sensitivity to incident angles.

The enhanced light absorption properties of the ultrafast laser fabricated SMNS
are more intuitively validated by their thermograms under the irradiation of a solar
simulator (analogue to the AM 1.5 Global condition). As shown in Fig. 2.34, all the
copper sample surfaces look similar at the starting point under the infrared view.
Only slight contrast can be observed between the sample surfaces and the circum-
jacent environment. After being irradiated for 10 min, obvious differences on their
appearances are shown. The temperature rise on the polished Cu surface is very
insignificant. The blue coating gets a little more temperature rise but still far from
significant. For the SMNS fabricated by ultrafast laser, the grouping characteristics,
in accordance with discussed in their structural forms in Fig. 2.32, are also illus-
trated in their infrared thermograms. The uniform micro cone arrays obtain limited
temperature increments, while the disordered hierarchical particle aggregates mani-
fest distinct temperature rises. The latter show bright white appearances instantly
when irradiated by the sunlight. Such performances persist at incident angles of 0–
60°. Although the heating capabilities of the ultrafast laser fabricated SMNS seem
to weaken at higher incident angles, the cauliflower-shaped structure presents the
most prominent heating effect all the time. Therefore, it is verified that the unique
cauliflower-shaped Cu SMNS is an efficient medium for absorbing solar light and
converting it to heat.

For further demonstrating the solar harvesting and the photothermal conversion
capabilities of the SMNS produced by ultrafast laser, a water evaporation experiment
has been conducted. As Fig. 2.35a shows, the copper samples are employed to absorb
the incident light and convert it to thermal energy. Driven by the heated Cu surfaces,
accelerated evaporation occurs in the surroundingwater. Through such awater evapo-
ration test, the light-to-heat conversion properties of the samples studied can be more
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Fig. 2.34 Infrared thermograms of different Cu surfaces after irradiation in varied incident angles
for 10 min at a radiation power density of 1 kW m−2. The initial conditions of all sample surfaces
(marked as Start) are also shown for comparison. Reproduced from [62] with permission from The
Royal Society of Chemistry

comprehensively evaluated, with their overall photothermal conversion efficiencies
beingmeasured. Figure 2.35b indicates that when higher light absorptance is reached
by the ultrafast laser structured Cu surfaces, higher overall photothermal conversion
efficiencies can also be achieved, yielding stronger water evaporation. Within the
different types of SMNS, the cauliflower-shaped structure presents a highest overall
conversion efficiency of ~62%, realizing a more than twofold enhancement in the
solar water evaporation process. Thus, it is confirmed that the cauliflower-shaped
copper SMNS can be significantly effective in absorbing the incoming light energy
and transferring it to the surrounding substances.

2.7.2 Outlook

Besides photothermal conversion, the ultrafast laser fabricated metal surface micro-
nano structures can also find applications in many other fields, especially in the
energy-related and optoelectronic areas. For example, our study has shown that nickel
surfaces with multiple kinds of micro-nano dual-scale structures can exhibit signifi-
cantly improved electrocatalytic water splitting performances; titanium surfaceswith
“macro-micronano-nanowire” multiscale structures can double the photocatalytic
degradation efficiency of Ti–TiO2 material system; copper surfaces with pit arrayed
micro-nano hierarchical structures can achieve a SERS enhanced factor of ~105; etc.
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Fig. 2.35 Photothermal conversion of the ultrafast laser fabricated SMNS, a schematic of the water
evaporation experiment, b comparison of the overall photothermal conversion efficiencies and the
average absorptance within 200–2000 nm range between different samples. Reproduced from [62]
with permission from The Royal Society of Chemistry

Furthermore, both the metal and metal-oxide hybrid micro-nano structures display
superhydrophobicity and self-cleaning properties, rendering them the potential to be
applied in practical environments. More research efforts should be paid in future to
explore the application potential of laser fabricated SMNS in various fields and fully
utilize the outstanding physical–chemical properties they have exhibited.

Ultrafast lasers, especially the new generation high repetition rate high power
ultrafast lasers, have been proven to be powerful and versatile tools in enabling the
fabrication of micro-nano structures on metal surfaces. It can be anticipated that they
should also be quite effective for the surface functionalization of many other kinds
of materials including semiconductors, dielectrics, ceramics, biomaterials, etc. Also,
they provide us a lot more possibilities for precisely processing low-dimensional
nanomaterials. The related research and investigations are currently being conducted
by scientists from worldwide.
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Last but not the least, innovations on laser-based, laser-assisted, and laser-hybrid
strategies and methods, especially on the preparation principles and techniques for
general, scalable, and controllable construction of surface micro-nano functional
structures, are always welcomed.
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Chapter 3
Apertureless Scanning Near-Field
Optical Lithography

Ignacio Falcón Casas and Wolfgang Kautek

Abstract Optical nanolithography has experienced substantial advances in the last
decades. Lithography resolution by optical methods has been historically limited
by light diffraction. One potential approach to surpass this barrier is “apertureless
scanning near-field optical lithography”. In thismethod, a scanning probemicroscope
tip is illuminated by a focused laser beam and the electromagnetic field is strongly
enhanced in the vicinity of the tip’s apex. This may generate nanomodifications
on a solid surface in close proximity with the tip. In this chapter, we review the
thermal effects that allow distinguishing the underlying physical mechanisms: near-
field optical enhancement and/or thermal surface modification.

3.1 Introduction

Since Synge proposed the first near-field microscope idea in 1928 [1], there have
been multiple attempts to overcome the diffraction limit of light. In 1984, Pohl et al.
[2] and Lewis et al. [3] independently developed the first scanning near-field optical
microscope (SNOM), a combination of a scanning probe microscope (SPM) with a
laser beam channeled into a tapered optical fibre, overcoming the diffraction limit
[4–9]. Soon it was pointed out that a similar scheme could be used for subwavelength
surface nanostructuring [10, 11]. The character of the evanescent near-field leads to a
strong spatial electromagnetic field decay both in lateral and vertical directions. This
near-field spatial confinement, combinedwith field enhancement are key elements for
near-field optical nanolithography. Several experimental setups have been proposed
and implemented during the last two decades, both for SNOM and scanning near-
field optical lithography (NFOL). In aperture schemes [12–28], light from a laser
source is delivered through an optical fibre with a nanometric hole (about 50–150
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nm) at the end. The fibre end is used in scanning force microscope (SFM) mode and
placed a few nanometers above the surface. Metallic coatings around the tappered
fibre end are used to prevent light losses. In apertureless scanning near-field optical
lithography [29], a laser beam is focused on a tip placed above a substrate. aNFOL
exhibits advantages compared with aperture NFOL [6, 30]. Spatial resolution can
be higher in the apertureless case since SPM tips with a radius of 5–10 nm are
commercially available. In contrast, it is difficult to fabricate and reproduce fibre
apertures smaller than 50 nm. Further, laser intensities are limited because of the
danger of damage of the fibre. Small apertures also limit the intensity, with common
transmission factors of about 10−5. Finally, optical fibresmay absorb in some regions
of the spectrum,while apertureless schemes do not have this limitation. Experimental
results of aNFOLhave demonstrated the ability to generate nanostructures down to 10
nm. A thorough analysis of aNFOL always has to consider thermal effects produced
by the laser-tip-substrate interaction.

Scanning probe lithography (SPL) involves mechanical, thermal, optical, elec-
trostatic and chemical interactions between a probe and the surface as in the stan-
dard scanning force microscope (SFM), or different combinations of them [31].
Thermal scanning probe lithography (tSPL) e.g. is a thermomechanical direct-write
method enabling fast turnaround fabrication of nanostructures. Heated SFM tips are
employed to modify structural and chemical properties of surfaces [32, 33] as e.g.
the self-amplified depolymerization of an organic resist into the gaseous phase [34].

In this chapter, an optical scanning probe lithography approach is discussed, in
particular apertureless scanning near-field optical lithography (aNFOL). Thermal
effects are reviewed in order to discriminate near-field optical enhancement effects
from thermomechanical phenomena.

3.2 Fundamentals

This section focuses on the fundamentals of apertureless scanning near-field optical
lithography (aNFOL), particularly tip enhancement and the relevant parameters of
this process.

3.2.1 Near-Field Tip Enhancement

Near-field tip enhancement occurs when a sharp tip is illuminated by an electro-
magnetic field. This phenomenon has been attributed to several effects based on
the principles of the lightning rod, antenna effect, dipole polarizability and plasmon
resonance. Controlled by an SPM, the tip is positioned at a distance d from the sub-
strate (typically, a few nanometres). In order to obtain an analytical solution, one
can simplify the problem by replacing the tip by a sphere with radius r0 equal to
the tip radius at the apex. In this treatment, electrostatics is considered, neglecting
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retardation effects. This assumption is justified because the size of the sphere (typ-
ically 10 nm) is much smaller than the laser wavelength. Applying the method of
images, the substrate’s surface is replaced by an imaginary sphere of radius r0 at a
distance 2(d + r0) between the centres of both spheres. These two spheres form a
dipole oriented perpendicular to the surface (z direction). A linear p-polarized laser
beam, with an electromagnetic field E0 oscillating at frequency ω, forces this dipole
to oscillate along the z direction. This may produce a large surface charge accumula-
tion at the tip’s apex. The total polarization is P = α(E0 + Eimage) = αeffE0, whose
effective polarizability along the tip axis αeff can be written as [35]:

αeff = α(1 + β)

1 − αβ

16π(d + r0)3

(3.1)

whereα = 4πr30
εt(ω) − 1

εt(ω) + 2
is the sphere quasi-static polarizability andβ = εs(ω) − 1

εs(ω) + 1
represents the quasi-static Fresnel reflection coefficient. εs and εt are the permittivities
of the substrate and tip materials. From 3.1 and 3.2, one can see that the effective
polarizability αeff depends on geometrical factors (r0, d ) and on the permittivities of
both tip and substrate (εt, εs).

In a similar fashion, one can consider a more realistic structure and replace the
sphere by an elongated ellipsoid of axes a, b, whose geometry is closer to a real SPM
tip. Following a similar procedure as before, one obtains an enhancement factor κ

[36]:

κ = 1 + 2α
(
1/R3

c + β/(2d + Rc)
3
)

1 − (
αβ/4(d + Rc)3

) (3.2)

with the radius of curvature of the tip’s apex Rc = b2/a and the modified polariz-
ability for an elongated ellipsoid α = R3

c(ε − 1)/2. For certain values of the param-
eters in (3.2), the enhancement factor κ can acquire high values leading to a strong
enhancement of the electromagnetic field.

Numerical simulations predict the existence of near-field tip enhancement, with
enhancement factors up to two orders of magnitude [30, 36–47]. This phenomenon
has been confirmed by SNOM [43, 48, 49] and aNFOL (see Sect. 3.4) experiments.
The enhanced electromagnetic field can be absorbed by the substrate below the
tip enabling material modification when sufficient intensities/fluences are applied
(Fig. 3.1).

3.2.2 Parameters Affecting Near-Field Tip Enhancement

Tip-sample distance is one crucial parameter regarding near-field enhancement, as it
has been demonstrated in aSNOM, thermal near-field spectroscopy, and tip-enhanced
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Fig. 3.1 Calculated field
enhancement on a gold
substrate induced by a
silicon tip at a distance of
2 nm by the Boundary
Element Method (BEM).
The incident laser excites the
tip from the left at an angle
of 76◦. The electric vector
field is parallel to the major
axis of the tip [51]

Fig. 3.2 Optical
enhancement versus
tip-sample-distance derived
from the tip-enhanced
Raman scattering
experiment. Inset:
Corresponding Raman
spectra for single-wall
carbon nanotubes (SWNTs)
on a Au surface with the tip
at d = 5 nm (Tip in) versus
tip-sample distance
exceeding the near-field
interaction length scale (Tip
out). Reprinted from [43]
with permission of The
Optical Society

Raman scattering (TERS). The evanescent nature of near-field elecromagnetic radi-
ation produces an exponential decay of the intensity. The electrostatic dipole leads
to an enhancement factor decaying as 1/d3 (3.1, 3.2). Simulations and experiments
result in typical 1/e decay length values of the order of nanometres. For instance,
a TERS (Fig. 3.2) [43] and an aSNOM experiment [48] exhibited an 1/e near-field
decay length of about 20 nm. Simulations show that the near-field lateral confinement
is controlled by the tip radius [6, 36, 50].

Another key parameter regarding the enhancement factor is laser polarization.
A tip close to a surface generates a dipole oriented in the direction of the tip axis
(Sect. 3.2.1). In order to efficiently excite this dipole, the laser electromagnetic field
must oscillate along the tip axis. Laser illuminationwith linear p-polarization leads to
a maximum enhancement of the near-field below the tip apex (Fig. 3.3). In contrast,
for linear s-polarization illumination the enhancement factor decreases by several
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Fig. 3.3 Variations of the intensity scattered by the tip as a function of polarization angle β of the
incident wave. Reprinted from [52] with permission of The Optical Society

Fig. 3.4 Calculated field-enhancement for p-polarization (left) and s-polarization (right) [51]

orders of magnitude. This polarization dependence has been predicted in numerical
simulations [44, 47, 51, 53–57] (Fig. 3.14) and confirmed by experiments [47, 50,
52].

Besides laser polarization, numerical simulations have shown that the enhance-
ment factor depends on the angle of incidence of the laser beam with respect to the
tip axis (Fig. 3.5). Various optimal angles for maximum enhancement have been
reported, e.g. θ = 30◦ [44, 54], 40◦ [41] and 45◦ [43]. Further research has shown
that the optimal angle also depends on the tip material, with θ = 40◦ for silicon and
θ = 76◦ for gold-coated silicon tips [47].

The enhancement factor has been calculated for various metallic tip materials
(Au, Ag, Cu and Al), wire radii, tip angles and laser wavelengths [46] (Fig. 3.6).
Plasmon resonance peaks are observed at visible wavelengths. However, in the near-
infrared region of the spectrum (λ = 700–1000 nm), the enhancement factor tends
to increase monotonically with the wavelength, showing a similar tendency for all
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Fig. 3.5 Normalized E2 intensity field distribution along x-direction on sample surface underneath
the tip as a function of laser incident angle θ . The maximum intensity is about 333 at θ = 30◦.
Reprinted from [44] with permission of Springer

Fig. 3.6 Field enhancement for bottom and top illumination for several metallic tip and wire radii.
A radially polarized laser beam is focused by a parabolic mirror on a metallic cylindrical wire. The
wire has a diameter ρ, ending with a tapered conical tip. Reprinted from [46] with permission of
The Optical Society

materials. Plasmon resonances are dominant in the visible region, while lightning
rod and antenna effects seem to play a stronger role for longer wavelengths.

The tip radius also affects field enhancement related with the lightning rod effect.
A smaller tip radius causes a higher surface charge accumulation leading to a
stronger near-field enhancement. Various simulations show that the enhancement
factor increases exponentially with the reciprocal of the tip radius [36, 41, 46, 50,
58]. Few studies exist on the influence of the laser spot size [46, 59].
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In conclusion, the quantitative correlation of the laser polarization and the tip-
sample distance with the near-field tip enhancement have been repeatedly reported.
However, the influence of the tip radius, the angle of incidence, the laser wavelength,
the spot size, and the tip materials, need further investigations.

3.3 Thermal Effects

The first articles in the aNFOL field claimed that nanostructured subwavelength
features were produced due to pure near-field tip-enhancement effects. Those exper-
iments were performed in vacuumwith tip positions controlled by a scanning tunnel-
ing microscope (STM). However, it was questioned if thermal expansion of the STM
tip may produce thermomechanical modifications on the surface. In order to dis-
tinguish between thermal and optical physical phenomena, thermal effects of laser
illuminated tips must be carefully analyzed. Therefore, some of these aspects are
reviewed in this section.

3.3.1 Tip Temperature

Since the tip is heated when it is illuminated by a laser beam, it is important to
retrieve information about the tip temperature and heat distribution in an aNFOL
experiment.On one hand, itmay be used to discriminate between different structuring
mechanisms.On the other hand, a high temperaturemay produce deformation or even
destruction of the tip, thus affecting the reproducibility. For instance, the metallic
coating of SFM silicon tips can be easily melted if the applied laser intensity is high
enough.

The Raman line shift from a heated silicon tip [60] has been used as a method for
tip temperature determination [59]. In this experiment, an SFM tip was illuminated
by a Ti:Sa laser oscillator (with λ = 800 nm, τ = 50 fs, pulse energy 2 nJ, repetition
rate 80 MHz). The laser beam was focused on a 3–4 μm spot on the tip resulting in
a maximum tip temperature of 550 ◦C for a laser power of 180 mW (Fig. 3.7).

The non-linear evolution of tip temperature with increasing laser power, was
attributed to two-photon absorption of the tip. Using the same parameters as in the
experiment, a tip temperature of about 500 ◦C was obtained for a laser fluence of 15
mJ/cm2. The tip’s apex reached thermal equilibrium after 50,000 pulses (<1 ms),
with variations in temperature of a few degrees between consecutive laser pulses.
This result suggests that femtosecond pulsed lasers working at high repetition rates
and low energy per pulse can quickly lead to a thermomechanical steady state. In
contrast, a temperature of about 3000 K was estimated for a tungsten SFM tip under
a laser fluence of 100 mJ/cm2 [61]. However, the temporal length of laser pulses was
neglected in this calculation.
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Fig. 3.7 a Laser power dependence of the Si Raman line shift and b tip temperature estimation
following [60]. Reprinted from [59] with permission of Springer

Laser fluence and intensity influence on tip temperature for nanosecond laser
pulses have been simulated [62] in agreementwith experiments [63–65]. For a fluence
of 10 mJ/cm and an intensity I = 1 MW/cm2, a 10 ns laser pulse raises the tip
temperature up to about 130 ◦C. A higher tip temperature value of about 400 ◦C
was computed using the same fluence, but with a laser intensity I = 100 MW/cm2

and τ = 0.1 ns. However, for shorter pulses (τ < 10 ps, I > 1000 MW/cm2), the
heat-diffusion length lT = √

δτ (with δ the material’s thermal diffusivity) becomes
shorter than the region heated by the enhanced field (which is about the radius of
the tip). In this later case, the model fails and non-realistic temperatures of 8000◦C
were obtained. Recently, temperatures were obtained bymeasuring the thermal near-
field emission of a laser-heated tip [66]. A continuous wave laser (λ = 532 nm) was
focused onto a tip (laser spot size 10 μm) and the infrared radiation emitted was
fitted to a blackbody spectrum. Temperatures of 420, 530, and 610 K were found for
laser powers of 300, 500, and 800 mW, respectively.

3.3.2 Tip Thermal Expansion

First aNFOL experiments used STM devices, and succeeded in performing sub-
wavelength features smaller than 100 nm [38, 39, 67, 68]. However, the near-field
enhancement mechanism was questioned [69–73]. It was claimed that laser heating
might produce a thermal expansion of the tip. In STM setups, the tip is about 1 nm
above the surface. Therefore, a slight tip expansion of just a fewnanometers is enough
to make contact with the surface, thus opening the possibility of mechanical surface
modification. This expansion is smaller for femtosecond pulses, but still enough to
produce the tip-sample contact. Further research work by other authors agrees with
STM tip thermal expansion of a few nanometers [61–64]. Furthermore, if the tip
temperature is high enough, melting of the substrate surface may be possible.
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3.3.3 Cantilever Thermomechanical Behaviour

On cantilever-based SFM-setups, it is important to determine the thermomechanical
behaviour of the cantilever under laser illumination. When a tip is illuminated by a
laser, heat is diffused along the cantilever structure and causing expansion. A heat
gradient can lead to different expansion rates at different cantilever locations. This
introduces modifications on the cantilever geometry and position. Longitudinal can-
tilever expansion leads to a displacement of the tip position, which may compromise
the lateral resolution in nanolithography. Common silicon SPM cantilevers exhibit
a metallic coating on the back side to improve its reflectivity for the positioning
laser. This metallic layer has a different thermal expansion coefficient than silicon
and causes a dramatic bending effect [74] (Fig. 3.8). This produces changes, not
only in the longitudinal x direction, but also in the vertical z axis. Numerical cal-
culations have shown that the shift in the z direction can reach several nanometres.
SPM feedbacks have a typical response of 0.1–1 ms, while heat diffusion along the
cantilever structure takes place in a shorter time scale. This phenomenon of pulse
laser dependent thermomechanical cantilever displacements have to be considered
in aNFOL applications at low pulse repetition rates. Femtosecond lasers run at MHz
rates, however, can achieve a quick thermal equilibrium of the cantilever, mitigating
issues related with cantilever expansion [74].

Fig. 3.8 Temperature profile and deformation of a cantilever heated to 432 K. The deformation
is magnified 1000 times for better illustration. The white contours of the cantilever indicate the
original position [74]. c©IOP Publishing. Reproduced with permission. All rights reserved
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3.3.4 Non-contact Heat Transfer Between a Hot Tip and a
Substrate

Ahot tip can transfer heat to the substrate by conduction and radiation. Air molecules
acquire kinetic energy via collisions due to the tip temperature and hit the substrate
below the tip. Heat flux density between a silicon tip at a temperature of 800 K and
a substrate can reach values up to 0.5 MW m−2 K−1 [75]. In this study, radiation
contribution was neglected compared to air conduction.

However, radiation heat transfer must be considered. Near-field thermal radiation
can be strongly enhanced when the tip and/or substrate materials support a plasmon
excitation [76]. The thermal near-field radiation between nanostructures has been
studied for different geometries [76, 77]. High values of near-field radiation heat
transfer coefficient up to 1.0 MW m−2 K−1 were found [78]. The thermal near-field
radiation between a heated silicon oxide micro-sphere and a vanadium oxide film
substrate was measured in vacuum [79]. The micro-sphere temperature was varied
between 100 and 200 ◦C, and conductances slightly above 103 W m−2 K−1 were
found at a sphere-substrate distance of about 20 nm.

3.4 Experimental Results

3.4.1 Continuous Wave Lasers

There are numerous examples using continuous wave (cw) lasers as light sources for
aNFOL. The spatial distribution of the near-field tip-enhancement has been deter-
mined by observing the surface topography of a polymer after CW laser irradiation
[80]. A nanofilm of a positive photosensitive polymer (PMMA) mixed with a chro-
mophore (Dispersed Red 1, DR1) was deposited on a glass substrate by spin coating.
A cw Nd:VYO4 diode laser (λ = 532 nm) irradiated a Co-coated silicon tip working
in SFM tapping mode. The tip was positioned a few nanometers above the surface
and 1 mW average power was applied to the tip during 20 s with a laser spot of
100 μm. Fringes with a period of about half of the laser wavelength were found on
the polymer surface probably due to far-field interference. A nanobump of 40 nm
width and few nanometers height was observed at the center of the circular fringes,
indicating the presence of a singularity in the field distribution at the tip apex. Similar
results were found using a cw fibre laser (808 nm) and a Pt tip [81].

Using a different approach, near-field tip-enhancement has been also exploited to
pattern aluminium thin films by photo-thermally induced corrosion in water [82]. A
cwNd:YVO4 diode laser with linear p-polarization illuminated a glass slide from the
bottom in total reflection configuration. The surface of the glass was coated with a
20 nm thick aluminium film. The laser beam was focused on the aluminium surface
and surface plasmons were excited leading to an enhanced near-field on the metal
surface. Due to the localized nature of the near-field, only material close to the tip
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apex was affected by heat-induced corrosion. This process was capable to pattern
metallic films with aspect ratios of 1:2. Depth and width of the formed trenches were
controlled by adjusting the SFM scanning speed. With an illumination laser power
of 60 mW and a scanning speed of 136 nm/s, lines of 20 nm width and 5.5 nm depth
were written on the film surface.

3.4.2 Nanosecond and Femtosecond Pulse Lasers

One of the first experiments in the field employed various STM-tip materials , such
as Pt/Ir, W, Au and Ag-coated W, on a gold substrate [67]. With a Nd:YAG laser
illumination (5 ns,λ = 532 nm) subwavelength surfacemodificationswere achieved.
Dot dimensions were found with a lateral size of 30–50 nm and 10–15 nm in height.
Above a certain laser intensity threshold (10–20 MW/cm2 for Ag and Ag-coated W
tips and 30–80MW/cm2 for Pt/Ir tips), hillockswere observedwith 100%probability.
10 nm width lines were created using a laser intensity close to the threshold (15
MW/cm2). Laser polarization had a strong influence on the structuring process [39].
A laser polarization parallel to the tip axis led to a maximum effect. From this
an optical near-field enhancement mechanism was concluded. Similar results were
reported using an SFM cantilevered tip [38, 68].

Shortly after these experiments, contradictory explanations for the nanostruc-
turing process were developed [71]. The observation of a transient increase of the
tunneling current on a μs timescale was indicative of thermal expansion of the tip
resulting a thermomechanical deformation of the substrate. Also femtosecond pulse
irradiation led to the same conclusion [69] corroborated by further research work
[70, 72, 73, 83].

STM devices were gradually replaced by SFM devices in aNFOL. A SFM tip
does not need to be as close to the surface as in an STM.

A frequency-doubled Q-switched Nd:YAG laser (τ = 7 ns) was focused onto a
commercial silicon tip with a curvature of 12 nm [84]. Pits with a diameter of 28-40
nm and a depth of 4–10 nm were obtained on 50 nm thick gold films deposited on
silicon at a laser intensity of 80 MW/cm2. Protrusions around the pits suggested
a thermomechanical mechanism. Feature sizes increased with the number of laser
pulses, pulse energy and cantilever force. The nanofabrication process was attributed
to a combination of near-field enhancement and mechanical indentation of the tip.

Recently, an aNFOL setup (λ = 266 nm and τ = 4 ns) has been used to study
the near-field structuring effect of tip materials and curvature on gold, tantalum and
silicon substrates [85]. Surprisingly, only the conductive diamond-coated Si probe—
with the highest tip radius—produced craters on the surface of gold and silicon
samples. Crater diameter varied from 100 to 120 nm for single shot pulse irradiation.
The diameter of craters did not change with the tip-sample distance and the laser
fluence, only the depth of craters were affected. The ablated mass of the substrate
increased with the number of laser pulses for all materials studied. However, crater
depths reached a plateau for tantalum and silicon, after a certain number of laser
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pulses. In contrast, for the gold substrate, the crater depth kept increasing with the
number of pulses.

aNFOL experiments with nanosecond laser pulses can raise the tip temperature up
to 350–800 ◦C, causing a tip expansion of a few nanometers [74, 86]. To exclude this
phenomenon, the use of femtosecond lasers in aNFOL is an appealing alternative.

Nonlinear femtosecond aNFOL based on apertureless near-field two-photon
lithography was performed on a 50 nm thick SU-8 photoresist film [87]. A Ti:Sa
amplified laser with λ = 790 nm, τ = 120 fs and a repetition rate of 1 kHz was
combined with metallic SFM tips (Pt/Ir or Au) in contact mode. In a first step, the
photoresist was exposed—without the SFM tip—to intensities ranging from 1 to 2
TW/cm2, finding a feature formation threshold at 0.92 TW/cm2 resulting in lateral
dimensions of 300–400 μm. As the SU-8 photoresist does not absorb light at 790
nm, laser absorptionwas caused by nonlinear processes, e.g. multiphoton absorption.
Two-photon polymerization of the photoresist was observed when the metal-coated
tip was brought into contact with the surface, even at intensities as low as 0.15
TW/cm2. This indicated a 7-fold near-field enhancement factor. Lateral widths of
the created features were about 70 nm (Fig. 3.9). The size of the formed structures
did not depend on the laser spot size. The influence of the scanning speed was tested,
from 10 to 200 μm/s, with no apparent effect on the polymerization intensity thresh-
old. However, experiments using a silicon nitride tip failed to produce observable
structures, even at intensities as high as 1 TW/cm2.

Based on a similar setup, a so-called “floating tip nanolithography”was developed
to assure that the tip was not in contact with the substrate [88]. The cantilever of an
SPM tip was forced to oscillate with a small amplitude (<1 nm) at a frequency far
from the resonance frequency of the cantilever.

Silicon tips, with 20–30 nm coating layers of W2Cr and a curvature of 30 nm
were illuminated by a focused femtosecond laser beam (λ = 800 nm, τ = 100 fs,
spot size w = 300 μm and angle of incidence 17◦) [61]. The same regenerative
amplifier system was used without femtosecond injection to deliver nanosecond
pulses (λ = 800 nm, τ = 9 ns). Samples used were 20–30 nm thick metallic films,
ranging from low to high melting points (In, Au, Cu, FeCr). An SFM contact mode
generated craters with diameter of 20–30 nm and depths of several nanometers.
The fluence threshold for femtosecond pulses was 2.5–1.5 times lower than that for
nanosecond pulses. In the case of femtosecond irradiation, fluence threshold values
for p-polarization (s-polarization)were 34 (67) and 75 (150)mJ/cm2 forAu andFeCr,
respectively. Therefore, the fluence threshold for s-polarization was 1.5–2.5 higher
than for p-polarization. In addition, the fluence damage threshold oft he FeCr films
at p-polarization did not vary with the tip-sample distances (5–40 nm). Therefore, a
near-field enhancement structuring mechanism was excluded. To get an insight into
the thermal processes involved, the tip thermal expansion caused by laser heating
was estimated. For a laser fluence of 100 mJ/cm2, the tip could reach temperatures of
3000 K leading to a thermal expansion of about 20 nm. Nanostructure formation was
therefore attributed to thermomechanical effects, including melting of the substrate.

Commercial Si tips with 5–10 nm curvature were irradiated by a Ti:Sa laser
amplifier (λ = 800 nm, τ = 83 fs, 1 kHz repetition rate) in SFM contact mode in



3 Apertureless Scanning Near-Field Optical Lithography 125

Fig. 3.9 SFM images of two-photon produced line structures in SU-8 using the field enhancement
of the aSNOM tip with far-field intensities of a 0.9 TW/cm2 and b 0.45 TW/cm2. Panel c shows a
crosssectional view (height profile) along the dark vertical line in (b), suggesting that two-photon
apertureless near-field lithography can produce ∼72 ± 10 nm features using 790 nm light. The
scale bars in a and b are 5 and 1 μm respectively. Reprinted from [87], with the permission of AIP
Publishing

order to nanostructure gold films in ambient conditions [89]. Feature formation by
indentation of the tip was not observed, due to the low pressure exerted by the low
spring constant of cantilevers used. A p-polarized focused laser beam at grazing
incidence versus the substrate resulted in lines with a minimum lateral width of 10
nm and 4–8 nm depth (Fig. 3.10a). Both width and depth of lines increased with the
laser fluence (Fig. 3.10b). Various pattern shapes were structured on the substrate’s
surface, showing the versatility to control the shape, width and depth of lines, with
a minimum feature lateral size of λ/80.

The amplitude and the phase of the cantilever oscillation were electronically
monitored. When the tip approached to a distance of about 3 nm from the surface,
a sudden change in the phase of the cantilever oscillation was detected. Thus, the
tip-sample distance could be controlled with a precision of <1 nm. This allowed to
rule out any effects caused by the contact between the hot tip and the substrate. A
Ti:Sa laser oscillator with λ = 800 nm, τ = 20 fs and repetition rate 80 MHz was
employed. Lines of 20 nm width and 1 nm depth were written on a 15 nm gold film
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Fig. 3.10 Dependence of lateral feature size on a gold film on the laser fluence. Reprinted from
[89], with the permission of AIP Publishing

Fig. 3.11 Floating tip nanolithography on a gold film (15 nm of Au on a Si wafer with 2 nm of Cr
buffer layer). Reprinted with permission from [88]. Copyright (2008) American Chemical Society

(Fig. 3.11). The tip temperature was below the melting point of gold, so that the hot
tip effect (thermal substrate modification caused by the tip temperature) was ruled
out. A comparison between hot tip and mechanical SFM lithography was undertaken
at a photoresist (AZ4620). Mechanical SFM scratching produced material displace-
ment to the edges of the formed lines. In contrast, hot tip lithography achieved the
same resolution, but no material was deposited around the edges of the trenches.
Two mechanisms were proposed to explain the observed nanolithography results.
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Fig. 3.12 Effect of the number of pulses on the depth and width of lines nanostructured on a
photoresist (AZ4620) [90]

Hot tip interaction with the surface of the substrate led to melting/evaporation of
the material, and electromagnetic near-field enhancement caused material ablation
below the tip. A systematic study of the influence of the number of femtosecond
laser pulses (λ = 800 nm, τ = 20 fs, 82 MHz repetition rate), the operation mode
(contact and noncontact SFM), and the polarization performed at high repetition
rates on a photoresist (AZ4620) have been systematically analyzed [74, 90]. The tip-
sample distance was precisely controlled down to 0.5 nm by using the ”floating tip”
technique. The crater depths increased with the number of pulses, whereas the the
width was practically unaffected (Fig. 3.12). The influence of the laser power on the
depth and width exhibited the same trend for both p and s-polarization (Figs. 3.13
and 3.14). No variation of the width was observed for both p and s-polarization
when varying the tip-sample distance (Figs. 3.15 and 3.16). In contrast, the depth
increased with the tip-sample distance for p-polarization, while it remained prac-
tically unaffected for s-polarization (Figs. 3.15 and 3.16). This results may show
an indication that near-field enhancement is involved, since the structuring effect is
expected to be stronger for p-polarization. In addition, the effect of laser polarization
was tested on the same photoresist. If near-field enhancement is the dominant phys-
ical mechanism, one should expect greater feature depths for p-polarization based
on simulations (Fig. 3.4). However, the experiments showed practically no depth
difference between p-polarization and s-polarization. These results seem to indicate
that thermal phenomena are superposed on optical enhancement processes.

3.4.3 Near-Field Enhancement Factor

In spite of the importance of the near-field enhancement factor EF = |E|/|E0|, dif-
ficulties kept prevailing in quantifying it experimentally. One way to measure it
has consisted in the observation of the multiphoton polymerization of a photoresist
around metallic nanostructures [91]. The laser fluence can be adjusted below the
polymerization threshold, so that only regions where near-field enhancement occurs
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Fig. 3.13 Depth and width of structured lines on a photoresist (AZ4620) versus laser power for
p-polarization [90]. Noncontact mode with the tip kept 8 nm above the surface. The tip-sample
distance was calculated monitoring the phase of the cantilever’s oscillations (according to [88])
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Fig. 3.14 Depth and width of structured lineson a photoresist (AZ4620) versus laser power for
s-polarization [90]. Noncontact mode with the tip kept 8 nm above the surface. The tip-sample
distance was calculated monitoring the phase of the cantilever’s oscillations (according to [88])
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Fig. 3.15 Depth and width of structured lineson a photoresist (AZ4620) versus laser power, for
p-polarization [90]. The tip-sample distance was calculated monitoring the phase of the cantilever’s
oscillations (according to [88])
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Fig. 3.16 Depth and width of structured lines on a photoresist (AZ4620) versus laser power, for
s-polarization [90]. The tip-sample distance was calculated monitoring the phase of the cantilever’s
oscillations (according to [88]).

become polymerized. The sample is rinsed afterwards, removing any monomer rem-
nants. By employing this method, a study on two-photon polymerization obtained a
near-field enhancement factorEF = 24 around triangular nanostructures in a bow-tie
configuration [92]. Remarkably, these values were independent of the laser power,
irradiation time and spot size. A similar experiment had been previously undertaken
[93], but it showed a lower enhancement factor EF = 10, according to FDTD sim-
ulations. The differences were attributed to various factors, as different substrate
layers or variable sharpness values of nanofeatures. In a similar fashion, near-field
marking of star-shaped gold nanoparticles by femtosecond laser pulses was used to
estimate the near-field enhancement factor [94]. A maximum value EF = 7.2 was
found around the metallic nanostructures. Recently, an experimental estimation of
near-field tip-enhancement has been obtained [95]. Gold films were irradiated by
infrared femtosecond pulses (λ = 1040 nm, τ = 150 fs) in an apertureless scanning
probe configuration. A threshold value for far-field modifications of the gold sur-
face was found, allowing to estimate a near-field enhancement factor EF = 7, in
agreement with simulations.

3.5 Conclusions

Scanning probe lithography is emerging as a potential technology in the field of nano-
lithography. Particularly apertureless scanning probe near-field optical lithography
(aNFOL) showed the ability to surpass the light diffraction limit. The possibility
of dealing with non-transparent samples, the flexibility regarding laser wavelength,
and being able to work in ambient conditions make this technique a versatile option
for nanotechnology. However, the productivity is limited as in other scanning probe
techniques. This technique appears appealing to emerging fields like plasmonics
and nano-optics due to the capability of producing nanostructures. The physical
mechanisms responsible for aNFOL are still under discussion. Both plasmonic and
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thermomechanical processes can contribute to various extents. Further research is
needed to advance apertureless scanning probe near-field optical lithography to a
better understanding and nanotechnological applicability.
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Chapter 4
Laser-Induced Synthesis and Processing
of Nanoparticles in the Liquid Phase
for Biosensing and Catalysis
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Abstract Laser ablation (LAL) and irradiation in liquids (LIL) are becoming two
of the most studied and dominant ways of synthesis and modification for nanostruc-
tured materials. Such rapid development is due to a fast and economic way to obtain
nanoparticles of anymaterial. Starting from solid targets submerged in water or other
liquids, it is possible to obtain noble metals, metal alloys, metal oxides, and graphene
nanoparticles, simply by irradiating the target with a focused laser beam. Moreover,
it is also possible to modify already existing nanoparticles, generating defects in
their structures or reshaping them, through laser irradiation of their colloidal disper-
sion using an unfocused laser beam. In this chapter, a focus on the fundaments of
laser ablation and modification in liquids is reported as well as some advances in the
synthesis and modification of new nanostructures with their relative application in
different fields of research such as bio-sensing, catalysis, and optoelectronics. The
example of the synthesis of ultra-pure silver nanoparticles by LAL and their appli-
cation as surface-enhanced Raman scattering (SERS) active substrate for biosensing
application is provided. In such a study, it is possible to detect and characterize a
protein involved in diabetes mellitus type 2 (amylin), at nanomolar concentration.
LIL has been also considered to modify commercial TiO2 and graphene oxide (GO)
colloids. Such unconventional treatment has shown to enhance the performances of
these two materials, towards photocatalytic water splitting and water purification
applications, thanks to the modification of the morphology and oxygen functionali-
ties of these materials. As an added value, the LIL of TiO2 and GO is a more green
technique and tunable methodology concerning conventional reduction methods.
Laser irradiation of GO results in conferring to the material an antimicrobial activity
not shown by the untreated one. Similarly, the performance in the photocatalytic
H2 production of laser-treated TiO2 samples is examined pointing out that the TiO2
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structural modifications induced by the LIL process are fundamentals to strongly
increase the photocatalytic performance.

4.1 Introduction

Research related to the production of nanoparticles and nanostructures of different
size, shape, structure, and composition is on the rise due to their large applications in
the different fields of science and technology [1–6].Due to such an increasing request,
the production of different types of nanoparticles stimulated the development of new
strategies for their production by using different methodologies.

Many homemade vacuum machines have been built in various laboratories to
produce clusters of different materials having a nanometric size. However, vacuum
technologies require very good maintenance to obtain objects of high quality. For
instance, impurities present in the fly zone between the source and the deposition
plate may pollute the produced materials. Therefore, high vacuum conditions are
strictly required.

On the other hand, classical wet chemistry has been by far used with a large
number of different bottom-up approaches for nanomaterials fabrication involving
fundamental building blocks of matter: atoms and molecules [7, 8].

An intriguing alternative is to work directly in the liquid phase to grow and/or
modify nanosized materials using pulsed laser beams. In these cases, laser energy
can be used to ablate solid targets in the so-called Pulsed Laser Ablation in Liquids
technique (PLAL) or to modify previously synthesized colloidal dispersions, thus
changing the shape, size, and composition of the nano-entities or activate reactive
path for the formation of stable or metastable materials [9–14].

Regarding PLAL techniques, they involve a focused, high-power laser beam onto
the surface of a solid target that is submerged beneath a liquid. The interaction of
the laser with the target causes the surface to vaporize in the form of an ablation
plume. This contains species such as atoms, ions, and clusters, traveling with high
kinetic energy. The species in the plume collide and react with the molecules of
the surrounding liquid, producing new compounds that contain atoms from both
the original target and the liquid. Because of the intensity of the laser and the
nanosecond timescales, the instantaneous temperature and pressure within the reac-
tion volume can be extremely high (many thousands of Kelvin and tens of GPa).
Such high-temperature, high-pressure, and high-density conditions provide a “brute
force” method of synthesizing novel materials that have hitherto been inaccessible
using milder, more conventional techniques. The mechanisms involved in the nucle-
ation and phase transition of nanocrystals upon PLAL are not well understood. A
recent review [15] gave an overview of nucleation thermodynamics, the phase tran-
sition, and the growth kinetics in the case of nanocrystals obtained by laser ablation
of liquids.

Pulsed lasers have been also used to irradiate nanoparticles in liquid environ-
ments at fluences well below the ablation threshold (usually 0.1–0.5 J/cm2). This has
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received much attention for manipulating the morphology of nano-sized particles
during or after their formation. Laser irradiation has been shown to cause fragmen-
tation of nanometer-size silver and gold particles in aqueous solutions, size enlarge-
ment of spherical metal and semiconducting nanoparticles, transformation of gold
nanorods into spheres as well as laser-induced alloying [16, 17]. The result of laser
irradiation of metal nanoparticles is strongly dependent on experimental conditions.
For instance, the Koshizaki group has published many papers showing a method to
produce spherical submicrometer particles of different materials by laser irradiation
of nanocolloids which has been previously grown by PLAL or by classical chemical
syntheses [18, 19]. They have also shown that heating–melting–evaporation model
can be successfully applied for many phenomena arising when colloidal nanopar-
ticle interacts with pulsed laser beams. On the other hand, Compagnini et al. have
successfully synthesized Au/Ag colloidal nano-alloys with a wide range of compo-
sitions by laser ablation of single metal targets in water and a re-irradiation of mixed
colloidal suspensions [20, 21]. In this respect, control over the size and polydisper-
sity of NPs can be achieved by modulation of the laser pulse width and fluency, but
also through rational use of selected capping ligands with different affinity toward
the nanoparticles surface.

In the following, we plan to briefly discuss some fundamentals regarding the
interaction of the pulsed laser beam with a target material embedded in liquid envi-
ronments and then propose a few examples in which nanomaterials are obtained and
applied to biosensing, energy, and environmental applications.

4.2 Fundamentals

4.2.1 Liquid Phase Laser Ablation of Solid Targets

Themechanisms of ablation of any target by laser pulses in a liquid confiningmedium
have been extensively described in the papers by Fabbro et al. [22, 23] and by Sakka
et al. [24, 25]. Basically, a plume containing the material is produced at the solid–
liquid interface in the place where the incident laser pulses impinge the target. A
sketch of the sequence of this mechanism, with the possible involved reactions, is
depicted in Fig. 4.1.

The laser-induced plasma expands adiabatically at a supersonic velocity,
absorbing the residual part of the laser pulse. This fact determines the creation of
a shock wave confined by the liquid environment, and the shock wave, therefore,
induces extra pressure. Such a phenomenon is currently described as the formation
of the so-called ‘cavitation bubble’. The extra pressure created in the plasma induces,
in turn, an additional temperature increase, and this continuous process determines
the conditions for a continual supply of the vaporizing species coming from the solid
target. In synthesis, a thermodynamic state of higher temperature, higher pressure,
and higher density is determinedwith respect to that of the initially generated plasma.
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Fig. 4.1 Sequence of PLALmechanism. The laser hits the target inducing a plasma plume (a)which
expands into the liquid with a cavitation bubble carrying high temperatures and pressures (b).
Meanwhile, a number of complex chemical reactions are ignited (c), leading to the final formation
of nanostructures (d)

As an example, Berthe [26] reported a pressure of 2–2.5 GPa, when 50 ns, 0.308
µm wavelength pulses (by a XeCl excimer laser) are employed. With shorter pulse
duration (3 ns), pressures up to 10 GPa have been reported.

Concerning density and temperature values, densities up to 1022–1023 atoms/cm3

and plume temperature reaching 4000–5000 K have been reported for the ablated
species. During the evolution of the above-described processes, a series of chemical
reactions may occur at the solid–liquid interface. Some of these are shown schemat-
ically in Fig. 4.1 (panel (c)). First types of reactions occur inside the laser-induced
plasma. Here metastable conditions, as those generated by the high temperature and
high pressure, take place and lead to the formation of exotic species.

Another kind of chemical reaction occurs at the interface between the laser-
induced plasma and the confining liquid environment. The favorable thermodynamic
conditions give the opportunity of high energy reactions between ablated species from
the target and the molecules of the liquid medium. Reactions are also observed inside
the liquid.

Indeed, the extremely high pressure generated in front of the plasma acts on the
ablated species from the target at the interface and produces high energy chemical
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Fig. 4.2 The temporal of the PLAL phenomenon in the case of a nanosecond laser pulse

reactions between ablated atomic species and the liquid molecules inside the liquid
phase. As reported by Yang, the evolution stage of plasma, generated by the pulsed
laser ablation process of solid targets in liquid media, is represented by the cooling
and condensation of generated species in the confining liquid as shown in the panel (d)
of Fig. 4.1. The different types of condensation mechanisms will determine different
results in material preparations. In particular, one part of the plasma will condense
and deposit back on the solid target surface during the plasma quenching in the liquid
phase.This process has the effect of depositingmaterials on the solid target, and itmay
be used to produce thin films of new materials, resulting from the above-described
chemical reactions.

The temporal evolution of the phenomena is reported in Fig. 4.2 for a nanosecond
pulse.

As previously reported, the study of the cavitation bubble is one of the most
important issues to understand the evolution of the ablation processes and to predict
the final results regarding the produced nanostructures.

Cavitation bubbles are generally studied by combining three complementary
optical experimental methods with high temporal resolution providing details on the
cavitationbubble formation, nucleation, growth, anddissipationdynamics. These are,
namely, Optical Emission Spectroscopy for the plasma characterization, fast shad-
owgraph for plasma and cavitation dynamics, and laser scattering for themechanisms
of delivery of the produced materials in the liquid.

The shadowgraphy can be described as follows:

(i) the laser–target and the laser–plasma interactions,
(ii) the relaxation of the plasma with a characteristic lifetime correlated with the

electron density drop,
(iii) the lifetime of the liquid-confined bubble,
(iv) the bubble collapse, and
(v) the aging in the liquid phase.

Coming back to the features of the final colloidal suspension, the reader can
find several papers in which the formation of a plenty of different nanoparticles
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are obtained using a variety of different laser pulses and target submerged in many
liquids and solutions [9–14].

Here, we want to report and discuss a quite unusual experiment in which PLAL
in water, using a titanium target, is performed using only a single nanosecond
laser pulse. In this case, we plan to gain some information on the specific mate-
rial produced, avoiding re-irradiation effects, typical in the case of the production of
massive materials.

It is known that the repeated pulsed laser ablation of titanium in water gives the
formation of a TiO2 colloid with a mixture of anatase and rutile phases. Figure 4.3a
shows the optical image of the crater onto the titanium plate used as a target, once the

Fig. 4.3 Optical image of the crater created on a titanium plate after firing a nanosecond laser pulse
(a). The corresponding Raman maps (b and c ) refer to the presence of rutile and/or anatase nearby
the crater
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Fig. 4.4 Fallout nanoparticles aremostly in the rutile phase. Thismaterial is essentially not involved
in the re-irradiation process

shot has beenfired.The correspondingRamanmaps (Fig. 4.3b, c) refer to the presence
of rutile and/or anatase nearby the crater. Anatase is present nearly everywhere, while
rutile has been found only in the vicinity or the crater borderline.

Such an anomaly can be explained using the sketch of Fig. 4.4 in which we depict
a possible plume evolution.

After the ablation, the cavitation bubble and the plume push the embryonic mate-
rial far away from the metallic surface, where pressure and temperature quench quite
rapidly. Nucleated nanoparticles fallout in the vicinity of the crater border. The anal-
ysis evidences that the nanoparticles are mostly in the rutile phase. It is interesting
to observe that this material is not involved in a re-irradiation process, in all those
cases where repeated laser pulses are used for massive nanoparticles production.

Laser ablation in liquids then gives the possibility to obtain a large variety of
nanosizedmaterials directly embedded in the liquid phase. The colloidal suspensions
have unique properties if comparedwith all the other chemicalmethods used to obtain
them. Indeed such laser-generated colloidal nanoparticles are characterized by the
following potential advantages:

(a) Versatility: compared to common chemical reduction or precipitation routes
which rely on the availability of the respective precursors, this physicochem-
ical laser ablation method allows for the production of nanoparticles from any
base material (metal, alloy, semiconductor, ceramic) and in numerous liquids,
including polymer-dissolving organic liquids or even ionic liquids.

(b) Availability of precursors: the solid raw material for laser-based nanoparticle
production is easily available and often 5–10 times cheaper than commonly
used metal–organic precursor compounds.

(c) Purity: the ligand-free synthesis method gives access to highly pure colloids
resulting in a high nanoparticle surface activity—the particle surface is not
blocked by the chemical ligands or residues of the reducing agents, which leads
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to significant advantages for quality demanding nanotechnology applications in
biomedicine and catalysis.

(d) Electroaffinity: laser-generated (noble) metal colloids are electron acceptors
because of surface atom oxidation resulting in a relatively high particle surface
charge. If this charge is not screened by impurities, the particles attract oxygen
species and the resulting surface charge triggers electrostatic repulsion. At the
same time, the Lewis-acidity of the inorganic nanoparticle makes it possible to
achieve efficient electron-donative ligand adsorption.

(e) Defects: under controlled conditions, defect-rich materials and suboxides can
be sythesized, potentially broadening the range of optical, semiconducting, or
catalytic properties.

Besides the formation of nanomaterials by using an ablation process, power laser
beams can be used to modify plenty of nanostructures which have been previously
obtained using other methods. In this case, the laser energy triggers many possible
phenomena such as fragmentation, melting, or surface functionalization.

4.2.2 Irradiation of Nanoparticles Colloids

Pulsed laser selective heating of existing nanoparticle colloids has been used by
several authors in order to modify the structure and/or the chemical nature of a
colloidal dispersion [27–30]. The case of noble metal colloids has been frequently
treated. As an example, shape modification of gold NPs with pulsed lasers involves
the interaction of laser radiation at a wavelength that is close to the localized surface
plasmon resonance of the nanocrystals and/or the interband transitions.

The first investigations on the effect of nanosecond laser pulses on aqueous
colloidal dispersions of sphericalmetalNPs showed that fragmentation and reshaping
were the two main effects at high and low laser fluences, respectively. Later on,
the influence of nanosecond and femtosecond laser pulses at different energies on
colloidal gold nanorods, as well as the corresponding structural transformations,
were studied. Femtosecond laser pulses at 800 nm led to reshaping of the anisotropic
NPs into spheres while keeping constant the initial volume, whereas nanosecond
pulses resulted predominantly in fragmentation of the Au NRs.

Recently Koshizaki has reported that suitable irradiation conditions produce
spherical submicrometer particles of different materials. With this method, previ-
ously preparedNPswere irradiated by unfocused nanosecond laser pulses in different
liquids. In the following Fig. 4.5 we report the result of our experiment which
indicates that submicrometric spherical TiO2 particles can be obtained in water
suspension starting from random sized titania nanostructures.

The sphere formationmechanism is pretty intuitive [31].When a colloidal solution
is irradiated with a pulsed laser, only the solid particles are heated. The selective
heating process depends on the laser energy absorption efficiency of the single solid
particles, as well as that of the environment.
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Fig. 4.5 Submicrometric spherical TiO2 particles obtained in water suspension after the irradiation
of randomly sized titania

If the laser energy absorbed is enough to melt them, their shape will change, due
to surface tension. If the energy is high enough to completely melt the particles, they
become spherical. However, if the energy is insufficient to melt whole particles, only
the particle surface melts, resulting in surface smoothing. It is possible to predict the
necessary conditions to form spheres, calculating the laser selective heating.

As it was shown in [27], the particle cooling characteristic times (both by irradi-
ation and by boiling heat transfer) is around 10–4–10–6 s, significantly shorter than
the time between two consecutive pulses (10–1000 Hz repetition) but much longer
than the pulse duration (<10–8 s). In such condition, it is possible to make all the
calculations for one individual laser pulse. This is because we can neglect all the heat
losses during the particle heating/melting time and neglect the inter-pulse effect. In
such a case, the laser energy absorbed by a particle can be written as follow:

Qabs = Jσλ
abs

(
dp

)
(4.1)

where dp is the diameter of the particle, J is the laser fluence and σλ
abs is the particle

absorption cross-section, which can be calculated by classical Mie theory. All the
absorbed energy is consumed in the heating and melting processes of the particle,
which can be expressed as:

Qabs = ρp

πd3
p

6

[
C s
p(Tm − T0) + �Hm

]
(4.2)

where Tm, ρP, Cp
s, T 0 and �Hm are the melting temperature, the density of the

particle, the heat capacities of thematerial, the ambient temperature, and the enthalpy
of melting respectively.

By combining (4.1) and (4.2) one gets the relationship between particle diameter
and critical laser energy density for particle melting.

Koshizaki has reported the results for such a calculation, indicating that the critical
laser energy density strongly depends on particle size. With increasing laser fluence,
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the size of the formed spheres also increases. This result agreeswith our experimental
results regarding titania.

4.3 Case Studies

Wewant now to discuss two typical applications of nanomaterials produced by using
laser processing in liquids. In this respect, we want to stress both advantages and
problems in the use of such a kind of synthetic method relatively to each of the
applications proposed. The first example concerns with the use of laser-generated
silver nanoparticles for protein biosensing through the use of the so-called Surface
Enhanced Raman (SER) effect. The second is related to the possible modification of
TiO2 NPs and graphene oxide by laser irradiation of a colloidal solution. In this case,
the modified nanoparticles are employed for several purpouses, such as the pollutant
removal from water and photocatalytic water splitting applications.

We want to stress that the processing of nanomaterials through lasers in liquid
environments can be considered as an added value with respect to other materials
manipulation by conventional methods.

4.3.1 SERS Biosensing of Proteins

Surface-enhanced Raman spectroscopy (SERS) was originally discovered in the
1970s [32–35]. Almost 30 years after the discovery of SERS, interest in SERS has
exploded. Thanks to exciting advances in techniques for preparing nanoparticles and
to the laser and optics technology associated with measuring the Raman spectra, a
number of important applications have been reported.

Under favorable circumstances, Raman enhancements as large as 14 orders of
magnitude canbe achieved [36]. This is a veryhighdegree of enhancement, capable of
single-molecule detection [37] and raises a great interest in creating an ultrasensitive
sensing platform with molecular identification capabilities, especially as a sensor for
biological molecules.

The large enhancement of the Raman scattering intensity has been explained
by two mechanisms: the electromagnetic and chemical mechanisms. The former is
attributed to the increase of the local electromagnetic field of the adsorbate because
of the excitation of the surface plasmon on the metal surface. On the other hand,
the chemical adsorption mechanism is attributed to short distance effects due to the
charge transfer between the metal and the adsorbed molecule. Generally, the electro-
magnetic effect dominates and the chemical effect contributes to the enhancement
only on one or two orders of magnitude.

Akey role for themagnification is givenby the so-called “hot spots” [38].Hot spots
are highly localized regions of intense local field enhancement caused by local surface
plasmon resonances. They are generally formedwithin the interstitial crevices present
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in metallic nanostructures (rough metal surfaces, tips, or cavities in nanoparticles
agglomerations).

In this way the electromagnetic field of the light at the surface can be greatly
enhanced under conditions of surface plasmon excitation; the amplification of both
the incident laser field and the scattered Raman field through their interaction with
the surface constitutes the electromagnetic SERS mechanism.

Applications of SERS effect to the sensor field is powered by its ability to iden-
tify chemical species and obtain structural information in a wide variety of fields
including polymer and materials science, biochemistry and biosensing, catalysis,
and electrochemistry One of the most important field in which SERS spectroscopy
has been applied is biochemistry. With the development of proteomics, it is indis-
pensable to develop new detection methods for high-throughput protein analysis.
Most biological methods have the disadvantages of being very time-consuming,
consuming large amounts of materials, and resulting in low product yield, which
would be stumbling blocks for high-efficiency proteomics.

For fluorescence-based methods, broad emission spectra from molecular fluo-
rophores make multiplexing impossible, and the drawback of susceptibility to
photobleaching may greatly weaken their detection limits.

In contrast, SERS-based methods for biomolecules have great advantages over
fluorescence-based methods in terms of photostability and spectral multiplexing.
They are also much more sensitive than chemiluminescence-based methods. More
and more studies have proved the great potential of SERS in protein identification
and detection of protein-ligand interactions.

Here, SERS effect has been obtained by using silver NPs in solution produced
by PLAL and the key role played by the PLAL in obtaining a large magnification is
due to the absence of by-products after the NPs formation. Definitely each Ag NP is
able to interact with the protein directly.

As an analyte, we have chosen an amyloidogenic protein called human Islet
Amyloid PolyPeptide (hIAPP). Highly aggregated hIAPP deposits are considered
the common feature of many degenerative pathologies such as Diabetes Mellitus
type II, Parkinson, and Alzheimer [39–42].

Toxicity is often associated with the irreversible formation of amyloid fibers
which are protein aggregates, rich in β-sheet structures [39]. Mounting experimental
evidences suggest that toxicity is associated with non-specific pores within the cell
membrane of the target [43, 44]. Generally, the pathway of fibril formation is mainly
investigated using kinetic fluorescent ThT assay. From such assay, it is possible to
recognize three different regions: a first region where no fluorescence is detected (the
lag-phase); a second region where fluorescence increases (growth-phase) and a final
region where fluorescence reaches a plateau. These three regions are associated with
three different states of the protein.

Specifically, the presence of unstructured aggregates (oligomeric state) have been
assigned to the first region [45], while the increase of ThT fluorescence in the second
region is attributed to a self-assemblingprocess of the amiloidogenic proteins forming
fibrils [46].
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Many structural characterizations are not satisfactory either for oligomers and
fibrils. Indeed, since the oligomers show a fast-transient state, X-ray diffraction can
merely assign amorphous structures, rich in β-sheet [47]. This especially in the early
stage of fibril self-assembling pathway [39, 48].

A possible alternative is the use of highly sensible and chemical-specific tech-
niques such as SERS [49, 50]. This has already been proposed for the detection of
prefibrillar assemblies [51–53].

The introduction of SER active surfaces during the amyloid fibril formation
can also alter (inhibit/promote) the nucleation-dependent fibrillogenesis mechanism.
Recent investigations have in fact highlighted the influence of metal and polymeric
nanoparticles in the amyloid fibril formation.

In this respect, Zhang et al. [54] reported that gold nanoparticles (NPs) catalyze
the aggregation and growth of lysozyme, while Liao et al. [55] demonstrated that
negatively charged gold NPs inhibit Alzheimer’s amyloid-β fibrillation. Moreover,
Brancolini et al. [56] showed that the interaction between proteins and citrate-capped
gold NPs is weak in the physiological condition due to citrate presence.

Of course, chemical reduction of metal salts is one of the most frequently used
methods for preparing colloidal metals in order to perform SERS in water protein
solutions. Copper, Platinum, Palladium, Silver, andGold colloids have been prepared
by this method. The latter two are most often prepared by reduction of AgNO3 or
HAuCl4. Sodium borohydride and sodium citrate are common reductants, although
a number of other compounds have been used.

As previously mentioned, these procedures leave into the ambient a large number
of unwanted impurities which limit the interaction and reactivity of the analyte with
the naked surface and then the sensitivity of the surface-enhanced technique.

The fabrication procedures that are based on pulsed laser ablation in liquid (PLAL)
are particularly interesting, because they permit preparation of stable and unprotected
nanostructures even in pure solvents [10, 57]. Therefore, having in mind the above-
mentioned applications, an investigation on the surface of PLAL-synthesizedAgNPs,
and on the possible means to control its characteristics, is important in view of proper
tailoring of the colloid properties.

Figure 4.6a shows the Raman spectra for hIAPP in the prefibrillar structures and
after the formation of amyloid fibrils at a protein concentration of 0.4 µM. The
positions of the vibrational bands characterizing the secondary structure depend
on inter and intramolecular protein interactions, including peptide-bond angles and
hydrogen-bonding patterns.

Typically, a protein Raman spectrum is the result of threemajor vibrational modes
in the range 1000–1800 cm−1:

(a) amide bands (amide I, II, III) of the polypeptide backbone
(b) vibrations of aromatic amino acid residue
(c) vibrations of nonaromatic side chains.

As expected, at the beginning of the fibrillogenesis process, no protein signal is
detected. At the end of the growth process, fibrils are well visible spectroscopically.
Atomic Force Microscopy in tapping mode (Fig. 4.6b) determines the morphology
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Fig. 4.6 a Normal Raman Spectra of hIAPP fibril (black line) and prefibril (gray line). b Section
analysis and AFM image (2 µm × 2 µm) of a single fibril in aged hIAPP

of amyloid fibrils on a silicon substrate which has formed after an incubation time t
> 24 h [44]. A section analysis has estimated the height of the fibril at about 3.4 ±
0.2 nm.

Regarding the Raman spectrum reported in Fig. 4.6, from here on we will discuss
only the frequency of the amide I band ranging between 1630 and 1690 cm−1. Indeed,
in such spectral region, there is no overlapping with the vibrational modes of other
functional groups. By contrast, amide III signals (1230–1270 cm−1) lie at the same
frequency range of CH and C–C.

As a matter of fact, the (normal) Raman spectrum of hIAPP clearly evidences
the presence of fibrils with amide I in α-helix and β-sheet configurations. Secondary
structures in α-helix configuration is usually unexpected in fibrils because of the
conversion into β-sheet conformations. Their existence can be also confirmed by the
detection of an amide III band at 1256 cm−1 [58–63].

Our previous ThT fluorescence assays have shown that after an incubation time
of about 6 h, protein solutions (<1 µM) contain non-structured oligomers. After 6 h
of incubation, the fibril growth process starts and the formation of mature fibrils
completes after 24 h. The low protein concentration in the lag phase is the reason for
the detection failure through (normal) Raman spectroscopy.
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To enhance the sensitivity of the technique, we added some aliquots of PLAL
generated colloidal Ag NPs to a 250 nM protein solution at different hIAPP
incubation times (2, 6, and 24 h). The result is reported in Fig. 4.7.

If we consider the intensity ratio of (β-sheet)/(α-helix + r. coil), an increase of
about 40% of the β-sheet by increasing the incubation time from 2 to 6 h is detected.
A transformation of random coils structures and α-helices towards β-sheets ordered
aggregates have been found.

After 2 h, amide I band results broadly, clearly indicating a mixture of α-helices,
random coils and β-sheets. The SERS signals have almost the same integrated inten-
sity areas. For clarity, we used three Lorentzian functions to deconvolve such a broad
structure.

Since the vibrational spectra have been performed immediately after the nanopar-
ticle introduction, we suppose their null (or negligible) contribution to the protein
evolution.

Fig. 4.7 SERS of hIAPP in
presence of Ag NPs PLAL
added after 2, 6, and 24 h.
Lorentzian deconvolutions
are also shown (green lines)
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Wewant now to discuss a possible interaction of themetallic nanoparticle surfaces
during the fibril growth to investigate a possible dual role of undecorated (PLAL
produced) metal nanoparticles. For these reasons we mixed metal colloids at the
beginning of the lag phase, leaving them throughout the evolution time and moni-
toring the SERS spectrum as time goes by. In this respect, we also want to compare
the behavior of PLAL colloids with those of chemically prepared ones (salt reduc-
tion). In details, Ag, Au nanoparticles both prepared by the laser method and by the
chemical route were added to a 250 nM protein as-prepared solution.

We have then monitored the fibrillogenesis process as function of the incubation
time between 15 min and 24 h in the presence of PLAL silver nanoparticles.

Figure 4.8 shows significant SERS spectral changes after 1, 4, and 15 h. In all
these cases every feature of interest is well resolved in the spectra.

Signals associated to the α-helix structures are detected after 1 h, α-helices,
random coils and β-sheets are easily detected after 4 h, while after 15 h, random
coils and β-sheets are the main features characterizing oligomers and prefibrils. This
is consistent with a conversion of α-helix in β-sheet rich prefibrils. Finally, after an
incubation time of 24 h most of the fibrils precipitate, preventing further spectro-
scopic observations in the amide I region. The remaining vibrational features could
be associated to small peptide fragments interacting with silver nanoparticles. As
reported in the literature [64], the absence of any band related to the secondary struc-
ture could be attributed to a parallel orientation of the remaining peptide backbone
on silver colloid surface.

Fig. 4.8 SERS spectra of hIAPP induced byAgNPs obtained by laser ablation in water, as function
of the incubation time between 15 min and 24 h
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Fig. 4.9 SERS spectra of hIAPP (250 nM) in presence of Ag and AuNPs PLAL after an incubation
time of 4 h

Figure 4.9 reports the same experiment conducted using silver nanoparticles
obtained by chemical synthesis. The latter are obtained upon reaction of sodium
borohydride with silver nitrate AgNO3.

Unlike PLAL nanoparticles, no β-sheets are detected after the interaction with Ag
NPsCHEM. This different behavior could be attributed to a weak interaction between
Ag NPsCHEM and hIAPP responsible for a feeble Raman enhancement.

Specifically, in chemical synthesized silver colloids, borohydride anions are
adsorbed onto nanoparticles surface. The presence of the resulting repelling forces
plays a key role in the hIAPP-colloid interaction.

In summary, we have shown that uncapped and pure NPs produced by abla-
tion in water exhibit highest sensitivity if compared with chemically produced ones
and inhibit the structural arrangements of monomers and oligomers into a β-sheet
structures, characteristic of fibrils [65].

4.3.2 Environmental Applications: Dye Removal,
Antibacterial Activity, and Photocatalytic H2
Production

Environmental pollution, energy production, and storage are current global chal-
lenges faced by human beings. Since the past two decades, the evolution of nanotech-
nology represents an ever-improving process in the design, discovery, creation, and
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novel utilization of artificial nanoscale materials. To meet the major challenges in
environmental sustainability, these nanomaterials in various hierarchical fashions are
stimulating important practical applications in the environmental field sector. The
rapid development in materials and catalysis science has led to significant advances
in understanding the controlled synthesis and structure–activity relationship of the
nanomaterials. The design, synthesis, and modification of novel nanomaterials allow
for enhanced performance for environmental-related applications.

In this section, we intend to present three examples in which ‘in water’ laser
irradiation of TiO2 and Graphene Oxide (GO) colloids is able to enhance the perfor-
mances towards photocatalytic water splitting and water purification (dye removal
and antibacterial activity) applications, respectively.

Activated carbons are generally used as adsorbents for dyes removal because
of their extremely high surface areas (1000 m2/g on average) [66]. Several
research groups specifically studied other new strategies for the synthesis of non-
carbonaceous, low-cost adsorbents as TiO2 nanowires, zeolites, zinc ferrite nanopar-
ticles, or mesoporous Cu2O submicro-spheres. Anyway, carbon-based materials
remain the most attractive thanks to their properties such as structural diversity,
chemical stability, and cost-effective synthesis. Recently, graphene and graphene
oxide (GO) are drawing much attention as alternative materials for adsorption [67]
of various substances such as dyes, heavy metals and phenols [68].

The large theoretical surface area (as high as 2630 m2/g) of GO and the pres-
ence of the oxygen functional groups induce a negative charge on the surface that is
responsible for the formation of stable aqueous colloids, and favors the adsorption of
positively charged species, such as metal ions or cationic dyes [68–71]. Because of
such properties graphene oxide and reduced graphene oxide (rGO) could be consid-
ered promising adsorbents for dyes like methylene blue (MB). In this contest, we
have reported the reduction of GO sheets by the pulsed laser irradiation in liquid tech-
nique [72]. The main benefit of such technique with respect to the common reduction
methods for GO, is the absence of chemical by-products during the synthesis making
this method greener than chemical reduction processes.

GO was synthetized by a modified Hummers and Offeman’s method [73]. The
obtained sheets showed (AFM analysis) a thickness of ~0.7 nm, which agrees with
standard thickness for such synthesis method reported in the literature for graphene
oxide dispersions in water. The reason why GO layers result thicker than single-layer
graphene sheets (0.34 nm) is due to the existence of the functional groups containing
oxygen in the basal plane of the structure, to the roughness ascribed to sp3 centers
and to the presence of point defects in the carbon lattice.

GO was reduced by irradiating a GO solution with the second harmonic of a
pulsed Nd:YAG laser with a pulse duration of 5 ns with a repetition rate of 10 Hz.
The irradiation process was carried out, without any focusing lens, under strong
stirring conditions, to ensure a homogeneous irradiation of the GO solution, at a
constant fluence of 0.32 J/cm2 for different times. With this experimental set up,
we obtained stable solutions of rGO with different degree of reduction, depending
on the time of irradiation and the degree of reduction was confirmed by several
characterization analyses. We hypothesized that the reduction process under laser
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Fig. 4.10 UV-vis absorbance spectra of methylene blue in a reduced GO solution at different times

irradiation of the GO sheets takes place because GO is subjected to a mechanism
similar to the solvo-thermal reduction of graphene oxide.

One of the main features of the obtained GO suspension is the stability toward
clustering and precipitation. This property results to be critical if these systems are
used for the removal of contaminants in wastewaters and it strongly depends on the
effective surface charge related with the double layer around the GO sheets.

To study the stability of the laser-treated GO dispersion, zeta potential measure-
ments were performed for the as-prepared GO and laser-irradiated one. GO prepared
by themodifiedHummersmethod has a zeta-potential of−63mVand after laser irra-
diation, a decrease of the zeta-potentials up to −50 mV was observed. Even if these
ζ-potential values result lower than as-prepared GO, the obtained rGO dispersions
remain stable because ζ-potential values lower than−30mVare generally considered
to give sufficient mutual repulsion and ensure the stability of a dispersion.

After characterization, we tested GO and rGO (30 min. laser treatment) towards
the absorption of methylene blue (MB). The result indicates that the GO/MBmixture
became unstable and immediately an aggregation phenomenon occurred. Some
aliquots of the mixed solution were taken at regular intervals of time, to calcu-
late concentration of the residual MB by using a UV–Vis spectrophotometer, the
spectra obtained are reported in Fig. 4.10. When GO (rGO) is added to the solu-
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tion the concentration of the residual MB rapidly decreases until 40 min. Then an
equilibrium is reached.

The amount of MB adsorbed (Qt) at time t, was calculated according to the
equation:

Qt = [(C0 − Ct )V ]/m

where C0 is the initial concentration of MB (mg/l), Ct is the amount of adsorbed
MB on the adsorbent (mg/g), V is the volume of the solution (l) and m is the mass of
adsorbent (g). The behavior has been reported in Fig. 4.11 for GO and rGO (30 min.
irradiation).

Initially, very fast adsorption occurs reaching Qt values of around 600 mg/g in
a few seconds. After this stage, a slower adsorption stage occurs after about 3 min.
The adsorption capacity reaches the equilibrium after 20 min. The fast adsorption
stage is attributed to the adsorption ofMBmolecules on the surface of the adsorbents
(Fig. 4.11).

Conversely, the slower adsorption process can be related to the intra-particle diffu-
sion, suggesting that adsorption mechanism is quite complex and involves different
steps. AFM investigations have evidenced that the increase of the adsorption capacity
for laser-treated GO could be related to the presence ofmacro andmeso-pores, which
enhanced the adsorption process (higher adsorption capacity).

Fig. 4.11 MB adsorbed as a function of time using GO and reduced GO in water. A fast stage is
followed by slower adsorption, lasting for about 3 min with an equilibrium after around 20 min.
The fast adsorption stage is attributed to the adsorption of MB dyes on the external surface of the
adsorbents
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The antibacterial properties of laser-irradiated graphene oxide were recently
demonstrated in a paper by Buccheri et al. [74]. The test was performed on
Escherichia coli using both GO and laser-irradiated GO, showing that the higher
antibacterial activity is obtained for GO irradiated at least for three hours. These
properties seem to be correlated to the resulting morphology and size of laser-treated
GO and independent of the kind and amount of oxygen functionalities. Indeed, X-
ray photoelectron spectroscopy, Raman spectroscopy, dynamic light scattering, and
scanning electron microscopy show a reduction of the GO flakes size after visible
laser irradiation, preserving a considerable content of oxygen and hydrophilicity
degree. SEM images of the bacteria after the exposure to the laser-irradiated GO
flakes confirm membrane damage after interaction with the laser-modified GO, as
shown in Fig. 4.12.

In addition, fish embryo toxicity test on zebrafish was performed and it displayed
that neither mortality nor sub-lethal effects were caused by the different laser-treated
GO solutions, even when the concentration was increased up to four times higher
than the one effective to reduce the bacteria survival. The antibacterial properties and
the absence of toxicity make the visible laser irradiation of GO a promising option
for water purification applications.

We now come to the third case study, related to the possibility to enhance the
hydrogen production through photocatalyticwater splitting by laser irradiating titania
colloids.

We would like to remind that photocatalysis is a process that uses light to activate
a substance andmodifies the rate of a chemical reaction without itself being changed.

Fig. 4.12 SEM images of untreated E. coli (a) and of E. coli after 1 h of exposure to 30 mg/l of
GO (b) or to 30 mg/l of laser-treated GO (c and d) (from [74])
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The photocatalyst is the substance which can modify the rate of chemical reaction
using light irradiation. Photocatalysis finds a large number of applications in many
fields such as the removal of pollutants fromwater or air and hydrogen production. In
particular, water treatment technology by photocatalysis is low cost, environmentally
friendly, and sustainable, while photocatalytic water splitting for the production of
hydrogen may becomemore competitive with respect to the conventional production
method (hydrocarbon steam reforming) as the cost continues to decrease with the
technology advancement.

Since the first report by Fujishima and Honda [75], photocatalytic water-splitting
using titanium dioxide TiO2 for hydrogen production offers a promising way for
clean, low-cost, and environmentally friendly production of hydrogen by solar
energy. Presently, the solar-to-hydrogen energy conversion efficiency is too low for
the technology to be economically sound. Themain barriers are the rapid recombina-
tion of photo-generated electron/hole pairs as well as backward reaction and the poor
activation of TiO2 by visible light. Some investigators studied the effects of addition
of sacrificial reagents and carbonate salts to prohibit rapid recombination of elec-
tron/hole pairs and backward reactions. Other research focused on the enhancement
of photocatalysis by modification of TiO2 by means of doping of pure titania with
metals [76–78], non-metals [79, 80] or the fabrication of TiO2-based nanohybrids
[81, 82].

In addition to above-mentioned methods, recent investigations have also demon-
strated that the presence of defect-containing (blue) TiO2 significantly improves the
photocatalytic activity in the overall solar spectrum, including visible and UV [83,
84]. Blue titania surface defect states are composed by under-coordinated Ti4+ sites
and oxygen vacancies which act as anchoring and charge injection/recombination
sites, playing a crucial role in the electron injection and recombination dynamics.
Literature presents several methods to dope TiO2 with metals, non-metals, or
combining it with carbon nanostructures that involve chemical processes with the
possibility of introducing impurities inside the chemical structure of titania. In addi-
tion, treatment under vacuum or under reducing conditions and treatments by using
hydrogen plasmas have been used for reducing titania and introducing defects. These
methods unavoidably involve high processing temperatures (400–700 °C), vacuum
systems, long processing times, and multistep operations. For these reasons, it is
exceptionally desirable to explore simple and economic strategies tomodify titanium
dioxide with increased photocatalytic activity.

Pulsed lasers are powerful tools for the time-efficient preparation and/or modi-
fication of functional materials [85] and these are recently investigated for defects
introduction in metal oxides semiconductors. Yang et al. obtained defective anatase
by laser ablation of a titanium target in water by using a nanosecond 532 nm laser
[86] or by using a near-IR laser [87]. Bulk defects such as oxygen vacancies of the
LAL-synthesized titania samples were observed and these induced a clear blueshift
and broadening of the band gap band in the Raman spectra. Besides nanoparticles
formation by laser ablation, laser irradiation methods make it possible to modify the
chemical/physical properties of nanoparticles directly dispersed in solution such as
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their morphology and size, their chemical composition, or crystalline phase. Further-
more, laser irradiation in liquid resulting inNPsmeltingor fragmentation also induces
defects in titania structure.

As previously demonstrated, ‘in liquid’ laser irradiation technique has been
demonstrated to be an interestingmethod to easily increase the photocatalytic activity
of TiO2 and other nanomaterials towards the degradation of organic pollutants and
water splitting application [88, 89]. It’s an easy, low cost, eco-friendly, and tunable
technique tomodify inorganic semiconductors directly inwater.Very recently, hydro-
genated blue titania has been found to greatly enhance both solar absorption and
photocatalytic methyl orange decomposition compared to the pristine TiO2 [90].
Visible active titania colloids were obtained by UV laser irradiation of anatase NPs
dispersed in ethanol and the as modified samples showed an higher photocatalytic
activity either under UV and solar irradiation with respect to untreated material. The
use of ethanol as solvent in the laser processes was found to be the best choice to
improve the activity of TiO2 sample under visible light. This is explained in more
detail in the following paragraphs.

Here, we report a study on the use of laser irradiation in liquids for improving
the photocatalytic activity of titanium dioxide [91]. We use laser irradiation for
the introduction of defects inside titania (as Ti3+ and O-vacancies) to improve the
photocatalytic activity of titania for water splitting. In this case, the proposed method
can be ‘built-in’, since laser irradiation and hydrogen production can be performed in
the same system at the same site. Indeed, laser irradiation is performed on aqueous
titania dispersions which can be directly used for the subsequent water splitting
process.

Unlike a conductor, a semiconductor like titania has well defined VB and CB.
Energy difference between these two levels is said to be the band gap Eg. Without
excitation, both the electrons and holes are in the valence band.When semiconductors
are excited by photons with energy equal to or higher than their band gap energy
level, electrons receive energy from the photons and are thus promoted from VB to
CB. This reaction can be expressed as:

TiO2 + hv → h+ + e−

The photo-generated electrons and holes can undergo different processes shown
in Fig. 4.13:

(i) the charge carriers successfully diffuse to the surface of TiO2 and then act as
oxidizing and/or reductant;

(ii) the charge carriers are trapped by the surface and/or bulk defect sites of TiO2;
(iii) the separated charge carriers recombine and release the energy in the form of

photon or heat in bulk and/or on the surface.

If H2O splitting is desired, the CB level should bemore negative than the hydrogen
evolution level EH2/H2O to initiate hydrogen production, while the VB should be
more positive than water oxidation level EO2/H2O for efficient oxygen production
from water by photocatalysis [92]. On the other hand, during the degradation of an
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Fig. 4.13 Mechanisms of
photocatalytic processes
using a wide gap
semiconductor oxide

organic compound, the holes in the valence band oxidize the organic contaminants
while the electrons reduce it. As a consequence, the VB should be lower with respect
to the potential level of the donor species so it can transfer an electron to the VB.
The CB level should be higher with respect to the potential of the acceptor species
so it can subtract the electron from the CB.

Anatase, rutile, and P25 (anatase/rutile mixed phase) water suspension have been
irradiated under continuous stirring by the second harmonic (532 nm) radiation of a
Nd:YAG pulsed laser system operating with a pulse duration of 5 ns and a repetition
rate of 10 Hz. The laser beam size was around 28 mm2, and it was directed toward
the titania solution without any focusing lens. The titania suspension was irradiated
homogeneously at a constant laser power up to 1.45 W (0.5 J/cm2) for 30 min.

Immediately after the irradiation, the initiallywhite suspension turns towards deep
blue. The prepared samples were tested for photocatalytic water splitting under UV–
Vis or Visible light. A detailed structural analysis of the colloids evidenced that upon
irradiation the titania nanoparticles undergo a series of modifications, responsible for
the enhanced catalytic performances. The change of color solution fromwhite to blue
indicated the formation of defects like reduced titanium Ti3+ and oxygen vacancies
as confirmed by XPS analysis. These defects have consequences in the modification
of the electronic structure reducing the energy gap of the material. A phase change
from anatase towards rutile was also observed. However, this was inhibited for P25.

Photocatalytic H2 production experiments demonstrate that pulsed laser irradia-
tion increased the photocatalytic performances of the samples under UV and solar
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Fig. 4.14 aAmount of produced hydrogen under UV irradiation for different titania samples before
and after laser irradiation process.bAmount of produced hydrogen underUVandVisible irradiation
versus time for as received P25 and laser modified P25

actions. The induced magnification was long-living and provides a simple and envi-
ronmentally friendly methodology. Figure 4.14a shows the overall hydrogen evolu-
tion as a function of time, comparing as received and irradiated rutile, anatase, and
P25 samples at the maximum fluence. It is important to underline that the increase
of laser fluence had a positive effect on the photocatalytic performance of titania
which could be correlated to higher concentration of defects. The laser irradiation
strongly enhanced the production rate up to a factor of three for P25 that showed the
best performance, but also anatase and rutile samples increased their photocatalytic
activity after laser irradiation. It is also possible to exclude a correlation between
the increased activity and the phase change of titania from anatase to rutile. Indeed
P25, which was the sample with the largest difference in the activity, did not exhibit
any relevant change in the crystalline phase due to irradiation. In agreement with
the theoretical studies reported by Zhao et al. [93] the same figure also evidences a
higher rutile activity with respect to anatase.

Figure 4.14b reports the amount of produced hydrogen versus time of UV or
Visible irradiation for the P25 as received and after laser irradiation. Under UV
irradiation, the curves display an initial induction period lasting less than 10 min due
to stabilization of lamp radiation and the saturation of water with evolved gases; a
linear increment in which there is a maximum in the hydrogen production rate and
finally a moderate decrease of the production rate after about one-hour irradiation
due to a recombination of photo-generated electron/hole pairs or to a fast backward
reaction (recombination of hydrogen and oxygen into water).
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An enhancement of the hydrogen production is also obtained by irradiating the
sample using visible light, shown also in Fig. 4.14b for P25. In this case, however, it
is possible to note that the total amount of hydrogen production with visible light is
considerably lower than that found with UV irradiation. This behavior is reasonable,
considering the energy band-gap measurements. The hydrogen production yield for
irradiated nanoparticles was compared with that obtained after a standard reduction
procedure at 500 °C for 1 h in hydrogen atmosphere [30]. It can be seen that the
photocatalytic performances in the H2 reduced sample is much lower compared to
laser irradiation. This confirms the laser irradiation process, not only as a lower cost
and easier process with respect to standard reduction, but also as a more efficient
approach in generating higher photocatalytic active samples.

In this regard, highly visible light photoactive titania colloids have been prepared
by UV laser irradiation of anatase titania colloids in water or ethanol. The nature
of solvent/titania interaction affects the induced modifications by laser processing
and consequently the photocatalytic performances. In particular, theoretical calcu-
lations showed that water molecules only weakly interact with the titania surface
resulting in the coexistence of surface oxygen vacancy defects, as confirmed by
photoluminescence (PL) spectra, and OH groups on titania surfaces as shown by
Fourier transform infrared spectra (FT-IR) spectrum. In this scenario, laser irradi-
ation leads to the passivation of oxygen vacancies due to surface hydroxylation as
confirmed both by PL and FT-IR spectra. These laser-induced modifications resulted
in an increased photocatalytic activity under UV irradiation. A similar result was
observed for samples laser-treated in ethanol; furthermore, a photocatalytic activity
under solar irradiation was also conferred to anatase sample by laser processing in
this solvent. Ethanol molecules completely passivate defects in anatase surface as
confirmed by FT-IR spectra, theoretical calculations, and the quenching of visible
emission band in PL spectra of colloids before the laser processing. In this case, the
UV laser irradiation of anatase surface covered by ethanol moieties lead to higher
degree of titania reduction due to the holes scavenger effect of ethanol itself. In addi-
tion, ethanol moieties adsorbed on titania surfaces are photooxidezed during the laser
processing, as confirmed by FT-IR spectra resulting in the introduction of vacancies
not susceptible to ethanol absorption and an indirect C doping of titania surface by the
incorporation of carboxylated species obtained as by-products of ethanol moieties
photoconversion. Under artificial solar light, this sample showed comparable perfor-
mance respect to other TiO2 composites tested in the same conditions and higher
activity with respect to C doped titania samples.

These results point out the light on another advantage of the ‘in liquid’ laser
irradiation process: a proper evaluation of the dispersing medium-semiconductor
interaction allows to tune the process, in order to improve the photocatalytic activity
of the semiconductor itself and extend it to visible light wavelength range. This is a
very interesting aspect from a practical point of view.

Furthermore, in comparison to the other TiO2-based samples [94] synthetized
with structural and chemical modifications, for the photocatalytic hydrogen produc-
tion the laser-treated TiO2 was the best sample under UV irradiation, whereas under
solar/visible light irradiation the TiO2 chemically modifiedwith other metals showed
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the best results [94]. Further improvements in the laser irradiation process (for
example changing the solvent of the irradiation process) can greatly ameliorate the
photoactivity under visible light irradiation.
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Chapter 5
Dry Laser Peening: Ultrashort Pulsed
Laser Peening Without Sacrificial
Overlay Under Atmospheric Conditions

Tomokazu Sano

Abstract Laser peening, or laser shock peening, is a surface modification technique
using a laser-driven shock wave to improve mechanical properties of solids such as
hardness, residual stress, fatigue properties, and corrosion resistance. An ultrashort
pulsed laser-driven shock compression of solids enables peening without sacrificial
overlay under atmospheric conditions, which is called Dry Laser Peening (DryLP).
An ultrashort pulsed laser ablation of solids and the accompanying ultrashort pulsed
laser-driven shock wave have an important role on the peening effects. Improvement
of mechanical properties of base material and laser welded 2024 aluminum alloy
using DryLP are described in this chapter.

5.1 Introduction

Laser peening, or laser shock peening, is a surface modification method using a
laser-driven shock wave to improve mechanical properties such as hardness, residual
stress, fatigue properties, and corrosion resistance [1–25]. A nanosecond pulsed laser
is conventionally used as a laser peening tool in aerospace, automotive, medical,
and nuclear industries. The solid which is irradiated by the nanosecond laser pulse
transits into a gas or a plasma via a liquid, accompanied by a volume expansion.
A shock wave is driven as a recoil force during the expansion on the surface and
propagates into the material [2, 4]. The plastic deformation of the material via the
shock wave contributes to the peening effect [1]. In the case using a laser pulse
with a near infrared wavelength (~1.05 μm), the material’s surface needs to be
covered with a protective coating or a sacrificial layer such as a black paint or an
aluminum tape to prevent the surface from melting or sustaining damage from the
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laser pulse. After the laser treatment, the remaining coating needs to be removed.
laser peening without coating was developed using 532 nm wavelength lasers by
optimizing process conditions, which has been applied to practical uses in nuclear
industries [17]. However, the surface needs to be covered with a transparent medium
such as water to suppress the plasma expansion and obtain a high amplitude of the
shock wave sufficient to deform the material plastically for both wavelengths lasers.
Although a micro laser shock peening process has been developed using the shorter
wavelength of 355 nm with tens of nanosecond pulse width to suppress thermal
damage, this process also requires both a coating and water [14]. The nanosecond
laser process does not produce a sufficient shock wave without covering the surface
with a plasma confinement medium. Although the applicability of laser peening will
clearly be increased if a sacrificial overlay is not required, such a technique has yet
to be realized for the nanosecond laser process.

The intensity of an ultrashort laser pulse, which is equivalent to the energy per
unit time and unit area and is proportional to the square of the electric field intensity,
is extremely high even at a low energy because the pulse width is extremely short
[26]. Therefore, direct irradiation of a solid surface with an ultrashort laser pulse
drives an intense shock wave that propagates into the solid [27–44]. A shock wave
driven by the ultrashort laser pulse irradiated under atmospheric conditions deforms
a material plastically, resulting in quenching metastable high-pressure phases [45–
47] or forming a high density of dislocations [48–51]. Heat-affected and melted
zones formed by an ultrashort laser pulse are much smaller than those produced by
a nanosecond laser pulse due to its extremely short pulse width [52, 53]. Based on
these features, peening without a sacrificial overlay under atmospheric conditions
to improve mechanical properties was developed using an ultrashort laser pulse by
optimizing process conditions [54], which was named Dry Laser Peening (DryLP)
[55], although ultrashort laser peening of steel under water [56, 57] and ultrashort
laser peen forming of thin metal sheet in air [58, 59] have been reported so far.

Dry laser peening of base metal and laser welded 2024 aluminum alloy are
described in this chapter. Ultrashort pulsed laser ablation of solids and the accompa-
nying shock wave plays an important role on the peening. Details of the ultrashort
pulsed laser ablation of solids and the ultrashort laser-driven shock wave in solids
are described in [60–76] and [77–83], respectively.

5.2 Dry Laser Peening of Base Metal of 2024 Aluminum
Alloy

5.2.1 Experimental Methods

The material used was a precipitation-hardened 2024 aluminum alloy which is
commercially used in the aerospace industry. A 2024-T351 aluminum alloy was used
except for the fatigue tests, where a 2024-T3 aluminum alloy was used. The proof
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stress of 2024-T351 and 2024-T3 alloys are 321 MPa and 334 MPa, respectively.
The surface of the specimen to be irradiated by laser pulses was electropolished in
20% sulfuric acid–methanol electrolyte for 30 s to remove the work-strained layer.

Figure 5.1 schematically illustrates the experimental setup for dry laser peening.
The specimen of 2024-T351 aluminum alloy specimen with the dimensions of 10
× 10 × 10 mm3 was mounted on an x–y stage as shown in Fig. 5.1a. Femtosecond
laser pulses (Spectra-Physics Inc., Spitfire) with a wavelength of 800 nm and a pulse
width of 120 fs were focused using a plano-convex lens with a focal length of 70 mm
and irradiated normal to the electropolished surface of the specimen in the air. Before
the peening experiment, the depth etched by a single pulse of femtosecond laser was
investigated as a function of pulse energy to select the peening conditions. The crater
depth formed by femtosecond laser irradiation at a fixed positionwasmeasured using
a laser microscope. The removed depth per pulse was estimated by dividing the crater
depth by the number of irradiation pulses.

For the peening treatment, the aluminum specimen was moved in the x- and
y- directions during laser irradiation as shown in Fig. 5.1b. A coverage Cv, which
is expressed by Cv = πD2Np

/
4 where D is the spot diameter of the laser pulse

irradiated and Np is the number of pulses per unit square. Np is varied by changing
the moving speed in the x-direction and the pulse-to-pulse distance in the y-direction.

Fig. 5.1 Schematic illustrations of a the experimental setup for laser irradiation,b the scan direction
of laser pulses for the setup shown in (a), and c shape and dimensions of fatigue test specimens and
scan direction of laser pulses for fatigue specimens. Picture of fatigue test specimen corresponding
to (c) is shown in (d) [54]
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Based on the relationship between the removed depth and the pulse energy, five pulse
energies of 5, 30, 75, 200, and 600 μJ, which corresponded to spot diameters of 12,
30, 40, 60, and 70 μm, respectively, and two different coverages of 692 and 2768%
were chosen for peening treatment.

Surface morphology was observed using a scanning electron microscope (SEM,
HITACHI S-3000H). Microstructure was observed using a transmission electron
microscope (TEM, JEOL JEM-2010). For TEM observations, a small piece of
the cross section was thinned by a 30 keV focused Ga-ion beam (HITACHI FB-
2000). The residual stress on the laser-irradiated surface was measured from the
Al(222) diffraction peak of CrKα X-rays (2.2897 Å) using a stress constant of −
96.89 MPa/degree, which was calculated using the Kröner model [84] with a single-
crystal elastic stiffness (C11 = 106.78 GPa, C12 = 60.74 GPa, and C44 = 28.21 GPa)
[85]. Thin layers of the surface were successively removed by electrolytic polishing
to obtain the depth profile of the residual stress. The hardness of the cross section was
measured using a nanoindentation system (ELIONIX ENT-1100a) with the applied
load of 1 mN. Before the nanoindentation test, the cross section was polished by a
5 keV Ar-ion beam (JEOL SM-09010) to remove the work-hardened layer.

The shape and dimensions of the fatigue specimens of the 2024-T3 aluminum
alloy are shown in Fig. 5.1c. The thickness of the specimen was 3 mm. Both top
and bottom surfaces were mirror-finished in the same manner as the 2024-T351
specimens. Dry laser peening treatments were performed for both surfaces. Picture
of fatigue test specimen after the dry laser peening treatment is shown in Fig. 5.1d.
Plane bending tests were conducted at a cyclic speed of 1400 cycles/min with a
constant strain amplitude and a stress ratio of R=−1 in the air at room temperature.

5.2.2 Results and Discussion

The relationships between the removed depth per pulse and the pulse energy is shown
in Fig. 5.2. The gradient above 30 μJ is larger than that below 30 μJ, suggesting that
a stronger shock pressure is driven above 30 μJ because the larger volume of the
removed material creates a larger recoil force. Therefore, pulse energies of 5, 30, 75,
200 and 600 μJ, which are below, at, and above 30 μJ, were chosen for the peening
experiments to confirm the existence of the threshold.

Figure 5.3 shows the SEM images of the laser-irradiated surface for the pulse
energies of 30, 75, and 600 μJ and coverages of 692 and 2768%. Regardless of the
condition, droplets are not observed, indicating that the femtosecond laser treatment
creates a negligibly small molten layer.

The results of the residual stress measurements for surfaces of the femtosecond
laser irradiated material with coverage of 692 and 2768% are shown in Fig. 5.4.
Compressive residual stress is achieved above 30 μJ, which corresponds to the point
where the gradient of the removed depth per pulse energy changes. This means
that a pulse energy above 30 μJ sufficiently drives a shock wave to induce plastic
deformation. A larger pulse energy gives a larger compressive stress for a given
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Fig. 5.2 Relationships between the removed depth per pulse and the pulse energy [54]

Fig. 5.3 SEM images of the surface of 2024-T351 specimen after dry laser peening [54]

coverage. The compressive stress for the coverage of 692% is slightly larger than
that for the coverage of 2768% for the same pulse energy. Here, σ x is larger than σ y

below 30μJ, but this tendency is reversed above 75μJ for given coverages. The depth
profiling results of σ x for 600 μJ and 2768% are shown in Fig. 5.4c. The maximum
compressive residual stress around 300 MPa is attained at a depth of 4 μm from the
surface. This value is almost equal to the 0.2% proof stress of 2024-T351 aluminum
alloy [86] and the values obtained using other peening methods such as nanosecond
laser peening, shot peening, or ultrasonic peening [87–91]. The compressive stress
decreases to zero around 90 μm, which is around one tenth of the peened depth
obtained by nanosecond laser peening.

The results of hardness measurements in the cross section of the laser irradiated
specimen are shown in Fig. 5.5. The data in the hardened region are fit by polynomial
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Fig. 5.4 Residual stress of the surface after femtosecond laser irradiationwith a coverage of a 692%
and b 2768%. Depth profile of the residual stress for the specimen irradiated with a pulse energy
of 600 μJ and a coverage of 2768%. Error bars indicate measurement uncertainty [54]

curves. The maximum value of the curve is defined as the maximum hardness Hmax,
of which corresponding depth is defined as the depth at the maximum hardness. The
depth where the fitting curve matches the original hardness, which corresponds to
the hardness at the depth of 40 μm, is defined as the hardened depth as well as the
difference between the hardened depth and the depth at the maximum hardness as
the thickness of the hardened region (Table 5.1). Most of the surface region has a
hardness similar to the original material, which corresponds to the SEM observation
shown in Fig. 5.3 where most the surface region consists of debris. The maximum
hardness is almost the same for each condition. A larger pulse energy forms a thicker
hardened region for a given coverage. For the pulse energy of 600μJ, the thickness of
the hardened region with a 692% coverage is larger than that with a 2768% coverage.
A larger coverage induces more removed depth as well as increasing the thickness of
the plastic deformed region. Therefore, a larger coverage does not necessarily form
a thicker residual hardened region.

Both surfaces of the fatigue test specimen shown in Fig. 5.1c were peened using
a pulse energy of 600 μJ and a coverage of 2768%. The relationship between stress
amplitude and number of cycles to failure of dry laser-peened 2024-T3 aluminum
alloy and base material is shown in Fig. 5.6. The fatigue life was improved as much
as 38 times in comparison with base material at stress amplitude of 195 MPa. The
fatigue strength at 2 × 106 cycles of the peened specimen was 58 MPa larger than
that of the base material. Fracture surfaces of a dry laser peened specimen at a stress
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Fig. 5.5 Depth profile of the hardness in depth for the specimen irradiated by femtosecond laser
pulses with a a pulse energy of 30 μJ and a coverage of 692%, b a pulse energy of 75 μJ and a
coverage of 692%, c a pulse energy of 600 μJ and a coverage of 692%, and d a pulse energy of
600 μJ and a coverage of 2768% [54]

Table 5.1 Maximum hardness, depth at the maximum hardness, hardened depth, and thickness of
the hardened region for each laser condition

Laser conditions
pulse energy and
coverage

Max hardness
(GPa)

Depth at max.
hardness (μm)

Hardened depth
(μm)

Thickness of
hardened region
(μm)

30 μJ & 692% 4.4 14.3 9.9 4.4

75 μJ & 692% 8.0 16.9 8.9 8.0

600 μJ & 692% 10.2 35.2 25.2 10.2

600 μJ & 2768% 11.1 28.0 16.9 11.1

amplitudes of 280 and 195 MPa are shown in Fig. 5.7. Cracks initiated from the
surface for a stress amplitude of 280 MPa. For a stress amplitude of 195 MPa, crack
initiation sites were located around 160 μm deep from the surface. For the lower
stress amplitude, it is suggested that crack initiation from the surface was suppressed
because the surface layer with a thickness of 28 μm was hardened and 90 μm was
compressive, resulting in the internal crack initiation.

Figure 5.8 shows the TEM image of the cross section of 2024-T351 aluminum
alloy irradiated by a pulse energy of 600μJ with a coverage of 2768%. The surface is
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Fig. 5.6 Results of plane bending fatigue tests for specimens of dry laser-peened2024-T3aluminum
alloy and base material [54]

Fig. 5.7 Fracture surfaces of dry laser-peened 2024-T3 aluminum alloy at stress amplitude of
a 280 MPa and b 195 MPa [54]

covered with a layer around 5μm thick containing some voids, as shown in Fig. 5.8a.
These voids would cause the lack of a hardness increase in the surface region over
a thickness of several microns seen in Fig. 5.5. The magnified view of the interface
between the surface layer and the lower solid material is shown in Fig. 5.8b. A clear
grain boundary exists at the interface, suggesting that the surface layer was formed
after melting and resolidification.

As shown in Fig. 5.4c, the residual stress in the top surface was compressive,
even though the residual stress in a resolidified layer is generally tensile. As shown
in Fig. 5.7b, cracks did not initiate from voids in the resolidified layer for a lower
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Fig. 5.8 aTEMimageof the cross section of the femtosecond laser-irradiated 2024-T351 aluminum
alloy with a pulse energy of 600μJ and a coverage of 2768%. bMagnified view around the interface
between the surface layer and the solid material [54]

stress amplitude, resulting in improved fatigue life at high cycles. A high density of
dislocations exist in the upper resolidified layer as well as the solid material, indi-
cating both layers were plastically deformed or peened by femtosecond laser-driven
shocks. A shock front which is driven by a femtosecond laser pulse overtakes the heat
front induced by the laser pulse, and finally forms a high density of dislocations in
a region deeper than the heat affected zone [45, 48–51]. Under the dry laser peening
condition for a coverage of 2768%, the shock front passes through about 2 nm thick
molten layer and propagates into the resolidified layer which is formed by former
laser pulses and the solid layer, resulting in providing peening effects on the material.

5.3 Dry Laser Peening of Laser Welded 2024 Aluminum
Alloy

5.3.1 Introduction

LP is generally effective for improving the fatigue performance of arc-welded
[92] and friction stir-welded joints [93–95]. The fatigue performance of welded
precipitation-strengthened aluminum alloys, such as the 2000, 6000, and 7000 series,
were worse than the corresponding base material (BM) because of the softening
of the weld metal (WM), heat-affected zone (HAZ), and residual tensile stress on
the surface after welding [96, 97]. Therefore, in recent years, friction stir welding
(FSW) has been widely used to join precipitation-strengthened aluminum alloys
because it results in only a small decrease in the strength of the weld joint and small
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distortion of the joint after welding [98–100], although the welding speed is rela-
tively low. Laser welding is a high-speed welding method that has been used for
achieving high-productivity welding of precipitation-strengthened aluminum alloys
[101, 102]. Although the weldability of 2024 aluminum alloy is generally low, fast
full-penetration welding of this alloy using highly focused fiber laser achieved weld
joints with smaller HAZ regions and no cracking [103]. However, areas of WMwith
reduced strength exist, and avoiding generation of blowholes in the laser-welded
joints is difficult. Although the thicknesswith the compressive residual stress induced
by DryLP process is almost one-tenth of conventional LP methods [54, 104], this
method was shown to be effective for FSW-processed 7075-T73 aluminum alloy,
where the stir zone, thermo-mechanically affected zone, and HAZ were softened,
but no welding defects occurred, confirming that the fatigue performance was better
than that of the BM at lower stress amplitude after DryLP treatment.

5.3.2 Experimental Methods

A 2024-T3 aluminum alloy with thickness of 3 mm was used. The original alloy
had a 0.2% proof stress of 334 MPa, tensile strength of 464 MPa, and elongation of
21.8%.

A single-mode fiber laser (IPG Photonics, YLS-2000-SM, Japan, wavelength:
1070 nm, CW) was used for full-penetration bead-on-plate welding of the aluminum
alloy, as shown in Fig. 5.9a. The fiber diameter was 14μm and we used a laser power
of 2.0 kW. The laser was focused on the alloy surface with a spot size of 54 μm. Ar
was used for shielding gaswith a flow rate of 30 L/min. Awelding speed of 2.5m/min
was used. The top and bottom surfaces of the laser-welded specimens were observed
using an optical digital microscopy (Hirox, KH-7700, Japan). The cross-section of
the weld bead was observed using optical microscopy (Olympus, SZX7, Japan).

Then, the laser-welded specimens were subjected to DryLP in air. The peening
was performed 15 months after welding to allow the completion of natural aging. As
shown in Fig. 5.9b, c, femtosecond laser pulses with a wavelength of 800 nm, pulse
duration of 130 fs, and pulse energy of 0.6 mJ (Spectra-Physics, Spitfire, Japan) were
focused using a plano-convex lens with focal length of 70 mm onto the specimen.
The laser pulses were overlapped, with a coverage of 692%, which was shown to be
the most effective condition for DryLP of 2024-T3 aluminum alloy [54].

For the preparation of specimens for hardness tests, the weld reinforcement was
removed and electropolished in 20% sulfuric acid–methanol electrolyte for 30 s to
remove the work-strained layer before DryLP treatment. The hardness of the top
surface was measured using a Vickers hardness tester (Mitsutoyo, HM-221, Japan)
with a load of 1.96 N and loading time of 15 s.

For the preparation of specimens for residual stress measurement, DryLP treat-
ment was conducted on as-welded specimens without removing the weld reinforce-
ment. Depth profiling of the residual stress which was normal to the weld bead in the
specimens was conducted nondestructively using the BL22XU beamline at SPring-8
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Fig. 5.9 Schematic illustrations of the experimental procedures. a Full-penetration bead-on-plate
laser welding and preparation of fatigue test specimens cut from the laser-welded plate. bDry laser
peening (DryLP) process using femtosecond laser pulses. c Geometry of the fatigue test specimens
with the weld bead located in the center. DryLP was performed using an x–y automatic stage which
sequentially moved the specimen in a serpentine pattern, as indicated by the red arrows [55]

[105], using the strain scanning method [106] with monochromatic X-rays with a
photon energy of 30.013 keV, as shown in Fig. 5.10. A CdTe detector was used for
the measurements. The residual stress σ was estimated using σ = E(d − d0)

/
d0,

where E is the Young’s modulus of 61.7 GPa, d is the d-spacing of the (311) plane of
aluminum in the welded or DryLPed specimens, and d0 is the d-spacing of the (311)
plane in the BM of 0.12196 nm. The d-spacing of the (311) plane parallel to the weld
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Fig. 5.10 Schematic illustrations of a overview, b top, and c side views of residual stress
measurements using the strain scanning method with synchrotron X-rays [55]

bead in the gauge volume was measured, as shown in Fig. 5.10a, b. The widths of
both the incident and receiving slits were 0.2 mm. For the surface measurements,
the heights of these slits were 50 μm. For depth profiling, the slit heights, which
determine the depth resolution, were 10 μm from the surface to a depth of 40 μm,
and the slit heights were 30 μm deeper than a depth of 40 μm. The d-spacings of
the (311) plane of the WM, below the weld toe, and in the HAZ were measured, as
shown in Fig. 5.10c.

Four kinds of specimens for fatigue testing were prepared: (i) As-welded spec-
imen; (ii) reinforcement-removedwelded specimen; (iii) DryLPedwelded specimen;
and (iv)DryLPed reinforcement-removedwelded specimen. The stress concentration
influenced the fatigue properties of the as-welded specimen due to both reinforce-
ments and undercuts.Hence, to investigate the stress concentration only influenced by
the undercuts, the reinforcements were removed. The reinforcements were removed
using diamond pastes with a particle size of 1 μm. These specimens were cut from
the laser-welded specimen, as shown in Fig. 5.9a. DryLP was conducted on both
surfaces of the laser-welded specimen, as shown in Fig. 5.9 b. Plane bending fatigue
tests (PBF-30, Tokyo Koki, Tokyo, Japan) were conducted at a cyclic speed of 1400
cycles/min with a constant strain amplitude and a stress ratio ofR=−1 in air at room
temperature based on Little’s method [107]. The stress ratio of R=−1 was selected
to indicate the effectiveness of the DryLP more clearly because both surfaces were
treated. The fracture surfaces were observed using optical microscopy (Olympus,
SZX7, Japan) and scanning electron microscopy (SEM; Hitachi, S-3000H, Japan).
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The microstructures were observed to estimate dislocation densities in the spec-
imens using a transmission electron microscopy (TEM; JEOL JEM-2010, Japan)
with an acceleration voltage of 200 kV. For TEM observations, a small piece of the
cross-sectionwas thinned using a 30-keV-focusedGa-ion beam (Hitachi, FB-2000A,
Japan).

5.3.3 Results

Optical microscopy images of the top and bottom rear surfaces of the laser-welded
specimens are shown in Fig. 5.11a, b. Although no cracks were observed on the
surfaces, some pores existed on the top surface and some undercuts (indicated by
yellow arrows in the figures) were found on both surfaces. The cross-section of
the weld bead shows that full-penetration welding was achieved, where the rein-
forcement did not show any cracks (Fig. 5.11c). The bead widths on the top and
rear surfaces were around 2.0 mm and 1.2 mm, respectively. The optical microscopy
image of the bottom surface of the reinforcement-removedwelded specimen is shown
in Fig. 5.11d, where the yellow arrows indicate the undercuts.

The results of the hardness tests for the samples with the reinforcement removed
are shown in Fig. 5.12. Before DryLP, the hardness of the BM was 138 HV, while

Fig. 5.11 Optical microscopy images of a top surface, b bottom surface, c cross-section of the
laser-weld bead, and d bottom surface of reinforcement-removed welded specimen [55]
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Fig. 5.12 Hardness distributions over the surfaces of welded samples with the reinforcement
removed, before, and after DryLP treatment. Error bar indicates the maximum and minimum values
[55]

that on the surface of the WM was ~100 HV. It was reported that this decrease in
hardness is due to (i) the segregation of the strengthening elements such as magne-
sium, copper, and their intermetallic compounds; (ii) formation and growth of non-
strengthening coarse precipitates; (iii) dissolution of strengthening precipitates; (iv)
uniform re-distribution of precipitating elements; and (v) vaporization of low boiling
point magnesium during heating and the following freezing due to the fast cooling
rates [108–110], resulting in fewer precipitates being formed, even after natural aging
for 15months. The hardness of theHAZ in this specimenwas around 130HV (similar
to the BM) because of the dissolution of precipitates and overaging [108, 111]. After
DryLP, the hardness of all areas of the sample increased compared to that of the
as-welded sample. The hardness of the WM was similar to that of the BM before
peening, while the hardness of the HAZ and BM after DryLP was around 178 HV.

Residual stress curves of the top surface before and after DryLP treatment of the
laser-welded specimens are shown in Fig. 5.13a. The residual stress in the WM and
HAZareas of the as-welded specimenwere tensile,while other areas had compressive
stresses, which is a typical residual stress distribution for welded joints. This tensile
residual surface stress in theWM and HAZ areas changed to compressive stress after
DryLP treatment, while the magnitude of the compressive residual stresses outside
these areas increased. The depth profiles of the residual stress in the WM, below the
weld toe, and in the HAZ before and after DryLP treatment are shown in Fig. 5.13b–
d. The tensile residual stresses in the WM, below the weld toe, and in the HAZ were
observed to a depth of ~300 μm from the weld center in the as-welded specimen.
These tensile residual stresses inside the material between the surface and a depth of
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Fig. 5.13 a Residual stress distributions along the surface (up to 50-μm depth). Depth profiles of
the residual stress in the bWM, c below the weld toe, and d in the HAZ of laser-welded specimens
before and after DryLP [55]

~100 μm changed to compressive stresses after DryLP, which is comparable to the
thickness of the compressive layer in the DryLPed BM [54].

The results of the fatigue tests are shown in Fig. 5.14. The fitted curves for each
specimen were obtained using Stromeyer’s expression, log(σ − a) = −b log N + c,
where σ is the stress amplitude,N is the number of cycles to failure, and a, b, and c are
the fitting parameters. The fatigue performances of the as-welded specimens with
and without reinforcement were worse than that of the BM. Although the fatigue
lives of these specimens at a stress amplitude of 180 MPa were almost the same,
that of the reinforcement-removed welded specimen was shorter than that of the
as-welded specimen at 120 MPa. After DryLP treatment, the fatigue performances
of the specimens with and without reinforcement were enhanced to a similar degree.
The fatigue life increased by a factor of almost two at a stress amplitude of 180 MPa
and more than 50 times at 120 MPa, which indicates that the DryLP treatment is
more effective at lower stress amplitudes.

Bright-field TEM images of the region ~10 μm below the surface in the WM
of as-welded and DryLPed specimens (with reinforcement) are shown in Fig. 5.15.
The incident electron beam direction was nearly parallel to the [110] direction of
Al, where the {111} reflection of Al was excited. The dislocations were observed
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Fig. 5.14 Results of fatigue tests for the base material (BM) and as-welded specimens (with and
without reinforcement) before and after DryLP treatment [55]

Fig. 5.15 TEM images of weld material (WM) microstructures in laser-welded specimens (with
reinforcement) a before and b after DryLP treatment

as the darker areas. The dislocation density was estimated using Keh’s equation,
ρ = (

n1
/
L1 + n2

/
L2

)/
t , where ρ is the dislocation density, n1 and n2 is the number

of intersection points between the dislocation lines and the vertical and horizontal
grid lines drawn on the TEM image, respectively, L1 and L2 is the total length of
the vertical and horizontal grid lines, respectively, and t is the thickness of the TEM
sample [112]. The dislocation densities of these samples before and after DryLP
treatment were estimated as 1.0 × 1014 m−2 and 5.1 × 1014 m−2, respectively.
This indicates that DryLP plastically deformed the WM, resulting in hardening and
inducing compressive residual stress.
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5.4 Plastic Deformation Induced by Ultrashort Pulsed
Laser-Driven Shock Wave

By taking the time derivative of the Orowan equation γ = kρbl [113], dγ
/
dt =

kb(ρdl/dt+ldρ/dt) is obtained, where γ is the plastic strain, ρ is themobile disloca-
tion density, b is the Burgers vector, l is the mean distance traveled by a dislocation,
t is the time, and k is a proportionality constant. The plastic strain rate dγ

/
dt is

expressed by the sum of the term for the velocity of dislocations dl
/
dt and the

generation of dislocations dρ
/
dt . In shock compression above the Hugoniot elastic

limit or high strain-rate deformation, the generation of dislocations dominates this
phenomenon premising that the velocity of dislocations does not exceed the sound
velocity. Dislocation nucleation takes place just behind the shock front to relieve
the stress caused by the lattice mismatch between regions in front and behind the
shock front [114]. In the case of conventional shocks, a part of the dislocations once
generated behind the shock front and multiplied in a release process is annihilated
due to residual heat, resulting in a residual density of one tenth of the highest density
once induced. In the case of femtosecond laser-driven shock, the major part of the
dislocations once induced remains due to much less dislocation annihilation because
of negligible heat effects, resulting in massive peening effects. This appears to be
the unique mechanism of dry laser peening without a sacrificial overlay under atmo-
spheric conditions in comparison with other peening methods such as nanosecond
laser peening, shot peening, and ultrasonic peening.

When a peak pressure of a shock wave exceeds a threshold that depends on a
material, the pressure increases as a function of the time or the travel distance exhibits
a single structure, where the plastic component overtakes the elastic component. The
threshold stress for aluminum when the single structure of the shock front is clearly
formed is 25 GPa [37]. It was reported that the single structure was observed in the
surface layer of 500 nm in pure aluminum, which was irradiated using the intensity
of 8.7 × 1012 W/cm2 with the pulse duration of 150 fs [34]. Therefore, the shock
wave with a single structure over 25 GPa should be driven and propagated in the
2024 aluminum alloy, which was irradiated at the intensity of 1.2 × 1014 W/cm2

with the pulse duration of 130 fs in this research.
It was empirically observed that the strain rate η of the shock wave with the single

structure was proportional to the fourth-power of the shock stress σ [115, 116]. For
the aluminum alloy, η = 9100σ 4 has been reported [37]. Therefore, the strain rate
η of 3.5 × 109 s−1 was obtained for the shock stress of 25 GPa. The dimensionless
Bland number B = 3hsη/8c was defined [115], where h is the sample thickness, c is
the bulk sound velocity under normal pressure, and s is the slope of the up-us relation,
us = c + sup, where up is the particle velocity and us is the shock velocity. When
B is greater than 1, steady-wave conditions are expected [37]. The thickness h was
estimated to be 3.0μm forB= 1, η= 3.5× 109 s−1, s= 1.338, c= 5.328 km/s [117].
Therefore, the shock wave with the single structure propagates in the surface layer
of 3.0 μm. The single structure splits into two structures, elastic and plastic waves,
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Fig. 5.16 Depth profile of hardness in the BM region in the DryLPed 2024 aluminum measured
using nanoindentation [55]

at the depth of 3.0 μm, and the shock wave with the two-wave structure propagates
into the deeper region.

Figure 5.16 shows the hardness in the BM region in the DryLPed 2024 aluminum
alloy as a function of the depth measured using nanoindentation (ELIONIX, ENT-
1100a, Japan) with an applied load of 1 mN and loading time of 2 s. The increase in
hardness is more significant at a depth of 3 μm from the surface rather than depths
of 3–20 μm, although the hardness increased in the surface layer with 20 μm thick-
ness. The thickness of the significantly hardened layer of 3 μm corresponds to the
thickness of 3.0 μmwhere the shock wave with the single structure propagates. This
implies that the single structure induces plastic deformationmore effectively, thereby
increasing the hardness. A high-density-dislocation structure, shown in Fig. 5.15b,
was formed in a layer where the shock wave with the single structure propagates,
because dislocation generation, rather than dislocation multiplication, was dominant
[54, 104, 114].

5.5 Concluding Remarks

DryLP method improves the fatigue properties of both base material and friction stir
welded 7075-T73 aluminum alloy [106] and welded specimens with and without
reinforcement almost equally. DryLP is expected to be more effective in improving
the fatigue performance of laser-welded specimens with weld defects at lower stress
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amplitudes. Combining high-speed laser welding with DryLP is expected to be a
suitable strategy for replacing other welding processes, resulting in high productivity.
This combination could be applied in various industrial fields, such as the automotive,
rail, aircraft, and space industries.

In addition, DryLP method has a great potential to be applied in various fields
where conventional peeningmethods cannot be used, as this process canbeperformed
under ambient conditions without the use of a plasma confinement medium such as
water or transparent materials. For example, a micro device such as Nano- or Micro-
Electro Mechanical Systems can be peened by ultrashort laser pulses because the
range of the heat-affected zone by the pulses is on the nano- to micrometer scale.
Additionally, this method can be theoretically performed in a vacuum because there
is no significant difference of the shock pressure between driven in a vacuum and in
air, allowing this method to be used in space.
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Chapter 6
Direct Femtosecond Laser Writing
of Optical Waveguides in Dielectrics

Feng Chen and Javier R. Vázquez de Aldana

Abstract By applying direct femtosecond laser writing, optical waveguides with
diverse configurations can be produced in various transparent dielectrics, including
glasses, single crystals, and ceramics. The focused ultrashort pulses interact with the
bulk matrix, resulting in modification of refractive index of the localized regions.
Both positive and negative index changes have been successfully utilized to generate
waveguiding effects. Owing to the capability and feasibility of direct femtosecond
laser writing, a number of waveguide devices have been fabricated in versatile optical
materials, which brings out intriguing applications in many areas. In this chapter, we
overview the fundamentals of the femtosecond laser writing of optical waveguides
in optical dielectrics and introduce the recent applications in selected topics.

6.1 Introduction

Optical waveguides with compact geometries are basic components in integrated
optics [1]. They are defined as regions or layers with high refractive index in compar-
ison with their surroundings. In waveguides, the light fields can be confined in very
small volumes, reaching relatively high intensities. The advantages of waveguide-
based devices are twofolds: First, the diffraction-free light propagation enables beam
guidance and tailoring in chip-scale devices, which leads to a number of applications
in many areas; and second, the tight confinement of light fields brings out enhanced
features of bulk features in waveguides [2]. In 1996, Davis et al. reported on the first
femtosecond laser-written waveguides in a few family glasses [3], and numerous
subsequent works have been performed towards waveguide fabrication in various
transparent materials [4]. As of yet, direct femtosecond laser writing/inscription has
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been used to successfully produce optical waveguides in glasses, single crystals,
ceramics, and organic polymers, showing wide applicability of different materials
[5–7]. In addition, compared with other techniques for waveguide fabrication, direct
femtosecond laser writing possesses powerful three-dimensional (3D) processing
capability of materials, which enables implementation of devices with various func-
tionalities in dielectrics [8]. As a result, highly efficient miniaturized platforms
based on laser-written waveguides have been realized for photonic signal processing
towards diverse purposes [9].

The direct processing of dielectric materials by femtosecond laser contains two
ways: longitudinal and transverse writing (see Fig. 6.1). The advantage of longi-
tudinal writing is the preservation of laser beam symmetry, while the limitation of
waveguide length exists due to the working distance of focusing lens in the system.
The transverse writing is much more feasible and attracts much more attention of
researchers. Expect to thewriting geometries, the parameters of the femtosecond laser
system are critical to the quality of the waveguide devices. And the beam shaping of
the laser pulses (e.g., by some slits) is an efficient solution to control the waveguide
geometries [9].Moreover, the nature of differentmaterials plays important roles in the
waveguide properties. In crystalline materials, the fabrication of waveguides is much
more complicated in comparison with amorphous bulks [6]. Nevertheless, a number
of functionalized devices have been produced by direct femtosecond laser writing.
They have shown potential applications in many aspects, e.g., telecommunication
mode couplers [10], laser generations [11], frequency conversions [6], microfluidic
chips [12], quantum information processing [13], astrophotonic devices [14], and
so on. Osellame et al. edited a book which gave comprehensive overview of the
femtosecond laser micromachining of photonic and microfluidic devices in trans-
parent materials in 2012 [9]. Several new review articles were presented in direct
femtosecond laser-written waveguides in distinguish focused topics, for examples,
by Chen et al. [6], Choudhury et al. [15], and Meany et al. [13], respectively.

Fig. 6.1 Schematic plots of the a longitudinal and b transverse writing configurations
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In this chapter, we review the fundamentals and new advances of femtosecond
laser-written waveguides in dielectrics. Section 6.2 introduces the fundamentals of
refractive index modification in dielectrics by femtosecond laser pulses. In Sect. 6.3,
the geometries of different waveguides by laser writing are overviewed. In Sect. 6.4,
we summarize, in a brief way, the dielectric materials applied for laser writing of
waveguide devices. Several selected applications of laser-written waveguides are
presented in Sect. 6.5 to indicate the state of the art of the research fields. Finally, in
Sect. 6.6 a summary is given and an outlook of the future topics is presented.

6.2 Femtosecond Lasers Induced Refractive Index Changes

When ultrashort laser pulses are focused inside transparent dielectrics well localized
and, to some extent, controlled material modifications can be induced. The high-
intensity that can be reached in the focal region and the short temporal duration
of the laser pulse (tens or a few hundreds of femtoseconds) are responsible for a
very complex laser-matter interaction phenomenology. As the laser pulse intensity
reaches 1012–1013 W/cm2, values that can be easily achieved with amplified laser
systems, a larger number of electrons can be ionized through the so-called strong-field
ionization processes [16]:multiphoton ionization (more efficient at low intensities) or
tunnel ionization. Then, detached electrons form a plasma that continues interacting
with the laser field, absorbing energy by inverse Bremsstrahlung and releasing more
electrons by collisions (process called avalanche ionization) [17].However, due to the
short pulse duration, the laser–matter interaction finishes before a significant energy
transfer between electrons and ions took place, and thus negligible thermal effects
are induced: the irradiated area consists of a hot plasma of electrons and a “cold”
lattice of ions. The evolution of such system once the interaction with the laser has
finished is so complex that is still far from being completely understood and depends
strongly on both the plasma as the material properties [18]. Once the equilibrium is
again reached after the irradiation, localized modifications of the material may be
found, directly linked to the ionized electron density that was reached in the material
[19]. In fact, there are clear thresholds [20], in terms of the input pulse energy, to
induce certain modification in each target (depending, of course, on the experimental
conditions as focusing, pulse duration, wavelength, etc.).

For low pulse energies, a weak and smooth material modification is induced in
the focal volume that changes the index of refraction in this area [3]. The first micro-
analysis studies were done in glasses and suggest that a structural rearrangement of
bonds takes place without destruction of the overall integrity of the glass [21]. This
weakmaterial modification is usually referred to as “Type-I modification” (following
the classification scheme proposed in [22]) and can be associated with a positive
or a negative refractive index change in the focal volume. Positive refractive index
changes associated with Type-I modification aremore frequently produced in glasses
than in crystals, provided that densification is expected to be more easily induced in
amorphous materials than in ordered crystalline structures. However, in glasses with
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strong thermal expansion (such as BK7) the laser irradiation usually induces nega-
tive refractive index modifications. It should be noticed that Type-I modifications are
liable to be completely or partially “erased” by thermal treatment of the sample after
laser exposition [23].

As the pulse energy is increased and certain threshold is exceeded, severe optical
damage will be induced in the irradiated region (see Fig. 6.2). In this case, the mate-
rial modification (named “Type-II modification”) is very complex, involves severe
structural damage, and depends strongly on the dielectric target. In general, a refrac-
tive index decrease will be produced in the focal volume [24] that, in the case of
glasses, it is linked with the generation of micro-explosions [25] in the region that
achieved the largest plasma density: The plasma energy is transferred to the lattice
thus generating a highly localized temperature that results in a micro-explosion and
the creation of a subsequent micro-voids [26]. In the case of crystalline targets, the
refractive index decrease is explained in terms of a local amorphization induced in
that region [27] that is accompanied by the presence of defects and micro-voids
[28]. Moreover, due to the shock wave produced from this area, a mechanical stress
field is induced in the surrounding material, leading to a refractive index increase
(compression) in this area [29]. The compressed region may appear at both lateral
sides of the damage tracks, or at the apex of the track [30].

The pulse energy to produce one or the other modification type in a given material
is strongly dependent on the experimental conditions, mainly the pulse duration and

Fig. 6.2 Transition from
Type-I to Type-II
modifications induced in
fused silica with 800 nm,
120 fs pulses at 1 kHz
repetition rate as the pulse
energy in increased.
a Micrographs of the lines
written in fused silica with
different pulse energies.
b Raman spectra of modified
regions (Adapted from [21])

a) b)
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the focusing optics, thus requiring a careful initial characterization [31]. As reference
values, for a tight focusing with NA 0.20–0.40, Type-I modifications are produced
with few hundreds of nano-Joules, and Type-II appear as the pulse energy approaches
the micro-Joule level (Fig. 6.2).

In addition to the described modifications, that can be induced with just a single
femtosecond laser pulse, other effects may appear when the target is irradiated with
a pulse train with certain repetition rate. In such case, when several pulses impinge
on the same point of the target, the cumulative effect of all of them may produce
a final modification that could not be induced with a single pulse [32]. Generally,
this effect is related to the heat transferred by the laser pulse to the sample, and
the key parameters are the repetition rate of the pulse train and the heat diffusion
time of the target. In this way, we may distinguish between two irradiation regimes:
thermal and non-thermal. In the thermal regime, the heating produced by one pulse
overlapswith the heating produced by the subsequent one, leading to a very high local
temperature increase by heat accumulation that may lead to the material melting and,
therefore, to the local modification [33]. In the non-thermal regime, the time interval
between subsequent pulses is large enough so that local heating is dissipated and no
net temperature increase is produced at the end. The transition between both regimes
takes place at a given repetition rate, the critical frequency, that can be estimated by
[34]

fcrit = α

d2
(1)

with “d” being the diameter of the focal spot and “α” the thermal diffusivity of the
sample. The onset of thermal effects for typical tight focusing conditions in dielectrics
is in the range of tens/hundreds of kHz. In certain materials, glasses in particular,
local melting generated in the thermal regime with large repetition rate lasers, such
as femtosecond oscillators, has been demonstrated to produce a refractive index
increase [32] that can be assimilated to that of Type-I modification. On the other
hand, in crystals, the local heating produced in the thermal regime releases color
centers and reduces the defect concentration of the laser tracks [35, 36].

6.3 Waveguide Geometries

The principle for waveguide fabrication in transparent dielectrics with femtosecond
pulses is simple: It consists basically on the inscription of localized refractive index
modifications along with the sample, thus forming “channels” with efficient light
confinement properties [3] embedded in the substrate. However, there exist several
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Fig. 6.3 Schematic of different fabrication procedures of fs-laser inscribed waveguides. a Waveg-
uides based on Type-I modification. b Stress-induced waveguides based on Type-II modification.
c Depressed-cladding waveguides based on Type-II modification. d Ridge waveguides. The insets
indicate the cross-sectional sketches of the waveguides. The shadows represent the fs-laser-induced
tracks, and the dashed lines indicate the spatial locations of the waveguide cores (Taken from [6])

strategies or approaches to get efficient waveguides, depending on the type of modi-
fication that is induced in the target material, or on the desired optical perfor-
mance of the waveguide (i.e., monomode/multimode or dependence with polariza-
tion). Figure 6.3 shows sketches of the different approaches by femtosecond laser
writing/micromachining.

6.3.1 Waveguides Based on Type-I Modification

Type-I modification has been extensively used to fabricate waveguides in materials
where the refractive indexmodification induced by the laser is positive (�n > 0): This
is the case ofmost of the glasses and a few crystals (i.e., LiNbO3 [29],Nd:YCOB [37],
ZnSe [38], or BGO in themid-IR [39]). The straightforward technique for waveguide
inscription then consists of moving the sample with respect to the focus of the beam
at certain velocity, thus producing a track with increased index of refraction along the
sample inwhich lightmay be directly confined.With the aim ofmodifying the optical
properties and performance of the waveguide, several parallel tracks can be inscribed
[37, 40, 41], thus increasing the cross section of the modified region: This way the
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Fig. 6.4 a Microscopic white light pictures of hexagonal multicore waveguide arrays based on
Type-I modification written with 130mW, 140 fs pulses, at a scan velocity of 200µm/s and different
separations of thewaveguides in fused silica.bNear-fieldmodes ofmulti-corewaveguides (Adapted
from [43])

modal behavior can be finely controlled and optimized to the desired wavelength.
Another alternative to obtain large area waveguides consists on the fabrication of
waveguide arrays [42] with very small separation among them, such that the strong
evanescent coupling allows the formation of a nearly continuous mode [43] (see
Fig. 6.4).

Maybe the main advantage of the waveguides based on Type-I modification is the
potential for the fabrication of 3D complex photonic circuits and devices [9, 44] (see
Sect. 6.5.1). Since light is directly confined at the laser tracks, and no further damage
is induced in the neighborhood of the waveguide, it is relatively simple to inscribe
in the sample any arbitrary guiding geometry, as well as elements like splitters [39],
combiners, or couplers [45].

Depressed-cladding waveguides. In materials where Type-I modification
produces a refractive index decreased in the exposed region, there is an approach
for the fabrication of optical waveguides. It consists of the inscription of many
parallel laser tracks forming amodified cladding (with decreased index) and a central
unexposed core where the light propagates through. In principle, this configuration
supports only leaky modes [46] what means that only continuum radiation modes
exist. However, when thewidth of the lower-index region is large, propagatingmodes
very similar to confined modes are supported [47].

6.3.2 Waveguides Based on Type-II Modification

As discussed in the previous section, when the pulse energy is such that optical
breakdown takes place, a more complex refractive index modification is induced in
the sample. The index of refraction at the damage tracks typically decreases, making
it impossible to inscribe a waveguide that confines light directly at the track. In this
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case, there exist two approaches to get light confinement that has been extensively
studied in crystals provided that, in most of them, Type-I modification with refractive
index increase cannot be produced.

Stress-induced waveguides. The first one consists of making use of the refractive
index increase that is produced at the surroundings of the damage track, caused
by the mechanical stress and compression induced after the irradiation. In order to
increase the refractive index change in this region and obtaining a better confinement
of the light, two parallel laser scans are done along the sample at certain separation
(~15–25µm; see Fig. 6.4a) so that the waveguide is formed between the two damage
tracks: this is the so-called double-scan technique [23, 29, 48]. A very interesting
property of this fabrication approach is that the guiding region has not been directly
exposed to the laser irradiation, and then the physical characteristics of the bulk
are almost unaffected: This is crucial in many applications, particularly in crystals,
that are based on the nonlinear or spectroscopic features of the material [49, 50].
Moreover, in comparison with waveguides based on Type-I modification, stress-
induced waveguides are very stable even at high temperatures [51], making them
very suitable for high-power applications. In addition to the simple “double-scan”
technique, some approaches with more complexity have been developed in order to
gain better confinement of the guided mode [52, 53] or to engineer the stress-field
geometry [54].

Depressed-cladding waveguides. An alternative approach for the fabrication of
optical waveguides based on Type-II modifications consists of the inscription of
many parallel damage tracks forming a modified cladding and a central unexposed
core where the light propagates through [55] (see Figs. 6.5a–c). In order to get a
good optical performance, the separation between damage tracks must be very small
(2–3µm) and the scanning velocity very large in order tominimize the stress induced
in the surroundings of the tracks. In this way, the refractive index profile is basically a
cladding with decreased index (severe damage) and the central core keeps the index
of the bulk. In principle, this configuration supports only leaky modes [46] what
means that only continuum radiation modes exist. However, when the width of the
lower-index region is large, propagating modes very similar to confined modes are
supported.

Efficient depressed-cladding waveguides have been successfully fabricated in
many crystalline materials [6] even with very low propagation losses. In similar
manner to the behavior of “double-scan” waveguides, they have been demonstrated
to preserve the spectroscopic properties at the waveguide core [56]. In addition, in
most of the crystals, guidance features are independent of light polarization. Both
properties make cladding waveguides very attractive for constructing active compo-
nents as waveguide lasers [55, 57]. But the main advantage of cladding waveguides
is that they can be designed with any arbitrary geometry and dimensions in order to
tailor the modal behavior for the required wavelength, even in the mid-infrared [58],
optimizing the coupling with external devices (i.e., optical fibers): In this sense, the
most convenient geometry is circular, with typical diameters between 30 and 150µm.

In addition to the “standard” cladding waveguides described above, different
improvements have been introduced in the cladding designs. For instance, complex
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Fig. 6.5 Optical microscope images of different waveguides fabricated by femtosecond laser irra-
diation in the non-thermal regime (120 fs, 1 kHz, 800 nm). a Multiple scan waveguide based on
Type-I modification (left), double-scan waveguide based on Type-II modifications (center), and
circular cladding waveguide (right) inscribed in fused silica. b Circular cladding waveguide in
NdYAG crystal. c Shallow cladding waveguide in NdYAG crystal. d Optical-lattice-like cladding
waveguide in NdYAG crystal. e Ridge waveguides produced in ZnSe by swift ion irradiation and
femtosecond laser ablation

damage tracks structures can be implemented in order to reduce losses and get better
confinement for the two polarizations [59]. Dual-cladding waveguides, consisting of
two concentric tubular structures, have been also used to improve the performance
of miniaturized waveguide lasers [60]. Another family of waveguides is based on
large claddings with a hexagonal optical-lattice-like structure of the damage tracks
(Fig. 6.5d). These structures, in addition to offer very low propagation losses and
isotropic behavior of the supported mode with polarization, allow the design of
compact beam splitters and beam shapers [61, 62] making them very interesting for
the integration of complex photonic devices.

Finally, it should be noted that cladding waveguides can be fabricated very
shallow in the sample in such a way that the surface acts as waveguide boundary
(see Fig. 6.5c). This is very interesting in the fabrication of devices that require an
external interaction with the guided mode, for example in electro-optic devices, or
in integrated Q-switched waveguide lasers [63].
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6.3.3 Other Femtosecond Laser Writing Techniques

Fs-laser irradiation can be focused on the surface of a dielectric material leading
to ultra-fast ablation (see for instance [64] and references therein), that consists
in local material removal with minimal damage in the surroundings. Although the
layer removed with a single laser pulse is typically of a few hundreds of nanometers
[65], the incidence with multiple pulses allows the production of micro-holes or
precise cuts in the sample surface [66]. This micro-machining tool offers a pathway
to fabricate ridge waveguides on planar waveguide substrates (the planar waveguide
previously fabricated by other techniques as ion-beam implantation): The fs-laser
is used to precise micro-cuts in the planar surface, constructing ridges that confine
light propagation in certain regions [67], thus forming channel waveguides with
the desired lateral dimensions (see Fig. 6.5e). The technique has been applied to
different crystals in order to fabricate frequency converters or waveguide lasers [68].
The main drawback of these waveguides is the roughness of the ablation grooves
produced with the fs-laser, which introduces large propagation losses and degrades
the modal profiles: To improve the performance, some post-processing treatments
have been used, as thermal annealing [69] or ion-beam sputtering [67].

6.4 Materials

6.4.1 Glasses

Glasses are maybe the family of materials in which more research work on direct
femtosecond laser inscription has been done. There are several reasons for that,
such as the excellent optical properties and quality of many glasses, the stability
of the material or the relatively low cost, among many others. However, maybe the
most interesting property of glasses that make them very attractive for femtosecond
laser waveguide inscription is the possibility to produce Type-I modifications with
refractive index increase [3] in many of them, working both in the non-thermal
regime (low repetition rate laser systems) and in the thermal regime (high repetition
rate systems). Additionally, some of them show the possibility to produce selective
chemical etching in the areas exposed to femtosecond laser irradiation [70], opens the
door to a wide range of applications that mix several types of laser micro-processing,
such as the fabrication of microfluidic or lab-on-a-chip devices [9].

Among the large amount of available glasseswith optimal optical properties, some
of themhave concentratedmost of the research efforts. Fused silica (amorphousSiO2)
is one of the most extensively studied materials regarding femtosecond laser irra-
diation and waveguide fabrication. It is available with excellent optical quality and
shows a very wide transmission window. The techniques used for the inscription
of optical waveguides are both single scan [3] or multiple scan [40], thus obtaining
very low propagation loss in the visible and near-IR (0.12 dB/cm), or even in the
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mid-IR [71] (1.3 dB/cm at 3.39 µm), with refractive index changes of the order of 1
× 10–3. The excellent performance of the waveguides has allowed the implementa-
tion of complex photonic devices in fused silica. Planar Y-splitters [72] or multiple
splitters [73] are the basic elements for the fabrication of complex photonic circuits,
but the potential of femtosecond lasers for 3D inscription was exploited with the
fabrication of nearly equalized 3D splitters [74]. Other 3D structures, as directional
couplers in 3D [75], straight waveguide arrays [76], or fan-out devices [77] have been
demonstrated in this material. Fused silica is one of the glasses that shows selective
chemical etching, and integrated optofluidic devices have been fabricated on it [9].
In addition, the possibility to dope silicate glasses with active ions, such as Nd, has
allowed the manufacturing of active waveguides [78].

Borosilicate glass is also an excellent substrate for the inscription of opticalwaveg-
uides. For instance, complex 3D beam splitters (photonic lanterns) have been demon-
strated in this glass [44] by the multi-scan approach, operating at 1539 nm with very
low losses. Depressed-cladding structures have been also inscribed in borosilicate
glass with a photonic-crystal hexagonal structure that modulates the spectral trans-
mission of the waveguide, thus forming anti-resonant reflecting optical waveguides
[79].

Phosphate glass is very interesting for its spectroscopic propertieswhen it is doped
with Nd, Yb, or Er:Yb. Different active devices such as waveguide lasers have been
manufactured in Er:Yb phosphate glass by direct femtosecond laser inscription [80,
81] emitting at 1533.5 nm. It should be remarked that the waveguides inscribed in
this glass exhibit very low propagation loss (0.24 dB/cm) [82].

Another glass with optimum properties is Foturan, a lithium aluminosilicate
glass doped by silver and cerium oxides. This glass is photosensitive and shows
selective chemical etching. The possibility to fabricate optical waveguides on it
by femtosecond laser irradiation [83] makes it very attractive for manufacturing
optofluidic devices [84]. ZBLAN (heavy metal fluoride glass) has been also used for
the inscription of optical waveguides. Doped with Tm, waveguide lasers based on
depressed-cladding structures have been obtained, emitting at 1.9 µmwith prop loss
of 0.22 dB/cm and 50% slope efficiency [85].

6.4.2 Single Crystals

Single crystals play significant roles in optics and photonics. According to their
crystalline structures or functions, one can roughly classify the single-crystals into
a few groups. As of yet, in addition to the normal optical crystals (e.g., quartz),
the direct laser writing has been successfully applied to functional crystals, such
as laser, nonlinear, and electrooptic crystals. Electrooptic crystals utilize the elec-
trooptic effects to modulate the light behaviors in crystals on the phase, amplitude,
and polarizations, engineering the light propagation, and multi-beam interactions for
signal processing of photonic systems. Laser crystals are favorite gain media, which
are widely used for laser generation and signal amplification. Nonlinear crystals are
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key elements for light frequency conversion, realizing color changes, and new light
sources for diverse applications.

The electrooptic crystal used for laser-written waveguides is LiNbO3 [6]. Since
LiNbO3 is a multifunctional crystal, many efforts have been performed on it to
study the guiding properties. Liao et al. reported on the modulation of light based
on femtosecond laser inscribed LiNbO3 (double-line) waveguides [86]. Other crys-
tals such as LGS may be also used for EO modulation. Nevertheless, cost-effective
modulators require low voltages of applied electrical fields, and in principle, the
transverse dimension should be as compact as possible. Considering this factor,
double-line structures may be better since the cross sections are much smaller than
those of depressed-cladding waveguides [86].

Nonlinear crystals for frequency conversion of laser-written waveguides include
birefringent crystals and periodically poled superlattices. Frequency doubling to
generate second harmonics is one of the most important functions for nonlinear crys-
tals based on Type-I or Type-II phasematching conditions. Laser-writtenwaveguides
in nonlinear crystals, such as KTP [87], BIBO [54, 88], GdCOB [37], LiNbO3 [23],
KDP [89], have been fabricated in both double-line and depressed-cladding geome-
tries. In addition, by using periodically poled wafers in ferroelectrics, such as PPLN,
PPLT, PPKTP, one can realize broadband SHG in laser-written waveguides. The
mostly investigated wafer is PPLN. All the possible designs have been applied on
PPLN, including single-line or multi-line Type-I, double-line Type-II, and depressed
cladding configurations [90–92]. For PPKTP [93], only double-line structures have
been investigated.

The laser crystals are doped by active ions into suitable bulk materials. The
lasing wavelength depends on the atomic energy levels of specific active ions. For
visible waveguide, lasing can be achieved by using Pr-doped crystals, including
Pr:SrAl12O19 (at 644 nm) [94], Pr:YLF (at 604 nm) [53], Pr:YKF (at 610 and 645 nm)
[95] waveguides. Another solution to generate visible laser is to use self-frequency-
doubled crystals, which combine the nonlinear properties of bulk crystals and gain
feature of the action ions in a single crystal, such asNd:YAB[96], andNd:YCOB[97].
In the near infrared regime, Ti-doped sapphire is for 700–900 nm tunable wavelength
[98] while Nd- or Yb-doped systems are often used for 1µm lasing. Nd- or Yb-doped
YAG crystals [99, 100] and vanadates (YVO4, GdVO4) [57, 101] are favorite gain
media. Other doped crystals are also investigated, such as Nd:GGG [50], Nd:LGS
[102], Nd:KGW [103], Nd:KYW [104], Nd:LiNbO3 [105]. The Tm-doped systems
can generate lasing at 1.8–2 µm band. The reported result is Tm:KLuW cladding
waveguides [106]. For typical mid-infrared wavelength regime, it is desirable to use
laser-writtenwaveguides in Cr or Fe-doped ZnSe or ZnS [107, 108], in which tunable
lasing from ~2 to ~3 µm.
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6.4.3 Ceramics

Transparent ceramics are polycrystalline materials. The monocrystalline partners
of the ceramics are usually with cubic lattice structures. As of yet, rare-earth ion-
doped YAG and yttria [109] are the investigated ceramics for femtosecond laser
inscribed waveguides. Nd- or Yb-doped YAG ceramic waveguides have been used
for efficient gain cavities to realize waveguide lasing at 1µm [110], while Tm-doped
YAG ceramics have been ascertained for 2 µm laser generation in waveguide cavity
[111]. Also due to the workingwavelength of the waveguides, Nd- or Yb-dopedYAG
waveguides can take the geometry of double line or claddings, while the Tm-doped
YAG is only with depressed claddings because of the longer operation wavelength.
As for the waveguide qualities, compared with the single-crystalline partners, the
guiding behaviors and the laser-inducedmicrometricmodifications are very similar in
ceramics. This also results in similar laser performances of waveguide lasers between
the gain cavities of single crystals and polycrystalline ceramics. Nevertheless, in
principle, the ceramics possess the advantage of easy production of larger bulks,
which may lead to larger waveguide wafers for the integration of more functions.

6.5 Selected Applications

6.5.1 3D Waveguide Devices

One of the most interesting features of femtosecond laser irradiation is the possi-
bility to do true 3D micro-processing inside transparent dielectrics: The laser beam
can be focused at any depth of the sample, thus allowing the strongly localized
modification at arbitrary positions. This capability has opened the door to many
novel and exciting applications [4], as nano-surgery [112], or additive/subtractive
3D nano-manufacturing [113]. Photonics and waveguide fabrication, in particular,
have been specially benefited from this feature, provided that other manufacturing
techniques (ion-beam implantation, Silica-on-Silicon or sol–gel) are restricted to
planar or quasi-planar geometries. However, there exists a wide variety of appli-
cations that require 3D photonic circuits based on optical waveguides, in different
scientific and technological fields such as astro-photonics or biomedicine.

For the fabrication of 3D photonic circuits, the most straightforward technique is
the use of Type-I modifications (see Sect. 6.2) in such a way that guidance is directly
produced at the focal volume with no further damage at the surroundings. This tech-
nique allows the implementation of low losses waveguide splitters/combiners in 3D
[44], or the efficient coupling between neighbor waveguides through evanescent field
[76], having both elements crucial importance for complex 3D devices. For instance,
it has been demonstrated the direct integration of such waveguides in microfluidic
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chips [9, 114, 115]. Moreover, due to the possibility to control the optical proper-
ties of the waveguides by the multi-scan technique, the 3D photonic circuits can be
designed to operate even in the mid-infrared [116].

Most of these devices have been implemented in glass substrates (Sect. 6.4.1)
due to the relative simplicity of the fabrication procedure in such targets. However,
there is much interest in the integration of such structures in dielectric crystals [6]
due to their impressive optical properties, as high transparency range, or nonlinear
coefficients. Several research groups have been working towards the fabrication of
complex photonic devices in crystals using femtosecond laser direct inscription, but
most of the research work has been restricted to planar structures based on simple
waveguides. This is due to the large complexity of the problem: On the one hand,
Type-I modification typically produces a refractive index decrease (instead of an
increase) in most of the crystals and, on the other hand, anisotropy in crystalline
materials makes the fabrication highly sensitive to irradiation conditions [117]. In
crystals in which a refractive index increase can be produced by Type-I modification,
such as LiNbO3, Bi4Ge3O12, or YCa4O(BO3)3, 3D devices such as waveguide arrays
[37] or complex splitters [39, 118] have been demonstrated (see Fig. 6.6).

However, in other crystals, alternative techniques based on Type-II modifica-
tions must be used. Stress-induced waveguides (double-scan technique) are not very
convenient for the fabrication of 3D optical devices mainly due to the difficulty
to implement even simple splitters with this approach. Planar Y-branch splitters
with rectangular depressed-cladding waveguides have been fabricated in surface
of Nd:YAG [119] or buried in KTP [120]. For the inscription of true 3D devices,
other techniques based on cladding structures have been also proposed. The use of
hexagonal optical-lattice-like structures of the laser damage tracks has allowed the
fabrication of efficient 3D splitters (1 × 2, 1 × 3, 1 × 4) by introducing certain
defects in the lattice structure [62, 68, 121]. Such complex and monolithic structures

Fig. 6.6 3D splitters based on Type-I modifications produced in Bi4Ge3O12 operating at 4 µm.
Adapted from [37]
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Fig. 6.7 3D splitters inscribed in NdYAG based on cladding hexagonal optical-lattice-like struc-
tures (Fig. 6.5d). a Schematic of the fabrication technique. b Output modes for 1 × 2 and 1 × 4
splitters. Adapted from [121]

(see Fig. 6.7) can be potentially integrated in any transparent dielectric, thus opening
the way to arbitrarily complex 3D devices in crystals.

6.5.2 Electrooptic Devices

Electrooptic (EO)modulators are used tomodulate the signal parameters (e.g., phase,
intensities, and polarizations), which in practice are usually realized in waveguide-
based platforms. One of the typical configurations is Mach–Zehnder interferometer
(MZI), which was produced in laser-written LiNbO3 waveguides. Liao et al. reported
on a MZI waveguide modulator produced by femtosecond laser inscription in a x-
cut MgO:LiNbO3 wafer [86]. This structure was composed of channel waveguides
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Fig. 6.8 Schematic of the MZI modulator design and cross-sectional views of the waveguides and
electrodes [86]

with double-line geometry and embedded microelectrodes subsequently fabricated
by femtosecond laser ablation and selective electroless plating. Figure 6.8 shows the
schematic of the MZI modulator design and cross-sectional views of the waveguides
and electrodes. The EO overlap integral of the MZI modulator was 0.95.

It was interesting to implement monolithic integration of frequency converter
and MZ modulator in a single LiNbO3 chip [122]. In this prototype, the electrodes
were ablated out of a gold-layer sputtered onto the sample surface. The EO overlap
integral of this MZI was 0.16, and the half-wave-voltage of the modulator was 23 V.
In addition, tunable EO waveguide Bragg gratings in LiNbO3 waveguides can be
produced by femtosecond laser writing. Such waveguide grating was designed and
realized for EO tuning at a wavelength around 1550 nm.

6.5.3 Waveguide Lasers and Amplifiers

Waveguide lasers and amplifiers are key gain devices in photonic systems. Waveg-
uide lasers are the miniaturized light sources, which possess low lasing thresholds,
comparable efficiencies, and compact geometries, in comparisonwith the bulk lasers.
The substrates of dielectric waveguide lasers include doped glasses (see Sect. 6.4.1),
crystals (Sect. 6.4.2) and ceramics (Sect. 6.4.3). By applying direct femtosecond
laser writing, active waveguides with various geometries have been fabricated in
gain media. In recent years, the research on waveguide lasers has been developed
rapidly. Particularly, with laser-written waveguides as the gain cavities, a number
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of solid-state waveguide systems for broadband lasing covering wavelength from
visible till mid-infrared have been realized.

Visible waveguide lasing at red light wavelength band-based Pr-doped crystals
waveguides reaches the output powers of tens of mW [53, 94, 95]. In the near infrared
regime, the Ti:sapphire waveguide lasing from 700 to 870 nm was realized, with the
maximum output power of 143 mW at 800 nm, and a slope efficiency of 23.5% [98].
Based on laser-written waveguides of Yb:YAG crystal, the recent work has shown
the maximum output power to be ~5 W or even higher with the optimization of the
optical pump system of waveguide lasers [123]. The slope efficiency of waveguide
lasing at 1 µm also reaches high values close to the quantum limit. The reported
results on 1.8–2 µm lasing band have been realized in Tm:YAG and Tm:KLuW
cladding waveguides, and maximum output power of 93 and 46 mW was achieved,
respectively [106, 111]. For typical mid-infrared wavelength regime, by using laser-
written waveguides in Cr or Fe-doped ZnSe or ZnS, lasing from 2.5 µm has been
realized with maximum output power of 5.1 W [107].

In addition to the continuous-wave waveguide lasing, people have developed Q-
switched and mode-locked systems to achieve pulsed waveguide lasers, by using
saturable absorbers (such as SESAMs, graphene, MoS2, carbon nanotubes) [11].
The obtained repetition rate of the Q-switched waveguide lasers reaches MHz, and
the maximum output power can be as high as a few watts [124]. The lasing at 2 µm
with Q-switched mode-locking based on graphene reaches 7.8 GHz from a Tm:YAG
ceramic waveguide [125]. Figure 6.9 shows typical pulsed lasing performance from
a laser-written Nd:YVO4 waveguide based on graphene Q-switching [126].

Another advantage of waveguide lasers over bulk systems is that lasing with
tailored beam output can be realized in waveguides. By applying direct optical pump
into the 3D waveguide in gain media, lasing generation at 1 µm with beam splitting
(e.g., 1 × 2, 1 × 3, and 1 × 4) or ring-shaped transformation has been achieved in
laser-writtenNd orYb-dopedYAGwaveguides [61, 121]. In addition, optical-lattice-
like cladding structures basedonNd:YAPcrystal is an ideal platform toget lattice-like
lasing [117]. The powerful 3D microprocessing ability of direct femtosecond laser
writing may offer more intriguing devices for lasing as miniature light sources.

Waveguide amplifiers are key devices in telecommunication systems. The ampli-
fication at C-band (centered at 1.55 µm) is of special importance to industries,
and Er-doped glass waveguides are typically used as amplifiers, which are called
“EDWA” (erbium-dopedwaveguide amplifier) in the communication systems.Direct
femtosecond laser writing has been utilized to manufacture channel waveguides in
a few glass families, including Er-doped or Er, Yb-codoped phosphates, oxyfluoride
silicates, phospho-tellurites, bismuthates, and chalcogenides, to realize amplifica-
tion at telecommunication bands [15]. Figure 6.10 shows the fiber-to-fiber net gain
spectra under different pump powers in an Er-doped bismuthate glass waveguide for
C-band. As pumped of 1050 mW at 980 nm, the amplifier exhibits a peak internal
gain per unit length of 2.3 dB/cm at 1533 nm and a peak fiber-to-fiber net gain of
16.0 dB at 1533 nm [127].
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Fig. 6.9 Typical pulsed laser in a laser-written Nd:YVO4 waveguide based on graphene Q-
switching: repetition rate, pulse duration, and pulse energy versus launched pump power. The
inset picture shows a typical pulse train [126]

6.5.4 Frequency Converters

Waveguides based on nonlinear crystals could be used to achieve second harmonic
generation (SHG) with enhanced efficiencies in comparison with the bulks. The
conversion efficiency depends not only on the bulk nonlinear features but also on the
guiding properties of the structures. The laser-written waveguides have been used
to realize SHG of light at a wavelength regime from ~400 to 790 nm through phase
matching (PM) or quasi-phase matching (QPM) configurations. Since waveguides
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Fig. 6.10 Fiber-to-fiber net gain spectra under different pump powers in an Er-doped bismuthate
glass waveguide for C-band [127]

based on Type-I modification (see Sect. 6.3) only support guidance along one polar-
ization, SHG from such structures can only be realized under the QPM mechanism.
Double-scan waveguides, and in general other waveguides based on Type-II modifi-
cation, may support guidance along both orthogonal polarizations, which have been
used for frequency doubling based on the PM or the QPM mechanisms.

Under pulsed laser pump, green light has been generated in laser-written waveg-
uides in a few nonlinear crystals or domain-engineered materials, for examples,
LiNbO3, PPLN, KTP, PPKTP, and BiBO. The best conversion efficiency (η) reported
for the PM SHG was 49% for a double-line LiNbO3 waveguide [23], and highest
output SH power (peak values) was 427 W for KTP cladding waveguide [87]. For
the QPM SHG, in double-line PPLN waveguides a high value of η = 58% has been
achieved, with 59 W output peak power of 532 nm light [91]. For PPKTP, η reached
a maximum value as high as 47.4% and a peak power of green light of 252 W was
generated [128]. For PPLNType-I waveguides, the QPMSHGwas realized with η of
6.5%W−1 cm−2, while Type-I PPKTPwaveguides possess η of 0.18%W−1 cm−2 for
the blue light SHG [93]. In addition, Nie et al. reported on the SHG of 532-nm green
light from a 3D optical-lattice-like beam splitter. The obtained conversion efficiency
for the 3D SHG is even higher than that from the no-splitted channel waveguide [62].
Figure 6.11 shows the comparison of mode profiles of the KTP optical-lattice-like
waveguides with 3D 1 × 4 splitting geometries and straight channels for SHG [62].
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Fig. 6.11 SHGmode of the optical-lattice-likeKTP claddingwaveguides.Near-fieldmodal profiles
of optical-lattice-like cladding waveguides for straight channels and 1 × 4 at a–d 532 nm and e–
h 1064 nm under 1064 → 532 nm green laser SHG configuration. The inserted arrows are the
polarizations [62]

6.5.5 Microfluidic Chips

Lab-on-chip devices usually refer to the microfluidic chips for biological and chem-
ical applications. The integration of optics and fluidics brings out significant devel-
opment of the chip-scale devices, which is now defined as the term “Optofluidics”
[129]. These chips allow the integration of necessary elements, mainly including
buriedwaveguides for guided light probe andmicroscale channels for fluidics. In such
devices, biological or chemical analytic capabilities have been enhanced, enabling
promising applications such as nanoparticle trapping and manipulation, cell sorting,
and refractive index sensing [129]. Due to the powerful 3D micromachining ability
of direct laser writing, it is practical to integrate optical waveguides with 3D geom-
etry into a monolithic chip combining microchannels of fluidics [12, 84]. The first
work on this topic was reported by Applegate et al. [130] for cell sorting in a laser-
written glass chip. To date, a number of novel designs have been proposed and
functional devices have been prototyped and produced, mainly in glass substrates
(Sect. 6.4.1). In these devices, the laser-written waveguides can be either straight or
specially designed. Themain function of the waveguides is to realize photons as light
probes or trapping sources. To name a few, in some designs, to achieve refractive
index sensing, the light fields in the waveguides are required to have direct inter-
actions with the fluidics, which can be realized by MZI configuration of embedded
3D laser-written waveguides one-arm-crossed the microfluidic channel [115]. In this
geometry, the light goes through the two armswith additional phase difference due to
the refractive index of guided mode and reference arm, which is promising for highly
sensitive chemical sensing (e.g., to detect biochemical molecules). One more recent
example on real-time sorting of single cells was using double-Y-shaped microfluidic
chip, in which the cell manipulation was realized in the specially designed channels
by optical forces exerted through laser radiation emitted from optical waveguides
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Fig. 6.12 Schematic rendering of the double-Y-shaped microfluidic circuit irradiation patterns and
phase-contrast microscopy images of swollen red blood cells in the microchannels fabricated with
the transverse and longitudinal writing geometries [131]

[131]. Figure 6.12 shows the schematic rendering of the double-Y-shaped microflu-
idic circuit irradiation patterns and phase-contrast microscopy images of swollen
red blood cells in the microchannels fabricated with the transverse and longitudinal
writing geometries [131].

6.5.6 Quantum Circuits

Quantum circuits are ideal platforms for quantum information processing. By
applying direct femtosecond laser writing of glass (e.g., fused silica), 3D chip-scale
devices containing designed waveguide structures have been fabricated to realize
some functions, such as quantum computing and random walk [13]. One of the
advantages of laser-written quantum circuits is the good overlap of single-mode
fiber and waveguide channels, enabling high coupling efficiency of the devices. In
addition, the 3D devices by laser writing utilize the bulk space, which leads to much
compact design of the circuits. To date, there have been a number of applications
based on laser-written glass waveguide wafers [132, 133]. A qubit (quantum bit)
is the basic element of quantum information science, which can exist in superpo-
sition state of bit “0” and “1”. Encoding a qubit by photons can be performed in
the quantum chips by polarization or spatial mode encoding. This requires a set
of low-loss waveguide channels with sufficient coupling effect of modal profiles,
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Fig. 6.13 Schematic of a laser-written 2Dwaveguide array and b the interface section ofwaveguide
circuit for random walk of correlated photon pairs based on Swiss cross geometry [134]

which can be fabricated by direct laser writing of glasses with relative ease. The
basic elements of these quantum circuits include waveguide couplers and waveguide
arrays. Figure 6.13 shows a laser-written 2D waveguide array for random walk of
correlated photon pairs [134]. The design of the circuit is based on a so-called Swiss
cross array, in which different channels have special mode coupling in horizontal
or/and vertical planes. In this photonic network, two-photon quantumwalks of distin-
guishable and indistinguishable photon pairs can be realized. In addition, Corrielli
et al. used laser-written waveguides in Pr:YSO crystal as platform and demonstrated
the implementation of an integrated on-demand spin-wave optical memory, which
opens perspectives for integrated quantum memories [135].

6.6 Summary and Outlook

In summary, the development of different strategies for the inscription of optical
waveguides in transparent materials by direct femtosecond laser irradiation has
allowed the integration of a large number of compact photonic devices in almost
any desired transparent dielectric benefitting from its specific physical properties
(nonlinear behavior, spectroscopic properties, transparency, and anisotropy). This
research field is attracting more and more interest mainly due to the possibility
to fabricate 3D photonic circuits and to integrate them in complex devices that
combine several functionalities: compact lasers, lab-on-a-chip devices or complex
beam shapers are only some examples.

The perspectives for this research field are very promising due to the development
of novel femtosecond laser sources with high repetition rates, large pulse energy, and
excellent performances, minimizing the fabrication times and allowing the efficient
application of several micromachining techniques in a single-step procedure. Among
the challenges to face within future, we should mention the necessity to improve
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the performance of complex 3D devices in some specific materials, particularly for
spectral ranges in the mid-infrared, or the integration of active optical waveguides
in novel functional materials.
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Chapter 7
Micro-hole Arrays and Net-like
Structure Fabrication via Femtosecond
Laser Pulses

Guoying Feng, Guang Li, Zhuping Wang, and Yao Xiao

Abstract Femtosecond lasers are widely used in the fields of ultra-precision
processing, microelectronic device manufacturing, medical, high-density informa-
tion storage and recording, which are characterized by a small thermal effect and
unique processing of transparent dielectric materials. In this chapter, we first theo-
retically analyzed the micromachining mechanism of dielectronic materials with
femtosecond laser pulses. After reviewing the laser direct fabricating of micro-hole
arrays on fused silica sheet, we focus on the latest progress of microchannels fabrica-
tion by femtosecond laser.We further discuss 3Dmicrochannel structures to highlight
the unique manufacturing using ultrafast laser.

7.1 Introduction

Femtosecond lasers can quickly and accurately focus energy into an area to be
processed, while also quickly realize micro/nano-processing in the semiconductor,
glass, metal, polymer, ceramics, plastics, resins, and other materials [1]. Lasers of
this kind have been widely used in micro/nano-drilling, three-dimensional micro-
channel, waveguide, optical grating, optical memory, optical sensors, biotechnology,
chemical technology, andmedical applications aswell as other fields. Comparedwith
conventional processing methods, femtosecond laser micro/nanofabrication has the
following advantages:

1. It has a very small heat-affected zone [2, 3], so a fine “cold” process can be
achieved [4]. Due to the ultrashort timescale and the ultrahigh laser intensity
coupled to the electron system, the electrons reach a very high temperature in a
very short period of time before the electrons transfer energy to the lattice, but
the material relaxation time (heat transfer between the electrons and the lattice)
is far greater than the pulse duration of a femtosecond laser, which means that the
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matter in processed areas is still in a cold state during the femtosecond lasermicro-
machining. Compared with long-pulse laser micromachining, the femtosecond
laser has a small energy diffusion depth and reduced (but unavoidable) thermal
effect during micromachining, which makes the machining accuracy higher and
the processing edge relatively finer, so that it has realized “the cold” processing.

2. It can process a wide range of machinable materials, from metal or nonmetal
to a biological cell. The high intensity femtosecond laser not only contributes
linear absorption to the material matrix but also a strong nonlinear absorption.
Thus, femtosecond lasers can be applied to both the interior and surface of many
metals, dielectrics, semiconductors, and biological tissues in an effort to achieve
material removal or processing.

3. Applications in real three-dimensional processing are achievable because the
laser power density in the laser focus region is extremely high, while the laser
power density in the unfocused region is not significant enough to cause material
damage. Therefore, precise spatial localization can be achieved by adjusting the
spatial orientation of the femtosecond laser. At the same time, the laser intensity
at the focal point can reach a higher level relative to the light intensity at the
non-focal point which is insufficient to cause ionization and multiphoton absorp-
tion. Therefore, femtosecond laser can achieve high-precision three-dimensional
machining by focusing laser pulse inside of the transparent material.

4. The processing scale is smaller than the focal spot, achieving
micro/nanofabrication. Femtosecond laser light intensity distribution is gener-
ally Gaussian type. The area processed by focused fs laser pulses is far smaller
than the size of the spot. The processing size breaks through optical diffraction
limit, which can achieve real sub-micron or even nano-scale processing, such as
nano-cattle, gears, and micro-chain rotation [5].

The technology used in femtosecond laser micro-processing is mainly
femtosecond laser direct writing (FLDW), projection preparation, and interference.
Among them, FLDW technology is flexible and has a high degree of freedom which
is widely used in a variety of point scanning, line scanning. The projection technique
can be used to process any two-dimensional shapes on the surface of the material.
In addition, interference can be harnessed in creating periodic three-dimensional
structures, specifically, by multi-beam interference.

7.2 Theoretical Analysis of Femtosecond Pulse-Laser
Micromachining

Femtosecond lasers have a high peak power and ultrashort pulsewidthwhich exhibits
strong nonlinear effects during matter interaction. Thus, a large variety of materials
can be processed by femtosecond lasers. However, the mechanisms of femtosecond
laser interaction with various semiconductors, metals, ceramics, resins, as well as
others do vary from material to material. The materials that can be processed by



7 Micro-hole Arrays and Net-like Structure Fabrication … 213

femtosecond lasers can be separated into two categories: (1) metal materials (2) and
non-metallic materials. Metal materials have good thermal and electric conductivity
because of the existence of a large number of free electrons within the material, and
metal materials have absorption characteristics for near-infrared and visible light,
while transparent materials and semiconductors do not absorb these two bands of
light. However, it will be a metal similar absorption material due to multi-photon
ionization when femtosecond laser power density reaches a certain extent.

7.2.1 Interaction Principle Between Femtosecond Laser
and Metallic Materials

Most of the metal materials are opaque to visible light. When the laser initially
interacts with the metal, the energy is deposited at a penetration depth of ls = 1

/
α

(α is the absorption coefficient) [6]. Then the laser energy gradually spreads to
the depth of ld = √

Dτ (D is the thermal diffusion coefficient, and τ is the laser
pulse width) during the process. If the material is processed by a long-pulse laser
(ld > ls), the thermal diffusion effect is very obvious; however, when processed by
an ultrashort pulse laser (ld < ls), the laser energy is unable to spread quickly which
causes material directly evaporation around the focus. The laser heat-affected zone
is very small during the process, allowing high-precision machining.

When there is a strong laser interaction with metal materials, the free electrons in
themetal are all heated instantaneously. The high-temperature electrons transfer their
energy to low-temperature particles via collision. The energy transfer time between
electrons is in the order of 100 fs, during which time the high-temperature electrons
can transfer energy to the non-laser affected region. Relaxation time (the collision
heating time between electron and lattice) of the metal is in the order of picoseconds.
The relaxation time of a metal material with strong electron–phonon coupling (e.g.,
Fe) is one to two orders shorter than that of metal with a weak electron–phonon
coupling. However, the pulse width of a femtosecond laser is much smaller than the
relaxation time, so there is not enough time to heat up the metal lattice during the
process. Electrons are instantly heated up to high temperature, causing the electron
and lattice to exist at different temperatures. So, a two-temperature model is used to
replace the classical thermodynamic model in solving the changes of temperature in
ion Ti and electron Te during the process [7, 8],

Ce(Te)
∂Te
∂t

= K∇2Te − g(Te − Ti ) + A(r, t) (1)

Ci
∂Ti
∂t

= g(Te − Ti ) (2)
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where Ce and Ci are the specific heat capacity (per volume) of lattices and electrons,
respectively, K is thermal conductivity, A(r, t) is the corresponding heat source of
laser pulse, and g is the electron and phonon coupling constant.

The main differences between long-pulse-laser and ultrashort-pulse-laser
processing of metal materials are as follows: The thermal effect time of long-pulse-
laser interaction with matter is determined by the laser pulse width, but the thermal
effect time of ultrashort-pulse-laser interaction with matter depends on the relaxation
time of the material. The electron temperature reaches extremely high temperatures
during ultrashort-pulse-laser interaction, while the ion temperature is delayed. So,
the interaction between femtosecond lasers and the material is “cold.” The lattice
temperature will still rise after the laser pulse has stopped. Laser thermal effects
can be appropriately reduced but unable to be avoided by using ultrashort laser
pulse interaction for micromachining. The main reasons that affect the precision
of femtosecond laser micromachining include the melting of the material caused
by lattice heating, the thermal infiltration caused by electron interaction, and the
accumulation of molten material.

It should be noted that the dual-temperature model does not take into account the
material nonlinear absorption effect; therefore, the dual-temperature model is only
applicable to metal materials.

7.2.2 The Interaction of an Intense Femtosecond Laser Pulse
with Dielectric Materials

7.2.2.1 Ionization Mechanism

The interaction between the laser and the solid matter is the stimulated process of
valence electrons reaching their excited state by absorbing photons. The genera-
tion of stimulated processes can be single-photon resonance transitions, two-photon
and high-order multi-photon transitions, tunnel ionization, and so on. The single-
photon resonant transitions obey Beer’s law, a linear process, while the others are
nonlinear processes which are closely related to the intensity of the laser beam.
Avalanche ionization and photoionization are the main reasons for the generation of
free electrons, but their dominance in dielectric processing remains unclear.

1. Avalanche ionization process
Avalanche ionization is a phenomenon in which free-charge carriers absorb laser
energy after impact ionization occurs in the material. A small number of free
electrons in the medium are used as seed electrons to absorb the laser photon
energy and enhance their kinetic energy through inverse bremsstrahlung absorp-
tion. When the kinetic energy is larger than that of bound electrons, the elec-
trons collide with the valence band electrons, causing the valence electrons to
be excited to the conduction band, becoming free electrons and leading to the
formation of an additional free electron. Thus, a seeded electron with higher
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Fig. 7.1 Schematic of avalanche ionization

kinetic energy produces two free electrons with lower kinetic energy. At high
laser power, the free electrons with lower kinetic energies continue to absorb the
laser energy and become free electrons with higher kinetic energy. Thus, the elec-
trons act as the new seeds and continue to collide with other valence electrons,
producing more conduction band electrons. If the laser energy is continuously
input, the above process will continue to cycle. The electron numbers in conduc-
tion band increase exponentially and show an “avalanche” of growth, which
is called avalanche ionization process. When the free electron density generated
via avalanche ionization reaches a critical value, the transparent dielectric rapidly
absorbs the laser energy, eventually leading to the burning of the material. The
process is shown in Fig. 7.1.

2. Photoionization process
Photoionization refers to the process of direct ionization of a dielectric by a
laser field. Photoionization in accordance with the laser frequency and intensity
can be divided into multi-photon ionization and tunnel ionization. Transparent
dielectrics typically have a broad bandgap, an energy transition that unable to be
achieved by single-photon resonance linear absorption, and low-intensity lasers
do not produce ablation. However, when the femtosecond laser with high peak
energy density processes the dielectric, the bound electrons absorb the energy
of multiple incident photons at the same time, and its kinetic energy, therefore,
exceeds the bandgap of the dielectric and becomes a free electron. The process
is called multi-photon ionization, as shown in Fig. 7.2. In addition, under the
conditions of a strong laser field, the bound electrons can cross the barrier of
the Coulomb field and become free electrons. This process is called tunneling
ionization.

The dominance of multi-photon ionization and tunnel ionization can be deter-
mined by the Keldysh parameter γ , which is calculated as follows:

γ = ω
√
m�

eE
(3)

where ω is the laser frequency, m and e are the electron mass and charge, respec-
tively, and� is the bandgapofSiO2.Whenvaluesγ is larger than1.5,multi-photon
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Fig. 7.2 Schematic of multi-photon ionization

ionization has dominated; on the contrary, tunnel ionization dominated; when γ

is about 1.5, the two processes exist.

7.2.2.2 Material Removal Mechanism

Due to the extremely high peak power density of a femtosecond laser, the material
removal mechanism is different from that of a long-pulse laser. At present, there
are different views on the mechanism, and two main mechanisms are discussed:
(1) electron–phonon collision causing the local temperature to rise above the vapor-
ization temperature removing the material, (2) and Coulomb explosion, when the
femtosecond laser is interacting with the dielectric, the extremely high peak power
density will cause the electrons to escape from the surface area of the material. When
the electrostatic force in the material is larger than the force between the lattices, the
chemical bond will be broken and cause damage to the lattice, effectively removing
the material, and this mechanism is the Coulomb explosion.

In the process of removing dielectric material via femtosecond laser interaction,
it is not yet clear whether the dominant factor of the free electron generation is
multi-photon ionization or avalanche ionization. Early studies suggest that multi-
photon ionization provides seed electrons for avalanche ionization, and avalanche
ionization is still the main cause of ablation, that is, multi-photon collision ionization
theory. In recent years, the Fokker–Planck equation has been used to describe the
evolution of free electrons. It has been shown that when the laser pulse width is less
than 100 fs and the power density is more than 1014 J/cm2, the ablation threshold
is approximately equal to the threshold value calculated by considering the multi-
photon ionization. The multi-photon ionization is so strong that the free electrons
can reach the critical density before avalanche ionization, and multi-photon ioniza-
tion dominates the ablation process. When the plasma density reaches the critical
value, the energy absorption is mainly determined by the inverse bremsstrahlung
and resonance absorption. During the pulse period, the thermalization of electrons
makes the ionized free electrons in an unbalanced state, and the conduction electron
density, energy absorption and reflection coefficient, and skin depth change with the
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laser action time and the laser power density. When the laser irradiation intensity
is much higher than the ablation threshold, the strong ablation process is dominant.
When the laser irradiation intensity is near the ablation threshold, the weak cupping
process caused by Coulomb explosion is dominant. At the same time, however, the
ablation threshold and single-pulse ablation depth of the material are directly related
to the properties of the material itself, the laser irradiation intensity, and the number
of laser pulses.

7.3 Fabricating Micro-hole Arrays on Fused Silica Sheet

7.3.1 Overview of Laser Micro-holes Machining Technology

In fact, each micro-hole precision machining methods have their own advantages
and disadvantages. Among them, the mechanical drilling is more common way of
processing micro-pores, but it is not widely used in the field of micro-processing.
Mechanical drilling needs to rely on drilling tools and other bits, which limit the
range of processed materials. While the size of the drill bit and the rigidity of the drill
limited the size of the holes made by mechanical processing, the general diameter of
micro-holes can only be greater than 30μm, and depth-to-diameter ratio is generally
less than 5 μm. However, due to the micro-holes in the micron or even nanometer
order often bring great difficulties to the manufacturing process. At present, there are
many methods to precision machining micro-holes, as shown in Fig. 7.3, including
electrochemical drilling [9], focusing ion beam drilling [10], mechanical drilling

Fig. 7.3 Methods of micro-hole processing [9–13]
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[11], electron beam drilling [12], electric discharge machining (EDM) drilling [13],
and laser beam drilling [14].

In contrast, electrochemical drilling and EDMdrilling are more common. EDM is
the way to process by discharge and generally only process shallow holes with diam-
eter greater than 80 μm. Electrochemical drilling is mainly through the electrode-
assisted chemical changes to micro-drilling, and the processing of micro-porous by
this way is higher in precision. However, two methods above can only be used for
micro-processing conductive materials, while it will cause the electrode wear and
tear during the process. At present, these two methods are the most common way to
process micro-holes, and they are mainly used to process shallow holes with more
than 5 μm.

Both electron beam drilling and ion beam drilling are common methods to
process submicron-sized micro-holes, but the depth-to-diameter ratio of micro-holes
processed by these two methods is generally no more than 10. The two-process
methods have harsh conditions that the expensive equipment should be working in
the high-vacuumconditions and the processing efficiency is relatively low. Therefore,
these two methods are low efficiency and high precision.

Laser beam drilling is widely used in many materials because of its wide appli-
cability, high processing efficiency, low environmental requirements, simple equip-
ment, relatively low cost, and non-contact processing. However, laser drilling usually
has shortcomings such as thermal effects and taper. With the rapid development of
laser technology, femtosecond laser has the advantages of extremely high peak power
and ultrashort pulse width. Therefore, femtosecond laser can process a wide range
of materials, and the thermal effect of it is not obvious and even not visible, which
is expected to solve the problem of high-quality micro-hole processing.

In 1995, P. P. Pronko et al. of Ultrafast Optical Center of University of Michigan
applied femtosecond lasers (central wavelength of 800 nm) to submicronmicro-holes
fabrication and found that ultrashort pulsed lasers had little thermal impact during
the processing. Therefore, the femtosecond laser has advantages of little recast and
very high precision during the micro-processing [15]. In 1996, B.N. Chicbkov et al.
of the Laser Center in Hanover used a laser with different pulse widths to ablate the
solid material [7]. Figure 7.4 shows micro-holes fabricated by using femtosecond,
picosecond, and nanosecond lasers on steel foil. It can be seen that the thermal effect

Fig. 7.4 Micro-holes fabricated on 100 μm steel foil using different laser widths were a 200 fs,
b 80 ps, c 3.3 ns [7]
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near the micro-holes produced by nanosecond and picosecond laser is more obvious,
and the recast layer is very obvious. However, the thermal effect of the micro-holes
produced by femtosecond laser is not obvious, and the micro-holes are also relatively
better. The figure shows the advantages of femtosecond laser micromachining.

In 1997, E. Mazur group of Department of Physical Engineering and Applied
Science at Harvard University used focused femtosecond lasers to microburst inside
fused silica, sapphire, and other transparent materials, and the material around the
focus area was ejected outwardly, so the material within the focus area formed pores
[16]. Micro-holes arrays with 2-μm-spacing and diameter of micro-holes ranging
from 200 to 250 nm are shown in Fig. 7.5. This is mainly due to the compact focusing
and thermal effect of femtosecond laser is not obvious.

In 1999, Xiaonong Zhu et al. of the Femtosecond Science Group at the National
Research Council in Canada used femtosecond pulsed lasers to drill micro-holes
arrays on the surface of various metal foils, and he found that there was still little
thermal damage around the radiation region. In the same year, they also investigated
the effects of laser parameters and material properties on femtosecond processing
[17, 18]. In 2001–2012,YanLi et al. ofOsakaUniversity in Japan used liquid-assisted
method to fabricate micro-holes from the backside of the material to obtain micro-
holes with the diameter of 4 μm and the depth of more than 200 μm [19, 20]. As
shown in Fig. 7.6, the left-hand column is the cross-section of micro-holes fabricated
by the femtosecond laser directly writing from the backside of the quartz in air, and
the quartz back has no flowing water, resulting in the diameter of micro-holes about
4 μm and the depth of it about 18 μm. The hole is not very uniform in the internal
which is mainly caused by the residues inside the holes that cannot go out. The right-
hand column is the cross-section of micro-holes fabricated by the liquid-assisted
method. When the laser interacts with the backside of the quartz, the flowing liquid
enters into the holes. The flowing liquid removes the debris from the holes which
can reduce the scattering of the laser and improve the efficiency of processing. The
flowing water can also take away part of the heat which can reduce the heat-affected
zone. So, they can obtain deeper holes.

Fig. 7.5 Micro-holes array
of 2-μm-spacing produced
by micro-explosions inside
fused silica. Sample is
photographed in reflection
using a 1.2 NA objective and
is shown in a
three-dimensional projection
with depth representing
intensity of reflected light
[16]
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Fig. 7.6 Microdrilling of
silica glass from its rear
surface in air without and
with an inflow of water into
the hole. a–c Drilling
without an inflow of water;
d, e drilling with an inflow of
water. f Image of e after the
water has receded [19]

In 2002, Choi [21] et al. of the Department of Mechanical Engineering at the
University of California studied the physical mechanism of femtosecond laser -
induced ablation by using time-resolvedmicroscopy. The formation process of shock
wave induced by single beam ablation material is shown in Fig. 7.7, and the spherical
shock wave front begins to become apparent at 18.2 ns. Although the initial shock
wave transmission is very fast, but after more than 29.8 ns, the ablation becomes
slow. At the same time, the energy transfer model was established to predict carrier
and lattice temperatures as well as electron and vapor fluxes emitted from the surface.

In the same year, Nakata et al. [22] of the School of Information Science and
Electrical Engineering at KyushuUniversity used a diffraction beam splitter to obtain
the interference of femtosecond laser beams to process point arrays. At the same time,
arrays of metal dots were fabricated at different scanning speeds and then irradiated
by He–Ne laser to obtain the diffraction pattern of the dot arrays, which are shown
in Fig. 7.8. In the illustration, we can see that the spot array acts as a grating in the
diffraction process, where the distance between the samples to the white screen is
10 cm. In contrast the diffraction pattern to the sample pattern, it can be seen that the
larger the distance between the holes, the smaller the distance between the diffractive
optical dots. As the spacing between the micro-holes decreases, the spacing between
the diffractive optical dots will increase.When the spacing between the holes is equal
to 0, the grating diffraction pattern is obtained, and the power at each stage is shown
in Fig. 7.8.

In 2003, Kamlage et al. [23] of Hannover Laser Center in Germany studied the
effect of femtosecond laser repetition frequency on the morphology of micro-holes

Fig. 7.7 Formation process of shockwave (F = 1.5 J/cm2): a 14.9 ns, b 18.2 ns, c 23.6 ns, d 29.8 ns,
and e 40.4 ns [21]
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Fig. 7.8 The sample processed at a scanning speed of a 107 μm/s, b 39 μm/s, and c 8.3 μm/s,
respectively, and the corresponding diffraction pattern illustrated is the experimental schematic and
the power at each stage [22]

and processed deep hole with better morphology on stainless steel as shown in
Fig. 7.9. The experimental results show that themicro-holes outlet diameter increases
with increasing repetition frequency when micromachining in the air. Because the
melted debris cannot be completely ejected out with increasing repetition frequency
which can decrease air ionization threshold will decrease. The plasma and debris
remained in the holes act on the wall of the holes again and the divergence and pertur-
bation of the laser, resulting in an increased outlet diameter as shown in Fig. 7.9a. The
diameter of micro-holes processed in the vacuum does not change significantly with
the repetition frequency as shown in Fig. 7.9b, and the inlet diameter of the micro-
holes in the air is ultimately the same as in the vacuum. Because the material and
the air are rapidly heated, the gas density is reduced which creates a quasi-vacuum
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Fig. 7.9 Influence of femtosecond laser repetition frequency on the micro-holes inlet and outlet
diameter under the same laser energy a the air environment, b the vacuum environment, c in the air
environment, micro-holes on the stainless steel, and d a hole replica [23]

environment at the entrance, thus improving the quality of the entrance and reducing
the processing taper. Deep holes on a stainless steel with a thickness of 1 mm were
fabricated by using a Ti: sapphire femtosecond laser. All processing was performed
at atmospheric pressure. As shown in Fig. 7.9c, d, the micro-holes fabricated by
femtosecond lasers and their replicas show that the micro-holes have excellent circu-
larity and geometrical morphology, which confirms that the femtosecond laser can
be a better way to process metal materials.

In 2015, Hu Zhan group of the Institute of Atomic and Molecular Research at
JilinUniversity reported themorphology of the holes fabricated by femtosecond laser
(800 nm, 100 fs) under different ambient pressures [24]. The SEM images of the inlet
and outlet of the holes under different ambient pressures are shown in Fig. 7.10. The
amount of redeposited material around the inlet holes increases with the increasing
of the ambient pressure. When the ambient pressure is 5500 Pa, the amount of
redeposited material reaches the maximum. As the ambient pressure increasing, the
amount of redeposited material decreases. Under low-pressure conditions, a high
degree of expansion of the ablative material results in a clean ablative hole; almost
no deposition of particles is observed around the pores. When the ambient pressure
is in the range of 40–5500 Pa, the expansion of the ablative material is performed
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Fig. 7.10 SEMimages of the inlet hole (left) and the outlet hole (right) at different ambient pressures
[24]

by an increase in ambient pressure, which results in an increase in the amount of
redeposited material around the holes. When the ambient pressure is 5500 Pa or
higher, the re-deposited ablative material is confined into the ablation holes. This
will reduce the amount of ablative material around the hole.

Substrate temperature is an important parameter for controlling the properties of
femtosecond laser-induced surface structures besides traditional ways [25]. In 2014,
the S. K. Moon group of the School of Mechanical and Aerospace Engineering at
Nanyang Technological University evaluated the effects of the hole geometry and
the spatter area around the drilled hole on silicon with various temperatures [26].
Figure 7.11 is SEM images of the front side and back side micro-holes array drilled
by femtosecond laser with power of 200 mW at different temperatures. The laser
drilling efficiency is increased by 56% when the temperature is elevated from 300 to
873 K. The spatter area is found to continuously decrease with increasing substrate
temperature; the diameter of inlet holes was reduced by 25% when temperature is
873 K compared to 300 K. The reason for this change is that the elevated temperature
of the substrate leads to the increase of the laser energy absorption.

In 2004, P. Simon group of the Laser Laboratory in Göttingen in Germany fabri-
cated a large number ofmicro-holes patterns on the titanium film using the ultraviolet
femtosecond laser interference technique as shown in Fig. 7.12 [27]. Diameter of
the holes is about 400 nm, and the micro-holes have good quality. This technology
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Fig. 7.11 SEM images of the frontside (left two columns) and backside (right two columns) micro-
hole drilled by fs laser at temperature 300 K (a and h), 373 K (b and i), 473 K (c and j), 573 K
(d and k), 673 K (e and l), 773 K (f and m), 873 K (g and n) [26]

Fig. 7.12 Microstructures on the metal fabricated by using ultraviolet femtosecond laser interfer-
ence technique [27]

has strong reproducibility and can be processed thousands of sub-micron holes in a
flash, so it has a good prospect in the industry.

In 2010, the ZhiZhan Xu group of the Shanghai Institute of Optics and Fine
Mechanics in Chinese Academy of Sciences fabricated micro-lens in the internal
of the fused silica by using femtosecond laser [28]. The sample was a 1 mm-thick
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Fig. 7.13 (Color online) a Schematic of the micro-lens. bDimensions of a planoconvex micro-lens
on a chip:D, R, and T are the diameter of the aperture, radius of the spherical surface, and thickness,
respectively. SEM images of micro-lenses c before and d after OH flame polishing process [28]

polishedquartz sheet. Themicro-lens had aperture diameter ofD=200μm, spherical
surface radius ofR= 300μm, and thickness ofT = 500μmas illustrated in Fig. 7.13.
After processing, the hydrofluoric acidwith a solution of 10%was used for ultrasonic
bath in 80 min to completely separate the processing area. Then, the surface of the
sample is polished by using an oxyhydrogen flame to improve the quality of the lens
surface.

In 2014, the Huan Huang group of PolarOnyx, Inc. in California reported micro-
holes in different types of materials by using femtosecond fiber lasers in air environ-
ments [29]. The holes in stainless steel, bovine bone, soda-lime glass, and bovine
tendon fabricated by femtosecond fiber lasers are shown in Fig. 7.14. It can be
seen that femtosecond lasers can produce better morphologies on a wide variety of
materials. This shows that femtosecond laser can fabricate a wide range of materials.

Fig. 7.14 Holes on a stainless steel, b bovine bone, c soda-lime glass, and d bovine tendon [29]
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Fig. 7.15 a Experimental setup for laser scanning process. Inset, array of pulse-irradiated craters.
b Process sequence for fabricating close-packed micro-lenses over a silicon wafer. Step A, laser-
induced material modification; Step B1, forming concave microstructure by chemical etching; Step
B2, etching until adjacent concave microstructures squeeze with each other. c SEM image of laser-
modification zone. d SEM image of circular concave microstructures. e SEM images of irregular
concave microstructures [30]

In 2015, the Feng Chen group of Xi’an Jiaotong University School of Elec-
tronic and Information Engineering reported a novel fabrication method of large-
area concave micro-lens array (MLA) on silicon by combination of high-speed laser
scanning [30], which would result in single femtosecond laser pulse ablation on
surface of silicon and subsequent wet etching. A dimpled lens was fabricated on a
1 cm × 1 cm silicon sheet. The dimensionally adjustable aspheric profile micro-lens
array has been developed and can be applied to infrared (IR) optical elements. The
processing of the micro-lens array is shown in Fig. 7.15. The processing steps of the
microscopic lens on the silicon wafer are listed as follows: Firstly, the material is
modified by laser-induced; then, the micro-structure is formed by chemical etching;
finally, the adjacent concave micro-structures are pressed against each other.

7.3.2 Preparation of Aluminum Coated Silica

The size of a fused silica sheet is 1 cm × 1 cm × 1 mm. For optimal fabrication,
the surface of the silica must be appropriately cleaned to remove contamination.
Initially, the fused silica sheet was cleaned with alcohol and deionized water in an
ultrasonic bath for 25 min to clear any contamination (loose particles/powder) on
the surface. The aluminum film was deposited on the surface of the silica sheet by
femtosecond pulsed laser deposition in a high-vacuum chamber (below 5× 10−4 Pa),
as shown in Fig. 7.16. In our experiments, a commercial femtosecond Ti:sapphire
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Fig. 7.16 Experimental setup for the preparation of fused silica sheet coated with aluminum film

laser system (Legend Elite, Coherent) based on the chirped-pulse amplification is
capable of producing pulses with a duration of 35 fs and an energy of 3.5 mJ, at a
center wavelength of 800 nm and a repetition rate of 1 kHz. Then, the fused silica
sheet was put onto the heater, and the target material of aluminum was put onto the
target plate. Finally, the window was closed, and the electrical machine and heater
were turned on. The temperature of the heater was set to 600 °C. The deposition time
was 75 min, and the output power of the fs laser was ~1.2 W.

7.3.3 Directly Writing Micro-hole Arrays on Coated-Fused
Silica Sheet by Using Femtosecond Laser

The experimental setup of the micro-hole array fabrication process was shown in
Fig. 7.17. The fused silica sheet coated with an aluminum film was put on the trans-
lation stages. The maximum output power of the femtosecond laser was ~3.5W. The
combination of a half mirror and an attenuator was used to adjust the output radiation
power. Then, the attenuated laser beam was focused on the fused silica by using an
objective lens with a numerical aperture of 0.4. The femtosecond laser is in direct
contact with the sample while the energy of the laser pulses is delivered to the bottom
of the hole via multiple reflections. The multi-photon absorption would occur at the
focusing voxel in the fused silica sheet. The loss of energy occurs at every step of
the reflection process. A high-resolution CCD camera connected to a computer was
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Fig. 7.17 Experimental setup for direct writing micro-holes array on coated-fused silica sheet

also fixed to monitor, the real-time process of the fabrication. The accumulated pulse
numbers at each spot were controlled by the opening time of the electronic shutter.
All irradiations were performed in air at room temperature. After femtosecond laser
irradiation, the sample was cleaned to remove the dust deposited in the ablation area
by ultrasonic bath in ethanol and deionized water for 25 min. The microphotographs
of themicroarraywere characterized by using scanning electronicmicroscope (SEM,
Hitachi SU8220) and optical microscopy (OM, Keyence VHX650).

7.3.4 Ablation Threshold of Fused Silica

The ablation threshold fluence of a material could be roughly estimated by the lowest
pulsed energy density needed to remove the original material. However, when the
laser fluence just exceeds the ablation threshold fluence of a material, it usually is
capable of clean and precise material removal. Micro-holes were fabricated on the
surface of the sample with different laser pulse energies. The relationship between
the diameter D of a crater and the laser fluence was used to estimate the ablation
threshold fluence of the fused silica sheet.

The laser fluence F0 can be estimated from the laser pulse energy E and the local
beam diameter d as [31]:



7 Micro-hole Arrays and Net-like Structure Fabrication … 229

Fig. 7.18 Relationship
between squared diameter
D2 and laser fluence

F0 = 2E
/
πd2 (4)

If the fluenceF0 surpasses the ablation threshold fluenceF th, the squared diameter
D2 of the ablation crater is associated by

D2 = 2d2 ln(F0
/
Fth) (5)

As shown in Fig. 7.18, the single-shot ablation test of the fused silica sheet is
investigated and the single-shot irradiation is realized by controlling the repetition
rate of the machine. The squared diameter of the micro-holes is a function of the
laser fluence. The curve shows that relationship between the squared diameter D2

and laser fluence F0 is logarithmic because the X-axis is the logarithm of the laser
energy. The curve for the relationship between the squared diameter D2 and the
logarithm of laser energy is linear [31, 32]. The extrapolation to zero of the linear
fit obtains the single-shot ablation threshold, and the ablation threshold for the fused
silica sheet is calculated as 2.36 J/cm2. Ablation is a function of the number of
pulses. It leads to the definition of an N-pulse ablation threshold when the sample is
irradiated by pulsed lasers with the number N0. N0 < N, no ablation occurs, while
if N0 > N, ablation occurs. This effect has been defined as an incubation effect [33,
34]. For the material-dependent “incubation effect,” [33] with an increasing number
of overlapping pulses, the ablation threshold is anticipated to decrease.
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7.3.5 Average Diameter of the Micro-hole Arrays
with Different Fluence

The number of accumulated laser pulses for drilling each hole was set to 2000
to achieve sufficient repeatability. The dependence of the average diameter of the
micro-holes on the fused silica sheet and aluminum coated-fused silica sheet versus
the fluence of femtosecond laser is shown in Fig. 7.19.

As shown in Fig. 7.19, the average diameter of the micro-hole arrays on the
fused silica sheet and aluminum coated-fused silica sheet increased with increasing
femtosecond laser fluence.When the femtosecond laser fluence was between 0.1 and
40 J/cm2, the average diameter of the micro-holes on the fused silica sheet increased
rapidly with the laser fluence. With the fluence higher than 40 J/cm2, the average
diameter seemed to almost reach a maximum and remain unchanged. However, the
average diameter of the micro-holes on the fused silica sheet was a little larger than
that on the aluminum coated-fused silica sheet.

The morphologies of micro-holes fabricated at different laser fluences for coated
and uncoated silica sheets are shown in Fig. 7.20. For coated silica, although the
fluence of the laser pulse is changed, the crack and collateral damage around the hole
are almost invisible due to the aluminum coating; for uncoated silica, the decrease of
the fluence of the laser pulse may decrease the crack and collateral damage around
the holes, but cannot make them disappear. Thus, it is a good choice to improve the
quality of the femtosecond laser processing by coating with film on the surface of
sample.

Fig. 7.19 Dependence of the average diameter of the micro-hole arrays on the fused silica sheet
and aluminum coated-fused silica sheet versus the fluence of femtosecond laser
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Fig. 7.20 Drilling on coated silica and uncoated silica with different fluences of laser pulse

7.3.6 Micro-hole Arrays on the Surface of Fused Silica Sheet

The micro-hole arrays were fabricated on a fused silica sheet and an aluminum
coated-fused silica sheet, respectively. The distance between neighboring hole
centers was set to 30μm.The laser fluence applied for the fabricationwas 58.9 J/cm2.
The accumulated pulse numbers at each spot were controlled by the opening time of
the electronic shutter, with the opening time of the electric shutter being 2 s. After
ablation, a 10% hydrochloric acid (HCl) solution was used to clean the aluminum
film on the fused silica sheet. Subsequently, the samples were cleaned to remove the
dust deposited in the ablation area by ultrasonic bath in ethanol and deionized water
for 25 min.

Figure 7.21 shows the micro-hole arrays fabricated on the fused silica sheet [35,
36]. Figure 7.21a is a microscopic photograph of a micro-hole array pattern on silica,
Fig. 7.21b shows a micro-hole array pattern on aluminum coated silica, and there
weremanyburrs and debris around the holes on the fused silica coated aluminumfilm,
which were formed by the molten material ejected from the holes and re-solidifying
rapidly. As the insets of Fig. 7.8b show, the fused silica sheets coated with aluminum
film were used in the experiment. Figure 7.8c is a SEM image of a micro-hole array
on silica. After washing the aluminum film on the fused silica sheet (Fig. 7.21d),
the micro-holes on the fused silica sheet were very round and were neatly arranged.
The micro-holes were obviously, almost, circular. SEM image of a micro-hole in the
holes array on the fused silica sheet is shown in Fig. 7.21e. Figure 7.21f is a SEM
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Fig. 7.21 Images of micro-hole on silica (left column) and aluminum coated silica (right column)
a Microscopic photographs of micro-hole array pattern on silica, b micro-hole array pattern on
aluminum coated silica, c SEM image of micro-hole array on silica, d SEM image of micro-hole
array after washing the aluminum film, e a hole in figure c, f a hole in figure d [36]

image of a randomly selected hole in the holes array, and no debris and recast layer
could be discovered around the hole. The microstructures around the hole and the
internal walls were very smooth.

In Fig. 7.21e, f, themicrostructures inside the holewere in combination as annulus
in shape. That was, because, the multiple femtosecond laser pulses produce multiple
shock waves that forced the nanoparticles outward and made the density near the
holes increase. Under the action of a series of femtosecond laser pulses, the ring
structure was formed inside the holes. Comparing Fig. 7.21e with Fig. 7.21f, there
was an evident zone with many cracks around the hole edges in Fig. 7.21e. The zone
was formed by the redeposit of the fusant and vaporized fused silica sheet. However,
there was a better morphology left in Fig. 7.21f. That may be one benefit of the
aluminum film on the fused silica sheet.

Subsequently, the diffraction characteristic of the micro-hole array was examined
by using a He–Ne laser beam. In this experiment, the He–Ne laser passed through a
lens to form a magnified image of the focused laser beam spot [35]. Then, the focal
beam spot passed through the micro-hole array. Parallel light passed through a small
hole array, and the image on the screen was regular bright spot array. The micro-hole
closer to the central micro-hole in the micro-hole array has the higher brightness
in the diffraction characteristic of the micro-hole array. As shown in Fig. 7.22a,
the diffraction characteristic of the micro-hole array on silica was obvious, but there
weremany dark spots that randomly distributed in diffraction light spots. As shown in
Fig. 7.22b, the diffraction characteristic of the micro-hole array on silica coated with
aluminum was significantly obvious. Compared these two pictures, the micro-hole
array on silica coated with aluminum is more uniform than the one on silica.
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Fig. 7.22 Diffraction pattern of micro-hole array a on silica b on silica coated with aluminum [35]

7.4 Fabricating Net-Like Structure by Femtosecond Laser
Pulses

7.4.1 Overview of Microfluidic Channel Processing
Technology

Generally, microfluidic channels can be formed in transparent substrates via FLDW
followed by chemical etching [37–40]. However, the morphology of the microchan-
nels fabricated via this way is always conical in shape. This is due to the limited
contrast ratio of etching selectivity between the laser exposed and unexposed regions.
Since the chemical etching always begins from the surface of the substrate and
progresses toward the middle area of the channels, the region close to the entrance
of the channels will always suffer a longer etching period compared to the middle
region.

The conical feature caused by chemical selective etching is the bottleneck to
realize homogeneous channel microfluidic system, so many scholars have devoted
themselves to this research. Until now, several methods have been demonstrated
to realize homogeneous microchannels within the substrate (shown in Fig. 7.23).
(1) Drawing substrate glass after wet chemical etching [41]. The glass drawing
process significantly reduces the inner surface roughness of the fabricated chan-
nels, and centimeter-level microfluidic channels with an aspect ratio above 1000 can
be realized; however, the length of the microfluidic channel fabricated in this way
is severely limited. (2) Shape-controlled microchannels [42]. The shape control is
achieved by suitable wobbling of the glass substrate during the irradiation process.
Cylindrical microchannels with uniform cross-sections are demonstrated with an
unprecedented length of 4 mm. But this method increases the diameter of the fabri-
catedmicrochannel. (3) Segmented chemical etchingmethod to fabricatemicrochan-
nels with arbitrary length and uniform diameter [43]. A segmented chemical etching
method of introducing extra access ports and a secondary power compensation is
presented,which enables the fabrication of uniform 3D helical microchannels with
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Fig. 7.23 a, b Optical micrographs of the Y-branched channels before and after drawing, respec-
tively [41].Microscope image of c conical spiral inscribed in the glass andd the etchedmicrochannel
[42]. e Optical micrograph of a helical channel fabricated by segmented chemical etching method
[43]. f, gmicrograph of a 1.6-cm-longmicrochannel embedded in porous glass before postannealing
and postannealed, respectively [44].

length of 1.140 cm and aspect ratio of 522. There are some extra corrosion inlets
on the microfluidic channel prepared by this method. (4) Fabrication of microfluidic
channels using porous glass as substrate [44]. Formation of hollow microchannels
in a porous glass substrate immersed in water by FLDW method and postannealing
of the glass substrate at ∼1150 °C by which the porous glass can be consolidated. A
square-wavelike channelwith a total length of∼1:4 cmand a diameter of∼64μmcan
be easily produced ∼250 μm beneath the glass surface. Porous glass is unavailable
at the market.

More recently, Feng et al. have developed a new technique which firstly fabricates
channel on the surface of the substrate using FLDW followed by chemical etching
and then covers a thin layer of PDMS film on substrate to form three-dimensional
semi-occlusivemicrochannels. The conical feature brought by etching selectivity can
be effectively reduced, because the channels are fabricated on the surface of substrate;
thus, there is no problem of suffering different etching period. Via this technique,
various homogeneous networked semi-occlusive microfluidic can be fabricated on
the surface of silica.

7.4.2 Fabricating Micro-grid

Micro/nano-surface structures were fabricated using optical diffraction [45, 46]. The
obtained diffraction pattern was imprinted on the surface of the ZnSe wafer. In the
high-intensity regions, theZnSewaferwas ablated andgenerated a surface depression
(valley). In the low-intensity regions, a corresponding protrusion (peak) appeared.
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Fig. 7.24 Experimental setup for microsized structure-assisted nanostructure fabrication

The observedmicro-patterning is explainedwith Fresnel’s diffraction theory. In addi-
tion, two types of spatial frequency surface structures were found, namely laser-
induced periodic surface structure (LIPSS) and laser-induced periodic curve surface
structure (LIPCSS). LIPCSS appears at the bottom of the ZnSe surface. Unlike
LIPSS, LIPCSS is independent of laser polarization. The formation of LIPCSS was
because of the interference between the reflected laser field on the valley surface and
the incident laser pulse. The microsized structure assisted nanostructure formation
opens up the possibility for fabricating the nanosized structure on the wafer surface
with ultrashort laser pulses.

The entire diffraction experimental setup is shown in Fig. 7.24. All irradiations
were performed in air environment under normal incidence. The experiment is
conducted on a commercial Ti:sapphire regenerative amplifier laser system (Legend
Elite, Coherent). It generates laser pulses at a center wavelength of 800 nm with
pulse duration of 60 fs and pulse energy of 2.0 mJ. The laser system operates at a
repetition rate of 1 kHz. The laser beam goes through a lens with a focal length of
150 mm and irradiates on the sample surfaces. The sample is placed at a distance,
typically a few hundreds of micrometers behind a hexagonal transmission electron
microscope (TEM) mask (the dimension of the TEM mask is 3 mm, and the dimen-
sion of a hexagon is 60 μm), which is illuminated at a distance of Z ≈ 120 mm
through the focal lens. The diameter of the laser spot on the sample surface is about
1 mm. The diameter of laser spot is measured and determined with 1/e2 intensity
level. An electronic shutter is used to control the irradiation pulse numbers, and a
neutral density filter, a λ/2 plate, and a polarizer are used to change the laser power
continuously. The samples are mounted on an XYZ-translation stage controlled by
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Fig. 7.25 SEM images of the imprinted diffraction structure on ZnSe surface. a–c Represent
imprinted diffraction structures on ZnSe surface, and the diffraction distance was 375μm, 405μm,
and 550 μm, respectively. Laser fluence was 0.3 J/m2, and the number of femtosecond laser pulses
was 750 in the experiments. The corresponding calculated fluences along the horizontal midlines
in a–c are shown in d–f, respectively [45]

a computer. Prior to irradiation, the ZnSe wafer is cleaned using ethanol. After the
laser irradiation, the sample is dipped in alcohol and cleaned by an ultrasonic bath for
10 min to remove the plume dust deposited in the ablation area. At last, the surface
morphology is observed using optical microscopy (OM, Keyence VHX 650) and a
scanning electronic microscope (SEM, Hitachi SU8220).

Figure 7.25 shows the SEM images of the diffraction etched structures on the
surface of a ZnSewafer, whichwas irradiated by femtosecond laser pulses at different
diffraction distance, 375, 400, and 550 μm. The laser fluence was 0.3 J/m2, and
the laser pulse number was 750. The etched structure on the ZnSe wafer surface
directly reflected the diffraction of femtosecond laser pulses (the wide spectrum). At
different diffraction distances, that means a different Fresnel number N f, the energy
distribution of the entire diffraction field is different. If the N f is larger, the equal
energy region (grid area) is greater; the energy density at the grid area is greater than
that at the grid lines. Also, a micro-peak structure was found at the surface of the
grid area, and a stripe structure was near the grid line. This illustrates that the energy
redistribution caused by diffraction plays a key role in the formation of the surface’s
microsized structure.

7.4.3 Fabricating Microfluidic Channels

Generally, microfluidic channels can be formed in transparent substrates via FLDW
followed by chemical etching [37–40]. However, the morphology of the microfluidic
channels fabricated via FLDW is always conical in shape. This is due to the limited
contrast ratio of etching selectivity between the laser exposed and unexposed regions.



7 Micro-hole Arrays and Net-like Structure Fabrication … 237

Since the chemical etching always begins from the surface of the substrate and
progresses toward the interior of the channels, the region close to the entrance of the
channels will always suffer a longer etching period compared to the middle region.

The conical feature caused by chemical selective etching is the obstacle to realize
the homogeneous microfluidic channel system. So many researchers have devoted
to this study. Several methods have been demonstrated to fabricate homogeneous
microchannels within the substrate. (1) Drawing substrate glass after wet chem-
ical etching [41]. The glass drawing process significantly reduces the inner surface
roughness of the fabricated channels, and a centimeter-level length of microfluidic
channels with an aspect ratio above 1000 can be realized. However, the length of the
microfluidic channel fabricated in this way is severely limited. (2) Shape-controlled
microchannels [42]. The shape control is achieved by suitable wobbling of the glass
substrate during the irradiation process, but this method increases the diameter of
the fabricated microchannel. (3) Segmented chemical etching method to fabricate
microchannels with arbitrary length and uniform diameter [43]. A segmented chem-
ical etching method of introducing extra access ports and secondary power compen-
sation enables the fabrication of uniform 3D helical microchannels. There are some
extra corrosion inlets on the microfluidic channel prepared by this method. (4) Fabri-
cation of microfluidic channels using porous glass as substrate [44]. Formation of
hollow microchannels in a porous glass substrate immersed in water by FLDW and
post annealing of the glass substrate at ~1150 °C by which the porous glass can be
consolidated.

7.4.3.1 Fabricating Net-Like Hexagonal Microfluidic Channels

In the experiment, a fused silica was used as the substrate material which was cut into
10 mm× 10mm× 1mm sections with all surfaces polished. Figure 7.26 showed the
experimental schematics for fabricating microfluidic channels with FLDW method.

Fig. 7.26 Experimental setup schematic of the FLDW process [47]
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The experiment was carried out with a commercial Ti:sapphire regenerative amplifier
laser system (Legend Elite, Coherent), which generates laser pulses with center
wavelength at 800 nm, pulse duration of 60 fs, and maximum single-pulse energy
of 0.3 mJ at a repetition rate of 1 kHz. The average power of the laser beam used
to direct writing was controlled by a combination of a polarizer and a wave plate. A
x20 objective with a NA of 0.4 was employed to focus the laser beam. The sample
could be optionally translated by a PC-controlled XYZ stage (M-111.1DG, Physik
Instrumente) with a resolution of 6.9 nm. The average power of femtosecond laser
was chosen to be 160 mW, and the translating speed of the stage was 0.01 mm/s
(laser fluence was 1.27 × 105 J/cm2). A charge-coupled device (CCD) was used for
monitoring the whole FLDW process in real time.

In the experiment, as shown in Fig. 7.27, the whole process consists of four steps
(schematics are shown in Fig. 7.27a–d, respectively): (1) FLDW on the surface of
the silica to form a net-like modified region; (2) dipping the laser irradiated substrate
in 10% aqueous solution of HF at 25 °C in ultrasonic bath ~30 min for removing
the modified material to form homogeneous microfluidic channels; (3) covering a
layer of 500 μm thick PDMS film on the substrate; and (4) injecting Rh6G ethylene
glycol solution intomicrofluidic channel in order to test flowing characteristics of the
three-dimensional microfluidic. All experiments were conducted in air environment.
Prior to irradiation, the fused silica was cleaned in acetone and deionized water in
an ultrasonic bath for 15 min. After the laser irradiation, the sample was cleaned in
alcohol and deionized water in an ultrasonic bath for 15 min to remove the plume
dust deposited in the ablation area. After etching, the substrate was dipped in enough
calcium chloride solution to transform residual fluoride and calcium ions to a calcium
fluoride precipitation; then 10% sodium hydroxide solution was used to neutralize
residual hydrogen ions for 3 min and then douched the substrate with water ~ 10min.
The pH value of substrate was tested by acid–base test papers. Neutralization and
douchingwere conducted until the pH value of substrate was alkalescent. The surface
morphology was observed using optical microscopy (OM, Keyence VHX 650) and
a scanning electronic microscope (SEM, Hitachi SU8220).

Fabricated net-like hexagonal microfluidic channels and net-like microfluidic
triangular channels are shown in Fig. 7.28. Figure 7.28a, b presents a top view of the
net-like hexagonal microfluidic channels on the surface of a fused silica substrate.

Fig. 7.27 Flow chart of the whole fabrication process. a FLDW on the surface of the silica;
b chemical selective etching with HF; c covering a layer of 500 μm thick PDMS film on the
substrate; d injecting Rh6G ethylene glycol solution into microfluidic channel [47]
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Fig. 7.28 Optical micrographs of microfluidic channels. a After direct writing; b enlarged image
of figure a; c after selective chemical etching; d enlarged image of figure c; e fabricated net-like
triangular microfluidic channels [47]

It can be easily found that there were a handful of recasts around the ablation area,
besides the embossment and scallops that existed on the straight channels which seri-
ously impact the roughness of microfluidic channels. After the etching process, top
view optical micrographs ofmicrofluidic channels are shown in Fig. 7.28c, d. Recasts
have almost disappeared, and besides the microfluidic channels have become more
homogeneous. By comparing the optical micrographs of microfluidic channels after
direct writing with post-chemical etching, it can be easily found that the roughness
and morphology of microfluidic channels both effectively improve after etching.
Meanwhile, after etching, the width of microfluidic channels increased to some
extent.

The SEM images of the surfacemorphology of the sample after etching are shown
in Fig. 7.29. The overall profile of the net-like microfluidic channel is shown in
Fig. 7.29a. Figure 7.29b is an enlarged image of the microfluidic channels with
the focus located on the substrate surface. Figure 7.29c shows the morphology of
microfluidic channel when the focus is located at the bottom of the microfluidic
channel. It is clear that the microfluidic channel after selective chemical etching still
shows relatively high surface roughness, which can be attributed to the fact that the
SEM has a greater depth of field compared with an optical microscope, and there
is always a certain inclination in internal face of the channel particularly near the
surface of the substrate (silver zonal region in Fig. 7.29c). The reason why the silver
zonal region existed is that the focus position is fixed in the FLDW process; thus, the
spot becomes larger with the increase of machining depth. Furthermore, the areas
reached the damage threshold will become smaller when the Gaussian femtosecond
laser beam becomes larger, and then the width of the channel will decrease with
depth increase of channel. Eventually, the fabricated microfluidic channel presents
a slope feature in the direction of microfluidic channel depth.
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Fig. 7.29 SEM images of net-like microfluidic channels after selective chemical etching. aOverall
profile; b an enlarged image of the microfluidic channel when focus is located on the substrate
surface; c an enlarged image of the microfluidic channel when focus is located at the bottom of a
microfluidic channel [47]

The width of networked microfluidic channel measured at different straight
channel is shown in Fig. 7.30, and each data point is the result of the average of
five values measured at different positions of the same straight channel. Figure 7.30a
is the width of networked microfluidic channel before etching. Obviously, the width
of microfluidic channel is about 7.25 μm. Figure 7.30b is the width of networked
microfluidic channel after etching, and the width of microfluidic channel is about
8.25 μm. Apparently, etching process increases the width of microfluidic channel
about 1μm. In addition, according to date point and corresponding error distribution,
global and regional of microfluidic channel both become more homogeneous after
etching.

Fig. 7.30 Width of networked microfluidic channel at different straight channel: a before etching
and b after etching [47]
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Fig. 7.31 Optical micrographs of net-like microfluidic channels. a Fabricated by FLDW on silica
substrate after selective chemical etching; b covered by a layer of 500 μm thick PDMS film;
c partially filled with Rh6G ethylene glycol solution; d completely filled with Rh6G ethylene
glycol solution

7.4.3.2 Liquid Injection Experiment of Hexagonal Net-Like
Microchannel

In order to test the flowing characteristics of the semi-occlusivemicrofluid, the exper-
iment of liquid injection was conducted. The net-like microfluidic channels are fabri-
cated by FLDW on silica substrate. The etched microfluidic channels after selective
chemical etching are covered by a 500μm thin layer of PDMS film. A drop of Rh6G
ethylene glycol solution in a pipette drops at the end of the microfluidic channel.
The whole process of liquid flow was recorded with an optical microscope with a
magnification of 200 times. Some critical moments were captured in the process, as
shown in Fig. 7.31.

The mechanism of microfluidic channel fabrication in silica by femtosecond laser
writing is that the intense femtosecond laser beam, tightly focused into a confined
small area, induces multi-photon absorption within substrate material, leading to
material alteration due to an extremely high photon density. Because of the physical
and chemical modification associated with multi-photon absorption, the irradiated
areas acquire an increased solubility to aqueous hydrofluoric acid [48].

The microfluidic channels were filled with air before injecting Rh6G ethylene
glycol solution.As theRh6Gethylene glycol solutionwas injected in themicrofluidic
channels under a capillary force [49], the bottom space of the microfluidic channels
was occupied by Rh6G ethylene glycol solution and the air was forced to the top of
the microfluidic channels. More liquids in microfluidic channels result in a greater
pressure, and more gases dissolve in liquid. So with the increase of Rh6G ethylene
glycol solution in microfluidic channels, air gradually dissolves in Rh6G ethylene
glycol solution and flows out from the end of microfluidic channels. Eventually,
microfluidic channels were completely filled with Rh6G ethylene glycol solution
and presented amaranth.
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7.5 Applications

Femtosecond lasers are widely used in the fields of ultra-precision processing, micro-
electronic device manufacturing, medical, high-density information storage, and
recording, which are characterized by a small thermal effect, high precision, and
wide processing range. These advanced technologies will play an important role in
revealing the microscopic world as well as science and technology.

With the development of miniaturized products and application of components,
the demand for high-quality micro-holes is increasing in the industry. Among them,
high-quality micro-holes are used in aeronautical manufacturing [50], biological
devices [51], micro-sensing manufacturing [52, 53], micro-flow devices [54, 55],
the new energy field [56], micro-lens [57, 58], ignition target for application to
laser-driven inertial confinement fusion (ICF) [59, 60], etc.

During the last two decades, microfluidic systems have attracted considerable
attention due to microfluidic system’s highly integrating and minimizing. Mean-
while, microfluidic systems can be used for a series of chemical and biological anal-
ysis applications [61–63].Microfluidic channels are the key components of a micro-
total analysis system (μ-TAS) [64]; thus, the research about them is imminent. So
far, photolithography is still a main way of microfluidic channels fabrication which
is actually a two-dimensional planar fabrication technology [65, 66]. Therefore,
fabrication of three-dimensional (3D) microfluidic structures by photolithography-
based techniques requires additional stacking and bonding, leading to an increase
in complexity and cost. A main method for achieving 3D microfluidic structures in
transparent substrates is to use FLDW as demonstrated bymany groups [67, 68]. The
microfluidic structures fabricated by FLDW which is a maskless fabrication tech-
nique have been found to be comprehensive applications, such as single-cell manipu-
lation, analytics, and label-free protein detection [69], microfluidic waveguide lasers
[70], nano-aquarium for dynamic observation of living cells [71], and optofluidic
sensors with various functions including refractive index monitoring [72].
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Chapter 8
Femtosecond Laser Direct Writing
for 3D Microfluidic Biochip Fabrication

Jian Xu, Felix Sima, and Koji Sugioka

Abstract Microfluidic devices with three-dimensional (3D) configurations and
multiple functionalities are exceptionally useful for on-chip construction of arti-
ficial biological environments and 3D manipulation of bio-species in microscale
spaces. Among the current methods for fabricating these devices, femtosecond (fs)
laser direct writing offers several unique advantages, including simple procedures,
maskless and resistless processing, and highly flexible 3D fabrication and multi-
functional integration in transparent materials such as glass. Direct writing of 3D
microstructures having designable functionalities with fs lasers allows the produc-
tion of microfluidic, microoptic/photonic and microelectronic elements, which can
be monolithically integrated into a single glass substrate for the fabrication of
high-performance biochips. The principles of fs laser direct writing manufacture
of microfluidic, optofluidic, electrofluidic, and ship-in-a-bottle biochips are intro-
duced herein, and practical techniques and recent advances are reviewed. In addition,
possible future directions in this field are discussed.

8.1 Introduction

Microfluidic biochips allow high-performance manipulation of small volumes of
biological liquids in microscale spaces and have led to new possibilities in biological
and medical research [1–3]. Devices such as these having three-dimensional (3D)
configurations can provide extraordinary flexibility and functionality with regard to
the construction of artificial biological microenvironments, such as organs-on-a-chip
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systems [4–6] and the controllable manipulation of bio-species [7–12]. The use of
conventional microfabrication methods based on two-dimensional photolithography
to produce microfluidic biochips limits the possible 3D geometric designs and also
requires highly complex processes. In contrast, femtosecond (fs) laser microfabri-
cation enables the direct fabrication of 3D microstructures inside transparent mate-
rials via a maskless, resistless process based on nonlinear multiphoton absorption,
and has been shown to represent a superior method of fabricating 3D microfluidic
biochips [13–18]. Irradiation of the interior of transparent materials with a focused
fs laser beam modifies the physical, chemical, and/or optical properties of the mate-
rial only within the focal volume of the beam. With translation of the focused laser
beam (or the sample, using a high-precision stage), the aforementioned modifica-
tions can fabricate a variety of functional microcomponents inside glass substrates,
including microoptic/photonic (optical waveguides, optical gratings, etc.), microflu-
idic (microchannels, microchambers, etc.), and microelectronic (microelectrodes,
etc.) elements. In addition, these individual functional elements can be monolith-
ically and seamlessly integrated within a single substrate with high flexibility and
compatibility. Consequently, 3D microfluidic biochips fabricated by fs laser direct
writing have been applied to diverse applications, including single-cell detection [19]
and manipulation [20], functional observation of microorganisms and cells [21–23],
cell sorting [24, 25] and cell counting [19, 26, 27], in recent years. In this chapter,
we present a comprehensive review of the principles and practical techniques asso-
ciated with fs laser direct writing, as well as recent advances in the fabrication of
3D microfluidic biochips. Section 8.2 consists of a general introduction of fs laser
direct 3D processing, classified according to three different schemes based on volu-
metric changes at the laser exposed regions. Section 8.3 discusses the fabrication of
microfluidic devices by subtractive processing along with the applications of these
units. Sections 8.4 and 8.5 detail the monolithic fabrication of optofluidic and elec-
trofluidic biochips, respectively, using various fs laser 3D processing techniques.
Section 8.6 presents a new hybrid technique termed “ship-in-a-bottle” integration,
bywhich 3D functionalized polymericmicro/nanocomponents are integrated into 3D
glass microfluidic devices. Finally, Sect. 8.7 provides a summary and a discussion
of future directions for this technology.

8.2 Femtosecond Laser 3D Processing

Selecting the appropriate processing parameters (such as pulse energy and exposure
time) during fs laser irradiation allows localized modification of the interior of trans-
parent materials such as glass, crystals, and polymers, as a result of multiphoton
absorption. Coupled with the translation of the focused laser beam (or the sample)
in 3D space, these modifications can form 3D functional microstructures, such as
optical waveguides (WGs), along the trajectory of the laser beam. In some materials,
the chemical or physical properties at the laser-exposed regions can be also modi-
fied. Subsequent processing to selectively remove the modified regions by chemical
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Fig. 8.1 Classification of fs laser 3D processing methods

or physical means can create new 3D microstructures in the bulk material. Multi-
photon absorption of the fs laser beam can also induce cross-linking of photocurable
resins and negative-photoresists only at the focal volume, enabling the fabrication
of solid 3D structures along the beam path. Thus, fs laser 3D processing can poten-
tially accomplish three different tasks, classified as nondeformative, subtractive and
additive techniques, as shown in Fig. 8.1.

8.2.1 Nondeformative Processing

The fabrication of functional microstructures without macroscopic volume changes
using fs laser 3D processing is defined as nondeformative processing, and is summa-
rized in Fig. 8.1a. A typical nondeformative process is WG writing based on perma-
nent refractive index changes. Since the fs laser inscription ofWGswas first reported
in 1996 [28], WG fabrication has become one of the most common applications of
fs laser 3D processing, with numerous uses in both scientific and engineering fields
[29–31]. Compared with conventional fabrication methods, fs laser 3D writing is
a very straightforward process for the production of WGs and WG-based photonic
devices such as optical splitters and interferometers, since it does not require clean
room facilities or multiple procedures. Moreover, the unique 3D processing capa-
bilities resulting from multiphoton absorption allow the fabrication of WGs with
significant flexibility at well-controlled depths within the transparent materials,
allowing the fabrication of robust devices with small footprints. WGs can be directly
created in a wide variety of transparent materials, including glass, crystals, poly-
mers and hydrogels, and has been applied to various microfluidic tasks, including
high-sensitivity optofluidic detection [19], optical manipulation [20] and counting
of bio-cells [21, 26].
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8.2.2 Subtractive Processing

The volumetric removal of laser-exposed regions from transparent materials to form
hollow microstructures within bulk glass or polymer specimens via fs laser direct
writing is defined as subtractive processing (Fig. 8.1b). Similar to the WG fabrica-
tion process, subtractive processing takes advantage of the benefits of laser direct
writing to eliminate the need for multiple stacking and bonding during 3D fabrica-
tion of microfluidic devices. Currently, two general types of subtractive methods are
employed for the creation of 3D microfluidic devices. One is referred to as fs laser-
assisted chemical etching (FLAE) or fs laser irradiation followed by chemical etching
(FLICE) [32–35]. This method is actually a two-step process (Fig. 8.1b). The initial
step involves using focused fs laser irradiation to induce localized modification only
over the focal volume within a glass substrate. During this step, direct writing with
the focused laser beam can generate modified regions extending from the interior of
the sample to the surface in a spatially selective manner. The second step is selec-
tive removal of the laser-modified regions by successive chemical etching in diluted
hydrofluoric acid (HF) solutions, thus forming hollow 3D structures within the glass.
Both photosensitive Foturan glass and fused silica are typically used in conjunction
with this approach. The other subtractive method is known as liquid-assisted fs laser
3Ddrilling (LAFLD), inwhich a glass substrate immersed in a liquid, such aswater, is
ablated from the rear surface to the interior by a focused fs laser beam to create hollow
3D microstructures. In this process, the liquid plays an important role by efficiently
removing debris from the laser-ablated regions during drilling, potentially producing
long channels with complicated 3D structures [36–40]. In contrast to FLAE, this
technique can be applied to any material that is transparent to the laser beam. This
method can also be used to produce very narrow channels in glass substrates. As an
example, channels with diameters of only approximately 700 nm and with arbitrary
geometries have been fabricated in fused silica by carefully adjusting the laser pulse
energy to near the ablation threshold [40]. However, as the drilling length approaches
several hundred micrometers, the debris generated by the ablation process tends to
clog the channel, and so in practice, the channel length is limited to approximately
1 cm. The fs laser direct writing ablation of porous glass immersed in water followed
by a post-annealing step has been demonstrated as a means of overcoming this limi-
tation [41–43]. In this technique, fs direct writing ablation of porous glass in distilled
water is initially performed. During this process, nanopores in the glass form a 3D
connective network that allows liquid to flow inside the glass, efficiently removing
debris from the ablated regions. Following laser ablation, the sample is annealed to
consolidate it into a compact glass. This step completely eliminates the nanopores
while retaining the 3D channels inside the glass.
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8.2.3 Additive Processing

Additive processing as discussed herein primarily refers to two-photon polymeriza-
tion (TPP) (Fig. 8.1c) [44–47], which is currently one of the primary approaches
to laser-based 3D manufacturing with nanometer-scale precision. Generally, TPP is
based on two-photon absorption in a photocurable resin in response to irradiation
by a fs laser, which only occurs in the central region of the focal volume at which
the laser intensity exceeds the TPP threshold. The width of the solidified region is
usually less than the focal spot size and so a fabrication resolution on the order of
100 nm can be achieved when focusing the laser beam with an objective lens having
a numerical aperture of approximately 1.4. This technique has been widely applied
to the manufacture of 3D functional microdevices for biochip applications, such as
micromixers [48, 49], microfilters [49–51], remotely controlled micromachines [52]
and cell counters [27]. In addition to TPP, the selective metallization of microchan-
nels [53–56] and fs laser induced photoreduction [57–60] can be also considered as
additive processing methods. As an example, using the 3D capabilities of fs laser
induced modification, the deposition of thin metal films inside glass channels can be
performed in a spatially selective manner [56].

8.3 Fabrication of 3D Microfluidic Devices

Direct writing with a fs laser can prepare microfluidic devices with 3D configura-
tions in many different transparent materials, such as glass [15–18] and polymers
[61]. Subtractive processes such as FLAE and LAFLD are typically employed for
the fabrication of glass-based devices and, to date, photosensitive Foturan glass
and fused silica have been used with FLAE with the greatest degree of success.
Foturan is a lithium-aluminosilicate glass doped with trace amounts of silver and
cerium ions, and has a relatively low glass transition temperature that allows the
fabrication of microfluidic structures with smooth surfaces, in addition to permit-
ting the use of low laser power and higher etching rate. In contrast, fused silica
exhibits a wide range optical transmission down to UV ranges, as well as minimal
autofluorescence. FLAE processing of Foturan glass by laser-induced photochem-
ical reactions can be described as follows. During fs laser irradiation, silver ions
in the focal volume are reduced due to the generation of free electrons by multi-
photon absorption, thus precipitating silver atoms. As a result of successive thermal
treatment, these precipitated silver atoms fuse together to form silver nanoclusters
that act as nuclei for the growth of crystalline lithium metasilicate in the laser-
modified regions. The crystallized regions exhibit an etching rate in HF up to 50
times that in the unirradiated areas [34, 62]. Thus, 3D hollow microstructures can be
created via the selective chemical etching of the laser-exposed regions using a diluted
HF solution. An additional thermal treatment after the etching smooths the etched
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surface of the microfluidic structures to ensure sufficient optical quality [63]. Fabri-
cation of hollow microstructures with smooth internal surfaces can also be utilized
to obtained 3D buried micro-optical elements such as optical mirrors, microlenses,
splitters and fibers in glass substrates [62, 63]. In addition, this technique can form
micro-mechanical components, including microvalves and micropumps, to control
fluid flow inside microfluidic structures [64]. Unlike FLAE of Foturan, fused silica
does not require thermal treatment prior to selective etching. However, it requires
higher laser power and longer etching times, since this process relies onphotophysical
reaction. The etching selectivity of glass substrate has also been enhanced by using
a KOH solution instead of HF as the etchant [65, 66]. Obtaining smooth surfaces
in fused silica following FLAE is challenging, and several post-thermal treatment
methods have been proposed to address this issue, including oxygen/hydrogen flame
polishing [67], oven annealing [68], and CO2 laser annealing [69].

It should be noted that, in many microfluidic biochip applications, control of the
cross-sectional shapes of the microchannels is important because it determines the
fluid dynamics as well as channel functionality. During fabrication of large chan-
nels, the cross-sections can be controlled with significant flexibility by adjusting the
multiple laser scanning process in 3D space. However, narrow microchannels fabri-
cated by single scan transverse writing (in which the sample is translated perpen-
dicular to the incident beam) tend to have highly elliptical cross-sections due to
elongation of the focal spot in the direction of the incident laser beam. To over-
come this problem and thereby fabricate microchannels with circular cross-sections,
several beam shaping techniques have been developed, including astigmatic [70],
slit [71], crossed [72], and spatiotemporal beam shaping [73].

3D microfluidic devices manufactured by fs laser 3D direct writing have many
interesting applications in biological research, such as the determination of microor-
ganism functions, manipulation of bio-cells, and detection and analysis of liquid
samples. Hanada et al. reported the FLAE manufacturing of Foturan microchips
with embedded 3D hollow microstructures, termed “nano-aquariums,” for the effi-
cient and dynamic observation of living microorganisms and cells in fresh water
(Fig. 8.2a) [21]. In this work, a 3D microchannel buried inside a glass substrate was
employed to analyze the continuousmotion ofEuglena gracilis. TheEuglena gracilis
were confined to a limited volume in the channel but were still able to move freely,
making it much easier to capture images of their movement. These biochips reduced
the required observation time by a factor of greater than 10 compared to conventional
methods using a Petri dish, and front view images of Euglena cell movement were
obtained for the first time. In addition, a microchamber integrated with a movable
microneedle was used to elucidate the information transmission process in Pleu-
rosira laevis. Choudhury et al. demonstrated a 3Dmammalian cell separator biochip
fabricated by the FLAE of fused silica [24]. Cell sorting in this device was based on
differences in the deformability of cell types having varying cytoskeletal architec-
tures. Figure 8.2b illustrates the working principle of the biochip, which consisted of
T-junctions formed by twomicrochannels with narrow constrictions. These constric-
tions, whose cross-sections were narrower than the average cell size, functioned
as filters for sorting. This overall structure enabled accurate, pressure-driven flow
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Fig. 8.2 Schematics of 3D microfluidic structures in glass manufactured by fs laser 3D subtractive
processing: a observation of 3Dmotion of Euglena gracilis [21], b cell sorting based on differences
in cell deformability [24] (Reproduced with permission from RSC. Copyright 2012, Royal Society
of Chemistry), c 3D hydrodynamic focusing (red part: sample flow, blue part: sheath flow) [26]
(Reproduced with permission from RSC. Copyright 2014, Royal Society of Chemistry), and d 3D
passive mixing (the inset shows a close-up of two mixing units) [43]

control, resulting in cell deformation that varied with cell characteristics. Following
the introduction of a heterogeneous population of cells into this biochip from an
inlet, the softer cells were deformed by the pressure gradient maintained across the
constrictions and were guided through the constrictions into outlet 1 of the device.
The more rigid cells, which were unable to deform sufficiently to pass through the
constrictions, flowed toward outlet 2. A T-junction device with 18 constrictions was
employed to demonstrate the cell separator biochip concept and achieved through-
puts of up to 2800 cells min−1 with flow rates as high as 167 µL min−1 using human
promyelocytic leukemia cells. After cell sorting, 81% of the population was found
to have maintained cellular integrity. Paiè et al. reported 3D hydrodynamic focusing
using a microfluidic device fabricated by FLAE of fused silica [26]. As shown in
Fig. 8.2c, the input of the device consisted of only two inlets: one for sample flow
and the other dividing into four sub-channels to generate sheath flows. Based on the
control of the pressure ratio between the sample and the sheath flows, this device
allowed ready 3D symmetric flow confinement of cells/particles to a very small area
near the center of the focusing channel.
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FLAE can be extended to the fabrication of 3D microfluidic devices in polymer
substrates. Hanada et al. recently developed a fabrication technique that involves fs
laser direct writing followed by wet etching with a dilute fluorinated solvent and
annealing to create high-quality 3D microfluidic chips inside a substrate made of the
low refractive index fluoric polymer CYTOP [23]. To ensure clear 3D microscopic
observations of cell motion near the solid–liquid interface, a minimal mismatch
between the refractive indices of the medium and the chip substrate is desirable. The
refractive index of CYTOP is 1.34, which is very close to that of water. Thus, these
CYTOP microfluidic chips enabled precise observation of the flagellar motion of
a Dinoflagellate that typically moves in circles near the fluid surface. The CYTOP
microfluidic chips are expected to provide opportunities to analyze, in detail, the
behavior of various cells near the water–solid interface.

As noted, LAFLD is another method for the manufacture of 3D microfluidic
devices [36–40]. FLAE results in some etching of the unexposed regions around
the laser-exposed areas due to the limited selectivity of wet chemical etching. In
contrast, LAFLD removes only the laser-exposed regions or possibly even smaller
zones, since it relies on ablation. Therefore, LAFLD can be applied to the fabrica-
tion of 3D nanofluidic devices [40]. Liao et al. demonstrated the rapid fabrication
of a passive microfluidic mixer consisting of geometrically complex 3D microchan-
nels via LAFLD of porous glass [43]. This 3D mixer was composed of a Y-shape
microchannel embedded 400 µm below the surface of the glass chip in conjunc-
tion with a string of mixing units, connected to two opening inlets and one outlet
(Fig. 8.2d). Experimental trials demonstrated that two fluorescent dye solutions (fluo-
rescein sodium and Rhodamine B) were well mixed after passing through three
mixing units (corresponding to a length of 0.9 mm) over a time span of approxi-
mately 10 ms. In contrast, efficient mixing was not achieved in a 1D microfluidic
channel over a greater propagation distance of about 1.3 mm. Based on a combi-
nation of the threshold effect of fs laser processing using a Gaussian beam and the
formation of a periodic nanograting, LAFLD was also used to successfully manu-
facture buried nanofluidic channels with transverse widths less than 50 nm in porous
glass [74]. Integrated devices containing nanofluidic-microfluidic systems with 3D
configurations have also been used for the investigation of the stretching of DNA
molecules [75].

8.4 Fabrication of Optofluidic Devices

The fs laser 3D process can also integrate certain microoptic/photonic components
into microfluidic units to create monolithic optofluidic devices for highly sensi-
tive detection of biochemical species and functional manipulation of living cells.
One straightforward strategy involves fs laser direct writing of WGs and WG-
based photonic components (such as a Mach-Zehnder interferometer (MZI)) in 3D
microfluidic devices fabricated by FLAE. FLAE itself can simultaneously fabricate
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certain microoptical components, including optical microlenses and micromirrors in
the same microfluidic glass microchip.

Many groups have demonstrated the production of optofluidic devices with inte-
grated WGs for different applications. Kim et al. employed an optofluidic device
based on fused silica for single-cell detection [19]. In their study, two optical
approaches were used to detect a single red blood cell (RBC) in diluted human blood
within a glass microchannel (Fig. 8.3a). In the first technique, the variation in refrac-
tive index resulting from the movement of the cell in the channel varied the intensity
of WG-delivered He-Ne laser light, thus allowing detection of the cell. The second
approach involved detection of fluorescence emission from dyed RBCs excited with
Ar ion laser light delivered by theWG.The 5µmdiameter of themicrochannels at the
neck region was slightly smaller than the size of a RBC (6–8µm). This configuration

Fig. 8.3 Schematics of 3D optofluidic devices manufactured by fs laser 3D processing, including
WG-integratedmicrofluidic units for a single-cell detection [19] (Reproducedwith permission from
RSC. Copyright 2008, Royal Society of Chemistry), b optical classification of algae species [76]
(Reproduced with permission from RSC. Copyright 2012, Royal Society of Chemistry), and c cell
sorting [25] (Reproducedwith permission fromRSC. Copyright 2012, Royal Society of Chemistry),
d an integrated microlenses/WG microfluidic device for absorption and fluorescence spectroscopic
analyses [77], and eWGMmicrocavity-integrated microfluidic device for highly sensitive analysis
of liquid samples [79]
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facilitated cell detection to give a sharp, constant, and unambiguous signal because
healthy RBCs are able to squeeze through narrow microchannels with diameters as
small as 2 µm. Schaap et al. reported the rapid screening, real-time monitoring, and
initial classification of algae using a WG-integrated optofluidic device [76]. Rapid
identification of algae species is useful for assessing water quality and monitoring
adverse events in response to an increase in nutrients such as nitrates or phosphates.
The device consisted of a square channel with a cross-section of 100 µm× 100 µm
and a 90° curved WG whose end facet was situated perpendicular to the surface of
the square channel (Fig. 8.3b). The curvature of the WG prevented uncoupled light
from interacting with the photodiode. The radius of curvature was 18 mm, as deter-
mined based on laser-induced refractive index change, so as to avoid bending losses.
Initially, the sample-containing water was introduced into the channel, after which
a laser source delivered by an optical fiber was coupled into the WG to illuminate
the entire cross-section of the channel. Finally, the light passing through the channel
was analyzed with a four-quadrant photodetector. The movement of a cell or particle
through the channel cast a shadow on the photodetector, and the four quadrants of
the photodetector generated two specific signals depending on the size and shape of
the samples, allowing identification of the species. Using this device, nine different
species of algae flowing in the channel could be identified, with an accuracy of 85%.
Bragheri et al. performed successive single-cell fluorescence detection and sorting
in WG-integrated optofluidic devices based on fused silica [25]. The device design,
shown in Fig. 8.3c, was based on an X-shaped channel. Two input channels were
merged into a single, center straight channel in which fluorescence detection and
sorting were performed in sequence, followed by separation into two output chan-
nels. The liquid sample containing cells or particles is introduced from input IN1,
while a buffer solutionwas obtained from input IN2. By appropriately controlling the
flow rates of both solutions, a laminar flow was produced such that the entire liquid
sample introduced from input IN1 was expelled through output OUT1 along with
cells or particles, while the entire buffer solution from the IN2 was sent to OUT2.
As a result, the target cells or particles in the sample liquid could be detected by
fluorescence measurements using a laser beam delivered via a fluorescence waveg-
uide (FWG). When a specific fluorescence signal from a target cell or particle was
detected, the optical force laser beam was switched on to guide the signal to the
channel via the sorting waveguide (SWG) with a moderate delay time. As a result,
the optical force laser beam pushed the target cell or particle into the buffer solution
to eventually sort it into OUT2.

Integration of various other microoptic components, such as microlenses, is
possible by FLAE of glass substrates [77, 78]. Wang et al. employed an optoflu-
idic device together with WGs and microlenses for absorption and fluorescence
spectroscopic analysis of liquid samples. The device is illustrated in Fig. 8.3d, which
shows the long WG connected to a microreservoir formed in Foturan glass [77].
This WG was used to transfer either the fluorescence excitation light from a laser
or a broadband beam from a white lamp for absorbance measurements. To avoid
divergence of optical signals, two microlenses were also integrated into the device
by FLAE, both beside and behind the microreservoir. In this case, the microreservoir
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and the microlenses were fabricated simultaneously using a single FLAE procedure,
after which the WG was integrated by fs laser direct writing. This design signifi-
cantly enhanced the sensitivity of both fluorescence and absorption measurements.
Whispering-gallery-mode (WGM)microcavities are considered to show exceptional
promise with regard to high-sensitivity sensing applications due to their very high
Q factors and small mode volumes. Song et al. employed FLAE of fused silica to
fabricate a 3D optofluidic device in which a microfluidic structure and an optical
microresonator with a Q-factor of 3.21 × 105 in air were monolithically integrated
[79]. The fabrication process for this optofluidic device consisted of threemain steps:
(1) FLAE of fused silica to create a 3D microfluidic channel embedded in glass and
a microdisk structure at the outlet of the microchannel; (2) selective reflow of the
silica disk structure by CO2 laser irradiation to create a microresonator with a high
Q-factor; and (3) assembly of a fiber taper to the resonator by CO2 laser welding. The
performance of the device (Fig. 8.3e) was demonstrated by measuring the refractive
index of purified water containing a very low concentration of NaCl, and a detection
limit of approximately 1.2 × 10−4 RIU (refractive index units) was determined.

Another important application of optofluidic devices fabricated by fs laser 3D
processing is the investigation of the gliding mechanism of Phormidium moving
toward a seedling root. Phormidium gliding is a useful means of accelerating
vegetable growth through the formation of endosymbiotic associations. For this
investigation, Hanada et al. first fabricated a T-shaped microfluidic channel formed
in Foturan glass having three reservoirs at its ends [22]. When the Phormidium was
introduced into one reservoir and a seedling root into another, the Phormidium was
found to always glide toward the seedling rather than toward a third, empty reser-
voir. In contrast, filling the third reservoir with carbonic water varied the direction
of movement of the Phormidium depending on the carbonic concentration. Addi-
tionally, at a critical CO2 concentration, the cyanobacterium glided neither toward
the seedling root nor toward the carbonic water, indicating that CO2 secreted by
respiration of the root is a possible attractant for the microorganism. To confirm
this hypothesis and determine the quantity of CO2 secreted by the seedling roots,
an optofluidic device based on integration of a straight microfluidic channel and
WGs were subsequently fabricated. Figure 8.4a shows the schematic of the system.
After fabricating a channel in the Foturan glass by FLAE, two WGs that intersected
the center of the microfluidic channel were written. The channel was filled with
water containing a pH indicator (bromothymol blue (BTB) solution) and white light
from a halogen lamp was coupled to the entrance facet of WG I by an objective
lens. The white light transmitted by WG I passed through the microchannel, which
was filled with a liquid sample, and was then coupled into WG II. The light trans-
mitted by WG II was coupled into a spectrometer by another objective lens to allow
collection of the absorption spectrum (Fig. 8.4a). The absorbance was calculated by
subtracting the spectrum obtained with the sample in the microfluidic channel from
that observed without the sample. The green line in Fig. 8.4b indicates the absorp-
tion spectrum of the water containing the BTB solution, having an intense absorption
peak at approximately 620 nm. The intensity of this peak decreased with increasing
CO2 concentration in the water due to the concurrent change in pH. The spectrum of
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Fig. 8.4 a Schematic of a microfluidic chip integrated with a WG for identifying the attractant that
induces Phormidium gliding, and b absorption spectra of water containing a BTB solution (green
line), water with a seedling root (yellow line), and carbonic water with varying CO2 concentrations
(blue line: 10 ml CO2 in 50 ml H2O, black line: 15 ml CO2 in 50 ml H2O, red line: 25 ml CO2 in
50 ml H2O) [22]
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water containing the seedling root (the yellow line) is comparable to that obtained
from 50 ml water mixed with 15 ml CO2 (the black line). This result implies that
the CO2 concentration generated by root respiration was comparable to that of the
carbonic water used in this experiment (15 ml CO2 in 50 ml H2O). Interestingly, this
CO2 concentration equaled the critical concentration at which the Phormidium did
not glide toward the seedling root or the carbonic water in the T-shaped microfluidic
channel, confirming that CO2 is the sole attractant for the Phormidium.

8.5 Fabrication of Electrofluidic Devices

Electrical control of biological samples in microfluidic systems is of importance for
many biochip applications, such as cell sorting, dielectric measurements of cell prop-
erties, and cell manipulation [80, 81]. To this end, the integration of microelectric
components into 3D microfluidic devices is highly desirable as a means of fabri-
cating electrofluidic devices. Considering that microfluidic substrates are typically
not conductive, one key technology for microelectronic integration is spatially selec-
tive metallization of microfluidic structures. Selective metallization of the internal
walls of microfluidic structures is possible via fs laser-assisted electroless metal
plating. This process consists of two main steps: 3D spatially selective modification
by fs laser direct writing and selectivemetal deposition on the laser-modified regions.
Catalytic patterning with metals such as palladium or silver via fs laser irradiation
allows selective metallization of the surfaces of many insulators (including fused
silica and crystalline lithium niobate) as a result of selective metal deposition [82–
86]. It has also been demonstrated that areas in Foturan glass irradiated with a fs laser
can be selectivelymetallized using a commercially-available electroless plating solu-
tion without prior catalytic patterning (Fig. 8.5). The associated mechanismmay rely
on the increased roughness obtained by fs laser-ablation, which induces an anchor
effect that selectively adheres metal atoms from the plating solutions [54, 56, 87].

Electrofluidic devices havebeenproducedbyfirst preparing3Dmicrofluidic struc-
tures in Foturan glass using FLAE (Fig. 8.5a). The internal walls of these structures
are made highly smooth by an additional thermal treatment following wet chem-
ical etching. Spatially selective metallization of the 3D microfluidic structures is
subsequently performed via a two-step process [56, 88–90]. The first step involves
fs laser direct writing ablation to create modified patterns at desired positions within
the structures, which may include glass chip surfaces and the interior or sidewalls
of the microchannels (Fig. 8.5b). This ablation generates the necessary roughness
in the laser-exposed regions, enabling the selective deposition of metal structures in
these regions by subsequent electroless metal plating due to the anchor effect. The
main role of the laser ablation is to homogeneously roughen the glass surface in a
highly selective, well-controlled manner at various positions within the 3D struc-
ture. However, even careful optimization of laser ablation parameters such as the
pulse energy, writing speed, and writing scheme, cannot prevent the generation of
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Fig. 8.5 Schematic diagrams of a the procedure for the manufacture of electrofluidic devices in
glass, b spatially selective metallization of glass channels, and c water-assisted fs laser ablation of
channel sidewalls. d 45° and e 60° tilted optical micrographs of a metal pattern and an electrode pad
formed on sidewall surfaces after electroless copper plating, respectively. f Top-view and g titled-
view photographs of electrode-integrated glass channels with different configurations. The inset
shows a close-up of the sidewall indicated by the arrow in g [56, 88–90]

microcracks due to the inhomogeneous distribution of induced stress or the redepo-
sition of debris on and around the ablated regions, both of which can degrade the
metal patterning produced during the electroless plating step. The introduction of
water to the ablation site has been suggested as a means of mitigating this problem
(Fig. 8.5c) [88]. In the case of volumetric writing performed by repeating layer-by-
layer scanning from the top to the bottom of the sidewalls to produce ablation, the
introduction of water during irradiation was found to effectively remove the ablation
debris. This allowed the fabrication of crack-free, edged, well-defined structures in
a spatially selective manner. The presence of water also compensates the refractive
index mismatch at the interface between air and glass, thus improving the focusing
geometry during sidewall ablation. For these reasons, water-assisted fs laser ablation
greatly improves the ablation quality while ensuring that the ablated surfaces are
modified to the extent necessary for selective metallization (Fig. 8.5d, e). An initial
application of electroless copper plating is necessary to enhance the adhesion of thin
metal films to the glass surface. Subsequently, electroless gold plating is performed
to cover the copper films in order to enhance both the chemical stability and biocom-
patibility of the metal surfaces [91, 92]. In general, the geometric aspects of plated



8 Femtosecond Laser Direct Writing for 3D Microfluidic Biochip … 261

metals, such as the line width and thickness, can be preciously controlled by tuning
the ablation and electroless plating parameters to fit the designs of the desired micro-
electric elements. This flexiblemetallization of 3Dmicrochannelsmay provide a new
means for producing precision electric field patterns in microfluidics and thus could
have potential uses in many biochip applications. Figure 8.5f, g present some exam-
ples of electrode-integrated glass channels fabricated by this technique, in which
uniform, continuous metal pads have been selectively deposited from the interior
and the sidewalls to the exterior of the channels.

Using the technique described above, electrofluidic devices with different config-
urations consisting of microfluidic channels integrated with pairs of electrically
isolated electrodes were successfully fabricated. These units were subsequently
applied to orient the movement direction of Euglena cells. To test the electro-
orientation performance, Euglena cells were introduced into the devices as shown in
Fig. 8.6. Figure 8.6a, c, g demonstrate the random motion of the Euglena cells in the
channels in the absence of an electric field between the integrated microelectrodes. It
is also evident that the application of a proper AC electric field dramatically changed
the movement of the cells to a bidirectional orientation along the field direction
(Fig. 8.6b). This controllable alignment resulted from the interaction between the
dipole moments induced in the cells by the electric field and the field itself. As soon
as the electric field was turned off, movement of the microorganisms became random
again. Electro-orientation in channels using this type of device has been shown to be
both reproducible and nondestructive [56, 89]. The single pair of opposing electrodes
shown in Fig. 8.6b allowed the 1D orientation of cells along the x-axis. In addition,
a four-electrode arrangement with the electrodes at right angles on the base of the
channel successfully demonstrated 2D electro-orientation of cell movement in the
x–y plane upon varying the direction of the field generated in the microscale space
(Fig. 8.6d–f). Furthermore, the swimming direction of the cells could be oriented
along the z-direction by using electrodes with square outlines formed at the top and
bottom of the channel (Fig. 8.6h). This electrofluidic device allowed the continuous
observation of the motion of 45 Euglena cells swimming along the z-direction over
a span of one minute within an imaging area of approximately 160 × 120 µm.
Due to the electro-orientation effect, the average time required for the continuous
observation of five cells swimming along the z-direction was reduced by a factor of
approximately 43 as compared with the necessary time interval with no electric field
[89]. Although the transparent window at the center of the electrodes was not coated
with metal, the surrounding electrode patterns were able to generate sufficiently
high electric field intensities for z-directional orientation. This type of manipulation
enabled the ready observation of the Euglena cells from the front side, potentially
providing new insights into the functions of such microorganisms.

Electrotaxis (electro-tactic control) is another interesting phenomenon that can
be applied to the electromanipulation of cells. In this process, the locomotion of
biological samples towards the cathode or anode is induced under an applied DC
electric field. In-situ control of electrotaxis in a chip allows precise positioning and
manipulation of biological samples. To achieve this, a new type of electrofluidic
devices with integrated vertical electrodes on the sidewalls having aspect ratios as
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Fig. 8.6 On-chip electro-orientation of Euglena cells in 3D space: a, b a pair of electrodes formed
at the bottom of a channel, c–f four electrodes opposing one other formed at the bottom of a channel,
and g, h electrodes with square outlines formed at the top and bottom of a channel. Black areas
correspond to the electrodes. “ON” and “OFF” refer to electric power. The numbers in gray in c,
d indicate that no AC voltage was applied. The numbers in yellow and red in d–f represent opposite
polarities. The arrows indicate the direction of the electric field. The scale bars in a–f indicate
200 µm. The width of the observation window in g, h is approximately 500 µm [89, 90]
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high as 50 was fabricated using the techniques discussed above [88]. These units
were applied to in-situ manipulation of the nematode worm C. elegans based on
electrotaxis. The device is presented in Fig. 8.7, which shows the two metal pads
formed on the glass surface and the walls of two open reservoirs connected by an
embeddedmicrochannel. The ability of an applied electric force tomodify the random
omnidirectional swimming of a worm in the channel was assessed by examining the
swimming direction of C. elegans while switching the polarity of the electric field
in the channel. When a DC electric field (−3.5 V/cm) was applied between the two
electrodes on the sidewalls (Fig. 8.7b), the C. elegans in the microchannel swam
from right to left (with the electric field) as indicated by the arrow on the left of

Fig. 8.7 On-chip electro-taxis: a a photograph image of the fabricated electrofluidic device (top and
bottom insets show a schematic of the device structure and an image of the channel, respectively),
b a photograph image of the sidewall electrode in a taken at an angle of 45° (inset shows a close-up
of the electrode surface), and c observations of a C. elegans worm changing its direction in the
channel shown in a when the polarity of the electric field is switched at 7.5 s. The arrow in each
in-situ snapshot image indicates the direction of the electric field [88]
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Fig. 8.7c (t = 0 s). After approximately 7.5 s, the polarity of the electric field was
switched (lower left image in Fig. 8.7c). The worm was then observed to rotate its
body and swim from left to right in the new direction of the electric field, clearly
demonstrating controllable electrotaxis. Furthermore, the worm continued to move
to the right at 12.5 s because the electric field remained in that direction.

8.6 Ship-in-a-Bottle Biochips

Ship-in-a-bottle integration, in which TPP is carried out in a 3D glass microfluidic
device to integrate 3D polymeric micro- and nanocomponents, is a novel technique
that can be used to enhance the functionality of microfluidic biochips. The devices
fabricated by this technique are also known as ship-in-a-bottle biochips [27, 49, 93].
The direct integration of 3D porous filters with a pore size of approximately 1 µm
into a sealed planar channel within a commercial microfluidic chip has been achieved
by TPP, allowing on-chip separation of nanoscale elements (such as dye molecules)
from microscale elements (polystyrene beads) [51]. The filter was fabricated at the
intersection of two channels in order to control the flow passing through the filter
(Fig. 8.8). A dispersion of microbeads in either buffered or fluorescent solutions was
used to demonstrate the ability of the filter to stop the passage of microscale elements
while allowing the solution to flow freely. In these trials, a test sample was injected
from well 1 (Fig. 8.8a) and a portion of this solution was filtered to well 4, while the
remainder was directed to wells 2 and 3. Tests with a suspension of 3µmpolystyrene
spheres in a Rhodamine 6G solution showed that 100% of the spheres were stopped
and that the fluorescent molecules passed through the filter.

A combination of FLAE and TPP, known as hybrid subtractive and additive fs
laser 3D processing, can realize the fabrication of ship-in-a-bottle biochips using
a single fs laser micromachining workstation. FLAE was developed as a subtrac-
tive laser processing method for the creation of 3D microfluidic structures inside

Fig. 8.8 a Schematic of a 3D filter in a cross-channel junction and b a micrograph of the filter in
the channel junction (inset shows a close-up view of the filter) [51]. Reproduced with permission
from RSC. Copyright 2012, Royal Society of Chemistry
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glass substrates. In contrast, TPP in conjunction with negative-tone photoresists is
categorized as an additive laser process and is capable of producing 3D micro- and
nanopatterns in biocompatible polymers. This hybrid technique exploits the specific
advantages of both processes while avoiding some of the drawbacks of each. Both
glass and polymers are transparent materials with good potential for fabrication of
functional biochips. This hybrid approach provides both scale-down and scale-up
characteristics that allow ready manipulation of the assembled device in conjunction
with increased analytical sensitivity by reducing the dimensions of fabricated struc-
tures inmicrofluidic devices. Thedimensions of the structures can actually be reduced
to below those of a single cell, thus allowing individual cells to be examined and
manipulated inside a glass channel. These biochips can therefore permit the explo-
ration of phenomena at cellular levels with sub-micron resolution, representing an
excellent opportunity to obtain additional insights into biological processes. Trans-
parent microfluidic and optofluidic biochips are achievable via the integration of
microoptical polymer components to build suitable 3D microenvironments for the
study of living microorganisms and to improve cell detection or sorting. In addition,
there is significant potential for the manufacture of biomimetic structures tailored
for specific cellular analyses.

Figure 8.9 illustrates hybrid subtractive and additive fs laser 3D processing [49,
94]. This technique begins with FLAE of a glass substrate to form 3D microfluidic
structures. TPP using a negative-tone photoresist (such as SU-8) is then applied inside
the 3D glass channels. The polymer being integrated should possess the appropriate
mechanical strength, aspect ratio, chemical resistance, and biocompatibility. The
same laser setup can be employed for both the FLAE and TPP steps.

Various functional biochips have been successfully fabricated by this hybrid tech-
nique. One such device is a multi-functional filter-mixer consisting of two filtering
sheets placed at the inlet and outlet of a passive mixer grown inside a microfluidic
glass channel [49]. A layered crossing tube configuration was employed in order to
guide the flow and allow rapid mixing over a short channel distance, and integration
inside a Y-shape closed glass channel was found to lead to highly efficient mixing

Fig. 8.9 Schematic of hybrid subtractive and additive fs laser 3D processing for ship-in-a-bottle
biochip fabrication: a–c FLAE of Foturan glass; and d–f TPP of an SU-8 photoresist inside a
channel [49, 94]
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Fig. 8.10 a 3D polymeric microcomponents fabricated by TPP for efficient mixing of fluids,
showing a comparison of the mixing efficiencies of Y-shaped microfluidic channels b with and
c without integrated microcomponents [49]

of two fluids, with an efficiency of approximately 87% (Fig. 8.10). This hybrid tech-
niques has also been employed to produce an optofluidic device consisting of a 3D
microlens array and center pass units. This device was used to count Euglena cells,
with a 100% success rate [93], by parallel monitoring of intensity changes induced
by cells swimming through the center pass units and above the microlenses.

The hybrid method has also been applied to develop biomimetic environments
in closed 3D glass microfluidic channels [95]. Sinusoidal polymeric ridges with
very high aspect ratios and periodicities that can be modulated have previously been
assessed as an approach to cellular studies. In such systems, a dynamic fluid flow
in association with pattern sizes reduced to the level at which cells are responsive
wouldmimic a biological environment. Varying the periodicity and amplitude spaces
between sinusoidal patternswould also be expected to induce controllable cell migra-
tion.Thus, one can foresee various interesting applications for cellmanipulation, such
as guidance and orientation. Single cell trapping and analysis within small areas are
also expected to be possible using such biochips. Another application reported for
3D biomimetic environments with resolutions and hierarchies similar to those of the
organism in the biochip is the evaluation of cancer cell migration potentials [96]. In
this work, the subtractive FLAE process was employed to fabricate a microchannel
with a length of 1 mm and a width of 165 µm inside Foturan glass (Fig. 8.11a–c).
Subsequent to this, two polymeric microchannels (40 µm long, 2.5 µm high and 7.5
and 2.7 µmwide), which were narrower than the cancer cell, were introduced inside
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Fig. 8.11 Optical micrographs of a ship-in-a-bottle biochip at different fabrication steps by FLAE
and TPP: a fs laser irradiation and subsequent initial thermal treatment, b chemical etching in a
diluted HF solution, c smoothing by an additional thermal treatment, and d–f TPP with an SU-8
photoresist to integrate 3D polymer channel structures into the glass microchannel, e and f show
magnifications of the glass channel/polymeric structures from d and the polymeric structures inside
the channel, respectively [96]

the glass microchannel via additive TPP using an SU-8 photoresist (Fig. 8.11d–f).
The polymeric microchannel supporting scaffold was anchored to the walls of the
glass channel to ensure its stability. This scaffold also functioned as a fluid filter
to produce a biomimetic dynamic gradient of specific substances and so induce
migration of the cancer cell. Consequently, the narrow polymer channels created a
biomimetic 3D microenvironment allowing the evaluation of cancer cell migration.

8.7 Summary

In this chapter, we have reviewed the principles and methodology associated with fs
laser 3D processing of microfluidic biochips, and have considered recent advances
in this field. At present, the merits of fs laser microfabrication have been widely
recognized due to the versatility of this technique during materials processing and
its capability for innovative device fabrication. Although there have been many
achievements in terms of 3D fabrication and multifunctional integration over the
past decade, the application of this technique to microfluidic biochip fabrication is
still in its infancy and many new directions remain to be explored. The use of new
and innovative designs during fs laser direct writing, such as by manipulation of
the laser beam, should be evaluated as a means of increasing the functionality of
biochips as well as process efficiency. In this regard, the development of new beam
shaping techniques [97–99] promises to improve the fabrication quality, 3D spatial
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resolution, and speed. Secondly, the introduction of new functional materials into
fs laser 3D processing will also increase the possibilities for functionalization of
biochips and so increase the range of applications. Lastly, the miniaturization and
multi-functionalization of thesemicrosystems, such as in the case of 3Dmultilayered
and multifunctional devices, will ultimately enhance the throughput, sensitivity, and
performance of the fabricated biochips. Also, the integration of the present fs laser 3D
processing method and other advanced micro/nanoprocessing techniques may lead
to the development of novel microfluidic biochips, such as organs-on-chips [4–6],
for emerging applications. Currently, fs laser 3D processing is already an attractive
technique for constructing tailor-made biomedical devices for fundamental research.
Further development and refinements will also make it possible to use this technique
for mass production.
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Chapter 9
Laser-Induced Forward Transfer
Towards Additive Manufacturing

S. Papazoglou and I. Zergioti

Abstract The evolution of the printed and flexible electronics has attracted great
interest from the academia and the industrialworld aswell. Due to thewide number of
potentialmaterials and emerging applications thatmaybe exploited, laser printing has
been studied both for scientific research and commercial purposes. In this context, this
chapter discusses the fundamental theory supporting laser printing and specifically
Laser-Induced Forward Transfer that is a direct non-contact and non-destructive
laser printing technique in an aim to provide a complete overview of the printing
mechanism and the jetting dynamics, while in the following paragraphs potential
applications are also presented. Moreover, since Laser-Induced Forward Transfer
is a technique that could be described as an additive process, in contrary to the
subtractive processes such as laser sintering, part of this chapter is focused on the
evolution of the technique towards additivemanufacturing aswell as industrialization
activities that have risen in the last 5 years.
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LEP Light Emitting Polymer
LIBT Laser-Induced Backward Transfer
LIFT Laser-Induced Forward Transfer
MAPLE Matrix-assisted pulsed laser evaporation
NMP N methylpyrrolidone
NPs Nanoparticles
OLEDs Organic Light-Emitting Diodes
OTFTs Organic Thin-Film Transistors
PEN Polyethylene naphthalate
SAW Surface-Acoustic Wave
TIN-LIFT Thermal-Induced Nozzle
TP Triazene polymers
VCSEL Vertical cavity surface emitting lasers

9.1 Introduction

Recent advancements in organic, inorganic, and flexible electronics have spurred the
interest of both the research and the industrial community during the last years since
new processes have been developed focusing on the time and cost-effective fabri-
cation of electronic devices. Since device footprint and integration complexity are
essential parts of modern technologies, high resolution, selective, and rapid manu-
facturing techniques are key-enabling factors. Among the main approaches used for
the deposition of high quality and functional materials, laser printing has beenwidely
employed owing to its unique characteristics such as the high spatial resolution of the
printed features, the versatility of the technique regarding the number ofmaterials that
can be transferred, and the non-contact and non-destructive nature of the deposition
[1]. In addition, contrary to other deposition methods such as ink-jet printing, LIFT
does not suffer from inherent drawbacks like nozzle clogging and it may be applied
for the transfer of liquids with viscosities ranging between 1 and 200.000 mPa s
[2]. This chapter focuses on the Laser-Induced Forward Transfer (LIFT) technique
which is a direct laser printing technique with the aim to present the history as well
as latest results-achievements on the application level. Fundamental theory of the
technique and experimental results will be also presented in an effort to provide a
complete overview for the reader. The last part of the chapter will be devoted to the
recent application of the technique on the 3D printing of materials and the evolution
of LIFT towards additive manufacturing and industrial exploitation.
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9.2 Fundamentals of LIFT

9.2.1 Origins of LIFT

The concept of material transfer using lasers has been a research objective for over
40 years now, where Levene et al. [3] were the first to report the transfer of black ink
using a Nd:YAG (λ = 1.06 µm) laser source in 1970, while almost 15 years later,
Bohandy et al. [4, 5], introduced for the first time the term LIFT for the transfer
of copper metal features using a pulsed excimer laser source (λ = 193 nm, 15 ns),
on silicon and fused silica substrates, reporting resistivities between 3 and 50 times
the resistivity of bulk copper. The experiment was conducted in vacuum conditions,
however, LIFT nowadays may be performed in ambient conditions as well [6]. Few
years before, in 1979, Deutsch et al. also demonstrated the transfer of metal patterns
using “laser-initiated heterogeneous photochemical reactions” through UV photol-
ysis of gas precursors [7], while in 1983 Osgood et al. introduced for the first time to
the term “laser initiated chemistry” for the deposition and removal of materials [8, 9].
In brief, the principle idea behind LIFT requires the use of (1) a pulsed laser source,
where the wavelength may range between the UV and the IR regions of the spectrum
depending on the optical absorption of the material under transfer to the specific
wavelength and the type of the application, (2) a donor substrate that is a transparent
substrate (sometimes referred to as carrier) coated with a thin film of the material
under investigation and (3) a receiver substrate on the surface of which the material
is deposited. During LIFT, the donor and receiver substrates are brought closely or
in contact to each other and as the laser pulse irradiates the interface between the
carrier and the thin-coated film from the back side of the donor substrate, the mate-
rial is ejected and therefore deposited on the surface of the receiver substrate as it
is depicted in Fig. 9.1. The theory and the mechanism of LIFT, regarding liquid and
solid-phase printing, will be described in more detail in the next paragraphs.

Apart from the aforementioned basic requirements for LIFT, the system is usually
accompanied by mechanical components namely computer-controlled, highly accu-
rate, and fast translation stages that facilitate the transfer of pre-programmed digital
patterns as well as optical parts such as galvanometer scanners that enable—if
desired—rapid and large area printing.

9.2.2 Limitations of the Technique

Despite the successful implementation of LIFT in a variety of applications, there are
certain aspects related to the technique that needs to be addressed before it can be
used inmassive industrial processes and large-areamanufacturing.More specifically,
since many LIFT applications involve the printing of metal features namely metal
films andmetallic nanoparticles (NPs) inks, which are rapidly oxidizedwhen they are
exposed to ambient conditions, the fast-melting and evaporation during transfer may
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Fig. 9.1 Schematic representation of the LIFT technique

lead to severe alterations in their electrical characteristics. Moreover, the melting of
the material under transfer during LIFT may cause irreversible and unwanted phase
transformations, directly affecting the structural properties of the printed patterns.

Another important factor for the realization of LIFT, is the preparation and treat-
ment of the donor substrate which is an essential part of the technique, resembling
the ribbon in a classic typewriter and it should be highly uniform in thickness and
reproducible during preparation, while in the case of pastes and high viscosity inks
the evaporation and drying time should be considered since theymay affect the jetting
dynamics during transfer. There are several methods to prepare a donor substrate,
the most important of which are: doctor-blade, spin-coating, sputtering, thermal
evaporation, electron gun etc., where each one is used depending on the phase of
LIFT (liquid or solid) and the thickness and uniformity requirements. Most of these
approaches require vacuum equipment that is expensive and time-consuming, while
others (doctor-blade) fail to develop reproducible films when specific thicknesses are
required.

Finally, the adhesion of the transferred structures is often an issue, since the
quenching of the metallic patterns may lead to the development of intrinsic stresses
among the receiver and the material under investigation that subsequently leads to
the detachment of the printed structure. However, as it will be presented in the last
paragraphs of this chapter, some of these shortcomings have been overcome and
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LIFT has been successfully incorporated in industrial processing for electronics and
biological applications.

9.2.3 Advancement and Variations of LIFT

In the years that followed its initial use and owing to the technique’s simplicity and
versatility, LIFT has presented a steady increase in the number of potential applica-
tions andmaterials that could be investigated for organic electronics, bio-electronics,
sensors, etc. [10–20]. This is also highlighted in the number of publications [21]
and patents that were published during the last 10 years, showing an ever-growing
interest in the technique’s unique features such as the high-spatial-resolution and the
selectivity for drop-on-demand applications (Table 9.1 and Fig. 9.2).

Since 1986, where Bohandy et al. [4] firstly introduced the term “LIFT” and in an
effort to overcome the aforementioned LIFT limitations, some alternative methods
have been demonstrated. In these contexts, the main techniques that differ from
the traditional LIFT (liquid and solid phase, Fig. 9.3) are: Dynamic release layer-
LIFT (DRL-LIFT) [22], Laser-Induced Backward Transfer (LIBT) [23], Matrix-
assisted pulsed laser evaporation (MAPLE) [24], Blister-actuated LIFT (BA-LIFT)
[25], Absorbing film-assisted-LIFT (AFA-LIFT) [26] and Biological laser printing
(BioLP) [27]. More specifically, in DRL-LIFT the donor substrate, which in tradi-
tional LIFT is a transparent substrate, is usually coated with a thin absorbing layer
followed by the deposition of the material under investigation as can be seen in
Fig. 9.3 (right). In this case, as the laser beam irradiates the interface between the
donor and the thin absorbing layer, vaporization of the thin film occurs leading to the
ejection of the material towards the receiver substrate. The dynamic release layer is
usually a metallic one, where Au, Cr, Ti, and Cu are often used, however polymeric
DRL’s may be used as well, with thicknesses ranging between 20 and 100 nm for
the metallic and up to 1 µm for the polymeric ones. The first work involving the use
of a DRL was reported by Tolbert et al. [22], where multilayer films where used to
transfer inks. In the case of the polymeric DRL’s, during the irradiation of the donor
substrate, decomposition of the organic molecules takes place due to photothermal
and photochemical effects that enable the detachment of the material under transfer.

Thus, by adjusting the absorption coefficient of theDRLwith respect to the desired
wavelength, it is possible to deposit materials with low absorption to the wavelength
used and also avoid direct exposure to the laser beam that could possibly alter their
structural and morphological characteristics. The most commonly used polymeric
DRL’s are photopolymers including triazene polymers (TP) that have been reported
in several applications [28–30]. AFA-LIFT and BioLP have been employed mainly
for the printing of biological materials, since the use of a 1–100 nm thick metallic or
metal oxide DRL enables the transfer and avoids the direct interaction of the beam
with these sensitive to degrade structures. LIBT on the other hand is an approach
that uses a transparent—to the desired—wavelength substrate and is performed in
the opposite to traditional LIFT direction. This means that the laser beam propagates
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Fig. 9.2 Number of publications associated with LIFT since 2000. Obtained from Scopus search
results [21]

Fig. 9.3 Schematics of liquid-phase LIFT (left), solid-phase LIFT (middle), DRL-LIFT (right)

through the transparent receiver substrate and irradiates the surface of the material
under transfer that is coated on the donor substrate, propelling it towards the beam
originating direction and on the receiver substrate. Finally, MAPLE, is an approach
very similar to LIFT but the laser fluences that are being used are below the ablation
threshold of the materials under investigation, therefore no vaporization is observed
an advantage that may be used for the deposition of complex structures.
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9.3 Mechanism of Transfer in LIFT

The dynamics of the liquid and solid deposits that are transferred during LIFT have
been studied by several groups through time-resolved imagingwith the aim to provide
a deeper understanding of the phenomena that occur at different timescales starting
from the moment that the laser pulse irradiates the donor substrate until the material
finally impacts the receiver substrate. In the next paragraphs, these studies will be
presented including the jetting dynamics of different materials namely metallic NP
inks, pastes, and biological materials.

9.3.1 Mechanism of Liquid Phase LIFT

Many research groups have been involved in the study of LIFT dynamics so as to
investigate the jetting mechanism regarding various materials and viscosities [31–
33]. Briefly, the mechanism in liquid phase LIFT can be described as follows: (1)
at the low laser fluence regime, the free surface of the coated material is displaced
due to the formation of a bubble of vaporized material that consequently collapses
back on the donor substrate and no transfer is observed, (2) at an intermediate—
above threshold—laser fluence regime successful transfer of well-defined droplets is
observed and the released material is confined within a narrow jet, while no satellite
droplets and material debris are observed, (3) finally above a certain laser fluence
threshold (high fluence regime) the vapor bubble bursts violently and the released jet
can be described as divergent leading to splashing and uncontrolled deposition [32].

The ejection mechanism and dynamics of a viscous nanopowder transferred by
MAPLE have been investigated in an early attempt using time-resolved microscopy
[34]. In this work, an Nd:YAG laser source using the 3rd harmonic (355 nm) has been
employed for the investigation of the transfer process at different laser fluences. In
anotherwork, the ejectiondynamics of the nanosecond laser transfer of a 200nm thick
gold layer have been demonstrated [35], revealing two jetting regimes with single
droplet ejection at low fluences (>140 mJ/cm2) and undesirable multiple droplet
formation at higher fluences (>400 mJ/cm2). Moreover, the ejection mechanism of
complex solutions (Ag NP inks) [36] and metallic pastes [37] has also been reported,
whereas for low viscosity Ag NP inks, the incorporation of a metallic (Ti) DRL
lead to a “low velocity” jetting behavior ranging between 9 and 77 m/s for a fluence
window between 100 and 230 mJ/cm2. Regarding high viscosity pastes (>500 cP)
the jetting behavior resembles that of solid-phase LIFT, where the ejected material
from the donor substrate travels rather slowly (<1 m/s) towards the receiver substrate
resulting in a smooth landing and avoiding the formationof fragments anddebris upon
impact. Jetting dynamics studies during printing at high repetition rates (500 kHz)
has been also demonstrated for the transfer of Ag Np ink using a frequency tripled
fiber laser (λ = 343 nm, τ = 30 ps). An intriguing observation in this work was
that for a given spacing of 20 µm or smaller between adjacent pulses, interaction
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between the bubbles at the bottom of the jets occurs leading to a non-uniform droplet
deposition [38]. Adjacent laser pulse interaction has been also studied by another
group [39], where it was reported that the second jet shows the tendency to be tilted
towards or away from the first one, an effect that depends on the time delay between
the two pulses. At this point it is important to mention, that significant jet to jet
interactions are also observed at specific interbeam distances, a phenomenon that
is not observed in single beam LIFT and was reported by Patrascioiu et al. [40].
Time-resolved imaging of an alginate-based hydrogel laser printing using LIFT has
been also demonstrated [41], where two different laser fluences have been used (1.6
and 2.7 J/cm2) with a gap between donor and receiver substrates of 450 µm. It was
shown, that the liquid jet widens in diameter at higher impact velocities while at
lower impact velocities caused a disk-lie spreading as well as a subsequent diameter
oscillation in a phenomenon that occurs at microsecond timescale (Figs. 9.4 and 9.5).

Moreover, studies regarding DRL and BA-LIFT have explained the differences
of the mechanism among the two approaches, whereas in the case of BA-LIFT using
a polyimide DRL [20, 42], it was shown that the laser energy was absorbed within a
small area and resulted in a confinedhigh-temperature pocket and at low laser fluences
the expanding gases that occur remain covered within the DRL film resulting in a
deformed and rapidly inflating blister. On the other hand, DRL LIFT differs from
BA-LIFT since the blister remains sealed at all times during transfer, thus the ejected

Fig. 9.4 Time-resolved
images of Ag nanoparticles
ink at different laser fluences:
a 20 mJ/cm2, b 30 mJ/cm2,
c 40 mJ/cm2, d 50 mJ/cm2,
e 70 mJ/cm2. Reprinted with
permission from [36].
Copyright 2014, with kind
permission from Springer
Science and Business Media
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Fig. 9.5 Time-resolved images of liquid ejection into the ambient air using a 50-nm titanium
absorbing layer. Reprinted with permission from [43]. Copyright 2011, with kind permission from
Springer Science and Business Media

material is not irradiated directly from the laser pulse, minimizing any potential
degradation effects that could occur under direct exposure [43]. Recently, since laser
printing of biologicalmaterials has attracted great interest, Ali et al. [44], have studied
the jetting dynamics during the laser printing of mesenchymal stem cells so as to
promote the deposition at low kinetic energies that favors the successful deposition
of the biological material. In this work, the transition from the subthreshold regime
to the jetting regime has been associated with a geometrical parameter (vertex angle)
that can be exploited to promote the deposition of cells with high viability at slow
velocities.

9.3.2 Mechanism of Solid Phase LIFT

The transfer of solid structures usingLIFThas been studied by several groups [45–51]
since the ejection mechanism differs from that of liquid-phase LIFT. In solid-phase
LIFT, the material under investigation is usually coated on the donor substrate and
is left to dry (using hot plate or oven), so as to evaporate the remaining solvent and
obtain a solid thin film. Subsequently, the two substrates (donor and receiver) are
brought in close proximity or in contact with each other—as in the case of liquid-
phase LIFT—and the laser pulse irradiates the interface between the transparent
carrier of the donor substrate and the coated material. As a consequence, part of the
irradiated material is transferred towards the receiver substrate when a laser pulse
of sufficient fluence (above threshold) is used. During the transfer of a solid film
and for small distances between the donor and the receiver substrates (<500 µm),
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Fig. 9.6 Sequence of images taken for a 350 nm TP/80 nm Al sample at a fluence of 360 mJ/cm2.
The arrow A shows a gas flow behind the flyer. Reprinted with permission from [48]. Copyright
2010, with kind permission from ACS Publications

damages and disintegration of the deposited flyer may occur due to the presence of
the shockwave that is produced as the laser pulse impacts the donor substrate. This
shockwave is initially in a flat-shaped form and rapidly evolves in a hemispherically
propagating form that precedes the traveling flyer during transfer. In a study by Fardel
et al. [48], it was shown that this shockwave reaches first the receiver substrate and
is reflected back towards the traveling flyer, a collision that may have detrimental
effects on the transferred material (Fig. 9.6).

First reports on the study of solid-phase LIFT was demonstrated by Nakata and
Okada [45], where the deposition of emissive particles from a gold thin film was
investigated. The dynamics of DNA thin films transfer have been also studied in
a comparative study using stroboscopic schlieren imaging where nanosecond and
femtosecond laser pulses were employed [46]. In this work, it was reported that
the use of ultrashort pulses (fs) results in a more directional material ejection with
small angular divergence that enables high spatial resolution regarding the trans-
ferred pixels as compared to the use of short pulses (ns). Moreover, the dynamics
of an aryltriazene polymer deposition has been demonstrated using time-resolved
shadowgraphy, where it was shown that the traveling flyer evolves with time from a
flat-shaped pixel in a distorted and expanded structure [47]. Apart from the shock-
wave effect that wasmentioned earlier, themelting of the transferredmaterial is often
a crucial factor that leads to the surface disintegration of the printed structures. To
avoid this, DRL LIFT is often used with triazene polymers being the most widely
employed polymeric DRL, for the transfer of polymer and metal features [52].
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9.4 Applications of LIFT

The rapid evolution of the LIFT technique and the development of various alter-
native approaches for the realization of the transfer has lead to the incorporation
of LIFT into the fabrication of different devices for Organic Thin-Film Transis-
tors (OTFTs), Organic Light-Emitting Diodes (OLEDs), electrical interconnects in
integrated circuits (IC), chemical, and biological sensors applications. Since resolu-
tion and reproducibility are among the current market trends, LIFT has shown great
promise in achieving both targets through theminimization of the printed features and
the repeatability of the process. This is further highlighted by the number of publi-
cations that have been reported as well as from the establishment of the technique in
industrial processes as it will be described in the next paragraphs.

9.4.1 Laser Printing for Organic Electronics
and Micropower Devices

The market needs in the organic electronics community require a decrease in the
device footprint while at the same time integration complexity and increase in the
number of the active components are also required. Laser printing enables the high
speed, contactless, and high resolution transfer of a wide range of organic materials
of varying viscosities providing certain advantages compared to conventional depo-
sition techniques such as inkjet printing that suffers from inherent limitations namely
nozzle clogging when it comes to high viscosity solutions and the need for masks
and clean room facilities in the case of lithographic processes, where highly toxic
etchants and developer solutions are also used [53]. LIFT has been successfully used
for OTFTs applications [19, 54–60], OLEDs [28, 61–63], solar cells/photovoltaics
[64–66], microbatteries [67–70] and ultra and microcapacitors [51, 71, 72]. More
specifically, OTFTs devices via LIFT have been demonstrated for the simultaneous
multilayer transfer of diPhAc-3T (p-type semiconductor), parylene-C as the dielec-
tric layer and a thin silver layer that served as the gate electrode that resulted in a
functional top gate OTFT [30] (Fig. 9.7).

In another work, OTFTs using pentacene with bottom-contact and top-contact
configurations have been reported using LIFT. The source-drain electrodes were
formed using silver NPs inks—printed with a Nd:YVO4 laser source (λ = 355 nm,
30 ns)—with reporting field-effect mobilities at the order of 0.11 cm2/V s [60]. Air-
stable high performing OTFTs have been also reported by Rapp et al. [19], with hole
mobilities up to 0.04 cm2/V s, threshold voltage V t near 0 V and Ion/Ioff ratio up
to 2.8 × 105. Additionally, tricolor OLEDs have been transferred using LIFT in a
multilayer stack approach that consisted of the aluminum cathode and the blue, red
or green light-emitting polymer (LEP) layer. The device showed good efficiencies
comparable to that of conventional spin-coated devices [73]. BA-LIFT has been
also employed for the fabrication of OLEDs with electroluminescence emission and
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Fig. 9.7 Optical images of LIFT printed PQT-12 OTFTs (PQT-12 printed on Pt electrodes) at
increasing magnification, showing the whole chip (a), and small regions (b). c Schematic represen-
tation of the fabricated OTFTs and the relevant applied voltages. Reprinted with permission from
[58]. Copyright 2016, with kind permission from Elsevier

diode behavior and reporting lifetime comparable with literature reports for spin-
coated devices [25]. Moreover, microcapacitors with controlled electrical capacity
in the pF-nF range have been reported using LIFT, where micrometric-sized pixels
of hybrid organic–inorganic thin films (Ag/parylene-C) have been transferred [74].
In the same context, Rapp et al. [72], have demonstrated multilayer capacitor pixels
using picosecond LIFT along with a smart beam shaping technique that included a
double mask setup.

9.4.2 Laser Printing for Chemical Sensors and Biosensors

The ability of LIFT to transfer a wide range of materials has enabled the academic
community to investigate the printing ofmaterials—other thanmetals—such as poly-
mers [17, 18, 75–79], carbon nanotubes [80], carbon nanotube/polymer nanocom-
posites [81], oxides [82, 83], and biomaterials [26, 27, 46, 84–106] for the fabrication
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Fig. 9.8 Opticalmicroscopy images ofSAWdevices coatedbyoverlappingdroplets printed through
LIFT with a laser fluence of 650 mJ/cm2. Reprinted with permission from [86]. Copyright 2014,
with kind permission from Elsevier

of chemical sensors and biosensors, where laser printing may be used to deposit both
the sensing elements and the conductive electrodes of the sensor device. Among the
signal transduction mechanisms one may find resistive, capacitive, surface-acoustic
wave (SAW), film bulk acoustic resonators (FBARs) and amperometric sensors that
exhibit high sensitivity and selectivity towards the analytes under detection. In addi-
tion, the high spatial resolution of the technique enables for the dense and precise
deposition of array patterns for simultaneous multi-analyte measurements (Fig. 9.8).

More specifically, regarding chemical sensors, Tsouti et al. [77] have demon-
strated the development of a capacitive chemical sensor array, able to host up to
256 sensing sites using LIFT. Various polymers have been laser transferred in this
work namely poly(2-hydroxyethylmethacrylate) (PHEMA), polyacrylic acid (PAA),
poly(4-vinylpyridine) (P4VP), poly(vinylpyrrolidone) (PVP), poly(vinyl chloride-
co-vinyl acetate) (PVC-co-PVA), poly(hydroxyl styrene) (PHS) and poly(methyl
methacrylate) (PMMA) on thin silicon/LTOmembrane substrates. The sensor arrays
have been tested upon exposure to different analytes such as methanol, water, and
ethanol vapors and exhibited good sensitivity depending on the analyte under inves-
tigation. In another work by Dinca et al. [17], polyethylenimine (PEI) and poly-
isobutylene (PIB) sensitive polymers have been laser printed on SAW substrates
for the fabrication of chemical sensors. In this case, solid-phase DRL-LIFT has
been used and it was shown that in order to avoid damage to the interdigital trans-
ducers a laser fluence under 625 mJ/cm2 should be applied. In addition, the sensor
devices were tested upon exposure to acetone and it was highlighted that LIFT
may be used for the transfer of sensitive polymers for the fabrication of chem-
ical sensors. Furthermore, oxides (SnO2) have been transferred using LIFT and
employed different precursor systems based onUV absorbingmetal complex precur-
sors namely, SnCl2(acac)2 for the preparation of the donor substrate. The devices
showed good response and the deposited polymers showed changes in their electrical
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conductivity upon testing with acetone, methane, and ethanol [83]. Chemoselective
polymers have been also printed with LIFT on SAW sensors for the detection of toxic
volatile organic compounds (sarin, GB) [79]. In this work, chemical sensors based on
FBARs, in the solidly mounted resonator (SMR) configuration have been reported,
exploiting three polymer sensitive layers (LIFTprinted) namely, polyepichlorohydrin
(PECH), polyethyleneimine (PEI), and polyisobutylene (PIB), with a detection limit
of 9.24 ppb for the PECH coated sensor when exposed to GB. Recently, graphene
oxide ink has been laser printed on Au electrodes on SiO2 substrates, using the 4rth
harmonic of a pulsed Nd:YAG laser source and the printed features subsequently
underwent a thermal reduction step to restore the electrical properties of the graphitic
material [82]. The resistive chemical sensor devices were tested upon exposure to
water, ethanol, and p-xylene vapors and showed good response with a sensitivity of
5000 ppm for water vapors and 700 ppm for p-xylene vapors.

Regarding the incorporation of LIFT into the fabrication of biosensor devices, the
first work was reported by Karaiskou et al. [93], where lambda phage DNAmicroar-
rays were printed on glass substrates using LIFT. The ultrafast laser pulses were
generated by a sub-ps laser source (λ = 248 nm, f = 500 fs) and the transferred
structures had a 100 µm× 100 µm size. One year earlier, Ringeisen and co-workers
[91], have demonstrated the transfer of active proteins, viable Escherichia coli and
mammalian Chinese hamster ovary cells using a laser direct-write technique that
combined the LIFT and MAPLE techniques. After its first demonstration in biosen-
sors fabrication, LIFT has been often used for the printing of biomaterials as in
the case of [92], where a novel laser printing approach has been reported. More
specifically, proteins and DNA have been laser transferred using a diode-pumped
ytterbium femtosecond laser (λ = 1027 nm, τ = 450 fs) from a tank that contained
the biomaterial solution and not a donor substrate as in the case of traditional LIFT.
In this case, the receiver substrate was transparent to the wavelength used and the
laser pulse went through the receiver substrate and was subsequently focused in the
tank containing the liquid solution causing micro-droplets to be ejected back towards
the receiver substrate (printing direction is in the opposite direction with respect to
the initial beam direction) in an approach similar to LIBT (Fig. 9.9).

Furthermore, skin cell lines (fibroblasts/keratinocytes) and human mesenchymal
stem cells have been transferred using LIFT owing to their potential use in regener-
ation of human skin applications as well as stem cell therapy [107]. In another work
involving the laser printing of cells, high throughput laser printing has been demon-
strated [97], for the transfer of the biopolymer (sodium alginate), and biomaterials
(nano-sized hydroxyapatite synthesized by wet precipitation) and human endothe-
lial cells (EA.hy926). This study demonstrated the potential of BioLP for three-
dimensional tissue construction applications. For the experiments, a rapid proto-
typing workstation equipped with an IR pulsed laser (τ = 30 ns, λ = 1064 nm)
was used. The transferred structures were 70 µm in diameter, where each droplet
contained 5–7 living cells. Another application that LIFT has been used, is point-of-
care medical diagnostics [104], where antibodies were laser transferred on cellulose
paper substrates that is an ideal receiver because of its bio-compatibility and liquid
transport properties. A calibration curve that related to the intensity of the color
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Fig. 9.9 A laser printed pattern of EA.hy926 cells after live/dead assay. Reprinted with permission
from [97]. Copyright 2010, with kind permission from Elsevier

obtained to the concentration of active antibodies was determined so as to enable a
quantitative assessment of the device performance.

9.4.3 Laser Printing of Organic/inorganic Inks,
Nanoparticles, and Pastes

Metallic NPs inks are commonly employed for the formation of electrical intercon-
nects and conductive patterns in IC technology, where silver, gold, and copper NPs
inks are often used. Metallic NPs present a significant decrease in their melting point
owing to the high surface-area-to-volume ratio, therefore enabling their sintering in
low temperatures that makes them compatible with flexible and sensitive to high-
temperature substrates (paper, polymers) [108]. In addition, they present strong light
absorption and unique optical properties within the visible range facilitating their
post-processing [109]. Moreover, the NPs after their coalescence in conductive and
rigid patterns show high electrical conductivity, almost half the electrical conduc-
tivity of the bulk material as well as air stability in ambient environments [110,
111]. Conductive inks are usually found in aqueous or organic solvent dispersions,
where alcohols, ethylene and diethylene glycol, glycol ether and cyclohexanone are
commonly employed solvents for printable inks [112] (Fig. 9.10).

LIFT has been used for the printing of conductive inks ofAgNPs for over a decade
now [108], where silver NPs inks with widths <20 µm and heights of ~0.5 µm have
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Fig. 9.10 Optical microscopy photo of silver ink lines printed with different printing distances
between adjacent droplets. Reprinted with permission from [119]. Copyright 2015, with kind
permission from Elsevier

been deposited on polyimide substrates exhibiting electrical resistivities that were
below 10× the bulk silver using oven or laser curing. Recently, several works have
presented the transfer of metallic NPs inks and pastes for electronic applications, a
factor that later leads to the incorporationofLIFT in additivemanufacturingprocesses
as it will be described in the next paragraphs [2, 13, 15, 113–120]. More specifically,
in [119] conductive silver NPs inks have been transferred in line patterns using a
Yb:KYW laser with an output wavelength at 1027 nm and a pulse duration of 450 fs.
Since bulging and irregular shape of the printed lines is often observed in line printing,
in this work, a different approach was followed. This was based on printing adjacent
droplets in alternate sequences, therefore printing two overlapping sets of droplets
with an intermediate drying step allowing the formation of functional continuous
lines without bulging (Fig. 9.11).

In another work [2], the transfer mechanism of a high viscosity (280–400 Pa s)
silver paste was investigated with fluences in the range between 0.6 and 14.4 J/cm2
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Fig. 9.11 SEM image of
chromium dots laser printed
on glass using fs laser pulses.
Reprinted with permission
from [13]. Copyright 1998,
with kind permission from
Springer Science and
Business Media

using a 532 nm pulsed ns laser source. Four different ejection regimes were reported
namely (i) non-dot transfer for laser fluence below the thickness-dependent transfer
threshold, (ii) cluster-dot transfer where the paste fragments in larger clusters, (iii)
concrete-dot transfer, where the paste is transferred in a well-defined manner, and
(iv) explosive transfer, where for the high laser fluence regime a bursting transfer
is observed. Furthermore, the high-speed laser printing of silver NPs ink has been
investigated by Rapp et al. [117], where a picosecond laser emitting at 343 nm at
500 kHz was used to transfer silver lines of 30 µm width and thinner than 500 nm,
with millimeter length and printing velocities up to 4 m/s.

Recently, apart from the aforementioned metallic nanoparticles, silicon nanopar-
ticles [14] and liquid phase exfoliated graphene ink [121] have been transferred using
LIFT. In the first case, femtosecond laser printing of silicon nanoparticles onto glass
substrates has been reported. The laser-printed nanoparticles have been arranged
both in periodic and complex structures, allowing for the generation of individual
amorphous and crystalline spherical silicon NPs, whose optical properties could be
precisely controlled (Fig. 9.12).

In the latter case, a graphene ink in N-methylpyrrolidone (NMP) with a concen-
tration of 0.078 mg/ml has been printed on SiO2 and flexible polymeric substrates
(polyethylene naphthalate, PEN) in array and line patterns using the fourth harmonic
(λ = 266 nm, τ = 4 ns) of an Nd:YAG laser source. The printed features were inves-
tigated using micro-Raman spectroscopy and presented good structural properties
comparable to that of the reference drop casted samples, while electrical conductivity
values were at the order of 1 S/m slightly lower than those reported by inkjet printing
possibly due to the rapid oxidation of NMP when heated in ambient conditions.
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Fig. 9.12 a Schematic of femtosecond laser printing of silicon nanoparticles, b SEM images of the
target before and after the silicon nanoparticle ejection. From left to right, the laser pulse energy is
increased (scale bar, 400 nm), c array of amorphous Si nanoparticles (diameter of 160 nm) (scale bar,
20 mm). Reprinted by permission from Macmillan Publishers Limited [Nature Communications]
[14]. Copyright (2014)

9.5 Complementarity of LIFT with Other Laser Processes
for Device Fabrication and Manufacturing

Although laser printingmay serve as a stand-alone technique for device fabrication in
various applications, it may also be used in complement to other laser processes such
as laser sintering and laser ablation. This enables the all laser fabrication of functional
components in IC technologies, since lasers enable not only the rapid and low-
cost processing but also substrate selectivity, as in the case of temperature-sensitive
substrates. In this context, laser sintering has been widely employed especially in
the case of metallic NPs inks [122–130] to enable the coalescence of the particles
into conductive patterns. According to the study performed by Zenou et al. [124], the
sintering of themetallic NPsmay be structured in threemain steps that involve: (i) the
evaporationof the solvent, (ii) the removal of dispersants andbindermaterials through
thermal decomposition, and (iii) the neck formation and grain growth, whereas the
NPs size and the decomposition temperatures of the organic binders play an important
role in the sintering parameters. In these frames, in [122] gold nanoparticles in
solution have been laser sintered using an argon-ion laser at 488 nm, with reported
specific electrical resistivities of the laser-cured gold conductors at the order of 1.4
× 10−7 � m. Moreover, in [124] copper NPs inks have been laser sintered using a
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532 nm continuous wave (CW) laser source in ambient conditions and the reported
resistivities were 2–3 times lower than that of the bulk copper, similar to the values
for non-oxidizing atmospheres and linewidths of <5 µm, whereas the process was
monitored through reflectivity measurements that facilitated the evaluation of the
sintered structures. Moreover, a comparative study on the use of CW, ns and ps
pulsed laser sources has been demonstrated in [126], using both 532 and 1064 nm
wavelengths for the laser sintering of Ag NPs inks on PEN and showed that the
optimum electrical properties were obtained with 1064 nm and ns pulses due to the
lower optical absorption of theNPs at this wavelength. The laserwavelength effect on
the sintering of silver NPs inks was also reported by Paeng et al. [128]. In this work,
Ag NPs inks spin-coated on soda lime glass substrates were irradiated using three
different wavelengths namely 405, 514.5, and 817 nm at different laser intensities
and scanning speeds. One important finding was that while the optical response of
the processed inks was mainly determined by the laser wavelength it was the beam
intensity and the scanning speed that controlled the induced temperature fields. The
lowest electrical resistivity in this work was reported for the 514.5 nm wavelength
and 2 mm/s scanning speed (100 mW laser power) at 5.28 µ� cm, while it was
slightly higher for the 405 and 817 nm wavelengths, where the resistivities were 5.7
and 8.9 µ� cm respectively.

9.6 LIFT Towards 3D Printing and Additive
Manufacturing

The evolution of the laser printing technology during the last decade has allowed
for the printing of more complex structures towards the development of electrical
interconnects and rapid prototyping processes. The ability that the LIFT technique
offers relies on the fact that it can print virtually any material on any substrate and
this can be also exploited in applications where different surface topologies are used.
In these frames, Kaur et al. [131], have demonstrated the flip-chip bonding of vertical
cavity surface-emitting lasers (VCSEL), using LIFT (Fig. 9.13).

More specifically, this work involved the deposition of indium micro-bumps onto
bond pads including a successive deposition of additional printed layers so as to
create a final structure of 1.5 µm in height and 20 µm in diameter. Performance
evaluation of the developed chips showed a variation in optical power of less than
0.3 dB after 350 h. of testing at 85 °C and 85% relative humidity, a minimal degra-
dation that could be attributed to moisture penetration. In a different work, Wang
et al. [132], reported the laser 3-dimensional printing of silver nanopastes for the
formation of interconnects including voxels crossing 100 µmwide silicon channels,
multilayer scaffold structures and high aspect ratio micro pyramids andmicro pillars.
Furthermore, Zenou et al. [133], also showed the 3D printing of micro-objects using
a variation of LIFT entitled Thermal Induced Nozzle-LIFT (TIN-LIFT) that employs
sub-nanosecond pulses to enable the transfer of thick metal structures through the
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Fig. 9.13 SEM photo of
laser-printed copper logo
with different heights
between adjacent letters as:
“s” is 40 µm, then, “m” =
70 µm, “a” = 120 µm, “l”
190 µm. Reprinted with
permission from [134].
Copyright 2015, with kind
permission from Wiley-VCH
Verlag GmbH & Co. KGaA,
Weinheim

formation of nozzle like structures that enable high directionality of the transferred
materials. Thus, in this work, copper metal pillars were formed using TIN-LIFT
with a height of 106 µm and a width of 9 µm, where each pillar consisted of 200
printed copper droplets, while conformal, laser micro-cladding of 3D micro-parts
was demonstrated as well. In another work, Zenou et al. [134], developed copper
laser printed logos, where each letter had a different height ranging between 40
and 190 µm. This work also showed for the first time the laser printing of copper
in ambient conditions that enable the transfer on heat-sensitive substrates and could
eliminate the need for post-printing processes such as thermal sintering. Similar to the
aforementioned works, Visser et al. [135], deposited copper pillars with a maximum
height of 2.1 mm, showing the potential use of the technique for out-of-plane inter-
connects between different layers of stacked electronics. The unique characteristics
of LIFT are not limited only in integrated circuits and interconnects applications but
also in biological applications. In the work by Gruene et al. [136], the laser printing
of three-dimensional multicellular arrays was presented for the study of cell-cell and
cell-environment interactions. Additional experiments on cell survival, proliferation
and cytotoxicity were performed and possible negative effects of the laser printing
technique have been excluded.

9.7 Industrialization of LIFT

The ever-growing research interest in the unique advantages that LIFT presents
has enabled the constant growth of the technique and the evolution in terms of
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printing resolution, speed, and reproducibility for a wide variety of materials. This
was exploited not only by the academia but from the industry as well since in the last
5 years the technique has been exploited for commercial purposes. For example in
2011, Daetwyler launched a digital laser printing solution called LaserSonic [137]
under the banner “DI Project AG,” which was a joint venture of the companies
Interprint and Daetwyler. In addition, Orbotech Ltd. has launched the Precise™ 800
system [138] that is the first solution for advanced High-Density Interconnect (HDI)
and complex multi-layer PCBmanufacturing and is capable of both removing excess
copper and also depositing missing copper. Moreover, in the biomaterial industry
Poietis offers a laser-assisted bioprinting solution [139] that relies on the principles
of 3D printing and allows the precise 3D positioning of cells as well as extracellular
matrix via a layer by layer assembly approach with micrometer resolution. Finally,
ALPhaNOV [140] is already participating in a research project, where its main goal
is to validate the methodology for laser-assisted biological materials printing for
in vivo bone tissue engineering in mice.

9.8 Conclusions

The progress of laser printing technology and specifically of the LIFT technique was
presented in this chapter with the aim to provide a complete overview on the impor-
tant findings and applications that have been made up to date. The evolution that
has been made since LIFT’s first reporting has enabled LIFT to be incorporated into
the development of several different applications such as chemical and biological
sensors, OLEDs, OTFTs, electrical interconnects etc. Moreover, the unique advan-
tages of LIFTnamely selectivity, high-spatial resolution and versatility alongwith the
complementarity of the techniquewith other laser processes including laser sintering,
ablation, etc. enable the fabrication of all-laser printed devices in a rapid and cost-
effective way and this has been already exploited for industrial purposes as it was
mentioned in the last paragraph.
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Chapter 10
Laser Scanning Stereolithography

Soshu Kirihara

Abstract Laser scanning stereolithography of additive manufacturing techniques
has been developed to create metal and ceramic components with dendritic geome-
tries and ordered microcavities. The microlattice patterns were propagated spatially
in the computer graphic space. The photosensitive resin pasteswithmetal and ceramic
particles were photo-polymerized using an ultraviolet laser. As a practical demon-
stration of stereolithographic lamination process, solid electrolyte dendrites of yttria-
stabilized zirconia were fabricated for fuel cell miniaturization. Subsequently, metal-
lodielectric photonic crystals with diamond lattice structures were fabricated. More-
over, artificial bones of hydroxyapatite scaffolds were modeled to realize excellent
biocompatibility. The graded porous structures in the artificial bones were processed.

10.1 Introduction

Laser scanning stereolithography of additive manufacturing techniques has been
developed to create metal and ceramic components with dendritic geometries and
ordered microcavities [1, 2]. The microlattice patterns were propagated spatially in
the computer graphic space. The photosensitive resin pastes with metal and ceramic
particles were photo-polymerized using an ultraviolet laser. Using a stereolitho-
graphic lamination process, solid electrolyte dendrites of yttria-stabilized zirconia
(YSZ) were fabricated for fuel cell miniaturization. The gaseous fluid profiles and
pressure distributions were visualized and analyzed. Subsequently, metallodielec-
tric photonic crystals with diamond lattice structures were fabricated. The electro-
magnetic wave properties were measured using terahertz time-domain spectroscopy.
Moreover, artificial bones of hydroxyapatite scaffolds were modeled to realize excel-
lent biocompatibility. The graded porous structures in the artificial bones were
processed.
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Fig. 10.1 Schematic
illustration of the laser
scanning stereolithography
supported by computer-aided
design, manufacture, and
evaluation

10.2 Laser Processing

The graphic models were successfully designed using commercial applications. The
three-dimensional solid models were sliced into two-dimensional layers. Numerical
data for the laser operation were processed according to the cross-sectional outlines.
Laser scanning stereolithography is schematically illustrated in Fig. 10.1. Metal or
ceramic particles of 200–800 nm diameters were dispersed (at 40–60% volume frac-
tion) in the photosensitive acrylic resins. Further, the fabricated pastes were spread
on the substrate with layer thicknesses of 30–70 µm using a mechanical knife edge,
and an ultraviolet laser beam of 355 nmwavelength is scanned over the paste surface
according to the processing data. The spot size of laser beam can be adjusted from
10 to 100 µm in variable range. The irradiation power was maintained between 100
and 300mW. The photosensitive resin paste was polymerized with the nanoparticles.
Through the continuous layer laminations, solid objects were fabricated successfully.
The complex geometric patternswere obtainedwithin 5–10µm in size tolerance. The
composite precursors were dewaxed at 600 °C and sintered at temperatures above
1000 °C according to the materials used in the controlled atmospheres.

10.3 Metal and Ceramic Components

Solid oxide fuel cells (SOFCs) are expected to be the next-generation energy conver-
sion systems owing to their higher efficiency. Yttria-stabilized zirconia (YSZ)—
added nickel (Ni) possesses many desirable properties for an anode, such as high
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electronic and ionic conductivities, and chemical and mechanical stabilities at high
operating temperatures. The energy efficiency is influenced by the anode microstruc-
ture, and the fuel gas diffusion and electrochemical reactions on the electrode surfaces
composed of YSZ/Ni/Gas triple-phase boundary proceed simultaneously. YSZ-Ni
porous anodes have been fabricated to realize large surface areas and high activations
[3–5].

In this study, solid electrodes with dendritic microstructures and wide surface
areaswere used to realize effective gas diffusion and appropriatemechanical strength.
The permeability of the cavity network design and fluid implementation was opti-
mized through the finite element method. The dendritic structures constructed from
micrometer-order ceramic rods with coordination numbers of 4, 6, 8, and 12 were
designed in a computer application. The aspect ratios of the rod diameter to length
were valued from 0.75 to 3.00. The gaseous fluid properties and stress distributions
in dendritic electrodes were simulated and visualized.

The dendritic lattice with coordination number 12 and 2.18 aspect ratio exhibited
the maximum surface area. The designed graphic model of a lattice unit is presented
in Fig. 10.2. The solid electrolyte texture is expected to increase the triple-phase
boundaries and lower the activation over-potential in the electrode. The fluid behavior
of the dendritic structure is shown in Fig. 10.3, where smooth streamlines according
to cyclical vacancies are indicated. The lattice structures are expected to enable the
prompt fuel gas diffusion.

The real dendritic structures composed of YSZ and nickel oxide (NiO) are
displayed in Fig. 10.4. Micrometer-order ceramic lattices with coordination number
12were successfully formedby the laser scanning stereolithography and sintering [6].
The optimized dendritic structure of lattice constant 100 µmwas fabricated through
the lamination process with layer thickness of 10 µm. The composite precursors
were dewaxed at 600 °C for 2 h and sintered at 1400 °C for 2 h in air. Microstruc-
tures and composite distributions were observed using scanning electron microscopy
and energy-dispersive X-ray spectroscopy, and the fine grains of YSZ and NiO were
found to be well-connected.

Fig. 10.2 Graphically
designed lattice model with
coordination number 12 to
optimize and reconcile wide
surface areas and high
porosity
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Fig. 10.3 Gaseous
streamlines in the dendritic
lattices with coordination
number 12, simulated and
visualized by the finite
element volume method

Fig. 10.4 Yttria-stabilized
zirconia texture including
nickel oxide particles as
electrochemical activation
points of the triple-phase
boundaries

10.4 Metal and Glass Components

Metallodielectric photonic crystals are composed of periodically arranged magnetic
materials. These crystals form forbidden bands to reflect electromagnetic waves of
wavelengths comparable to the lattice constant through Bragg diffraction [7, 8].
The electromagnetic waves in terahertz frequency ranges were verified to synchro-
nize with the collective vibration modes of various harmful substances; therefore,
spectroscopic technologies are expected to be applied to sensors for real-time detec-
tion of toxic materials [9]. Diamond photonic crystals with coordination number
4 composed of the metallic glass dispersed oxide glass were fabricated by laser
scanning stereolithography and applied to the terahertz wave sensor devices.

The diamond lattice structures composed of magnetic rods with an aspect ratio
of 1.5 were designed using the computer graphic software, as shown in Fig. 10.5.
The lattice constant was 500 µm in length. The whole structure was 5 × 5 × 5 mm
consisting of 10 × 10 × 10 unit cells. The electromagnetic wave propagation and
spatial wave diffractions were simulated along Maxwell’s equations using the plane
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Fig. 10.5 Designed graphic
model of the diamond
structure with coordination
number 4 for opening perfect
bandgaps by electromagnetic
wave diffractions

wave expansion method. The electromagnetic energy distributions in the periodic
arrangements were visualized by the transmission line modeling.

The diamond lattices were fabricated with size tolerance of ±5 µm by the laser
scanning stereolithography [10]. The sintered diamond structures with a lattice
constant of 500 µm are shown in Fig. 10.6. The micrometer-order lattice pattern
was successfully formed. In the paste material preparation, the metallic glass
(Fe72B14.4Si9.6Nb4) and oxide glass (B2O3·Bi2O3) particles of 2.6 and 1.0 µm diam-
eter were dispersed in the photosensitive acrylic resin at 17 and 23% volume fraction,
respectively. In the lamination process, the thickness of each layer was set to 10 µm.
The formed precursor was dewaxed at 420 °C for 8.0 h with 1.0 ºC/min and sintered
at 460 °C for 0.5 h with 2.0 ºC/min in an Ar atmosphere.

The comparison of X-ray diffraction patterns before and after the heat treatments
indicated that the metallic glass did not crystallize through the heating process. The
linear shrinkage ratios of the horizontal and vertical axes were 10.2 and 12.5%,
respectively. The lattice model was corrected and redesigned according to the liner
shrinkage ratios. The terahertzwave transmission behaviormeasured by time-domain
spectroscopy is shown in Fig. 10.7. The electromagnetic bandgap was formed in the
frequency range of 0.19–1.02 THz, and the measured results were in good agreement
with the simulated results.

Fig. 10.6 Metallodielectric
photonic crystal with
microlattices of metal and
oxide glasses to modulate the
electromagnetic wave
propagations
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Fig. 10.7 Transmission attenuation of terahertz waves for the metallodielectric photonic crystal
with diamond lattice structure

10.5 Full Ceramic Components

Natural human bones have compact and cancellous structures to realize effective
compatibilities for physical activities and biological metabolism. The inner porous
structures show graded distributions from 50 to 90% in volume fractions, which
are mimicked in the fabrication of artificial bones. Conventional artificial bones
have homogeneous cancellous patterns of 75% porosity [11, 12]. By using the laser
scanning stereolithography, the hydroxyapatite artificial boneswith the graded lattice
patterns were fabricated to realize effective biocompatibility and high mechanical
strength [13].

The graphic model of the graded porous structure was designed, as shown in
Fig. 10.8. The solid rods are connected regularly to create a tetra-pot structure of four-
coordinate lattices [14]. Because relationship between the scaffold porosities and rod
aspect ratios shows a simple proportionality, by changing the aspect ratio from 1.2
to 2.0, the structural porosity can be controlled from 53 to 80% comparing with
the natural bone. The fluid flow properties in the scaffold structure were simulated
using the computer fluid dynamic method, as shown in Fig. 10.9. The streamline
distribution of the biological fluid shows omni-azimuth propagation.

The resin components with bioceramic dispersions were fabricated successfully
by computer-aided design, manufacture, and evaluation. Photosensitive acrylic resin
with hydroxyapatite particles of diameter 10 µm at 45 vol. % was used as the ink
material in the printing process. Paste layers of 30µm thickness were laminated, and
the composite lattices were created precisely in the micrometer order. In addition,
the part accuracies of the lattices were measured under a 25 µm size difference.

Fig. 10.8 Four-coordination
lattice model designed to
realize graded porosities as
an artificial bone of
biological scaffold



10 Laser Scanning Stereolithography 311

Fig. 10.9 Fluid streamlines
in continuous and connected
cavities to disperse
biological fluid flows for
osseointegration as natural
metabolism

Fig. 10.10 Biological
ceramic components of
sintered hydroxyapatite
lattices with a high relative
density and fine
microstructure

The precursor was dewaxed at 600 °C for 2 h at a heating rate of 1.0 °C/min and
sintered at 1250 °C for 2 h at a rate of 5.0 °C/min in air. The sintered scaffold of
the hydroxyapatite ceramic with graded lattices is shown in Fig. 10.10. The linear
shrinkage ratios for the horizontal and vertical axes were 23 and 25%, respectively.
Smaller lattice structures could be obtained through controlled body shrinkages
during the optimized sintering process. In the ceramic microstructure of sintered
hydroxyapatite, cracks and pores were absent. The grain size was approximately
4µm, and the relative densities of these ceramic components were measured as 99%
using the Archimedean method.

10.6 Conclusions

The fabrication of practical material components with functional geometries by laser
scanning stereolithography was demonstrated. Dendritic electrodes composed of
yttria-stabilized zirconia and nickel oxide were successfully processed. Ceramic
electrodes with large effective reaction area can exhibit smooth fuel gas transparent
characteristics to promote effective anode reactions.Metallodielectric photonic crys-
tals composed of metallic glass particles dispersed in an oxide glass matrix were
processed. The artificial crystals formed are expected to be used in real-time sensing
of harmful substances in the aqueous phase environments. Hydroxyapatite scaf-
folds of four-coordinate lattices with graded porosities were processed. The designed
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porous structures can realize appropriate biological fluid circulations and promote
the regeneration of new bones.
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Chapter 11
Lithium-Ion Battery—3D
Micro-/Nano-Structuring, Modification
and Characterization

Wilhelm Pfleging, Petronela Gotcu, Peter Smyrek, Yijing Zheng,
Joong Kee Lee, and Hans Jürgen Seifert

Abstract Laser processing technologies for micro-/nanostructuring of electrode
materials have a great potential in improving the electrochemical performance and
operational lifetime of lithium-ion cells. Different types of laser structuring were
used on different surfaces such as metallic current collectors and thin or thick film
electrodes. For thin metallic current collector foils, at anode and cathode sides, the
self-organized structuring by laser-induced periodical surface structures and laser
interference methods were successfully applied for improving electrode film adhe-
sion and cell impedance. For thin and thick film electrode layers direct laser ablation
with structure sizes down to the micrometer range and high aspect ratios were found
most powerful in order to create three-dimensional (3D) cell architectures with bene-
fits regarding cell performance and a homogenous wetting of composite electrodes
with liquid electrolyte. A huge impact of laser formed 3Dbatteries regarding capacity
retention and cell lifetime at high charging and discharging rates was detected. The
impact on diffusion kinetics of laser structured 3D electrodes was studied using clas-
sical methods such galvanostatic intermittent titration technique and cyclic voltam-
metry. A further improvement of 3D battery performance due to an operation in high
potential regime and for advanced high energy silicon anodematerialwas achieved by
joining of laser structuring and thin-film passivation either of active particles before
laser patterning or by passivating of complete 3D electrodes after laser processing.
Finally, laser-induced breakdown spectroscopy will be presented as a powerful tool
for elemental mapping of entire 2D and 3D electrodes. The impact of 3D architec-
tures on lithium distribution and chemical degradation processes in 2D batteries was
investigated and analyzed.
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11.1 Introduction

11.1.1 Lithium-Ion Batteries

Almost 30 years ago Sony introduced the commercial lithium-ion battery (LIB)
designed for portable electronic applications containing amorphous carbon as anode,
lithium cobalt oxide (LiCoO2) as cathode and non-aqueous liquid electrolyte. Nowa-
days, LIBs became themost feasible electric energy storage tool [1–3]. For stationary
or high power applications batteries contain thick film electrodes as complex systems
with determined stoichiometry and material phases yielding to capacities even
higher than 60 Ah [4]. New transportation concepts support electromobility, which
appears to be the most appropriate solution in terms of sustainability use of energy
resources and environmental stability. Further development of LIB technology is
directed towards energy storage concepts which will meet the requirements of
e-transportation, in terms of energy and power density [5].

11.1.2 3D Battery Concept

The state-of-art LIB electrodes are two-dimensional (2D) materials with relative
limited film thickness. Therefore the total amount of energy stored in 2D LIB elec-
trodes is restricted by their areal footprint. Efforts are directed towards the develop-
ment of advanced lithium-ion electrodes, e.g., modified surface architectures. The
development of 3D architectures in LIB electrodes is a relatively new approach for
overcoming battery power losses during operation, high interelectrode ohmic resis-
tances [6, 7], and further chemical or mechanical degradation. The latter one occurs
due to lithium-ion insertion producing high volume changes within the composite
layers [8]. Electrodes with 3D architecture are developed in order to enhance the
surface area and improve the electrolyte filling process [9–12]. The goal of the
3D battery concept is to design cell and electrode architectures, which maximize
the power performance and high power capability, and improve the high cycle
lifetime through evolution of new and shorter lithium-ion pathways [6]. In recent
concepts [13–15], the 3D micro- and nanostructured architectures will make use of
the complete available space thus increasing the energy density of the battery by
200%. A common approach is 3D structuring of the electrode substrate, the current
collector, prior to electrode film deposition. Baggetto et al. [16] and Notten et al.
[17] adopted an approach which complies with state-of-the-art integrated circuits
(IC) technologies such as standard lithography, etching technologies and thin-film
deposition. Furthermore, the 3D electrode architectures could also be achieved by
using template materials such as anodic aluminum oxides, colloidal crystals and
bio-templates, 3D printing, and laser structuring [18, 19]. In comparison to all above
methods, the laser-assisted approach is a simple, rapid, and easily scalable process
for the 3D electrode industrial production [12, 20].
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11.1.3 Laser Materials Processing

Laser materials processing in manufacturing of LIB is a rather new technolog-
ical approach, which enables rapid manufacturing, high reliability, and a signifi-
cant reduction of lithium-ion battery manufacturing costs. Cost-efficient ns-laser
cutting of electrodes was one of the first laser technologies, which were successfully
transferred to industrial high energy battery production [21–25]. A rather new tech-
nical approach is the laser patterning of battery materials, namely current collectors
(aluminum or copper), separator materials, and thin and thick film electrodes [e.g.,
LiNi1/3Mn1/3Co1/3O2 (NMC), LiFePO4 (LFP), LiCoO2 (LCO), LiMn2O4 (LMO),
silicon (Si)] [12, 18, 26–28]. For each type of battery materials, laser structuring can
improve the battery lifetime, cycle stability, and high rate capability. The structuring
of the current collector foils can improve the electrode film adhesion which is a crit-
ical aspect for high energy and thick film electrodes [29]. The 3D battery concept
introduced to microbatteries by Notten et al. [30] and summarized in a review article
by Ferrari et al. [11] was transferred by the researchers at KIT to a new battery
concept by direct structuring of thick and thin-film electrodes for batteries with high
energy and power densities. A defined thermal impact can be advantageous in elec-
trodemanufacturing, already confirmed by laser annealing of thin-film electrodes for
adjusting of battery active crystalline phases [31–33]. Nanosecond laser or ultrafast
laser for direct structuring or printing of electrode materials can be used to realize
three-dimensional (3D) electrode architectures. Furthermore, it was shown that intro-
ducing 3D micro-/nano-structures will improve the electrolyte wetting even of thick
film composite electrodes. Laser structuring can modify electrodes and separators
into superwickingmaterials, enhancing the battery lifetime and its performance [12].
A main issue in laser materials processing is the process up-scaling with respect to
large electrode footprint areas, e.g., for batteries with pouch cell design, and the laser
processing speed, which should be adapted to the standards in battery manufacturing
for high energy and high power lithium-ion cells.

11.2 Micro-/Nano-Structuring of Current Collectors

The electrode film has to withstand mechanical demands during cell assembling,
and thereafter, during repeated cell operation, when lithium-ion intercalation and
de-intercalation occur, due to expansion and shrinkage of the electrochemically
active material particles. Within state-of-the-art LIBs, graphite anodes with a prac-
tical capacity in the range of 330–372 mAh/g are applied. During charging and
discharging the graphite anode undergoes a volume expansion of about 10% [34].
For next generation LIBs, silicon (Si) or silicon-doped graphite (Si/C) have been
regarded as the most promising anode material due to a high theoretical energy
density of Si of about 4200 mAh/g [35]. High energy batteries using a significant
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amount Si on anode side are not commercialized so far because of their short oper-
ational lifetime. The formation of silicon-lithium alloys during battery operation
results in tremendous volume change of up to 300–400% in dependence on the
applied voltage window [8, 29, 36]. Failure mechanisms based on film or Si particle
cracking, Si particle pulverization, and delamination of the active layer from the
copper current collector leading to a significant drop in capacity [37, 38]. In recent
studies, it was confirmed that new binder materials, such as polyacrylic acid (PAA)
improve the adhesive force among silicon particles [39, 40]. Alternatively, chem-
ical or topographical modification of current collector surfaces could provide an
improving of the interfacial adhesion between the composite active material and
the metallic substrate foil [41]. Prior to electrode coating processes by tape casting
or slot die coating, laser micro/nano-structuring of current collectors is performed
in order to improve the mechanical anchoring between active particles, binder, and
the metallic substrate. For laser micro-/nano-structuring of current collector surfaces
two process strategies are proposed: direct laser interference patterning (DLIP) and
laser-induced periodic surface structures (LIPSS) [41].

11.2.1 Direct Laser Interference Patterning (DLIP)

DLIP describes a very prominent method to realize micron and sub-micron patterns
by using interference-effect. Hereby, two, three, or more coherent laser beams are
superimposed in order to generate a high-intensity interference pattern along the
sample surface. In general, a single laser beam is split into two or more beams by
using beam splitters or phase shift masks, as described in [42, 43], respectively. The
number and arrangement of applied laser beams defines the submicron resolution and
type of interference pattern, e.g. intensity maxima along lines or dots for a two-beam
or a four beam configuration, respectively [42, 44]. As an example, the stationary
intensity distribution resulting from four-beam interference can be calculated as
follows:
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where �E0
j are electric field amplitude vectors, �k j the wave vectors, and φ j the optical

phases of the interfering beams. For �r = (x, y, 0), a symmetrical arrangement of the
laser beams, and 2θ as angle between two opposite oriented laser beams, one get the
following description of the interference pattern

I

I0
= [2 · cos(φ) · cos(−k sin(θ) · x) + 2 · cos(−k sin(θ) · y)]2

+ [2 · sin(φ) · cos(−k sin(θ) · x)]2 (11.2)

For� = 0, θ = 13.8°, λ = 193 nm the intensity pattern and related ablation profile
were calculated (Fig. 11.1a) and applied for texturing of thin films (Fig. 11.1b) [44].

A two-beam interference pattern is producing a line structure with a periodicity
�, which can be adjusted by varying the angle 2θ between two coherent laser beams
and the wavelength λ [42]:

� = λ

2 · sin(θ)
(11.3)
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11.2.2 Laser-Induced Periodic Surface Structures (LIPPS)

The formation mechanisms and applications of LIPSS, often termed as ripples, are
under intense investigation. LIPSS are nano-scaled surface structures composed of
wave-like structures, which exhibit a clear correlation to the incident laser wave-
length and polarization. LIPSS can be generated on almost any type of material
such as metal, glass, polymer, or semiconductors. A complete understanding of the
comprehensive mechanism of LIPSS formation is currently not available.

Regarding the structure periodicity of LIPSS, one distinguishes two different
LIPSS categories: low spatial frequency LIPSS (LSFL) and high spatial frequency
LIPSS (HSFL). For LSFL, one of the proposed mechanisms for strong absorbing
materials, such as semiconductors and metal, is the so-called interference theory: the
structures are formed by interaction of the incident laser beam and excited surface
plasmon polaritons (SPP) [45–47]. SPP are surface electromagnetic waves, which
are excited by the incident laser beam. The LSFL is usually perpendicular oriented
to the laser beam polarization and exhibits a periodicity that is a bit smaller than
the laser wavelength. The structure periodicity�LSFL equates to the SPP wavelength
�SPP and can be related to the normal incident laser wavelength λ:

�LSFL = �SPP = λ

Re(η)· (11.4)

where η = [εdεmetal/(εmetal + εd)]1/2 is the effective refractive index of the dielectric-
metal interface for surface plasmons, εd is the dielectric constant of the ambient
dielectric medium, and εmetal is the dielectric constant of the metal [45].

With the further development of femtosecond laser sources, LIPSS with a
period smaller than half of the wavelength of the so-called HSFL were observed.
Femtosecond laser pulses enable to provide high intensity along the entire irradiated
area. An increasing number of laser pulses enhances the intensity of the SPP which
leads to the formation of spatial harmonics of SPP. HSFL with structure periodici-
ties smaller than fractions of the incident laser wavelength (<λ/2, λ/4, λ/8, …) are
formed by interference between the spatial harmonics of the SPP and the incident
laser beam [48].

To summarize, LIPSS formation is based on a dynamic process, which strongly
depends on a multiplicity of parameters such as laser wavelength, pulse duration,
pulse number, laser fluence, material properties, and ambient gas.

11.2.3 Adhesion Properties of Composite Electrodes on Laser
Nanostructured Current Collectors

Figure 11.2a shows periodic line structures on the aluminum current collector
(cathode) generated by DLIP with a laser source operating at a wavelength of
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Fig. 11.2 Film adhesion of NMC on DLIP modified aluminum foils: SEM images of a DLIP
surface structure on aluminum (� = 1.3 μm), and b residual NMC-particles after 90° peel-off
testing. c residual NMC-particles after 90° peel-off testing using an untreated aluminum foil

1064 nm. A line periodicity of 1.3 μm with an average surface roughness Ra of
109 nm could be measured by atomic force microscopy (AFM). Tape casting of
composite material made of lithium nickel manganese cobalt oxide was performed
using structured and unstructured aluminum foils as substrate. The film adhesion
was characterized by 90° peel-off tests as described elsewhere [49]. A significant
increase of adhesion of about 250 N/m could be detected on aluminium surface.
The reference value for unstructured aluminum was 140 N/m. After the peel-off
tests, the NMC-particles and binder were tightly stuck on the modified aluminum
surface (Fig. 11.2b). On contrary, the coating of the reference samples was almost
completely removed from the unstructured current collector surface (Fig. 11.2c),
which indicates, that the intrinsic film adhesion among the active particles is more
stable than the adhesion of the coating towards the unstructured surface.

The formation of LIPSS on copper current collectors (anode) was explored as
function of laser fluence, pulse number, and scanning speed for a laser pulse duration
of 350 fs and a laser wavelength of 515 nm. For single pulse laser ablation, the
copper surface was exposed to the laser beam at a fluence of 10.35 J/cm2 (Fig. 11.3a).
Randomly distributed nano-pores and nano-sized ripples were formed on the surface.
Elemental analysis by using energy-dispersive X-ray spectroscopy revealed that no
oxide formation took place due to laser exposure.Well defined periodic ripples could

Fig. 11.3 SEM-images of ultrafast laser-induced nano-sized surface structures: a nano-pores,
b LIPSS, and c micro-structure combined with nano-ripples
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Fig. 11.4 Tensile strength of graphite film (anode) on laser structured copper current as function
of a surface structures and b structure orientation

be achieved by applying a laser fluence of ε = 0.16 J/cm2 and a laser scanning speed
of v = 50 mm/s (Fig. 11.3b), which corresponds to an overlap of 80 laser pulses per
irradiated area. A surface roughness Ra of 181 nm and a LIPSS depth of 500 nm
could be measured by AFM. In general, LIPSS were formed on copper by applying
a laser fluence which is close to the ablation threshold of about 0.41 J/cm2. However,
by using an appropriate combination of laser fluence and scanning speed, micro-
ablation combined with nano-ripple formation could be realized (Fig. 11.3c). Based
on these parameter studies, nano-pores, nano-ripples, and line-/grid-patterns with
a pitch distance of 50 μm were created on copper foils for subsequent analysis of
electrode film adhesion.

The adhesive strength of graphite anode composite thick films on surfaces of
copper current collector foils is in the range of 20–35 N/m (Fig. 11.4a), which is
almost one order of magnitude lower than the measured values of 140–250 N/m for
composite NMC cathode films on surfaces of aluminum current collector foils. This
difference in adhesion strength is related to different sizes and shapes of graphite
and NMC particles. However, laser structured copper surfaces led to an improved
anode film adhesion (Fig. 11.4a). The type of surface structure design has a great
influence on the adhesive properties. The most appropriate results were achieved
for copper surfaces with hierarchical surface structures that contain micro-sized
line/lattice patterns and nano-sized ripples (Fig. 11.3c). The depth of the laser-
generated line structures was 5 μm. The main impact of current collector surface
structures is related to an increased contact area and structure orientation and their
interaction with graphite particles and polymer binder. In order to investigate the
impact of structure orientation on the tensile strength, two types of experiments with
line patternswere designedwith different peel-off directions: line patterns are parallel
and perpendicular to peel-off direction, respectively. It was clearly demonstrated that
an enhanced film adhesion with peel-off direction perpendicular to line pattern direc-
tion is achieved (Fig. 11.4b) in comparison to the reference measurement without
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Fig. 11.5 SEM images of copper foil with different surface structures after peel-off testing: a DLIP-
structured (� = 1.3 μm) copper (left) and unstructured copper (right), b grid-pattern in overview
and c grid-pattern in detail view

laser modification of the current collector. On the other hand, the anode film could
be peeled-off from the substrate much easier, if the line pattern is oriented in parallel
to the peel-off direction. This phenomenon can be of great interest in recycling of
LIBs.

SEM studies (Fig. 11.5a–c) after peel-off tests reveal that graphite particles and
binder were anchored inside of the line structures (Fig. 11.5b, c), which can explain
the increased film adhesion strength on micro/nano-scaled line/grid structures in
comparison to those with nano-sized surface structures. However, the largest adhe-
sion strength could not be achieved by applying a grid structure, whichwould provide
the largest increase of contact area. The line structure orientation and the peel-off
direction during adhesion tests have to be taken into account as well.

11.2.4 Impact of Laser Structured Current Collector
on Electrochemical Performance

The electrochemical performance of graphite anodes which were deposited on
unstructured and laser structured current collectors was characterized by galvanos-
tatic measurements. Dot patterns (Fig. 11.3a) with different pitch distances (25, 50,
75 μm) were generated on copper current collectors. Electrochemical impedance
spectroscopy (EIS)was applied in order to study the impact on internal cell resistance.

Figure 11.6 showsEIS spectra (Nyquist plot) of full cells in coin cell design,which
were assembled with graphite anodes deposited either on untreated (“reference”) or
laser structured copper current collectors. For this purpose, different dot patternswith
pitch distance of 25, 50, and 75 μm were applied. All Nyquist plots show a similar
configuration with one semicircle. Nevertheless, the pitch of the laser-generated
pattern can be used to control the electrochemical impedance. The cell with the
50 μm dot pattern on the copper current collector exhibits the lowest impedance
(~210 
), i.e., charge transfer resistance, in comparison to the reference sample
(410 
). Contrary to this result, a pitch distance of 25 μm provided the largest
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Fig. 11.6 EIS measurements of graphite anode with unstructured and structured current collectors
as function of pitch distance (surface structure: dots patterns, coin cell design) [50]

impedance. This might be ascribed to a reduced metallic electrical conductivity of
Cu due to an increased amount of laser-induced nano-pores at the copper surface.
The results indicate that a balance is required to be found between the advantages of
an increased graphite-copper interface area and a decreased electrical conductivity.
Furthermore, on base of XRD measurements, it could be found that the reduced
charge transfer resistance corresponds to a change in the orientation of graphite
particles for anodes deposited on micro-/nano-structured Cu current collector foils
[50].

In order to investigate the electrochemical degradation and capacity retention,
cells with unstructured and laser structured current collectors were cycled at 0.5 C. It
was shown, that after 100 cycles the graphite anode with 50 μm dot pattern exhibits
the highest capacity retention (258 mAh/g) in comparison to the reference cell (198
mAh/g) [50]. This result is well consistent with EIS measurements in Fig. 11.6. The
optimized interface area between active materials towards current collector and the
induced graphite particle orientation can minimize the impedance of the cell and
further contribute to the improvement of the battery performance, capacity retention,
and battery lifetime, especially at high C-rate.1

11.3 Impact of Electrode Surface Modification on Li-Ion
Kinetics2

Our previous studies [52] showed that direct laser patterning of the surface of thick
film electrode materials enables an increase of capacity retention especially for high

1C-rate of “1C” or “2C” is defined as complete theoretical lithium charge/discharge in 1 or 1/2 h,
respectively.
2Portions of the following text have been reprinted from [51] under the open access license (CC
BY).
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charging and discharging rates. For a better understanding of electrochemical inter-
calation/deintercalation processes in laser modified electrodes, quantitative exper-
iments of lithiation/delithiation rates were considered. The simplest quantitative
approach to determine the rate of effective Li-ion insertion in the active material
and the rate of Li-ion transport in the electrolyte is expressed by so-called chemical
diffusion coefficient values. For this purpose, one of the most common coulometric
titration techniques, the galvanostatic intermittent titration technique (GITT) has
been involved.

The focus is set on composite thick film commercial cathode materials (MTI
Corporation, USA) based on current collector layer represented by the aluminum
foil single side coated by a composite layer, with determined properties as described
previously [53]. Such cathodematerials are produced by a tape cast process, followed
by calendering (final thickness of composite layer of 95 μm), during which the
particle–particle contact and the composite adhesion to the current collector are
substantially improved. The composite layer contains binder, conductive carbon,
and active material rich in lithium cobalt oxide (LiCoO2) as shown by the scanning
electron microscopy (SEM) analysis in Fig. 11.7. The main drawbacks of LiCoO2

cathodes, e.g., the high costs, the limited practical capacity due to structural and
chemical instabilities at deep charge (x < 0.5 in LixCoO2), and the susceptibility
to thermal runaway, is compensated by the addition of LiMn2O4, with lower costs
and sufficiently high charge voltage [54]. The advantages of the new chemistries are
a more balanced performance and an increased thermal stability of these cathode
materials in comparison to that of the individual component.

The surface of the cathode layer was modified by laser ablation with an ultra-
fast fiber laser (Tangerine, Amplitude Systèmes, France), performed in ambient air
down to the current collector. The applied laser process parameters were: 515 nm
wavelength, 330 fs pulse duration, 200 kHz repetition rate, 1.5·109 W peak power,
100mm/s laser scan speed and 2 scans, 100μmpitch. Beside SEM, light microscopy

Fig. 11.7 SEM image (top
view) of the composite layer,
part of the cathode sample
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Fig. 11.8 Lithium-ion battery cathode samples—a, c unstructured and b, d structured-based on
aluminum foil single side coated by LiCoO2 rich composite layer. a, b SEM images (top view); c,
d LM images (cross section view) [51]

(LM) was also used in structural investigations. Figure 11.8 shows the top view and
the cross-section view of both, unstructured and structured cathodes, (a) and (c) for
the unstructured sample, (b) and (d) for the laser structured sample, respectively.

Electrochemical measurements were performed using coin cell design for half-
cell types. The cells were assembled in a glove box maintained under argon gas
(mass fraction purity 0.999999, water and oxygen levels each below 0.101 × 10–7).
Lithium metal with a thickness of 0.38 mm (mass fraction purity 0.999, from Sigma
Aldrich, Germany) was used as counter electrode. The separator was a glass fibre
separator (GF/A Whatman) and the electrolyte was a commercial mixture of ethy-
lene carbonate: dimethyl carbonate (1:1 volume ratio) containing 1 M LiPF6 (BASF,
Germany). Electrochemical characterization of similar cells was previously carried
out in our facility labs and described elsewhere [55, 56]. In this study, each measure-
ment was performed on a minimum of three identically made cells. For simplicity,
we further refer to a cell containing unstructured or structured cathode materials as
reference-cell and laser-cell, respectively.

After initial capacity determination, the cell was initially discharged down to
3.0 V versus Li/Li+ using a constant current—constant voltage (CC-CV) procedure,
followed by GITT. A set of current pulses were applied up to 4.2 V versus Li/Li+ for
a known period of time τ , followed by a relaxation period, while the potential was
continuously measured. Finding suitable measurement parameters such as current
pulse length, charge/discharge rate and relaxation time was main challenge for this
technique.
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Fig. 11.9 Example of a constant current pulse applied for a known interval of time τ followed by
a relaxation time, while the corresponding potential was measured [51]

Figure 11.9 reports a typical current pulse corresponding to a current rate of C/20
applied for τ of 1 h, and the measured voltage in a relaxation period of 6 h. The
diffusion coefficient of Li-ions DLi+ was calculated for each titration step using the
following equation recommended by Weppner and Huggins [57] for solid-mixed
conducting electrodes:

DLi+ = 4

π
·
(

Vm · I0
S · F · zLi

)2

·
(

dEs
dx
dEτ

dτ 0.5

)2

, (11.5)

validwhenτ ·DLi+ � L2,where:Vm is themolar volumeof the electrode (considering
the density of composite layer of 2.29 ± 0.03 g cm−3 [53]), I0 is the current pulse,
S is the electrochemically active area of the electrode–electrolyte interface, given
by the product of BET surface area and the active material mass, F is the Faraday
constant, zLi is the charge number of Li, Es and Eτ are the steady-state and the
transient voltages, respectively, L is the composite thickness (95 μm, [53]). After
each titration step, the change in stoichiometry x of active material is given by
(11.6):

x = I0 · τ

zLi · n · F (11.6)
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The typical behaviors of the transient and steady-state voltages for a reference-cell
is presented in Fig. 11.10. As a function of square root of time, the transient voltage
change shows usually a linear trend. Using these parameters, the diffusion coefficient
for each change in stoichiometry is reported in Fig. 11.11. The electrochemical active
area defined by the product of BET surface area and the active material mass is valid
for a description of the 2D surface area (dashed line in Fig. 11.11). The impact of
the free-standing structures on the electrode surface needs to be included in a 3D
description, for which their contribution relates to the top and surrounding walls
of every single structure. Based on the laser parameters used for the 3D structure

Fig. 11.10 Measured variables in the GITT for the evaluation of diffusion coefficient: a transient
Eτ and b equilibrium Es potentials [51]

Fig. 11.11 Diffusion coefficient of Li-ions obtained by GITT as a function of stoichiometry [51]
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generation, a decrease of 36% in surface area (2D) is expected along with an increase
of over 300%due to the lateral wall contribution (3D) for the structured cathode layer.

The titration technique offers information in relation to the phase diagram, i.e.,
the existing phases in the system. The diffusion coefficient corresponding to the laser
structured material tends to be more sensitive to the phase transitions. At x ~ 0.94
a clear change in the slope is observed, which according to [58, 59] is related to
the first order insulator–metal transition. For the x range between 0.94 and 0.86, the
diffusion coefficient is described by a plateau in quite good agreement with the two-
phase region described in the previous electrochemical studies. The measurements
by Reynier et al. [60] found this two-phase region in the x range from 0.95 to 0.83,
whereas lower concentration for x = 0.75 or 0.80 was reported by [58, 61] respec-
tively. For amore precise determination of the phase boundaries composition, smaller
titration steps are needed. Nevertheless, in this region, the diffusion coefficients of
the two different material types are the lowest achieved (insert graph in Fig. 11.11).
Below x ~ 0.86 the diffusion coefficient determined for laser structured sample is 5
times higher than for the unstructured. This range in stoichiometry corresponds to
the layered hexagonal single phase [60, 62], where the 3D structures seem to have
an impact on the kinetic properties. Approaching a lower x, i.e. the order–disorder
transition known for x ~ 0.5, the diffusion coefficient of the laser-cell tends to be
more sensitive and shows a change in slope.

A closer look to the titration steps (Fig. 11.12) enables us to distinguish dissim-
ilarities in the voltage changes of each cell. At x = 0.96 and at a close value of the
determined diffusion coefficient for each cathode material, the voltage drop in the
reference-cell is significantly higher than in the laser-cell. This is also noticed in the
hexagonal phase at x = 0.63, however with a slight smaller effect. The equilibrium

Fig. 11.12 Relaxation and transient voltages characteristic for GITT steps performed on cells with
unstructured and laser structured materials at defined stoichiometry for x = 0.96 and x = 0.63 [51]
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potential behavior at this point clearly indicates a different diffusion-rate yielding to
a four times higher diffusion coefficient.

In order compare the influence of each specific cell design characteristics, the
voltage loss Ei was determined. Immediately after the current was interrupted,
we measured a steep drop in voltage. This instantaneous drop is mainly due to
the ohmic resistance of the cell (ohmic drop), to which is added a contribution of
the polarization effects. Since the ohmic drop is a very fast process, it could not
be here separated. The instantaneous cell impedance, calculated as the ratio of the
instantaneous voltage drop and current, of reference-cell is factor 3 higher than of
the laser-cell (Fig. 11.13). As the cell impedance is dependent on current, this is
expected to increase with increasing current densities.

Whereas GITT enables the determination of the diffusion coefficient of Li-ions at
a certain modified stoichiometry, cyclic voltammetry (CV) offers an overall diffusion
coefficient in the measured voltage range. In order to validate our GITT data, CV
measurements were carried out using a scan rate ϑ between 0.02 and 0.07 mV s−1,
in the same voltage range from 3.0 to 4.2 V. The chemical diffusion coefficient was
calculated using the Randles-Ševčík equation applied for room temperature [63]:

DLi+ =
(

IP
ϑ0.5

)2

·
(

2.69 · 105 · z3/2Li · S · C∗
)−2

, (11.7)

where IP is the peak current, C∗ is the concentration of active ions. The results of
Li-ions diffusion rates for GITT and CV are presented in Table 11.1 for unstructured
and laser structured cathode materials. The results between the two techniques agree

Fig. 11.13 Instantaneous impedance as a function of stoichiometry [51]
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Table 11.1 Li-ion diffusion coefficients measured in cells with unstructured and laser structured
materials

Method Diffusion coefficient (cm s2)

No structure Laser structured

GITT 1.57 × 10–12 7.13 × 10–12

CV 1.54 × 10–12 (charge) 1.11 × 10–12

(discharge)
7.4 × 10–12 (charge) 4.0 × 10–12

(discharge)

well, especially when the charge process for CVmeasurements is considered, and are
consistent with the already determined diffusion coefficient for such active material.
The values of the diffusion coefficients are in the range given by previous studies
[64], which are influenced by themeasurement parameters, voltage range, electrolyte
properties, etc. However, the goal of this work was to determine relative values with
respect to the specific design characteristics of reference and laser-cells.

The laser-cells seem to have generally a higher kinetic performance, independent
of the cathode material. This observation was made on cells with structured LiFePO4

[65], for which the difference in diffusion coefficient was about one order of magni-
tude. The corresponding 3D microstructures were generated with an ablation depth
of 39 μm down to the current collector.

The CV of a reference-cell compared to the one of a laser-cell is shown in
Fig. 11.14. The peak current of the laser cell was significantly increased in compar-
ison to the reference cell with unstructured electrode. During charging, the laser-cell
reaches 3.88 mA, while a current of 1.65 mA could be obtained for the reference-
cell. The voltage corresponding to the CV peak for all the cells shifted slightly
to higher values. For discharge processes, the voltage shift was found to decrease
only for the laser-cell. The over-potentials, namely the charge-transfer resistance and
concentration polarization, were significantly reduced for cells having laser struc-
tured composited electrodes. Figure 11.15 shows the current maxima extracted from
the cyclic voltammograms depending on the root function of the scan rate during

Fig. 11.14 Cyclic voltammograms of a reference-cell and b laser-cell
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Fig. 11.15 Peak current IP
as a function of the square
root of the scan rate ν of
reference- and laser-cells

charging (oxidation) and discharging (deoxidation). It is obvious, that the current
maxima achieved for the laser-cell show always the highest values. Furthermore, the
current maxima values were linearly proportional to the square root of the scan rate,
which indicates that a diffusion-controlled process takes place [66]. To summarize,
a 3D microstructure represents an increased active surface area which is in direct
contact with the free liquid electrolyte leading to an enhanced lithium-ion diffusion
transport rate.

After GITT and CV measurements, the cell rate capability was determined by
applying successively increased C-rates from C/10 up to 2C (Fig. 11.16). Galvano-
static testing measurements were performed in a voltage range between 3.0 and
4.2 V versus Li/Li+. Since already at low current densities of GITT the resistance
of the reference-cell was much higher than of the laser-cell, at high C-rates this
effect imposes a significant capacity loss. It was observed that the capacity of the

Fig. 11.16 Discharge
capacity determined by
galvanostatic cycling with
potential limitation using
different C-rates, performed
on reference- and laser-cells
[51]



11 Lithium-Ion Battery—3D Micro-/Nano-Structuring, Modification … 331

reference-cell is significantly decreased, i.e. at C/2, its retained capacity is only
at 60%, and furthermore, at 1C and 2C such cell shows no capacity. At 2C, the
laser-cell still retains about 60% of its initial capacity. As a final cycling step, the
C-rate was set back to C/10 to determine whether any cell degradation occurred
during these galvanostatic measurements. A small capacity loss was observed at the
end of the measurements: the cell capacity decreased by 6% and 8% for laser- and
reference-cells, respectively.

11.4 Passivation Coatings on Three-Dimensional Electrodes

After introducing the first commercial lithium-ion batteries (LIB) in 1991 by Sony,
lithium cobalt oxide (LCO) became the most used cathode material for LIB for
at least two decades due to its excellent lithium-ion diffusion kinetics and simple
type of synthesis [67]. The laser-assisted formation of conical 3D microstructures
in thick composite LCO films but also thin-film LCO cathodes was discovered by
Pfleging et al. [26]. They could achieve significant electrochemical improvements
such as enhanced capacity retention at high C-rates. By applying a voltage window
of 3.0–4.2 V, LCO cells cannot provide more than half of their theoretical capacity
of about 274 mAh/g [68]. One popular approach to increase the specific capacity of
lithium-ion batteries is to increase the upper voltage, e.g. to values of about 4.5 V.
In the case of LCO, however, a structural phase transition from the hexagonal to
the monoclinic phase occurs for electrochemical cycles at higher voltages, which
leads to structural damage to the electrode material. In addition, side reactions due
to electrolyte decomposition and co-dissolution contribute significantly to a rapid
fading of specific capacity with increasing cycle number [68–70].

In order to improve the structural stability of LCO materials in widened voltage
windows with upper voltages above 4.2 V, surface coatings with metal oxides such
as Al2O3 [71], AlPO4 [72], SnO2 [73], ZrO2 [74], ZnO [75], CuO [69], and MgO
[76] have been suggested. Other technical approaches have dealt with coatings based
on carbon such as sucrose [77] or carbon black [78]. As far as we know, the carbon
coating on the surface of a compact LCO thin-film electrode is quite a new research
field. In particular, the role of carbon coating in preventing co-dissolution has not
been disclosed. Lee et al. [79–81] have applied fullerene C60 thin films as functional
coating layers for silicon- and tin-based anodes and for composites for lithium-
ion batteries and an excellent electrochemical improvement could be proven. By
applying plasma processing condition, C60 formed a polymerization [82]. It could
be shown that the C60 films were polymerized along the anode surfaces forming an
artificial solid electrolyte interphase layer (SEI) which was mechancial stable during
volume changes of the cathode while lithiation/de-lithiation takes place; and also
chemical side reactions between electrode material and liquid electrolyte could be
suppressed [79–81]. Lee et al. [83] demonstrated a new approach by applying the
polymerized C60 coating to the laser-generated 3DLCOmicrostructure. Prior to C60
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coating the laser structuredLCO thin filmswere laser annealed to synthesize the high-
temperature phase (HT-LCO). The passivated electrode (C60@3D-HT-LCO) could
finally counteract the above-mentioned problems for a widened voltage window of
about 3.0–4.5 V. The dissolution of Co could be prevented while maintaining the
interface kinetics which led to improved electrochemical performance of the special
designed cathode material.

11.4.1 Experimental Approach

The process for the production of passivated and structured thin-film cathode mate-
rials is shown schematically in Fig. 11.17. In anAr atmosphere, radio-frequency (RF)
magnetron sputtering using a Leybold Z550 coating system is applied to deposit

Fig. 11.17 Schematic illustration for the preparation of C60@3D HT-LCO including the deposi-
tion of LiCoO2 by magnetron sputtering, laser structuring/annealing and deposition of plasma-
polymerized C60 thin film on laser-structure LiCoO2 performed by plasma-assisted thermal
evaporation. Reprinted from [83], with permission from Elsevier
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compact LCO thin films on stainless steel substrates (Fig. 11.17a). Subsequently,
laser microstructuring of the deposited LCO thin films was investigated using short-
pulsed excimer laser sources (ATLEX-1000-I, ATL Lasertechnik GmbH, Germany),
which operated at a wavelength of 248 nm (Fig. 11.17b). The laser pulse repetition
rate could be varied from single pulse up to 1000 Hz and the laser pulse duration
at FWHM was 5 ns. The excimer laser sources were implemented in Promaster
and Micromaster micromachining laser workstations (Optec s.a., Belgium). The
laser fluences could be varied from 0.5 to 10 J/cm2. All laser ablation processes
were carried out in ambient air in order to enable the formation of self-organized
microstructures, so-called cones, on the cathode thin filmmaterial. The loss of active
material was quite low and is in the range of 0–10 wt% [26]. After structuring laser
annealing of unstructured and laser-structured thin filmswas carried out to synthesize
the required battery phase (HT-LCO) applying a high-power diode laser (FLS Iron-
Scan, Fisba Optik AG) with a maximum average laser power of 50W at an operating
wavelength of 940 nm. The laser beam had a focus diameter of 1 mm on the sample
surface. The temperature on the sample surface could be controlled inline whereby a
pyrometer (FLS PyroS, Fisba Optik AG) was connected to the laser power manage-
ment system. The annealing temperature could be adjusted and precisely controlled
from 120 to 700 °C. Finally, a C60 coating was realized on 3D-HT-LCO by applying
RF plasma-assisted thermal evaporation (RF-PATE, Fig. 11.17c). The deposition
of C60 thin films took about 5 min. The mode of operating of RF-PATE has been
described in detail elsewhere [79, 82].

After laser annealing, the surface morphology of the cathode thin film consists of
small grains with a size in the range of 100–200 nm in diameter. The laser annealing
processwas performed at 500 °C for a duration of 17min [26, 31]. The precise control
of the thickness of the C60 coating on top of the 3D-HT-LCO cathode is a critical
parameter, since it determines both the solid electrolyte interface and the electronic
conductivity and it should enable high mechanical strength during electrochemical
cycling [76]. It was shown in previous studies by Lee et al. [80, 84] that a C60-
thickness of about 80 nm is most appropriate for cell operation.

11.4.2 Electrochemical Performance of Passivated LCO Thin
Film

The cathodes were assembled in coin cells with lithium as counter electrode and
electrolyte made of 1 M LiPF6 in ethylene carbonate, ethyl methyl carbonate, and
dimethyl carbonate (volume ratio 1:1:1). The galvanostatic cycling was performed
in a widened voltage window of 3.0–4.5 V which delivers initial discharge capacities
of 150, 159, and 175 mAh/g for HT-LCO, 3D HT-LCO, and C60@3D HT-LCO,
respectively. The coulombic efficiency (CE) of C60@3D HT-LCO is highest (94%),
followed by 3D HT-LCO (92%) and pristine HT-LCO (88%). A higher CE value
reflects a lower irreversible loss of capacity, which is mainly due to a suppression of
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Fig. 11.18 a Rate capability tests at different current densities, and bEIS analysis of bare HT-LCO,
3D HT-LCO, and C60@3D HT-LCO. Reprinted from [83], with permission from Elsevier

irreversible lithium-ion loss caused by side reactions like electrolyte decomposition
during charging or kinetic interface problems during discharge process [85, 86]. In
addition, it was observed that the C60@3D HT-LCO reveals a lower overpotential,
which indicates a lower cell impedance. The rate capability tests were carried out
for different C rates within a voltage window of 3.0–4.5 V (Fig. 11.18a). Among the
cathodes tested, the C60@3D HT-LCO electrodes provide the best electrochemcial
performance. The initial discharge capacities of pristine HT-LCO, 3D-HT-LCO, and
C60@3D HT-LCO at 0.05C are 160, 163 and 181 mAh/g, respectively. At higher
C-rates of 2C and 3C a significant drop in capacity is observed for all types of
electrodes. However, applying a C-rate of 0.05C (C/20) after the C-rate performance
test enables a comparison with the initial capacities: the cell with C60@3D HT-LCO
cathode achieve still 91% of initial capacity, while the cells with pristine (bare) and
uncoated 3D-HT-LCO achieve only 77% and 38% of initial capacity, respectively.
Significant less cell degradation with C60@3D HT-LCO electrodes can be attributed
to a stable layer structure of the cathode, in particular to the stabilization at the
interface between the electrode and the liquid electrolyte [67].

Electrochemical impedance spectroscopy (EIS) measurements were applied
directly after C-rate performance tests in order to study the interfacial kinetics of
the electrodes mainly influencing the battery operation. EIS was carried out in a
frequency range from 100 kHz to 10 MHz with a voltage amplitude of 5 mV. The
resulting Nyquist plot (Fig. 11.18b) shows a semicircle for high-frequencies which
represents RC-circuit of the charge transfer resistance (RCT) and the slope curve
measured at low frequencies is caused by lithium-ion diffusion processes and corre-
sponds to the so-calledWarburg impedance [87]. It is quite obvious, that for all types
of studied electrodes, C60@3DHT-LCO provides the lowest value of charge transfer
resistance (see inset, Fig. 11.18b). The presented studies confirm that it is beneficial
to combine laser-induced 3D architectures and plasma-assisted C60 coating in order
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to reduce significantly the overall cell impedance, to enhance capacity retention at
high C-rates, and to reduce cell degradation.

11.4.3 Electrochemical Performance of 3D Silicon/carbon
Core–Shell Electrodes

In a very similar approach as described in Fig. 11.17, the passivation of silicon (Si)
anode nanomaterials and their electrochemical impact in 3D electrodes was studied
[28]. For this purpose Si nanoparticles (particle size 10–250 nm) were passivated
with a 5–7 nm thick carbon layer by applying thermal decomposition at 700 °C in an
atmosphere of 10% C3H6 and 90%Ar. The so-called silicon/carbon core–shell parti-
cles (Si@C)were used as activematerial (60wt%) in a slurrywhich is coated via tape
casting on a copper current collector foil (Fig. 11.19a). An electrode film thickness
of 24 μm was adjusted with a mass load in the range of 0.6–1 mg/cm2. Subsequent
ultrafast laser structuring (pulse length 370 fs) was performed at a wavelength of

Fig. 11.19 Fabrication of 3DSi@C core–shell electrodes: a schematic view of preparation process;
b SEM images (overview and detail view) of 3D Si@C core–shell electrodes
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Fig. 11.20 Discharge
capacity of pristine Si,
Si@C, and 3D Si@C
core–shell electrodes at a
current density of 200 mA/g
in the potential range 0–2 V.
Reprinted from [28], with
permission from Elsevier

515 nm, an average laser power 0.28 W, and a laser repetition rate of 200 kHz. Free-
standing structures down to the current collector were fabricated along the complete
electrode area with a pitch of 50 μm and a line width of 15 μm (Fig. 11.19b).

The electrochemical performances of 3D Si@C, Si@C, and pristine Si, which
were used as anode materials for lithium-ion batteries, were investigated in order to
identify the impact of material and 3D electrode design (Fig. 11.20). The discharge
capacity of the pristine Si exhibits a rapid decrease within the first 25 cycles,
decreasing to 0mAh/g. The coulombic efficiency of the pristine Si shows an unstable
behavior. During cycling, the volume change in Si leads to a continuous crack forma-
tion, and therefore the pristine Si surface is exposed to the electrolyte at each cycle,
resulting in repetitive formation of new SEI layers, which is called “unstable SEI
formation”. The Si@C core–shell electrodes obtained by the thermal decomposi-
tion improve the reversible capacity and cycle retention because of the conformal
carbon coating. More interestingly, the reversible capacity of the 3D Si@C core–
shell electrode is higher than that of the pristine Si@C core–shell electrode after 300
cycles. Apparently, the unique 3D architecture is responsible for the improved cycle
performance with a larger active surface area to reduce the polarization effect and
provide enough space to release physical stress occurring during the Li-ion inser-
tion and extraction processes. By the introduction of a carbon coating and the laser
structuring, an enhanced performance of Si anode materials exhibiting high specific
capacity (>1200mAh/g over 300 cycles), good rate capability (1170mAh/g at 8A/g),
and a stable cycle retention was achieved.

11.5 Laser-Induced Breakdown Spectroscopy of 3D
Electrodes

For achieving an optimized three-dimensional (3D) electrode design a sophisticated
analytical tool is necessary which enables a rapid screening of the chemical compo-
sition of complete electrodes (surface and bulk) after electrochemical cycling. This
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analytic tool should act as feedback control between electrochemical performance
and the generated laser-assisted 3D architectures. Laser-induced breakdown spec-
troscopy (LIBS) seems to be a powerful item and was therefore intensively applied to
characterize 3D structures on thick film electrodes post-mortem (after battery tests).
LIBS is an analysis method which offers the possibility to characterize the elemental
composition very fast [88] and it is capable of performing direct 3D analysis with
micrometric [89] or nanometric resolution [90]. Only one single laser pulse under
ambient air is required in order to generate a laser-induced plasma and the achieved
chemical information can be directly correlated with a local State-of-Health (SOH).
Characterization methods such as bulk analysis, depth profiling, elemental mapping
aswell as layer-by-layer analysis can be performed at atmospheric pressure condition
[91, 92]. In the field of lithium-ion batteries, LIBS is a rather new approach in order to
obtain post-mortem critical information on surface phenomena that define and control
the performance of Li-based battery systems. As a powerful analytical tool, LIBS
can be used for an entire analysis of large-areal 3D battery sheets. Besides a large
area surface characterization also an elemental mapping of the complete electrode
bulk material down to the current collector can be realized. Post-lithium concepts,
3D battery concepts, and thick film electrode concepts can be investigated in order to
achieve advanced high energy and high power batteries. This new research field has
great potential to study aging effects as a function of electrochemical performance,
(e.g., lifetime, cycle retention), cycle parameters, and 3D-concept parameter (aspect
ratio, active surface area, porosity). Finally, LIBS is a flexible analytical method for
measuring of chemical patterns that are induced by 3D topographies, degradation,
or aging processes.

In recent research studies, it could be shown for the first time that LIBS can
be successfully applied to analyze chemical compositions along complete electrode
surfaces of cycled or uncycled cells. Element mapping and element depth-profiling
were applied for characterizing the electrode as function of SoH and cell architec-
ture [56, 93–95]. This new approach for cell characterization requires a specialized
calibration procedure based on electrochemical titration in order to produce NMC
samples with defined lithium amount [55]. In the current chapter we describe the
manufacturing of 3D NMC electrodes, their electrochemical cycling behavior, and
subsequent post-mortem elemental characterization by using LIBS.

11.5.1 Manufacturing Route for 3D Electrodes

The fabrication of 3D electrodes can be divided into four main processing steps
(Fig. 11.21a-d): (a) slurry preparation, (b) coating/drying, (c) calendering, and (d)
ultrashort laser structuring.

The cathode slurry was prepared by mixing 90 wt% of lithium nickel manganese
cobalt oxide (LiMeO2, Me = Ni:Mn:Co = 1:1:1), 5 wt% of conductive additive
(TIMCAL SUPER C65) and 5 wt% of polyvinylidene fluoride (PVDF) binder.
N-Methyl-2-pyrrolidone (NMP) was used as solvent. Additionally, the slurry was
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Fig. 11.21 Processing steps for manufacturing of 3D electrodes: a slurry preparation,
b coating/drying, c calendering and d ultrashort laser structuring

deposited onto a 20 μm thick aluminum foil, which is denoted as current collector.
The coating procedure was carried out using a tape-casting film coater with an inte-
grated heating lid. Subsequently, the electrode sheets were dried for 2 h at elevated
temperatures. All cathodes were calendered for improving the particle-to-particle
contact (Fig. 11.23a) and for realizing a good film adhesion between the NMC
composite material and the current collector. Furthermore, calendering is an essen-
tial processing step to increase the volumetric energy density of the entire cell [96].
Within the next step, free-standing micro-pillars were generated with a dimension
of 600 μm × 600 μm by removing the composite material down to the substrate
(Fig. 11.24a). A micromachining workstation (PS450-TO, Optec s.a., Belgium)
equipped with an ultrafast fiber laser (Tangerine, Amplitude Systèmes, France) was
used. The pitch distancewas set to 1200μm.Finally, two types of electrodes (unstruc-
tured/laser structured NMC cathodes) were laser cut in circular disks with 12 mm in
diameter. Prior to cell assembly, the electrodes were dried in a vacuum oven for 24 h
at 130 °C. Swagelok® cell design was applied for the subsequent battery tests.

11.5.2 Post-mortem LIBS Investigation of Lithium
Distribution in NMC Thick Film Electrodes

Unstructured and laser patterned NMC cathodes were characterized post-mortem by
LIBS in order to study the lithium amount at the sample surface at different SoH. For
this purpose, the Swagelok® cells were electrochemically cycled using the following
testing procedure: In a first approach (electrochemical formation) both Swagelok®

cells were cycled for three cycles using a C-rate of C/10 in a voltage range of 3.0–
4.2 V. For investigation of lithium distribution in electrodes, which operate at high
electrical currents, the C-rate was increased up to C/2 for 100 cycles. Additionally,
both types of Swagelok® cells were disassembled in an argon-filled glovebox and the
NMC electrodes were washed two times for each 30 min in fresh dimethylcarbonate.
Finally, an elemental mapping of lithium was carried out for both electrodes in order
to investigate the lithium distribution at different SoH.

The experimental setup of LIBS used in this work is illustrated in Fig. 11.22. LIBS
measurements were performed using a dot matrix with a point-to-point distance of
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Fig. 11.22 Scheme of the experimental setup of LIBS for the characterization of NMC electrodes.
Reprinted from [55] with permission from IOP Publishing

100 μm. The measurement area of each NMC electrode surface was set to 13 mm
× 13 mm. A calibration-file was used for enabling an elemental mapping of lithium
for both NMC electrodes. The detailed calibration procedure is described elsewhere
[55]. Briefly, nine individual cells were galvanostatic cycled up to 3.0, 3.25, 3.5,
3.75, 4.0, 4.25, 4.5, 4.75, and 5.0 V. By this measure NMC electrodes with different
SoC were produced acting as reference samples for subsequent LIBS calibration
procedure.

In a first approach, LIBS measurements were performed on a calendered and
unstructured NMC electrode with a thickness of 100 μm. The local SoH was
controlled by electrochemical cycling in a voltage range of 3.0–4.2 V (Fig. 11.23b).
It could be clearly demonstrated that the discharge capacity provides a big drop at
cycle 92. The value drops down from 63.6 to 9%. Finally, the cell leads to a sponta-
neous cell failure at cycle 93. After an elemental mapping of lithium, the amount was
locally increased at position X = 4.8 mm and Y = 7.2 mm (Fig. 11.23c). This lithium
amount can be assigned to local lithium plating. A possible reason for this inhomo-
geneity in lithium concentrationmight be an insufficient wetting of the electrodewith
liquid electrolyte. Dry electrode areas can lead to a reinforced degradation of active
material and finally to a spontaneous drop in capacity and subsequent cell failure.
Homogeneous wetting is quite important for sufficient electrochemical cyclability,
especially for calendered NMC electrodes with film thicknesses >100 μm and those
with low porosity (<30%). Two aspects have to be considered, first, the electrode
footprint area will have an impact on cell degradation processes, and second, the
electrode surfaces having an inhomogeneous lithium distribution will induce a vari-
ation of electrical current densities along the surface, which in turn will reinforce the
chemically driven aging and cell failure process.
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Fig. 11.23 Characterization of NMC electrode material: a SEM image (top view) of an as-
deposited, calendered, and unstructured NMC electrode, b electrochemical performance [discharge
capacity (%) vs. cycle number and spontaneous cell failure at cycle 93] [97], cLIBS lithiummapping
(survey and detail) of a cycled and unstructured NMC electrode

In a second approach, LIBS measurements were performed on laser structured
NMCelectrodes in order to investigate the lithiumdistribution in free-standingmicro-
pillars (Fig. 11.24a). It could be shown, that for charging- and discharging C-rates
≥C/2, the lithium concentration is significantly increased along the contour of each
micro-pillar (Fig. 11.24b). It seems to be quite clear that for high current densities
this becomes an important matter leading to a measurable local variation of lithium
concentration along the surface of each free-standing micro-pillar. For elevated C-
rates (>1C) the rate of lithium intercalation will increase along the sidewalls of
each micro-pillar as illustrated schematically in Fig. 11.24c. The C-rate performance
dependsmainly on the lithium-iondiffusion kineticswithin the activematerial and the
liquid electrolyte [98]. Thus, the presented results clearly show, that 3D architectures
act as attractor for lithium-ions and boost the battery performance regarding high rate
capability (cell power) and cell lifetime.
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Fig. 11.24 Characterization of NMC electrode material: a SEM image (top view) of a calendered
and laser-structured NMC electrode with micro-pillars of 600 μm × 600 μm [97]. b LIBS lithium
mapping (survey and detail) of a cycled and laser structured NMC electrode, c schematic view of
a model for laser structured NMC electrodes with 3D micro-pillars during electrochemical cycling
at high discharging C-rates

11.6 Conclusion

Laser-assisted processes can be easily integrated into existing battery production
lines with the intention to achieve a significant impact on reducing cell manufac-
turing costs. For laser welding of bus bars and high-speed cutting of individual
electrodes a mature level is achieved. Both technologies are already being partially
introduced in cell production and in pilot lines. Up to now, nanosecond laser systems
have been preferred for electrode cutting for economic reasons. However, it was
shown in several studies that ultrafast laser processing of electrodes offers signifi-
cantly improved qualities and a higher ablation efficiency, which can be introduced
in a new laser-based 3D battery generation. For the manufacture of lithium-ion
batteries, the laser structuring of composite thick film electrodes and thin metal
current collectors offer great advantages in terms of improving cell performance,
such as a longer battery lifetime and an improved cycle retention for high charge and
discharge rates. A suitable 3D surface topography has been shown to influence the
lithium-ion diffusion kinetics within the electrolyte filled composite electrode mate-
rials, while avoiding critical mechanical stresses during charging/discharging and
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significantly reducing overall cell impedance. Laser nanostructured current collector
surfaces will enable the practical use of thick films and new high energy materials
such as silicon anodes or silicon doped graphite anodes in lithium-ion batteries. A
combination of the 3Dbattery concept, thick film concept, and thin filmpassivation of
electrodeswill enable the development of a newgeneration of lithium-ion cells,which
will provide high energy density and high power density at the same time. Further-
more, due to enhanced cell lifetime, second life applications become realistic and
economic relevance. Laser plasma spectroscopy offers an excellent analytical tool
for coating quality control and for further optimization of the 3D electrode architec-
ture regarding cell performance and cell degradation even for pouch cell geometries.
Futureworkwill focus on appropriate designs and selections of advanced activemate-
rials for high-performance batteries and future battery concepts. Process up-scaling
for large electrode areas leads to a significant reduction in manufacturing costs while
maintaining or improving the overall performance and safety of the battery.
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Photonic crystals, 305
Photonic energy, 3, 4
Photonic excitation, 1
Photonic-induced ionization, 4
Photonic manufacturing, 1
Photonic reduction, 1, 38
Photonic sintering, 25, 29
Photon trapping, 105
Photoreduction, 38, 251
Photoresist, 127
Photosensitive polymer, 122
Photosensitive resin, 305
Photothermal, 107, 277
Photothermal conversion, 78, 105
Photothermal effect, 1, 23
Photo thermally induced corrosion, 122
Photothermal therapy, 25
Pick-up force, 45
Plasma assisted thermal evaporation, 333
Plasma confinement, 164
Plasma etching, 78
Plasma lithography, 60
Plasmonic cavity, 10
Plasmonic material, 11
Plasmonic mode, 16
Plasmonic resonant frequency, 28
Plasmonic route, 22
Plasmon resonance, 117
Plastic deformation, 163
Pleurosira laevis, 252
P-N junction, 53
Point-of-care, 291
Polarizability, 13, 115
Polarization, 115
Poly(4-vinylpyridine) (P4VP), 290
Poly(acrylic acid), 39, 290, 316
Polydispersity, 135
Polyepichlorohydrin, 291
Polyethylene, 280
Polyethyleneimine, 291
Polyethylene naphthalate, 294
Polyethylenimine, 280, 290
Poly(hydroxyl styrene), 290
Polyimide, 285
Polyisobutylene, 290
Polymeric substrates, 294
Polymers, 248
Poly(methacrylic acid), 39
Poly(methyl methacrylate), 2, 290
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Polystyrene beads, 264
Poly(vinyl chloride-co-vinyl acetate), 290
Polyvinylidene fluoride, 337
Polyvinylpyrrolidone, 24, 39
Poly(vinylpyrrolidone) (PVP), 290
Polyyne, 42
Porosity, 310
Porous anodes, 307
Porous glass, 250
Porous structures, 310
Porphyrins, 54
Post-annealing, 250
Post-Moore’s law, 63
Post-mortem, 337
Pouch cell design, 315
Power, 10
Power losses, 314
Poynting vector, 45
P-polarization, 116, 122
Practical capacity, 323
Precising machining, 1
Precision machining, 2
Pre-programmed digital patterns, 275
Printed electronics, 25, 62
Printing mechanism, 273
Printing process, 310
Processing efficiency, 77
Proliferation, 297
Propagation constant, 18
Propagation length, 22
Protective coating, 163
Pulsed laser ablation in liquids technique,

134
Pulsed laser beams, 134
Pulsed light, 28
Pulse duration, 77, 318
Pulse number, 318
Pulse period, 2
Pulse width, 165
Pulverization, 316
P-xylene, 291
Pyrometer, 333

Q
Q-factor, 257
Quantum mechanics, 12
Quantum tunneling, 4
Quasistatic approximation, 13, 14
Quasi-static polarizability, 115
Quasi-stationary character, 31
Quenching, 164

R
Radiation heat loss, 34
Radiation heat transfer, 122
Randles-Ševčík equation, 328
Receiver substrate, 287
Reference-cell, 328
Refractive index, 185
Relaxation time, 324
Repetition rate, 336
Repitition rates, 119
Residual heat, 179
Residual stress, 42, 163
Resistance, 10
Resistivity, 28
Resolidification, 170
Resonant absorption, 6
Resonant tunneling diodes, 53
Reversible capacity, 336
Rhodamine 6G, 264
Robotic arms, 8
Rutile phases, 138

S
Sacrificial layer, 163
Salmon sperm DNA, 278
Scaffold, 267
Scaffold molecule, 57
Scaling behavior, 8
Scaling law, 6, 8
Scaling of nanomaterials, 1
Scanning force microscope, 114
Scanning Near-field Optical Microscope

(SNOM), 113
Scanning Probe Microscope (SPM), 113
Scanning tunneling microscope, 119
Scanning Electron Microscopy (SEM), 166,

323
Scanning near-field optical microscope, 60
Scanning speed, 123, 296
Scattering force, 45
Scattering light, 10
Self-organized, 333
Self-organized structuring, 313
Semiconductors, 2
Sensor, 277, 290
Separator materials, 315
SERS, 142–144, 146–148
Shadowgraphy, 137, 287
Shockwave, 42, 287
Shot peening, 167
Silicon, 315
Silicon channels, 296
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Silicon-doped graphite, 315
Silicon oxide micro-sphere, 122
Silicon SPM cantilevers, 121
Silver, 12
Single-cell detection, 248
Single-crystal elastic stiffness, 166
Single crystals, 185
Single-molecule detection, 142
Single-photon reduction, 38
Single-temperature model, 33
Sintered structures, 296
Sintering, 1
Sintering process, 311
Sintering processing, 28
Sintering temperature, 26
Size effect, 1
Skin cell lines, 291
Skin cells, 278
Skin depth, 3
Slit, 252
Solar cells/photovoltaics, 288
Solar energy harvesting, 25
Soldering/brazing, 51
Solid electrolyte, 305
Solid electrolyte interphase, 331
Solid-phase LIFT, 283
Solid-phase printing, 275
Solid oxide fuel cells, 306
Solid-state bonding, 51
Solid-state diffusion, 26, 52
Solid-state molecular transistor, 53
Solid structures, 286
Solid thin film, 286
Spatial resolution, 114
Spatial confinement, 11
Spatial harmonics, 318
Spatiotemporal beam shaping, 252
Specific heat capacity, 34
Spin coating, 122
Spin coated devices, 289
Spin-coating, 276
Splitters, 252
sp-bonded carbon chains, 42
s-polarization, 124
Sputtering, 276
Stacked electronics, 297
Standard lithography, 314
State-of-Health, 337
Stem cell therapy, 291
Stimulated emission depletion, 60
Stimulated emission depletion (STED)

manufacturing, 60
Stress amplitudes, 169

Stroboscopic schlieren imaging, 287
Structuring, 97, 313
Sub-nanometer scale, 12
Subtractive, 249
Subwavelength surface nanostructuring, 113
Superhydrophobicity, 94
Super-resolution manufacturing, 1
Super-resolution processing, 2
Surface-acoustic wave, 290
Surface area, 307
Surface-area-to-volume ratio, 292
Surface atomic mobility, 7
Surface atoms, 6
Surface diffusion, 26
Surface engineering, 1, 75
Surface enhanced raman, 142
Surface functionality, 77
Surface functionalization, 140
Surface melting, 26
Surface modification, 25, 163
Surface morphology, 166
Surface plasmon excitation, 1, 143
Surface plasmon polaritons, 12, 19, 318
Surface plasmon resonance, 140
Surface plasmons, 11
Surface processing, 2
Surface roughness, 320
Surface tension, 44, 51
Susceptibility, 45
Swagelok®cel, 338

T
Tappered fibre, 114
Tapping mode, 122
Telecommunication, 10
Temperature fields, 296
Tensile strength, 320
Terahertz time-domain spectroscopy, 305
Tetrahedral carbon, 42
Texturing, 317
The ablation threshold, 4
The Archimedean method, 311
The Arrhenius law, 7
The Boltzmann constant, 47
The cut-off diameter, 16
The damage threshold, 32
The Debye screening length, 49
The depletion light, 61
The depth of craters, 123
The diffraction limit, 113
The Drude approximation, 4
The electromagnetic properties, 9
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The evaporation temperature, 37
The frequency of electron plasma, 4
The geometric factor, 45
The heat capacities, 141
The Hugoniot elastic limit, 179
The hydrogen production rate, 156
The infrared radiation, 120
The Kelddysh parameter, 4
The Kröner model, 166
The laser energy absorption efficiency, 140
The lattice, 4
The lattice temperature, 36
The Loranz-Drude approximation, 4
The optical diffraction limit, 58
Theoretical capacity, 331
The oxidation temperature, 37
The penetration depth, 12
The pulse-to-pulse distance, 165
The refractive index, 3
The Reynold number, 9
Thermal effects, 119
Thermal equilibrium, 119
Thermal expansion, 120, 123
Thermal expansion coefficient, 121
Thermal accumulation, 28
Thermal conduction, 23
Thermal conductivity, 35
Thermal coupling, 36
Thermal damage, 164
Thermal decomposition, 295
Thermal diffusion, 36
Thermal energy, 34
Thermal equilibrium, 33
Thermal evaporation, 276
Thermal gradient, 49
Thermal heat transfer, 6
Thermal impact, 315
Thermal Induced Nozzle-LIFT, 296
Thermally-affected zone, 36
Thermal oxidation, 87
Thermal reduction, 291
Thermal scanning probe lithography, 114
Thermal sintering, 297
Thermal treatment, 251
Thermodynamic conditions, 136
Thermodynamic state, 135
Thermograms, 107
Thermomechanical modifications, 119
Thermomechanical phenomena, 114
Thermomechanical steady state, 119
The saturation magnetization, 45
The scaling law, 44
The scattered Raman field, 143

The second harmonic, 149
The self-cleaning effect, 75
The size effect, 44
The solid–liquid interface, 136
The Stefan-Boltzmann constant, 34
The surface plasmonic excitation, 4
The thermal neaar-field emission, 120
The tip-sample distance, 123, 127
The torque, 45
Thick film electrodes, 314
Thin-film passivation, 313
Three-dimensional (3D) cell architectures,

313
Time-resolved imaging, 284, 285
Time-resolved microscopy, 284
Time-resolved reflectivity, 6
TiO2, 138, 140–142, 149, 153, 154, 157
TiO2paste, 282
Tip-enhanced Raman Scattering, 116
Tip temperature, 119
Tip thermal expansion, 120
Tissue engineering, 298
T-junctions, 252
Titration, 327
Transduction mechanisms, 290
Transfer mechanism, 293
Transistors, 51
Translation motorized stage, 41
Transmission electron microscope, 166
Transmission line modeling, 309
Transmittance, 3
Transparent dielectrics, 185
Transparent material, 2, 248
Triazene polymers, 277
Triple-phase boundaries, 307
Tungsten tip, 44
Tunneling current, 123
Tunneling ionization, 4
Two-beam, 316
Two-dimensional (2D), 314
Two-dimensional layers, 306
Two/multiphoton reduction, 38
Two-photon absorption, 59, 119
Two-photon polymerization, 124
Two-photon direct writing, 59
Two-photon polymerization, 59, 62, 251
Two-temperature diffusion model, 29
Two-temperature model, 29, 33

U
Ultrabroadband, 98
Ultrabroad spectrum, 78
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Ultrafast laser, 2, 77
Ultrafast phenomenon, 6
Ultrafast pulsed laser, 1
Ultrashort pulses, 287
Ultrasonic peening, 167
Ultraviolet laser, 306
Ultraviolet light, 28
UV photolysis, 275
UV–VIS-NIR spectrum, 95
UV–Vis spectrophotometer, 150

V
Valence-band population, 6
Valence electrons, 6
Vanadium oxide film, 122
Velocity, 8
Vertical cavity surface-emitting lasers, 296
Visible light, 157
voids, 170
Voltage, 10
Voltage loss, 328
Volume, 8
Volume expansion, 163
Volumetric heat capacity, 35

W
Waveguide-based devices, 185
Waveguides, 51
Wearable electronics, 2
Weight, 8
Wet chemistry, 134

X
X-ray diffraction, 144
X-ray diffraction patterns, 309
X-ray photoelectron spectroscopy, 152
X-shaped channel, 256

Y
Yttria-stabilized zirconia, 305

Z
Zebrafish, 152
Zeolites, 149
Zeta potential measurements, 150
Zinc ferrite nanoparticles, 149
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