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CHAPTER 1. Introduction

1.1 Femtosecond Laser Ablation

Laser ablation (LA), in the broadest sense, is the process of removing material from a target
sample by irradiating it with a focused laser beam. It is more common to utilize pulsed lasers for
the LA although it is possible to accomplish ablation with continuous wave (CW) lasers if the
intensity is high enough [1]. The ablation process is achieved by the interaction of the laser and
target material in which the photon energy is absorbed and then converted to thermal or
photochemical energy. The ablation is activated above the threshold laser fluence that depends on
various factors such as target material properties, photon absorption mechanism, surface
morphology as well as the laser parameters, e.g. wavelength and pulse width. The threshold may
also decrease due to defect activated ablation when the irradiated zone is affected with an extended
period of time. The amount of materials removed also depends on the laser fluence, pulse duration,
number of pulses applied, laser wavelength, and the material properties of the target sample. In
general, the material removal depth per pulse can be estimated by laser fluence and absorption

coefficient and is governed by the Beer-Lambert’s law [2]:
-1 F
Dabl =a ln(F_) (11)
th

where Dapsis the ablation depth per pulse, «a is the absorption coefficient of the target material, £
is the actual laser fluence applied, and F is the threshold laser fluence.

Albeit the dependence of ablation mechanisms on the inherent material property and laser
source parameters, laser fluence and pulse duration have been widely used to gauge the distinct

material removal characteristics. Thermal energy plays the crucial role when the pulse duration is



long enough regardless of the value of laser fluences above the ablation threshold. The irradiated
zone of target material typically evaporates or sublimates at relatively low laser flux and may alter
the composition of existing material if it consists of multiple substances. At high laser flux, swift
movement of vapor bubbles and the phenomenon of nucleation generate chunks and fragments
from the target [3]. In the case that the pulse width is short enough so that the surrounding area of
laser affected zone (LAZ) is not thermally affected, photochemical ablation process, such as
Coulomb explosion, becomes dominant. In this regime, direction ionization plays the major role
that generates bright plasma resulting in chemical bond breaking and removal of ions due to
Coulomb repulsion from the sample surface followed by the ballistic removal of neutral particles
on the ultrashort (e.g., ~picosecond for semiconductors) time scale [4]. In the ablation process,
whether in air or liquid-assisted environment, an apparent plume can be observed in the region
with the laser irradiation that may contain the removed fragments from the target material. At high
laser flux, most of the fragments are directly ionized, therefore the plume is represented by the
bright plasma. After the absorbed energy is released or dissipated, the material pieces in the plume
solidify and then nanoparticle clusters form on the surface. In the case that the target material is
ablated in liquid, the by-product of nanoparticles may float onto the liquid surface and the cleaner
surface after the processing is obtained.

As a matter of fact, the interaction of laser and target material is complex and can include
surface melting and thermally related processes in addition to the ablation, that causes irreversible
changes to the sample surface morphology, texture, chemical structure and composition. However,
under some processing conditions for the given material, some material removal mechanism
becomes dominant. Therefore, precise control of final processed features and structures and thus

the desired properties can be accomplished if appropriate laser parameters and ablation



environment are used.
1.1.1 Overview of Physics of Pulsed Laser Ablation

Laser ablation usually refers to removing material with a pulsed laser beam due to the high
peak power and significantly reduced thermal effects induced. The typical pulse duration is in the
range of naonosecond (~107 s) to femtosecond (~107° s), and this laser parameter has a significant
effect on the ablation mechanism. Ultra-short pulsed laser with duration of several picoseconds or
femtoseconds in general has no effect on the lattice since the removed material in the irradiated
zone has less time to transfer the energy to its surrounding area hence the thermal effect is minimal.
As a result, the irradiated zone is precisely defined with given laser parameters and material
properties since the heat affected zone is greatly limited [5]. However, the longer pulse length that
exceeds the target material’s thermal relaxation time (~ nanoseconds) generates residual thermal
energy that is spread to the surrounding area of the irradiated zone leading to low-quality ablation.
Figure 1.1 illustrates the pulse duration, peak power intensity and the peak-to-peak time that is
inverse of the pulsed laser repetition rate. Pulse width is defined as the duration of the pulse at full

width at half maximum (FWHM).

Pulse width FWHM
+ '-i— Peak

time

p-t-p time



Figure 1.1 Pulse width, peak power, and peak-to-peak time of periodic laser pulses [6]

While the laser and solid material interaction is complicated, it generally involves the
following steps. First the laser energy with photons of which the energy is above the material’s
band gap (unless impurity states or multiphoton absorption exist) is absorbed by free electrons due
to inverse bremsstrahlung [7], then the thermalization within the electrons and energy transfer to
the lattice occur followed by the phonon energy loss with the heat dissipated in the target material.
With the assumption of fast thermalization in the electrons, electron temperature Te and lattice
temperature T;, the energy from the laser to the target sample can be determined by the one

dimensional, two-temperature diffusion model [8]:

aT, _ 2Q(2) _

Comi=—=2—v(T.—T)+S (1.2)
2= y(T, - T)) (1.3)

Q) = —k.(52) (14)

S = I(t)Aae** (1.5)

where z is the direction perpendicular to the target sample surface, Q(z) is the heat flux along z,

S is the laser heating source term, I(t) is the laser intensity, A is the target surface transmissivity,
a is absorption coefficient of the target sample, Ceand C;are the heat capacities per unit volume
of the electron and lattice subsystems, respectively, v is the term describing the electron-lattice
coupling, and ke is the electron thermal conductivity.

As can be seen, the first two equations describe the cooling characteristics over time for electrons
and lattice, respectively, that is responsible for the phonon energy transfer and is related to the
material’s inherent thermal property [9]. Rearrange the equations (1.2) — (1.4), the following

equation can be obtained:



T, 92T, oT; _
Ce F = ke (ﬁ) - Ci F + I(t)Aae az (16)

Electron heat capacity is much smaller than that for the lattice, and thus the electron cooling
time that is proportional to its heat capacity is much less than the lattice thermal response time.
The laser pulse width with its relation to the electron and lattice thermalization time has a major
impact in the underlying ablation mechanism. With the typical range of electron and lattice heating
times for solid materials, the three distinct regimes in terms of the laser pulse duration for different
ablation dynamics can be defined: nanosecond, picosecond and femtosecond [8].

Nanosecond Pulsed Laser

Pulsed laser in the nanosecond scale has been used in various applications such as
nanomaterial fabrication [10, 11] and material ablation [12]. For materials with long thermalization
time such as certain polymers and bio-materials, photochemical ablation can be achieved with
nanosecond pulsed lasers with negligible heat affected zone [13]. However, nanosecond pulses are
too long to yield high-quality features on materials such as metals, most semiconductors. In such
case, the electrons and lattice will reach the same temperature, i.e. Te= Ti= T since the laser pulse
is much longer than the lattice heating time (tp >> ti) [14], therefore Eq. (1.6) can be reduced and

rewritten as

G2 =k (35) + lae™ (L7)
where I(t) = lois constant, | = lpA.

In the regime of nanosecond pulses, the laser irradiated zone and its immediate surrounding
area are heated and then melted leading to material vaporization, hence most energy is lost in form
of heat spread into the sample. In addition, the overall ablation penetration depth is largely

determined thermally rather than optically [15]. The melted layer on the sample surface will form

as the phonon energy transfers to other areas [8] which makes nanosecond laser not suitable for



applications demanding high-resolution and precise features [15].
Picosecond Pulsed Laser

Ablation process with picosecond pulsed lasers (1-100 ps) lies in the transitional state from
thermally activated material removal with nanosecond pulses to direct multiphoton ionization
based damage with femtosecond pulses. In this regime, it is assumed the laser pulse width is
between the electron and lattice thermalization times, i.e. te << 1p << 71j, therefore most of the
photon energy is absorbed by the electrons with only small amount of thermal energy transfer into
the lattice. Unlike the case of nanosecond laser, the electron temperature is greater than the lattice
temperature in this regime. Due to the fact that electron thermalization time is much shorter than

pulse width, electrons reach a thermal equilibrium, hence the Eq. (1.6) can be rewritten as [8]

9°T, _
ke (52) = ¥(T. = T) + lae™% = 0 (1.8)
1 ot 28
Ty == [ T.(6)e * df+T, (1.9)

where To = Te(0) is the initial temperature.
When also considering the condition of t << 1;, i.e. the pulse width much shorter than the
lattice thermal relaxation time, Eq. (1.9) can be further simplified due to the quasi-stationary state

of the electron temperature. Furthermore, neglecting the constant To, we obtain [8]
_t .
T, =T, (1 —e Ti) ~ :Te (1.10)
l

In the picosecond scale, the electron temperature is much higher than that of the lattice,
hence the lattice temperature Tiin Eq. (1.8) is negligible. If the electron cooling is caused by the

energy transfer to the lattice, i.e. keTea? << yTe, then from Eq. (1.8) and (1.10), we obtain [8]

I _ F _
T, ~ 7"‘e az T; zfe az (1.11)

Femtosecond Pulsed Laser



In the regime of femtosecond laser, the pulse duration becomes shorter than both the
electron and lattice thermalization times, i.e. Tp << Te and 1p << 7;. In such situation, it is assumed
that no electron-coupling occurs during the ablation process and thus the thermal energy transfer

between the electrons and the lattice is negligible. Then Eq. (1.2) can be reduced to [8]:

€5 (2%) = 2laee (1.12)
which yields
T.(t) = \/TOZ + Lpemar (1.13)

Since no thermal conduction into the target material occurs, the target temperature after the

laser pulse ends can be described as [16]

T(z,7,) = %e‘“z (1.14)

where F_is the laser pulse fluence, p is the mass density of the target, c is the specific heat.

The ablation depth per laser pulse for femtosecond laser is given by [8, 17]
L ~ a ln(E%) (1.15)
Ftn

where F is the laser fluence threshold and F, is the applied laser fluence. As can be seen, ultrashort
laser pulses has predictable ablation results compared with longer ones affected by various factors,
indicating ultrashort pulsed laser is the better candidate for ablation with minimal collateral

damage and precision micromachining.

1.1.2 Introduction to Femtosecond Pulsed Laser
Since the inception of the laser in the 1960s, the field of laser ablation has been growing
rapidly. Traditionally nanosecond pulsed lasers were used extensively for various applications

including ablation and microstructure machining, however, nanosecond pulses gradually are not



able to meet the demands of high-quality, high-resolution microstructure fabrication or precise
cutting from such industries as microelectronics and biomedical sector due to the high thermal
effect. Moreover, the peak intensity of traditional laser sources is not high enough for some
applications requiring ultra-high power to ablate hard materials. This is where femtosecond (fs)
pulsed laser comes into play.

A fs pulsed laser generates optical pulses with duration of less than 1 picosecond in the
realm of femtoseconds (10%° s) which is usually referred to as ultrashort pulses. Over the last two
decades, the rapid development of fs lasers has spurred various new applications in science,
research and industry. Unlike the nanosecond pulses, fs pulsed laser almost causes no thermal
damage to the surrounding area of irradiated zone. For a given material, energy above its atom’s
binding energy must be applied in order to remove it, therefore it is required to generate higher
peak intensity for shorter pulse width to remove same number of atoms from a given material. For
instance, the laser intensity for a 200fs pulse should reach ~10*® W/cm? [18] to initiate the ablation
process for fused silica whereas only ~10% W/cm?is required with 28ns pulses [19]. At such a high
laser intensity, almost all atoms within the irradiated zone are ionized as soon as the laser beam is
applied. The energy is then absorbed by the free electrons regardless of the target material
properties making fs laser suitable for ablating almost any solid materials.

The increase of laser peak intensity reached its bottleneck for decades after the early
development of the laser system. However, this problem was resolved by the groundbreaking
invention of chirped pulse amplification (CPA) for lasers by Donna Strickland and Gé&ard Mourou
at the University of Rochester in the mid-1980s [20]. With the technique of CPA, a laser pulse is
first stretched in time by a large factor prior to sending it to a specifically designed gain medium

where the stretched pulse with much lower intensity is again amplified by more than six orders of



magnitude [21]. In order to achieve ultrashort laser pulse with much higher peak intensity, the
amplified laser pulse is recompressed back with equal pulse duration with the original one. A

simple illustration of this process is shown in Figure 1.2.

A M A\
Femtosecond Pulse Laser Pulse
oscillator stretcher Amplifier Compressor

Figure 1.2 A schematic diagram for the steps of chirped pulse amplification (CPA)

technique [22]

The fs laser system has been used widely in both research and industry and has been greatly
improved over that last two decades giving rise to more cost-effective and user-friendly laser
systems that can be controlled effortlessly by computers. It has been used in a plethora of
applications that nanosecond lasers can or cannot achieve, including the nanoparticle preparation
[23], thin film deposition [24, 25], machining of functional microstructures [26-28], and analytical
chemistry [29].

1.1.3 Ablation Mechanism of Femtosecond Pulsed Laser
The material removal process from solids occurs when a pulsed laser with energy density

higher than the ablation threshold is focused onto the sample surface. In the regime of nanosecond
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pulses, the duration of pulses is too long so that the thermal energy is spread into the bulk, and the
ablation process occurs simultaneously with the pulse. However, since the fs laser pulses are
shorter than the electron and lattice thermalization times, the material removal typically occurs
after the ultrashort pulses. In general, fs laser has the advantage of precise micromachining and
minimal thermally induced damage. It can be thought that the light-matter interaction is frozen in
the duration of an ultrashort laser pulse. At high laser intensity, fs laser ablation process is
accompanied by a highly directed bright plasma above the irradiated zone that transforms from
solid to vapor and plasma due to the extreme local temperature.

Depending on the value of laser intensity, fs laser pulses possess two ablation mechanisms,
namely the Coulomb explosion that occurs quickly after the laser pulse and thermal vaporization
that has long latency after the laser pulse applies [4]. When the fs laser has a relatively low intensity
above the given target material’s ablation threshold, Coulomb explosion is the main mechanism
in which the outer valence electrons are excited by laser energy higher than the band gap, and then
extracted from their atoms, leaving the positively charged ions. If the binding energy of ions is
exceeded, the created electric field will extract the ions out of the target materials as well [30]. The

ablation depth can be described as [31]
L= 6ln(FSFﬁ) where § = a~1 is the skin depth (1.16)
th

However, thermal vaporization dominates the ablation mechanism if the input laser intensity is

much higher than the threshold, and the ablation depth can be described as [31]
Fq
L= lln(w) where | = 1/D’l'p (117)

I is called the electron thermal diffusion length, D is the thermal diffusivity, an intrinsic property
of the target material, tp iS the pulse width. The thermal diffusion length can be construed as the

distance the energy can spread for a given target material with thermal diffusivity of D in the
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duration of pulse irradiation.

Figure 1.3 (a) and (b) shows an example of comparison of craters processed by fs and ns
laser pulses, respectively [30]. As can be clearly seen, the holes formed by fs laser ablation is much
cleaner, smoother with well-defined edges, whereas the one processed by ns laser shows severe
collateral thermal damage and irregularities around the crater due to the resolidification of splashed

melt layers [8].

Figure 1.3 Laser ablation craters in a 100 pm thick steel foil with (a) 200 fs, 780 nm and 120 Lu;
and (b) 3.3 ns, 780 nm and 1 mJ laser pulses [30]

The amount of laser energy needed to achieve the ablation process depends on the intrinsic
properties of the target materials. For example, for metals, the optical absorption is usually
achieved by the free electrons that abundantly exist. In semiconductors, the electrons absorb the
energy and are excited to conduction band if the laser energy is greater than the band gap.
Therefore, linear absorption (single photon absorption) is dominant in metals and semiconductors.
In dielectrics, however, band gap is usually larger than the photon energy, therefore no energy
absorption occurs in the stationary state, in such case nonlinear absorption such as multiphoton
absorption of optical energy becomes the main mechanism [32]. Figure 1.4 (a) and (b) depict the

single and multiphoton absorption processes in materials with band gap, respectively [33]. In
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multiphoton absorption, multiple photons are absorbed by the material with band gap greater than
the energy of a single photon resulting in the excitation of an electron which occurs when
extremely high density of photons are incident on the target material simultaneously. It can be
viewed as the electron being excited by photons via virtual states and eventually reaching the
conduction band. This process can be easily realized by the fs laser pulses due to the ultra-high

peak intensity.

Single-photon absorption Multi-photon absorption
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Figure 1.4 Photon absorption mechanisms in solid materials with band gap by (a) single

photon absorption and (b) multiphoton absorption [33]

1.1.4 Femtosecond Laser Sources
Various types of laser sources for material processing have been developed for generating

ultrashort laser pulses (less than several picoseconds), however, they can be broadly divided into
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two groups: solid-state lasers and fiber lasers.
Solid-State Lasers

Solid-state pulsed lasers are used widely nowadays in laser cutting, welding, drilling,
scribing and micromachining. The typical gain media used in solid-state pulsed lasers are
Titanium-doped sapphire (Ti:Sapphire), Ytterbium-doped yttrium aluminum garnet (Yb:YAG),
Ytterbium-doped potassium gadolinium tungstate (Yb:KGW), Ytterbium-doped potassium
yttrium tungstate (Yb:KYW).

Ti:Sapphire is a common transition-metal doped gain medium with broad spectra for fs
pulsed lasers. Since it was invented in 1986 [34], it has gained popularity in the application of
ultrashort laser pulse generation and is the most common material for making commercial tunable
lasers in the range of 660nm to 1180nm [35]. Ti:Sapphire is capable of generating pulses of several
femtoseconds through Kerr-lens modelocking and has high saturated fluence. The other three types
of solid-state lasers are relatively more compact and more cost-effective. The Figure 1.5 shows an

example of Ti:Sapphire ultrashort pulsed laser system which has relatively large size [36].

CPA-Series 3

Figure 1.5 CPA-Series Ti:Sapphire Ultrashort Pulse Laser from Clark-MXR, Inc [36]

There are also some other improvements to the components of solid-state lasers that offer
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many advantages. For example, Saturable absorber mirrors based on quantum dots (QD’s) were
developed with short-time response leading to higher repetition rates [37], and the saturable
absorbers have been made of carbon nanotubes [38] and graphene [39] enabling broad wavelength
range to mid-infrared regime.
Fiber Lasers

Fiber laser has also been widely used in research and industry since the early research in
this field in 1980s, due to the advantages of small size, high stability, fast heat-dissipation
capability and possibility of pumping with laser diodes. At early days Er*®ions were typically used
as the dopant for the silica fibers with working wavelength of 1.55 pm which is a good candidate
in the telecommunication applications, however more rare elements such as Yb*3 [40] and Ho*®
[41] have also been used in fibers with different working wavelength. Either active or passive
mode locking is employment to generate the fs pulse lasers. The commercially available Yb-
doped-based fiber lasers with silica fibers as the gain media has the wavelength of around 1.03
pm.

A simple type of Er-doped fiber laser is shown in Figure 1.6 [42]. The initial low-intensity
laser is generated from the semiconductor laser diode, a saturable absorber mirror is placed before
the dichroic coupler as a passive mode locker. Then the laser is pumped by the erbium-doped fiber

and eventually is transmitted out of the doped fiber as the output.

erbium-doped
fiber
S80-nm dichroic 1535-nm
pump light coupler output
—_— 7} T J/‘ —

: reflecting
SESAM splice fiber end

Figure 1.6 A simple illustration of an erbium-doped femtosecond fiber laser [42]
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1.2 Femtosecond Laser Micromachining

Laser micromachining is one of the prominent applications of pulsed laser ablation that
revolutionized the precision manufacturing industry. It is a contactless and direct-writing
technique in which a laser beam is focused on a target sample usually placed on a motion stage.
The laser beam can be focused into the material if it is transparent for the given laser wavelength.
With the precise control of the movement of the motion stage, the irradiated area is either removed
or influenced with material properties altered therefore the desired features are achieved. In
contrast to most other micromachining methods, short pulsed laser micromachining is an ideal
candidate in applications demanding ultra-precise defined patterns, flexibility in machining of 3D
structures and choice of target materials as well as minimal impact to the environment.

Femtosecond (fs) laser micromachining, also referred to as ultrashort pulsed laser
micromachining (pulse duration tp < 1 ps), has drawn tremendous attention from scientists and
manufacturing industry. As mentioned in Section 1.1.3, fs laser ablation results in high-quality,
clean features whereas the nanosecond counterpart induces apparent thermal damage on the edges
which is attributed to their ablation mechanisms. With CPA technique, the amplified laser pulses
are re-compressed back to the fs regime making the pulse peak power reach the order of petawatts
(10W). With such high peak power and thus photon density, the ablation process can be initiated

for almost any solid materials via either linear or nonlinear absorption.

1.2.1 Background

It is not a secret that our daily life has intertwined with high-tech products such as smart
phones, tablets and GPS navigation systems. These devices cannot function without their
numerous components, for example CPU, wireless network adapters, accelerometers, motion

sensors and so on. Due to the trend of compact electronic devices, miniaturization of all these
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components is inevitable leading to rapid development of micro- and nanotechnology. In fact, the
micro-components are not only utilized in the handheld personal electronic devices, but also in
equipments of all sizes demanded by scientific research and industry. In addition to the
conceptualization and design of the aforementioned components, it is imperative to develop
suitable manufacturing techniques in order to realize the actual products. While manufacturing
techniques such as photolithography, chemical etching etc. are used extensively in the
microelectronic device manufacturing, they become infeasible in the manufacturing application of
critical components with complex 3D structures. As a result, various micromachining approaches
have been conceived and developed to meet this demand that that are the foundation for Micro-
Electro-Mechanical-Systems (MEMS).

Conventional micromachining usually refers to micro-cutting technique via turning,
milling or drilling with a cutting chip harder than the intended target materials installed on a
precision cutting machine [43]. The main feature of the conventional micromachining techniques
is that the cutting tool has the physical contact with the workpiece and they have been used to cut
various materials including copper [44], stainless steel [45] and silicon [46]. While these direct-
contact machining methods are still used in some applications due to the advantages of low cost
and simple setup, they are posing some challenges. The brute force and thus mechanical pressure
on the target material induced by the cutting tool can cause wear or even crack in the surrounding
area of cutting zone to certain hard and brittle materials. Furthermore, the cutting mechanism
determines that they are not appropriate when machining materials harder than the cutting tools.

In contrast, unconventional micromachining techniques achieve the material removal by
means such as electrical, optical, thermal, chemical and mechanical energy rather than physical

contact force with the machining tools. While the tools employing these techniques are usually
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much more costly than conventional ones, the advantages of less contact-induced crack and wear,
and the versatility in machining wider range of materials justify their usage. Examples of some
widely used techniques are electron-beam machining that removes the affected area of the target
material by a flux of high-speed electrons thereby generating heat and vaporizing the sample [47],
photochemical machining that is a chemical mill process with the help of UV-sensitive material to
etch target materials [48], and water jet machining that utilizes a jet of water with high speed and
pressure to shape the target samples [49]. In addition, Electrical Discharge Machining (EDM) and
Electrochemical Machining (ECM) are also two unconventional machining techniques capable of
processing most hard materials that electrically conductive.

In EDM, electrical energy in electrode is used to generate sparks that in turn induces
thermal energy that eventually the affected zone in the target materials is washed away by the
dielectric fluid. Figure 1.7 illustrates the basic setup of an EDM machining system [50]. The
workpiece is placed on the table of the machine tool and the electrode is installed as the tip of the
tool. An automated motion stage can precisely position the electrode so that the desired work zone
is placed near the electrode. During the operation, the sample is placed directly below but never
touches the electrode followed by an electrical spark to transfer from electrode to the material via

ionization of the dielectric fluid.
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Figure 1.7 Diagram of the operation principle of Electrical Discharge Machining (EDM)
process [50]

The ECM works similarly as the EDM in that strong current is passed from the tool to the
workpiece through the electrolytic material followed by the dissolution of the target material
locally. The electrolyte, generally a concentrated salt solution, is pumped at high speed through a
gap to remove the debris and dissipate the generated heat [51]. The advantages of ECM compared
with EDM are minimal thermal or mechanical stresses applied on the workpiece and less tool wear,
hence high-quality surface finish can be accomplished.

The techniques described above rely on the electrical power to achieve the material
removal. While there are extensive applications with these machining methods, drawbacks still
exist due to the inherent working mechanism based on the electron system. Due to the heat
generated by the electron beams, the heat affected zone (HAZ) is still considerable (several
microns or more) in the realm of ultraprecision micromachining. Moreover, as charged particles,

electrons inevitably induce, although small in macroscopic view, attractive or repulsive forces



19

described by Coulomb’s Law which may negatively affect the results required by ultraprecision
micromachining as well. Consequently, recently more research has been directed toward photon-
based micromachining scheme, i.e. pulsed lasers, that ameliorates those problems substantially.
The options of pulsed lasers are highly flexible in the range of wavelengths (UV to IR), pulse
duration (fs to ms), peak power (up to petawatts) and pulse repetition rates (one pulse to MHz)
which should be considered thoroughly for desired applications.

Femtosecond laser micromachining has emerged as a powerful method for advanced
material processing and remains the laser machining technique with the shortest pulses on the
market. It was first demonstrated in micromachining structures on fused silica [52]. As explained
in Section 1.1.3, the nonlinear absorption process due to high peak pulse intensity and the minimal
collateral damage due to ultrashort pulse width make it the ideal choice for ultraprecision ablation
and micromachining any solid substance, despite its relatively lower speed of removing bulk
materials. In the past two decades, it has been used to manufacture novel devices and structures in
a wide range of applications in photonics, electronics, biomedical, micro- and nanofluidics among

many others.

1.2.2 Experimental System

The tools and components used in a femtosecond laser machining system are quite delicate
and sensitive to the ambient environment, therefore it is indispensable to carefully choose, install
and tune them in the correct way. In addition, in order to meet the goal of high-quality micro-
manufacturing for desired materials, it is mandatory to pay meticulous attention of various laser
parameters as well such as wavelength, average power, repetition rate, laser fluence, pulse

duration, laser beam focus. During the operation of machining process, the relative moving speed
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between sample and the laser beam is also a crucial factor for the quality of the final structures.
Figure 1.8 shows an example of experimental setup for the fs micromachining system [53].
The output of fs laser source travels through the half-wave plate shifting its polarization direction
by 90< then the polarizer selecting only laser light with predefined polarization followed by a
pulse shaper that manipulates the pulse shapes. These 3 components are used in applications
requiring specific polarization and pulse shapes and are not the required components for the most
basic machining system. The laser beam is then directed to a dichroic mirror that has high
transmittance for the fluorescence light, but high reflectance for the fs laser beam. Therefore, the
lamp light with sample imaging information can be transmitted up to the CCD enabling us to
monitor the machining process on a computer screen, whereas the laser beam is mostly reflected
and directed toward sample surface. An objective lens with some magnification and aperture is
used to tightly focus the laser beam to further increase the power density. Depending on the desired
micromachining environment, a vessel may or may not be needed. It is usually placed to
accommodate the target sample immersed in a liquid, i.e. the liquid-assisted laser micromachining
that could clean the ablated debris and/or induce chemical effect on the sample material. To
maintain the continuous ablation on the workpiece, a positioning stage on which the sample or
sample holder is placed should be employed that can move the workpiece in different directions.
The stage is usually manipulated by a multiple-axis motion controller connected to a computer to
achieve automation by software programs which enables micromachining with possibility of

various structures restricted merely by imagination.
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Figure 1.8 Schematic diagram of an example experimental setup of the fs laser

micromachining system. HWP denotes half-wave plate; P denotes polarizer; R denotes reflector.

(extracted from [53])

1.2.3 Advantages of Femtosecond Laser Micromachining

Femtosecond laser micromachining is endowed with unique advantages due to the inherent
properties and distinct laser-matter interaction mechanisms from those of longer pulsed lasers for
the fs laser pulses. With the CPA technique, ultrashort laser pulses possess very high pulse peak
intensity, while in the meanwhile have minimal heat-affected zone due to the ultrashort pulse
duration. The cost of the fs laser sources is also declining thanks to the mass production and
continuing reduced cost of essential components thereby making fs laser system a highly

competitive alternative on the market.

Insusceptibility to Materials
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Femtosecond laser pulses possess very high peak power and nonlinear photon energy
absorption process can occur in the case that the energy of a single photon cannot excite the
electrons to the conduction band, therefore the dielectric materials with high band gap and
ultrahard materials with quite high melting point can easily be ablated by fs pulses. Femtosecond
pulsed lasers have been demonstrated to ablate ultrahard and high bandgap materials such as
diamond [54], metals with high melting point such as tungsten [55], semiconductors such as silicon
[56], polymers such as poly(e-caprolactone) (PCL) and poly (glycolic acid) (PGA) [57].
Theoretically, virtually any materials can be machined by the fs pulsed lasers.

Normal Ambient Condition

Since the fs laser micromachining is a maskless, contactless, direct-writing process to
accomplish desired microstructures with no requirements of special ambient light, extra material
such as photoresist and chemicals, the entire system can be placed in a normal lab and thus there
is no need for stringent environment, clean room for example. This in turn greatly reduces the
operating cost for the system and also manifests the fact that it is environmentally friendly as well.
Suppression of Heat-Affected Zone

Femtosecond laser micromachining can be considered non-thermal process, in sharp
contrast to that with long pulses. The pulse width of a fs laser is much less than the minimum time
it takes for the thermal wave to propagate into the lattice of the bulk materials. However, the
electrons can be heated up relatively faster causing almost no HAZ surrounding the irradiated zone
resulting in high-quality machined structures. This even applies in the case of materials with high
thermal conductivity [33]. As can be evidenced from Figure 1.3, the crater created by fs laser
ablation presents a smooth edge and steep wall whereas the one created by ns counterpart has

apparent collateral damage at the edges.
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Nanoscale Precision [33]

Since the propagation of thermal energy into the lattice is negligible, the spatial resolution
achievable for fs laser micromachining theoretically better than longer pulses assuming they
possess same wavelengths. Moreover, micromachining spatial resolution can be further improved
if only the central part of a pulse is above ablation threshold in which case the machined laser spot
size becomes smaller than the laser spot. With the unique nonlinear multiphoton energy absorption,
the spatial resolution can be even improved further since the distribution of the absorbed energy
becomes narrower as the order of the absorption increases due to the fact that the effective
absorption cross section for n-photon absorption is proportional to the n' power of the original

laser intensity. The effective beam size o for n-photon absorption can be described as

_ @
w= % (1.18)

where o is the laser spot size determined by the diffraction limit. As can be seen, multiple factors
collectively contribute to the capability of nanoscale precision for fs laser micromachining. In
reality, however, unstable fs laser output makes fabrication with such high resolution difficult
therefore diffraction limit still plays a role in achievable precision.
Energy-Efficient

Femtosecond laser micromachining is efficient in terms of energy consumption as almost
no thermal energy transport to the lattice occurs. Quite recently researchers further increased the
material removal efficiency by an order of magnitude over previously used laser parameters
through ultrafast bursts of laser pulses making ablation cooling possible, that in turn lowers the
pulse energy required to activate ablation [58].
1.2.4 Applications

The unique ablation mechanisms and the distinct advantages of fs laser micromachining
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described in the preceding section paves the avenue for realizing a wide range of applications that
have been demonstrated by numerous researchers and in countless commercial products. In
addition, the development of more user-friendly fs laser machining tools facilitates the more
acquisition of those instruments in research labs and fabrication facility in the manufacturing
industry.

Photonics

Despite some other manufacturing techniques for photonic devices, fs laser
micromachining has its own merits. The multiphoton absorption process yields precise and
extremely small focal point resulting in smooth edges that is critical for photonic applications.
Besides, ablation of dielectric transparent materials such as glass and crystals is extremely hard
with long pulsed laser due to the high bandgap and lack of nonlinear absorption process.
Furthermore, the capability of micromachining virtually any materials makes laser bonding or
joining possible that opens up opportunity for more novel structures with versatile functionality
that may not be readily accomplished by other techniques.

When intense and tightly focused ultrashort laser pulses are applied inside transparent
materials, optical breakdown with the phenomenon of a microplasma within a tightly confined
volume take place, therefore the permanent structural and refractive-index modifications are
induced. With the programmable movement of the control stage, arbitrary position on the sample
can be chosen as the target zone for irradiation, making complex 3D optics with great flexibility a
reality. One of the first uses of fs laser micromachining technique is for making optical waveguide
[59]. The photonic structures have been manufactured based on various glasses and other crystals,
such as Er:Yb-doped glass [60], fused-silica glass [61], borosilicate glass [62] and strontium

barium niobate (SBN) crystals [63]. Some conventional photonic devices or structures have also
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been demonstrated by fs laser micromachining such as directional coupler [64], Mach-Zehnder
interferometer [65], fiber gratings [66] and waveguide amplifier [67]. The 3D photonic crystal
structures have been realized by two-photon-absorption photopolymerization of resin [68].
Microfluidics

The manipulation of fluids in microchannels, the so-called microfluidics, has emerged as
an important field that has impact in diverse applications such as chemical analysis, particle sorting
and separation, cell manipulation and drug screening. Conventional photolithography-based
approach has the limitation to 2D channel fabrication, nevertheless, 3D microfluidic devices
require time-consuming multilayer processing steps along with other procedures such as bonding,
sealing etc [69].

Due to the reasons described above, the application of fs laser micromachining in biochip
fabrication such as microfluidics and optofluidics has drawn much attention. There are two
mainstream approaches exist for machining 3D microfluidics by fs pulsed lasers, namely, laser-
assisted wet chemical etching and liquid-assisted laser drilling. The former method relies on the
laser-induced material property change followed by applying chemical etching, typically acid
solution [70] that usually achieves smooth inner walls while the latter one removes the debris by
placing the sample in liquid environment during the micromachining process [71] that has the
advantage of possibility of smaller dimension of the features. Numerous 3D microfluidic structures
have been demonstrated such as micro-mixers [72], micro-valves [73] and micropumps [74].
Others

There is vast amount of other more specific and novel applications of fs laser
micromachining. An interesting process called two-photon polymerization (TPP) has found

widespread applications [33]. TPP transforms small unsaturated molecules in the liquid state to
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macromolecules in the solid state because of polymerization reactions based on two-photon
absorption. Only the irradiated regions are converted to solid state and the rest part can be washed
away easily by specific solvent resulting in the inscribed 3D structure that has super high resolution
since the diffraction limit can be exceeded.

Recently, fs laser-induced nanostructures are being extensively investigated due to the
potential application in photonics, microfluidics, biomedical sector among others. It has been
experimented on semiconductors [75], glasses [76], metals [77], among others. The fs laser-
induced surface nanostructures have many applications, for example, color change of materials as
evidenced in black silicon [78] and modification of target’s wetting property as in metals [79].

In the past decade, another technique named Laser Ablation—Inductively Coupled Plasma—
Mass Spectrometry (LA-ICP-MS) has been used extensively for quantitative chemical analysis
that provides quantitative data for containing elements in the analyzed workpiece in which
chemical element diagrams can be extracted. Femtosecond (fs) LA-ICP-MS offers more benefits
for the chemical analysis: almost non-thermal with laser fluences not much higher than threshold;
independence of material selections; modal distribution close to ~0.1-0.2 pm for generated
particles with increased chance of decomposition [80]. Since R. E. Russo, X. Mao, J. Gonzalez
and S. S. Mao demonstrated fs LA-ICP-MS analysis for the first time [81], it has been investigated
for the mechanism and characteristics extensively. With minimal heat-affected zone, fs laser
processing can extract chemical information with high spatial resolution and sensitivity [82].

1.3 Chapter Overview

In this body of research, three distinct microstructures fabricated by femtosecond laser
micromachining technique in disparate applications are demonstrated, each of which exploits the

unique advantages of the chosen machining approach and thus is not readily achievable with other



27

existing manufacturing methods. The presented novel devices, i.e. through-wafer 3D
microchannels in silicon carbide (SiC), lateral dye-sensitized solar cells (DSSCs) and bioinspired
photosensitivity enhancer (BPE), find their merits and great potential in the fields of microfluidics,
photovoltaics and imaging science, respectively. Basic background, structural design, principle of
operation, testing, and/or fabrication of the devices are described.

Chapter 1, the current chapter, states the broad background of the manufacturing technique,
namely femtosecond (fs) laser micromachining, that is used to fabricate the microstructures listed
in this dissertation. As the foundation of this micro-manufacturing approach, femtosecond laser
ablation is explained in detail. Comparison of the aforementioned machining technology with the
conventional competitors and its unique advantages are narrated as well. A brief literature review
of the past work based on the approach of fs laser micromachining with the emphasis of the
research and industrial applications is also conducted.

In Chapter 2, a through-wafer all-SiC fluidic microstructure fabricated by deionized (DI)
water-assisted fs laser micromachining is demonstrated for the first time. Due to the unusual
physical and chemical material properties of silicon carbide, the proposed prototype microfluidic
structure is capable of operating in a harsh environment with elevated temperature, intense
radiation and corrosive surroundings. Furthermore, through-wafer design opens the possibility of
SiC wafer bonding that has a foreseeable potential for more novel microelectromechanical (MEMS)
devices. The parameters of the fs laser pulses such as laser fluence and ablation speed are
experimentally studied. Wettability modification with the water and mineral oil due to the laser-
induced nanostructures is verified. With 3D machinability of the fs laser system, microchannels
with different cross-sectional shapes are made in which the liquid flow characteristics are

computationally simulated and compared. Visual liquid flow is presented in the surface
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microchannels and through-wafer micro-via with the assistance of fluorescent dye.

Chapter 3 delves into the photovoltaic world and focuses on a dye-sensitized solar cells
(DSSC’s) with lateral structures based on nano-TiO2/Fluorine-doped tin oxide (FTO)
photoelectrode. The fill factor (FF) is more than double and the photon-to-electron conversion
efficiency (1) is improved tremendously compared with the lateral solar cells previously reported.
The fs pulsed laser is used to cut through TiO: film to create an interdigital pattern thereby forming
two electrodes, one of which is deposited with platinum as the counter electrode (CE) while the
other is covered by dye molecules as the photoelectrode (PE). The compact design of such lateral
structure considerably simplifies the solar cell modules that enables hybrid solar energy
harvesting/storage devices. The design, fabrication process, surface morphology and performance
of the lateral DSSC’s are presented and discussed.

Chapter 4 reports an artificial eye for scotopic vision consisting of an array of all-optical
parabolic microstructures formed by fs laser micromachining inspired by the interesting features
of superposition compound eyes and retinal structure of elephantnose fish. The artificial eye is
realized through a passive optical device, i.e. biologically inspired photosensitivity enhancer (BPE)
made of thousands of so-called microphotocollectors (JtPCs) that can significantly increase the
photosensitivity and hence it is particularly useful for image capturing in dim environment. Work
principle along with structural design of the BPE is explained briefly followed by the introduction
of a software-based image restoration strategy called super-resolution image reconstruction
algorithm adopted to greatly increase resolution of the obtained images since the spatial resolution
of the BPE is reduced inherently by the unique |£PC structure. The high-resolution image is
evaluated quantitatively by the image assessment method of structural similarity (SSIM) index

indicating that the reconstructed high-resolution (HR) image with the initial guess of average of
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expanded low-resolution (LR) images presents the closest approximation to the original distortion-
free HR image.

Chapter 5 summarizes the generic conclusions drawn from research work described in this
dissertation and suggests possible future work.

Appendix A lists the Matlab code for the main program that reconstructs the high-
resolution images shown in figure 4.13 while Appendix B includes the Matlab code for a function
implementing the iterative-back-projection super-resolution algorithm and returning a

reconstructed high-resolution image and it is called by the main program in Appendix A.
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CHAPTER 2

Fabrication of Through-Wafer 3D Microfluidics in Silicon Carbide

Using Femtosecond Laser

Part of the contents in this chapter has been published as:
Y. Huang, X. Wu, H. Liu, and H. Jiang, “Fabrication of through-wafer 3D microfluidics in
silicon carbide using femtosecond laser,” Journal of Micromechanics and Microengineering,

Vol. 27, No. 6, Article No. 065005, 2017.

In this chapter, a prototype through-wafer microfluidic structure in bulk silicon carbide
(SiC) fabricated by femtosecond laser micromachining is demonstrated. The comparison of
micromachining quality in the environment of air and deionized (DI) water is presented. The
effects of laser fluence, scanning speed and different objective lenses on the laser-affected zone
(LAZ) are also investigated. Furthermore, the wettability of the laser-affected surface for the target
liquid, mineral oil, is examined. Microchannels of various cross-sectional shapes are fabricated by
the femtosecond laser and their effects on the liquid flow are simulated and compared. This
fabrication approach offers a fast and efficient route to implement SiC-based through-wafer micro-
structures, which are not able to be realized using other methods such as chemical etching. The
flexibility of manufacturing 3D structures based on this fabrication method enables more complex
structures as well. Smooth liquid flow in the microchannels of the bulk SiC substrate is presented.
The work shown here paves a new avenue for various applications such as reliable microfluidic

systems in a high-temperature, high-radioactivity, and corrosive environment, and could be
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combined with SiC wafer-to-wafer bonding to realize a plethora of novel microelectromechanical

(MEMS) structures.

2.1 Introduction

Microfluidics has witnessed tremendous growth over the last two decades in applications
ranging from biochemical analysis and medical research to microelectronics and optics. It has
realized numerous devices such as gas chromatography [1], micro-mixers [2-4], micro-valves [5],
micropumps [6], etc. Widely used fabrication techniques for 3D microfluidic devices include soft
photolithography [7], thermo-forming such as injection molding [8], and etching, i.e. dry etching
with plasma [9] and wet etching with chemical solutions [10]. At present, silicon [11], glass [12],
and polymers such as polydimethylsiloxane (PDMS) [13] are the most common materials used in
microfluidic systems. They are, however, unable to survive or function satisfactorily in a harsh
environment with high temperature [14], and intense radiation [15], and/or corrosive substance
[16].

Currently, silicon carbide (SiC) is the most established material for device applications in
harsh environments as it is hard, temperature tolerant, chemically inert, resistant to high electric
field, and biocompatible [17, 18] due to its wide band gap [17]. SiC has been extensively
investigated and used in various applications such as MEMS resonators capable of wider operating
frequencies than the polysilicon-based ones [19] and pressure sensors [20]. Most of the SiC-based
MEMS devices developed are realized by crystalline SiC thin film deposited on other easy-to-etch
bulk substrates, particularly silicon substrate [21]. However, it is still immature to fabricate directly
on the bulk SiC substrates that are required for various applications such as all-SiC microsystem

devices and through-wafer bonding tailored for a harsh environment. The high thermal stability
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and chemical inertness make SiC extremely difficult to be etched compared with silicon: for
example, potassium hydroxide slightly below 100 <C is widely used to fabricate Si-based devices,
whereas the process is not suitable for SiC [22]. Furthermore, both wet- and dryetching techniques
require hard masks such as metal that has high selectivity. However, such masks may contaminate
the chambers of plasma etch systems and roughen the surface of a SiC substrate [23], as metal
masks, despite being chemically inert, are still etched by the flux of ions in a plasma etching
chamber over the long term. Then, micromasking occurs in which the non-volatile by-products
generated are redeposited on the sample or in the chamber, thereby reducing the quality of the
transferred patterns and gradually degrading the quality of the etch tools. In addition, the etching
technique is not applicable for complex 3D device fabrication. The laser direct writing technique
has been proposed as an alternative to reactive-ion dry etching due to its simplicity, low-cost,
capability of fabricating complex 3D structures, and fast ablation rate for hard materials [24, 25].
Recently, femtosecond laser micromachining has drawn more attention than its longer-pulsed
counterparts owing to the advantages of precision micromachining capability, lower thermal and
material damage, less sensitivity to target materials, and high repeatability with accurate ablation
threshold [26]. Therefore, femtosecond pulsed laser ablation is superior when ablating ultrahard
and hard-to-etch materials such as SiC. So far, the femtosecond laser micromachining technique
has shown success in ablating SiC films on Si substrates for MEMS devices [27], optical ridge
waveguide formation [28], in-air through-hole fabrication in SiC substrates [29], and alcohol-
assisted through-hole drilling in SiC [30]. However, the SiC MEMS devices fabricated by
femtosecond laser micromachining were restricted to the surface thin film and the SiC through-
wafer studies were focused merely on the characterization of the via holes by single shot ablation.

Here, we present a through-wafer fluidic structure consisting of microchannels in bulk 4H—
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SiC wafer fabricated by deionized water-assisted femtosecond laser micromachining for the first
time. It has been reported that the water-assisted near-infrared laser drilling of SiC generates better
quality and much less debris than ablating the material in air [31]. High-quality microchannels
were achieved with minimal thermal effect around the laser affected zones (LAZs) in which the
liquid could flow smoothly. Morphological qualities of microchannels machined by the fs pulsed
laser in air and DI water are compared. The effects of laser fluence, ablation speed and different
objective lenses on the dimensions of the trenches that resulted from a single ablation were
characterized. In addition, it was found that the surface of the LAZ of SiC is highly attractive to
mineral oil with a contact angle of less than 5< Moreover, the surface morphology of the
microchannels comprising the microfluidic structure was characterized by a scanning electron
microscope (SEM), while the depth and width of the grooves generated by single ablation were

measured by a high-resolution surface profilometer.

2.2 Experimental Details

2.2.1 Fabrication of Microchannels and Vias on Bulk SiC Substrates

The fabrication of microchannels and via holes on the SiC substrates was achieved by a
femtosecond laser micromachining system, which is illustrated in figure 2.1(A). A high-energy
fiber femtosecond laser (Uranus2000-1030-1000, Laser-Femto, Inc., USA) with a wavelength of
1030 nm, pulse width of 700 fs, and repetition rate of 121 kHz was transmitted into an objective
lens (Mitutoyo, Japan) with a numerical aperture of 0.42 and focused onto the SiC target. The
diameter of the focal spot was about 1.5 um. A mechanical shutter was applied to switch the laser
on or off. The power of the laser was adjusted by a polarizer. To achieve a clean surface after the

laser ablation, the SiC sample was immersed in a deionized water (DI water) chamber that was
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mounted on a computer-controlled translation stage (Newport XMS-160, XMS-100, and GTS-30
V for x-, y-, and z-axis, respectively) with the precision of 0.1 um. The flow rate of the water was
about 1 mm s—1. A CCD camera (Thorlabs Inc., USA) was employed for the real-time monitoring
of the laser processing. The microchannels and via holes were fabricated by a layer-by-layer
ablation process with the laser scanning strategy shown in figures 2.1(B) and (C), respectively. For
the specific structures mentioned in this work, it took approximately 45 min to produce the via
hole and 20-40 min to fabricate the microchannels depending on the various cross-sectional

shapes.
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Figure 2.1. Schematic diagrams of the femtosecond laser micromachining. (A) Optical setup of
the laser micromachining system. (B) Laser scanning strategy for the surface channel. (C) Laser

scanning strategy for the via hole.
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2.2.2 Preparation and Characterization of the SiC Samples

In our experiments, double polished 4H-SiC substrates (N-type doped, CREE, USA) with
a thickness of ~350 micrometers were utilized. The wafer was cleaved into 1 <1 cm2 square pieces
and pre-washed with DI water before the laser ablation. The laser power was measured right before
the laser beams hit the DI water surface. After the laser treatment, the samples were cleaned with
acetone, methanol, and DI water in an ultrasonic bath for 15 min, respectively. The morphology
of the ablated microchannels was characterized by an SEM (Zeiss LEO 1530, Germany) and a
high-resolution optical microscope (Nikon Eclipse LV100ND, Japan), while the width and depth
of the ablated grooves were measured by a high-resolution surface profilometer (Tencor AlphaStep
200).

2.2.3 Measurement of Contact Angle on the SiC Surfaces

A goniometer (OCA series, Future Digital Scientific Corp, USA) was used to measure the
contact angles of the mineral oil and DI water on the SiC sample surface with and without the laser
ablation. The sample was placed on a manually controlled 3-axis stage. The liquid droplet (1.5 pul)
was dispensed from a volume controlled pipette onto the sample surface.

To test the wettability of the laser ablated SiC surface, an area of 5 x 5 mm? on the SiC was
ablated by a line-scanning path with a pulse energy of 1.40 pJ and a scanning speed of 1 mm/s.
The laser ablation area was much larger than the dimension of the droplet, so that the contact
boundary of the droplet would not touch the edge of the laser-ablated area to ensure the accuracy
of the measured contact angle.

2.2.4 Assembly and Characterization of the SiC Microfluidic Device
To demonstrate the laser micromachining of microfluidics on SiC substrates, a microfluidic

device shown in figure 2.2(A) was fabricated and tested. Two straight microchannels with a
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diameter of 100 pm and cross-section of a semicircle on both sides of a 1.6 <1 cm? SiC substrate
were connected by a via hole, forming a Z-shaped microfluidic channel, as illustrated in figure
2.2(B). The SiC substrate was flipped to machine the second microchannel, since the laser power
was attenuated greatly after traveling through the wafer and thus no ablation could occur. In order
to test the flow in the microfluidic system, two pieces of polydimethylsiloxane (PDMS) were pre-
treated with oxygen plasma and then bonded on the top and bottom surfaces of the SiC sample,
respectively, on a hotplate at 60 <for 12 h to facilitate the bonding. The plasma treatment was used
to bond the oxidized PDMS surfaces and then seal permanently to create leak-tight microchannels
in our microfluidic microchannels. A syringe was used to inject the liquid into the microchannel
via a drilled hole in the top PDMS layer. Since the pure fluid could not be observed under the
optical microscope, a red solvent-based fluorescent dye (Solvent 250 Red Fluorescent Color
Coding Dye, Kingscote Chemicals, USA) was mixed with the liquid to generate a vivid red color

to denote the microfluidic path under the optical microscope.
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Microfluidic channel

SiC

Figure 2.2. Structural design of the Z-shaped microfluidics on SiC. (A) Schematic diagram of the
microfluidic device. (B) Dimensions of the microchannels and via hole on the SiC substrate.

2.3 Results and Discussion

2.3.1 Comparison of Machining Microstructures in Air and DI Water

Before tuning the laser parameters to achieve optical micromachining quality, another
crucial factor that may affect the results, the ablation environment, should be evaluated especially
for bulk micromachining process. One of the tests conducted was to make microchannels with the
diameter of 100 pm with semicircular cross-sectional shape on the sample surface in the air and
DI water, respectively. The laser parameters were chosen so as the ablation threshold was reached

but the power was not too high to cause apparent collateral damage. The laser scanning speed was
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set at 2 mm/s while the pulse energy was ~2.23 (. Figure 2.3(A) and figure 2.3(B) show the SEM
images of the microchannels ablated in the air and DI water, respectively. As can be seen from
figure 2.3, the microchannel processed in the DI water is much better in terms of uniformity and
overall quality than that produced in the air. In fact, at some point during the micromachining
process in the air, the laser-induced plume was not observed anymore and the laser beam became
out of focus as seen via the CCD indicating no more ablation took place. This phenomenon
combined with the high roughness of the microchannel wall in figure 2.3(A) suggests that large
amount of debris due to the laser-SiC interaction was produced and finally deposited in the
microchannel when processed in the air. In addition, it can be inferred that the re-solidification of
the ablated material was so fast that it could not travel outside the microchannel before it cooled
down, partly because of the ultrahigh melting point of silicon carbide (~2800<C). On the other
hand, the ablated material was mostly carried away by the flowing DI water resulting in a much

cleaner wall.
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(A) (B)
Figure 2.3. Surface SEM images of microchannels with cross-sectional shape of semicircle and

diameter of 100 pm with the parameters of scanning speed of 2 mm/s and pulse energy of ~2.23
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U in (A) Air. (B) Deionized water.

This disparate performance in the two media can be further demonstrated when ablating
small features. Figures 2.4(A) and 4(B) present intended through-wafer via structures processed at
the same laser parameters listed for ablating the aforementioned microchannels in the air and DI
water, respectively. As clearly shown in the figures, only first few layers of SiC were affected by
the fs laser with no discernible depth of ablation while the water-assisted process created the micro-
via stretching through the SiC substrate, which is due to the re-solidified substance accumulated
around the small LAZs when lack of ambient liquid. When machining SiC using the similar laser
parameters, the smaller features it requires, the more difficult it becomes to ablate the SiC in the

air.
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Figure 2.4. Surface SEM images of through-wafer via microstructures with diameter of 125 pm
and parameters of scanning speed of 2 mm/s and pulse energy of ~2.23 pJ in (A) Air. (B) Deionized

water.

2.3.2 Influence of Laser Parameters on Ablation Rate

Laser parameters play the crucial role in determining the micromachining quality in laser
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micromachining process, therefore it is needed to pay meticulous attention to their calibration and
testing. Despite not being as sensitive as some other laser parameters, the selection of objective
lenses has impact on the machining process and quality in terms of processing time and focal spot
size.

To investigate the effect of objective lenses of different magnifications quantitatively, a
test of single-line one-time ablation on the SiC was performed. Figure 2.5(A) and 5(B) show the
cross-sectional SEM images for trenches formed by fs laser in the environment of DI water with
scanning speed of 1 mm/s and pulse energy 4.32 pJ using a 20X and 100X objective lenses,
respectively. The ablation width of single scan for 20X lens was about 18 pm whereas it was
8.73m for 100X objective lens since the dimension of focal point for 20X lens is greater than that
for 100X lens. Based on this phenomenon, it can be concluded that the lens with higher
magnification generally yields better resolution and accuracy of laser micromachining. However,
magnification higher than necessary may induce problems such as longer processing time and
higher sensitivity to the surface flatness as it requires much more precise match of the desired LAZ
and the laser focal point, otherwise the laser beam will be out of focus. As a tradeoff, 50X was

chosen in most of the experiments in this work.

Figure 2.5. Cross-sectional SEM images for trenches formed by fs laser in DI water with

scanning speed of 1 mm/s and pulse energy 4.32 puJ using objective lenses of (A) 20X. (B) 100X
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Although it has been proved that 1 kHz fs laser pulses could minimize the thermal effects
of the ablation process on various metal, dielectric, and semiconductor materials, very few works
have provided a systematical study on femtosecond laser ablation on SiC, especially under water-
assisted condition. Besides, a much higher repetition rate of pulses (121 kHz) in our experiment
tends to result in thermal accumulation leading to a more remarkable melting-solidification
phenomenon of the materials. Therefore, it is imperative to optimize the laser pulse energy and
scanning speed, the two most important and sensitive parameters for the laser machining, to
improve the ablation morphologies. A series of straight grooves were ablated by single scanning
of the laser beam with varying pulse energy and scanning speed. Optical images combined as a
single one for the scanning grooves with different pulse energy (0.83-4.32 ) and scanning speed

(0.1-20 mml/s) are shown in Figure 2.6.

Figure 2.6. Optical images for the ablated grooves with different pulse energy and scanning speed.
(from top to bottom: 0.83 Wi, 1.40 W, 2.23 W, 3.17 W, 3.80 W, 4.32 |U; from left to right: 0.1
mm/s, 0.5 mm/s, 1 mm/s, 2 mm/s, 5 mm/s, 10 mm/s, 20 mm/s).

Figure 2.6 shows a general trend implying that for a given scanning speed, usually the
continuous ablation is more possible as the laser pulse energy elevates whereas for a given pulse
energy, ablation width decreases and eventually no obvious ablation takes place as the scanning
speed increases. This is understandable since materials are easier to be ablated at higher power at
a given speed but the number of absorbed laser pulses at a given region is reduced if the ablation
becomes faster.

To put the explanation above into perspective, some data extracted from figure 2.6 was
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plotted. Figure 2.7(A) shows the width and depth of the grooves ablated by the laser with different
pulse energy ranging from 0.83-4.32 uJ at a translation speed of 1 mm/s. Both the width and depth
of the grooves almost linearly increase as the pulse energy ramps up within the pulse energy range
we tested. Meanwhile, the ablation width increases much faster than the ablation depth with respect
to the laser fluence increase, since the femtosecond laser has a low thermal penetration depth, i.e.
more localization of energy within the depth, whereas more debris generated from higher laser
power assisted in more ablation in the surrounding regions. A similar trend was also observed with
other translation speeds ranging from 0.1-20 mm/s. Figure 2.7(B) shows the width and depth of
grooves ablated by the laser with scanning speeds at 0.1, 0.5, 1, 2, 5, 10, and 20 mm/s with a pulse
energy of 2.23 pJ. This indicates that the ablated depth and width decrease with the increase in the
scanning speed. As described above, during the line scanning process, fewer laser pulses would
land on a unit area with a faster scanning speed, which results in a reduced ablation rate. In
addition, the decreased rate in the ablation depth is significantly higher than that in the ablation
width with increased scanning speed due to the lower thermal penetration depth, as this
phenomenon was also found with decreased laser power.

Although high-power laser pulses provide a higher ablation rate, we found that lower laser
pulse energy could cause fewer thermal effects as well as much better ablation quality. However,
pulse energy lower than 0.83 pJ could not achieve a continuous kerf with measurable width and
depth. Therefore, the critical pulse energy for our laser to produce a high-quality groove is
considered to be 0.83 pJ, which is the value we used to fabricate microfluidic structures.

In addition, fast scanning can improve the fabrication efficiency but sacrifice the ablation
quality, as demonstrated in figure 2.8. Figure 2.8(A) shows the SEM image of the feature after one

ablation with pulse energy of 4.32 pJ at 20 mm/s, while figure 2.8(B) presents one of better quality
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with the pulse energy of 1.40 pJ at 0.5 mm/s. No apparent ablation kerf was observed for higher
power and scanning speed, whereas a clearly defined ablated path was formed after a single

ablation at lower power and speed. Smooth ablation kerf is replaced with a thermally damaged

feature if the scanning speed is not carefully calibrated.
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Figure 2.7. Dependence of the femtosecond laser ablation width and depth on the laser pulse

energy (A) and scanning speed (B).

Figure 2.8. Ablated feature after a single ablation with different pulse energy and scanning speed.
(A) Pulse energy: 4.32 pJ; speed: 20 mm/s. (B) Pulse energy: 1.4 pJ; speed: 0.5 mm/s.
2.3.3 Wettability of the Femtosecond Laser-Ablated Surface

The interfacial property of a microfluidic system interacting with the liquids chosen is
critical, since it is directly linked to the smoothness, pressure, and velocity distribution of the liquid
flow in the microchannels [32]. In the literature, the wetting property of SiC has been studied
extensively for liquid metals [33], binary alloys [34], and even atomic nitrogen [35]. In our study,
mineral oil was chosen as the liquid to flow in the microfluidic system for potential harsh
environment applications since it has a relatively high boiling point, low thermal and electrical
conductivity, and prevents the components of a fluidic system from corroding. The wettability of
oil on a SiC surface has not been studied previously. Besides, compared with the lithography-
based fabrication methods that produces smooth surfaces of the microchannels, the laser
micromachining usually creates special micro- or even nano-structures during the laser-material
interactions, which may significantly influence the interfacial properties of the microfluidic

devices.
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To explore the influence of the surface morphology induced by the laser ablation on the
wettability of SiC, we measured the contact angle of mineral oil on the SiC substrate before and
after the laser ablation. Figure 2.9(A) shows the smooth surface of the SiC substrate before laser
treatment. The contact angle of the mineral oil is about 21< indicating a wettable surface of SiC.
Figure 2.9(B) illustrates the surface morphology of the SiC after the laser ablation. The laser-
ablated surface shows sub-pum-scale periodic surface roughness compared with the intact surface,
and the contact angle of the mineral oil on the laser-ablated SiC surface plummets to a mere 2.9<
which is expected, since the wettability of the surface with the given liquid is improved with
increased roughness if the surface is wettable with the liquid [36]. The highly wettable
characteristics of the oil in the LAZ reduces the pressure needed for it to be injected into and driven
through the microfluidic channels. In contrast, the SiC sample surface is not highly hydrophilic for
either the clean surface or the LAZ. While the contact angle of water on clean substrate is quite
close to 90< the roughened surface after laser treatment does not greatly increase the hydrophilicity
as the contact angle is still close to 85< indicating that the mineral oil is the more suitable fluid for

SiC-based microfluidic systems.
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Figure 2.9. Surface morphology of SiC substrate (A) before and (B) after laser ablation. Inserts in
(A) and (B) show the contact angle of mineral oil measured on the SiC surfaces.
2.3.4 Control of Cross-Sectional Shape of Microchannels

Compared with conventional photo-lithography patterning, which is only able to realize
structures with uniform cross-sectional depth from one-time pattern transfer, the femtosecond laser
micromachining not only has the advantage of no mask requirement and low cost but also
possesses its capability of high-precision complex 3D structure manufacturing, including
fabricating devices with various cross-sectional shapes. In general, the geometrical design of the
cross-section of microchannels in a microfluidic MEMS system has substantial impact on the
pressure [37] and flow velocity dynamics [38] of the liquid. Hence, it is indispensable to
characterize the microchannels of various cross-sectional shapes during the design process of a
microfluidic system.

The fabrication process for microchannels of various shapes was previously investigated.
Maselli et al reported on a long microchannel with a circular shape on fused silica using
femtosecond laser irradiation [39], Welin et al demonstrated water flows in trapezoidal silicon
microchannels [40], Cheng et al varied the cross-sectional shape of microchannels in
photostructurable glass [41]. Although microchannels of many regular or irregular shapes have
been investigated, the target materials chosen for such studies mostly relied on conventional
semiconductors such as silicon, common metals such as nickel and copper, and polymers such as
PDMS. Here, we demonstrate microchannels of rectangular, semicircular, and triangular cross-
sections in SiC by femtosecond laser micromachining and show the numerical simulations of
corresponding cross-sectional velocity flow distributions.

In order to examine the morphology of the ablated surface in the designed structures, top-
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view SEM images for the three aforementioned microchannels were obtained. Figures 2.10(A)—
(C) show surface images for channels with cross-sectional rectangular, triangular, and semicircular
shapes, respectively. All the microchannels are confined by the clear edges and relatively smooth
transition inside their trenches. The raised stripes present in the three channels might be attributed
to the slight turbulence of the flowing DI water that dispersed laser energy occasionally during the
ablation process, which should be addressed in the future.

Figures 2.10(D)—(F) show the cross-sectional optical images of microchannels of
rectangular, triangular, and semicircular shapes, respectively. The samples were processed on a
program-controlled stage with a pulse energy of 2.23 pJ and a translation speed of 5 mm/s in DI
water and with the target 0.1 mm deep. After the ablation process, the samples were rinsed with
acetone in an ultrasonic bath for 5 min to remove any remaining debris. The microchannels were
processed layer-by-layer with minimal thermal effect and cracking phenomenon.

In an effort to characterize the impact of cross-sectional geometry on the flow properties,
Ansys Fluent 17.0 was utilized to simulate the steady-state cross-sectional velocity profile for the
mineral oil. Since the Reynolds number is quite low in microscale channels, pressure driven
laminar flow mode was selected. Figures 2.10(G)—(l) illustrate the cross-sectional velocity
distribution for rectangular, triangular, and semicircular microchannels, respectively, with the
initial velocity of 1 cm/s. The velocity of the oil near the walls of all three microchannels was set
to zero with the assumption of no-slip boundary condition, as required by the basic law of fluid
mechanics for pressure-driven laminar flow that produces a parabolic velocity distribution along
the flowing direction within microchannels. However, due to the different shapes of the boundary
walls, the transverse velocity profile can be squeezed to fit the cross-sectional configurations.

Despite the similar trend that the closer the oil is to the center of the geometry, the faster it travels,
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the area that represents the fastest flowing speed varies for the three microchannels under
investigation. The flexibility of creating microchannels of various cross-sectional shapes by
femtosecond laser micromachining widens the applications of microfluidics requiring

unconventional or non-uniform flowing channels.

i
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Figure 2.10. (A)—(C) Surface images of the microchannels with rectangular, triangular, and
semicircular shapes, respectively. (D)—-(F) Cross-sectional images of the microchannels with
rectangular, triangular, and semicircular shapes, respectively. (G)—(I) Steady-state cross-sectional
velocity profiles of microchannels with rectangular, triangular, and semicircular shapes,

respectively.
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2.3.5 Fabrication of Microchannels and Via Holes on SiC

It is necessary to utilize through-wafer structures when complex 3D microfluidics, such as
wafer-to-wafer microfluidics, need to be built. In order to realize a through-wafer microfluidic
system, femtosecond pulsed laser was used and the relevant parameters, i.e. translation speed and
laser pulse energy, were tuned to obtain the best quality of the surface and through-wafer
microchannels. The water film thickness was set slightly over 1 mm, which was found to be the
optimal parameter for infrared pulse laser drilling of SiC in the water [31].

Figure 2.11 illustrates the morphology of the microchannels and the via manufactured by
the femtosecond laser micromachining. Figure 2.11(A) presents the top view of a Y-channel with
three legs of identical dimensions with sharp turns at the intersection and minimal thermal damage,
indicating the high quality of the ablation by the femtosecond laser. The SEM image of the Y-
channel in Figure 2.11(B) shows the morphology of the laser-ablated microchannel. The overall
roughness is in the range of 800 nm — 1 um and the micro- and nano-roughness on the sidewall
and bottom of the microchannel could improve the wettability of the microfluidic channel, as
demonstrated in the section 2.3.3. The images of the cross-section, top, and bottom view of the via
hole are demonstrated in figures 2.11(C)—(E), respectively. The cross-sectional view indicates a
vertical sidewall not readily possible with other manufacturing techniques within a reasonable
processing time. The top and bottom views of the via show smooth and clear edges, indicating the
minimized thermal damage of the water-assisted femtosecond laser-ablation process. The slightly
wider opening of the surface is due to the higher susceptibility of the laser power near the surface
region. The top and bottom of the via exhibit the same feature as the cross-section as well as the

rough wall, as found in the microchannels on the surface.
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Figure 2.11. Fabricated surface microchannels and via hole on the SiC substrates. (A) and (B)
Optical microscopic and SEM images of a Y-shaped microchannel, respectively. (C) Cross-
sectional image of the via hole. (D) and (E) Top- and bottom-view SEM images of the via hole,
respectively.

2.3.6 Z-Shaped Through-Wafer Microfluidic Device

Figures 2.12(A) and (B) shows a photo of a Z-shaped through-wafer microfluidic device
and an image of the microfluidic channel, respectively. The straight microchannels on the top and
the bottom of the SiC are 5 mm long, 0.1 mm wide, and 0.05 mm deep, while the width and depth
of the via are 0.2 mm and about 0.35 mm, respectively.

Figures 2.12(C) and (D) demonstrate the oil flow in the bottom and top microchannels,
respectively, from the optical microscope. The mineral oil was first mixed with the prepared
fluorescent dye, then injected through the hole punched into the PDMS layer and finally the
microchannels. Note that the bottom microchannel was displaced from the center of the via slightly

to differentiate from the top for convenience of measurement. According to the microscopic image
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showing the red color filling all areas of the top and bottom microchannels, a smooth liquid flow

was achieved throughout the microfluidic channels.

Microfluidic
channels

Figure 2.12. Z-shaped microchannel device demonstrated with mineral oil flowing with red
fluorescent dye. (A) Photo of the Z-shaped microchannel device. (B) Image of the microchannels
and via hole on the SiC substrate. (C) and (D) Images of the mineral oil flow with red fluorescent
dye for bottom and top channels, respectively.

It is interesting to note, however, that the laser power slightly above the ablation threshold
did not successfully yield the best quality microchannel in our experiments. From the previous
studies, ablation from lower pulse energies, so long as it is above the threshold, creates cleaner
features with less heat-affected zone formation and debris around the patterning areas. This was
true in our study only when the ablation took place near the surface. When the ablation continued
into the bulk SiC, the defect-activation process occurred, which drastically reduced the ablation
threshold fluence [42]. Therefore, the laser power was tuned to a lower value after the ablation

continued into the bulk to approximately retain the ablation width and depth for each single scan,
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which in turn retained the target shape and dimension of the microchannels.

2.4 Conclusion

In conclusion, a prototype through-wafer microfluidic structure in a bulk 350 pm thick 4H—
SiC wafer micromachined by a 1030 nm, 700 fs ultrafast femtosecond pulsed laser ablation system
was demonstrated for the first time. A smooth oil flow in the microchannels was achieved, while
it was found that the oil is highly attractive to the LAZ area of the SiC substrate. The high-quality
microchannels with several different cross-sectional geometries were also realized by the
femtosecond laser system and the flowing properties were studied as well. The dimension of the
ablated kerf with respect to the speed of the relative motion between the laser focal spot and the
sample, the laser pulse energy and the different objective lenses was also characterized. This study
also indicates that the ultrafast femtosecond pulsed laser is a promising technique for high-
precision 3D micromachining with minimal thermal damage for ultrahard materials. The
manufactured through-wafer microfluidic system can be used in a harsh environment such as high
temperature, corrosive media, high radiation, etc. It also paves the way for the SiC wafer bonding
in the packaging of microfluidic MEMS devices to be used in harsh environments.

In the future, we plan to design more complex structures to realize more functionalities
based on this system such as microfluidic structures with not only various cross-sectional shapes
but curved channels and varied channel dimension along the direction of the fluid flow in the bulk
SiC substrate that the conventional photolithography technique cannot accomplish. We also intend
to investigate further the micro- and nano-particles generated from the ablation of SiC in the liquid-
assisted environment. The critical speed for a given laser pulse energy has not been studied

extensively, and has yet to be explored in more depth.
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CHAPTER 3

Lateral Dye-Sensitized Microscale Solar Cells via

Femtosecond Laser Patterning

Part of the contents in this chapter has been published as:
X. Zhang, Y. Huang, H. Bian, H. Liu, X. Huang, and H. Jiang, “Lateral dye-sensitized
microscale solar cells via femtosecond laser patterning,” Advanced Materials Technologies,
Vol. 1, No. 6, article no. 1600121, 2016.

In this chapter, femtosecond (fs) laser is employed to fabricate compact lateral Dye-
sensitized solar cells (DSSCs) with fill factor (FF) double than that for the lateral solar cells
previously reported. The photon-to-electron efficiency reaches 5.18% which is also significantly
higher than the other lateral solar cells. The fs pulsed laser is used to cut through the TiO- film and
the Fluorine doped Tin Oxide (FTO) Glass layer to create an interdigital pattern resulting in the
base for two electrodes, photoelectrode (PE) and counter electrode (CE). Such a structure
inherently overcomes the difficulty of truly achieving lateral charge carrier transport associated
with the lateral DSSCs previously reported. The structural design, fabrication process, and the

device performance are presented.
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3.1 Introduction

Low cost, high efficiency, long-term stability, and excellent scalability are features that
researchers always pursue for solar cells. Dye-sensitized solar cells (DSSCs) are considered to
have a great potential to achieve all these goals [1,2]. Conventional DSSCs have a sandwiched
structure in which charge transport occurs perpendicular to the device surface, as shown in figure
3.1(a). Recently, solar cells with lateral structures [3-8] have caught much attention owing to the
following advantages in comparison with the conventional vertical structure: (a) The requirement
of the transparency of the electrode can be eliminated; both electrodes can be placed at the back
side and use high-conductivity materials, while the light can be incident from the front. As a result,
transmission loss can be reduced and the charge collection increased simultaneously. (b) Compact
device structure can be realized that is more conducive to scaling up, integration, and
functionalization. (c) Flexible devices are feasible. Lateral DSSC is, therefore, a concept of
advanced structure of DSSCs with lateral transport of charges, as shown in figure 3.1(b). A few
structures have been proposed in this direction. Back-contact structure, which leads both
photoelectrode (PE) and counter electrode (CE) to the back side of the device, was developed from
monolithic structure [9] to interdigital structure [10,11] in recent years, as shown in Figure 3.1(c)
and (d), respectively. In a back-contact DSSC in figure 3.1(d), CE of Pt/fluorine-doped tin oxide
(FTO) was interdigitally patterned and separated from PE made of TiO, which was about 10 um
thick and not patterned [10]. Therefore, most of the photo-induced charges still transport vertically
in such back-contact structure, while a small number of carriers transport laterally in a limited
region near PE, which has a nanoscale thickness. Li et al. reported a DSSC structure that realized
lateral PE-CE separation (figure 3.1(e)), which is by far the closest structure to the lateral DSSCs

[3]. However, in their structure, the Pt layer has intrinsically nanoscale thickness, which is much
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less than the thickness of the neighboring PE. Such structure along with the limited PE material of
ZnO nanowire resulted in a low performance of the solar cell. In this study, we accomplished
lateral DSSCs with patterned PE and CE as shown in figure 3.1(b).

Currently, the research on lateral structures for the emerging new-generation solar cells
other than DSSCs, including organic photovoltaics (OPVs) and perovskite solar cells (PSCs), is
also being conducted. Nevertheless, the best photon-to-electron conversion efficiency (1) of these
lateral solar cells is still very low: 0.5% for OPVs [5] and 1.88% for PSCs [7]. Lateral DSSC is
not an exception, with 1 less than 1% [3]. One of the common issues of these low-efficiency lateral
solar cells is their low fill factor (FF) of less than 0.3 [3-8]. It indicates that the fundamental
problem of great internal loss in these lateral structures is still hard to overcome. In this work, we
utilized the powerful femtosecond (fs) laser to directly pattern nano-TiO2/FTO photoelectrode into
microscale units and successfully obtained lateral DSSCs with the best 1 of 5.18%, much better
than the previously reported lateral solar cells. FF achieved from this lateral DSSC was nearly 0.6.

Fs laser ablation has proven to be a convenient and effective method to create micro- or
nano-structures in bulk materials [12-15] and nano materials [16-18], and is especially
advantageous to create high aspect ratio structure [15]. In this study, we utilized fs laser to cut
through the nano-porous TiO> film on the FTO glass substrate and scan within the TiO> region to
construct an interdigital pattern, where the used-to-be PE was divided into two electrodes, both
consisting of microscale fingers. One of the separated electrodes was deposited with Pt by
electrodeposition to form the CE of the lateral DSSC, while the other electrode was loaded with
dye molecules as the PE. The ion transport between neighboring PE and CE fingers is thus in a
completely lateral mode, as shown in Figure 3.1(b). One such solar cell is formed by a number of

subcells with microscale fingers, the merit of which lies in that the subcells could be rearranged
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and connected for functionalization as individual microscale modules [19,20]. The spacer-free
structure could avoid possible contact in practice between the electrodes. The lateral PE-CE
structure of nanostructured TiO2 could also be directly implemented in quantum dot-sensitized
solar cells (QDSSCs) [21] that possess a very similar device structure to that of DSSCs. This
compact lateral design could substantially reduce the structural complication of devices such as

tandem solar cells [22,23] and hybrid solar energy harvesting/storage devices [24,25].
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3.2 Fabrication and Sample Morphology

The fabrication process of the lateral DSSCs is shown in figure 3.2(a—€). The 10 um thick
nanostructured TiO film was deposited onto an FTO glass substrate first, followed by sintering at
500 <C, as shown in figure 3.2(a). Using a laser ablation system, linearly polarized 700 fs laser
pulses were transmitted through an objective lens and subsequently focused onto the sample
surface with a fixed spot size. The optimized pulse energy is 4.2 pJ, which could adequately cut
through the TiO2/FTO layer all the way to the glass substrate. An interdigital pattern was defined
with the width of a PE finger (100 um) larger than that of a CE finger (35 um). By scanning the
laser beam along the programmed paths as shown in figure 3.2(b), PE and CE were separated and
isolated. The scanning electron microscopy (SEM) image of the part of patterned TiO2/FTO glass
is shown in Figure 3.2f, while the microscopic image of the whole film is shown in figure 3.3. The
cross-sectional SEM images in figures 3.4(a) and (b) show that the fs laser formed a V-shaped
profile all through the TiO- layer. The width at the top of the TiO; film was 8.3 pum, while the
width at the bottom was 2.9 um. The average spacing between neighboring PE and CE fingers was
about 5.6 um, lower than the spacing (typically =15 pum) between the vertical PE and CE in
conventional DSSCs. This smaller spacing could improve the ion transport in the electrolyte of
DSSCs, and contribute to the improvement of the overall performance [26]. The morphology detail
near the ablated region in figures 3.4(b) and (c) show that most of the ablated TiO> particles with
a laser pulse energy of 4.2 uJ were removed, and no distinct damage or alteration to the nano-
porous TiO, could be observed. An X-ray diffraction (XRD) characterization of the TiO;
nanoparticles before and after the ablation at 4.2 pJ pulse energy shows that ablation under such

level of pulse energy did not change the anatase lattice as shown in figure 3.5.
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Figure 3.2. Schematics of the fabrication process of the lateral DSSC: a) nanostructured TiO> film
deposited on FTO glass, b) TiO./FTO patterned by femtosecond laser ablation, c)
electrodeposition of Pt on CE fingers, d) dye-loading on PE fingers, €) electrolyte filling and device
sealing. f) SEM image of the tilted top view of the laser-patterned TiO> film, where the widths of

patterned fingers are labeled.



—

Figure 3.3. Microscopic image of laser-patterned TiO> film on FTO glass with CE deposited

with Pt for lateral DSSC
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Figure 3.4. a) Cross-sectional SEM image of laser-patterned TiO: film, where CE fingers are
deposited with Pt. Cross-sectional and top view images of one ablation channel are shown in b,c),
respectively. d) Top view SEM image of patterned TiO. film with Pt, where the line-scanning
curve of EDS is shown, with the atomic ratio of Pt/Ti as the y-axis. After the laser ablation process,

the Pt and organic dye were loaded to CE and PE electrodes, respectively.
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Figure 3.5. XRD spectra of nanostructured TiO- film before and after laser ablation with pulse
energy of 4.2 pJ.

Next, the patterned region of the sample was dipped into a PtCIO4 aqueous solution to
deposit Pt onto the narrow CE fingers, as shown in Figure 3.2(c). Pt was deposited onto the CE of
the film under three 2V-constant-bias pulses (pulse width: 10 s, rest time: 30 s) via an
electrodeposition process. The films were subsequently sintered at 500 <C for one hour. To
characterize the deposited Pt on CE fingers, energy dispersive x-ray spectrometry (EDS) analysis
was performed. The line-scanning on the top surface of the TiO: film was conducted and the results
are shown in figure 3.4(d). Most of the Pt was distributed on the CE area between the two ablated
channels, with a portion of about 6% in comparison with Ti. Pt also appeared at the edge of the

PE, but with limited width of about 3 um. Hence Pt could be well controlled to be loaded only
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onto the narrow TiO> fingers as CE of the lateral DSSC. This Pt deposition process is sensitive to
the laser-patterning with microscale spacing between neighboring PE and CE fingers. When the
laser energy is lower, this spacing is reduced. However, too small a spacing could result in short-
circuit by the PtClO4 solution during the electrodeposition and some of the Pt could be deposited
onto the PE fingers which would have a negative impact on the device performance, as shown in
figure 3.6 in which two samples processed with different pulse energy were compared. Figures
3.6(a) and (b) are the cross-sectional SEM images for samples ablated by pulse energy of 4.2 |0
and 3.4 U, respectively showing that 3.4 |0 yields much narrower spacing between the PE and
CE electrodes. Figures 3.6(c) and (d) are the microscopic images after Pt deposition for the the
two samples with 4.2 |0 and 3.4 U, respectively. As can be clearly seen, the sample processed by
pulse energy of 3.4 |0 shown in figure 3.6(d) has apparent undesirable deposition of Pt on PE
fingers that degrades the solar cell performance as indicated in figure 3.6(e). The efficiency is
reduced by almost 2% with 3.4 |0 meaning the appropriate selection of the ablation pulse energy
is critical in achieving best results. On the other hand, it was found that higher laser pulse energy
such as 4.6 |0 under the same conditions cracked the TiO: film, hence the optimal pulse energy
chosen to fabricate our lateral DSSCs was determined to be 4.2 0.

Then, the PE was loaded with a type of organic dye RK1 with superior performance when
exposed to light with wavelengths below 600 nm, and finally the film was filled with electrolyte

and sealed after the Pt deposition, as shown in figure 3.2(d)-(e).
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the ablated channels (a) & (b), Pt deposition (c) & (d) for 4.2 |0 and 3.4 U, respectively and (e)

resultant performance of the two lateral DSSCs.
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3.3 Results and Discussion

The device performance in terms of fill factor (FF) in the current density-voltage (J-V)
curves and incident photon-to-current efficiency (IPCE) was measured and compared for our
lateral DSSC and a reference DSSC with conventional structure under AM 1.5G illumination. For
the tests of the lateral DSSC device, the light was incident from the back side of the device. The
photocurrent density, short-circuit photocurrent density (Jsc), and n of each lateral cell in this work
were calculated based on the area of the PE region only, where the incident light is absorbed and
converted to carriers. Hence the defined internal Jsc and n for lateral DSSCs reflect the real photon-
to-electron conversion performance of the PE material with the crucial results summarized in Table

3.1 below.

0.70 15.0 68.7 7.20

0.65 14.0 56.9 5.18
Table 3.1. Open-circuit voltage, short-circuit current density, fill factor and efficiency of
reference and our DSSCs where Jsc and 1 of lateral cells were calculated based on the area of PE,
which is 74% of the device area exposed to the AM 1.5G illumination

If the CE fingers exposed to the incident light are also included in the calculation with no

photocurrent generated, the values of external Jsc and n of the said devices should be reduced by
26% due to the area ratio of 35:100 for CE and PE fingers. To increase the absorption efficiency
of incident photons and thus increase the overall efficiency, the area portion of CE in the design
should be as low as possible while ensuring its function as the fs laser ablation has a limit on how
narrow a ridge structure can be defined. Such lateral structure is especially suitable for the PV

system with concentrators [19], where the photon loss caused by CE could be completely avoided.
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Table 3.2 shows the comparison of short-circuit current density and efficiency for the lateral

DSSCs considering only the PE area and whole area exposed to incident light (w-Jsc and w- 1)).

14.0 10.4 5.18 3.84

Table 3.2. Conversion table of Jsc and n using PE area or whole exposed area (w-Jsc and w-n)
for lateral DSSCs.

Figure 3.7 shows the J-V characteristics and the IPCE with respect to the spectra of 400nm
— 750nm. Jsc of the desgined lateral solar cell is close to that of the reference DSSC with the same
dye and PE material/thickenss, indicating that the laser ablation process preserved the performance
of PE material. The slightly lower FF infers that the charge recombination and internal loss in the
cell are slightly higher than the conventional DSSC that might stem from the edges of the CE
fingers affected by the laser pulses and still some, albeit not much, Pt was deposited on the PE
fingers as shown in figure 3.4(d). However, the performance of this lateral DSSC is significantly
improved compared with the lateral DSSC previously reported in Reference [3] and much better
than that of other types of lateral solar cells [4-8] with low FF values. The shape of IPCE response
curve with respect to the spectra remains the same. The IPCE decay of the lateral DSSC seems
larger than the Jsc reduction in figure 3.7(a). This is because the IPCE spectrum of the lateral DSSC
was obtained based on the whole area of the incident light spot, which contains the areas of both
PE and CE. Therefore, the real IPCE values afforded by the PE of the lateral DSSC should be 1.35

times of the result in figure 3.7(b), and should be much closer to the IPCE of the reference DSSC.
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3.4 Conclusion

In conclusion, we created a lateral PE-CE structure of nanostructured TiO2/FTO films with
microscale interdigital fingers for DSSCs through the process of a one-step femtosecond laser
patterning. The performance of this lateral DSSC, especially FF, is significantly improved in
comparison with other types of laterally structured third-generation solar cells. The design of this
lateral structure with microscale interdigital fingers could be directly implemented in QDSSCs,
and the laser patterning could be applied to other types of solar cells, such as interdigital PE for
OPVs and PSCs. For future work, we will focus on the individual electrode finger and study its

surface variation by laser processing to further improve the performance of such lateral DSSCs.
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CHAPTER 4

Artificial Eye for Scotopic Vision based on Bioinspired
All-Optical Photosensitivity Enhancer with Super-Resolution Image

Reconstruction Technique

Part of the contents in this chapter has been published as:
H. Liu, Y. Huang, and H. Jiang, “Artificial eye for scotopic vision with bioinspired all-optical
photosensitivity enhancer,” Proceedings of the National Academy of Sciences of the United
States of America (PNAS), Vol. 113, No. 15, pp. 3982-3985, 2016.

This chapter reports an all-optical strategy to significantly improve low-light imaging
capability with the help of a biologically inspired photosensitivity enhancer (BPE) consisting of
thousands of microphotocollectors (u-PCs). The underlying principle is based on the optical
concept of superposition eyes and elephantnose fish eye which is described in detail. The structural
design as well as the unique features of the BPE are also explained. In addition to the demonstration
of the hardware capability of acquiring images under low-light environment, the software approach
that adopts iterative-back-projection (IBP) maximum likelihood super-resolution algorithm to
obtain high-resolution images is described. The presented all-optical approach can be used on top
of other electronic technologies further improving image sensors with photosensitivity reaching

their physical limitations.
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4.1 Introduction

Improving the photosensitivity level for low-light imaging is important for visual
information acquisition and is critical to many applications in medicine, military, security, and
astronomy [1-5]. Current methods for this purpose predominantly rely on electronics, including
the use of external image intensifiers or on-chip multiplication gain technology, or highly
photosensitive imaging sensors with emerging photoactive materials [6-9]. These electronic
devices, although able to increase the overall photosensitivity of imagers by several orders of
magnitude, have inevitable physical and material limitations [10]. Another direction to improve
the photosensitivity of imaging systems could be seeking a breakthrough in the optics for the
imaging, which is largely unexplored.

In pursuit of a groundbreaking optical approach to photosensitivity enhancement, we look
to nature for inspiration. Some biological eyes have adopted exquisite, purely optical scheme for
scotopic vision [11-13]. For example, superposition eyes possess much better scotopic vision than
equivalent apposition eyes because light received by a single rhabdom is collected from multiple
lenses or reflectors [14]. Figures 4.1(A-C) illustrate the structures and light-receiving mechanisms
for an apposition eye, superposition eyes without and with misaligned optics. The apposition
compound eyes, usually found in arthropod groups, consist of many individual ommatidia, each
of which has a lens and a rhabdom. The light is gathered by the single lens to the rhabdom,
contributing only a single point of image. In superposition eyes, nevertheless, the light received
by the rhabdom is superimposed from multiple lenses (refractive superposition eyes) or mirrors
(reflective superposition eyes) that are precisely aligned on a curved surface. As can be seen,
superposition eyes are relatively more superior in delivering a picture in low-light environment

due to the convergence of the gathered light.



88

\3“/ %
N\ N2 N
Apposition eye Superposition eye Misalignment eye

Figure 4.1. Schematic illustrations of (A) An apposition compound eye, (B) A superposition
compound eye. (C) A superposition eye with misaligned optics.

However, mimicking superposition eyes in artificial devices poses tremendous technical
challenges in both manufacturing and maintaining the optical performance since any misalignment
of the optics might cause a failure in light collection and imaging as depicted in figure 4.1(C). In
the retina of the elephantnose fish (Gnathonemus petersii), collecting light (wavelength A ~ 615
nm) to reach the photoreceptors is achieved by crystalline micro-cups with reflecting photonic
crystal sidewalls as shown in figure 4.2(A) [15]. This focusing mechanism of guiding light rays
through an enclosed structure is much less prone to imperfection in optical elements, and thus
provides a viable solution to realizing superposition in man-made imagers. Figures 4.2(B-C) show
an artificial eye for scotopic vision employing the all-optical photosensitivity enhancer as shown

in figure 4.2(D) with numerous |£PCs.
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Figure 4.2. Schematic illustrations and images of a natural eye of elephantnose fish and an
artificial eye. (A) lllustrations of the anatomical structure of the elephantnose fish eye and a
crystalline cup in the retina (Inset). (B—D) Images of the artificial eye, its front view, and the BPE
on the rear side, respectively. (E) Exploded illustration of the artificial eye. (Inset, Right) The

structure of p-PCs is shown.
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In this work, an artificial eye inspired by the light-collecting mechanism mentioned above
is demonstrated which is basically a bioinspired photosensitivity enhancer (BPE) accomplished by
thousands of three-dimensional, omnidirectionally aligned microphotocollectors (u-PCs) with
parabolic reflective sidewalls. The miniaturized, low-cost, and zero-power-consumption device
presented here can be implemented independently in imaging systems, or combined with other
image enhancement technologies, which opens a previously unidentified direction toward
obtaining high photosensitivity in imaging systems.

Basic structure, features and fabrication of the BPE and (PCs are briefly introduced and
a software-based method, i.e. iterative-back-projection super-resolution reconstruction to resolve
the problem of low resolution in the designed system is described. The performance of the device
in image-capturing was tested manifesting the achievement of clear and high-resolution images
and no discernible images could be obtained without the BPE. The image quality assessment
method of structural similarity (SSIM) index is employed to quantitatively evaluate the
performance of the algorithm with different initial guesses of high-resolution images.

4.2 Structures of the artificial eye, BPE and pxPCs

Figure 4.2(E) draws the 3D layout of the artificial eye listing the components and the
structure of the bioinspired |£PCs. The artificial eye consists of a ball lens mounted in a central
iris, an array of 48 x 48 u-PCs supported by a hemispherical polydimethylsiloxane (PDMS)
membrane, and a protective shell, which are packaged in a 3D-printed protective casing of
matching radii as shown in figure 4.2(B).

Figure 4.3 depicts the structure and the relevant dimensions of the designed artificial eye
and the |£PC in more detail. The ball lens generates a hemispherical image plane on the PDMS

membrane, analogous to a natural eye. The close-packed p-PCs are omnidirectionally arranged on
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the PDMS membrane, with orientations directed toward the geometric center of the ball lens,
anatomically equivalent to the crystalline microcups in the eyes of the elephantnose fish. Each p-
PC is a glass microstructure with two opposite facets enclosed by four parabolic sidewalls coated
with reflecting aluminum as shown in the inset of figure 4.2(E). The incoming light from the large
facet (input port) is collected to the small facet (output port) by the parabolic sidewalls,
consequently increasing the light intensity. In this manner, u-PCs function as superposition of
incoming light to pixels on the imager. The resultant image can then be acquired by a matching

image sensor [16-18].

I’ _____________ e |
C 112.5 mm ! D

: Image plane
I
| I
: Ball lens ‘
| Beam 1 \0
I
I
I
| u-PCs
I Beam 2

Figure 4.3. Schematic of the design of the artificial eye. (A and B) 3D layout of the artificial eye
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and a |PC, respectively. (C) Cross-section view of the artificial eye. (D) lllustration of the image
acquisition system. The ball lens generates an image plane on a hemispherical surface which is
coincident with input ports of the (PCs. The image from the output ports is captured by a
matching imager.

The structure of BPE with the array of |&PCs is formed by femtosecond laser
micromachining with layer-by-layer strategy and then is transferred onto a hemispherical PDMS
membrane. The details of the fabrication process are elaborated in Reference [19].

Figure 4.4 shows the SEM image of a part of fabricated BPE indicating high-quality
micromachining due to the uniform topography of the device and smooth curved sidewalls of the

individual |£PCs thanks to the precise 3D processing capability of our fabrication process.

Figure 4.4. Surface SEM image of a part of fabricated BPE indicating high-quality

micromachining by fs laser ablation
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4.3 Device Performance

4.3.1 Visible Spectral Response

Although the emphasis of the device performance is given to the imaging capability under
low-light condition, the multiplication of the light intensity (M) with respect to different
wavelengths especially the visible spectrum should be evaluated first as the obtained image color
might deviate from the original substantially if the responsivity at different visible wavelengths
varies too much. In every 14 x14-pixel area (corresponding to a |£PC which covers a 77 pm x77
| area), maximum gray-scale values, Guithout (Without |EPC) and Guith (with |£PC), were selected

to calculate the multiplication of the light intensity M:

M = Gwith—Gwithout (41)

Gwithout

Figure 4.5 plots the relationship between the multiplication of the light intensity for the
wavelength range of 380 to 900nm that covers the entire visible light spectrum. Blue dots in the
figure denote the numerous measurements and the plot was obtained by cubic polynomial curve-
fitting. As shown in the plot, the M value across the visible light spectrum has a value of

approximately 3 and has a reasonable uniformity.
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Figure 4.5. Multiplication of light intensity M (blue dots) at wavelengths ranging from 380 to 900

nm. The red line is obtained by a cubic polynomial fit.

4.3.2 Imaging Results

In order to test the imaging performance of the designed BPE, a famous figure at University
of Wisconsin-Madison called Bucky badger is used as a target with the original and undistorted
image shown in Figure 4.6. The original image was obtained by a camera under reasonably good

illumination and then compressed to the resolution of 384 X 384 in JPEG format.
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Figure 4.6. The image of the original distortion-free image of Bucky badger

Initially our BPE, array of 48x48 |£PCs, is applied to upper-left, upper-right, bottom-left
and bottom-right sections of Bucky separately under low-light condition in which the areas of the
4 sections are equal. Since each |£PC corresponds to one pixel in resultant images, each obtained
image has the resolution of 48x48. A CCD sensor is placed after the BPE that saves the image.
The 4 raw images obtained directly from the CCD with BPE applied are shown in figure 4.7. It is
observed that each bright dot in the images is obtained by a | £tPC while the black gap between
bright dots originates from the “blind” regions between the boundary of outputs of all u-PCs. The
experiment was performed under the same ambient condition without the BPE applied, however,
no light was detected by the CCD resulting in a completely dark image that indicates the much

improved photosensitivity of the designed BPE structure.
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Figure 4.7. Four raw images obtained by CCD sensor with the BPE applied to the upper-left,
upper-right, bottom-left and bottom-right parts of Bucky, respectively.

After the 4 raw images are obtained, they are stitched together to form a complete image
for Bucky badger as shown as the left image in figure 4.8. The stitched image shows a seamless
joining process for the 4 raw images. Since the bright dots along with part of their adjacent black
regions represent individual pixels generated from the |£PCs, it is necessary to convert them into
single pixels so that all pixels in the final constructed image contain meaningful visual information.
The dimension of the inputs of the |£PC is approximately equivalent to the width of 14 pixels in
the CCD sensor utilized in our experiment, therefore each 14x14 pixels block in the left image of

figure 4.8 is converted into single pixel chosen from the pixel with the highest grayscale value
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within the pixels block, and the resultant image with the resolution of 96x96 is provided as the
middle image in figure 4.8. As can be seen, the physical size of the middle image is much smaller
than the left one due to the pixel block compression process. To emphasize the quality of the
processed image compared with the left image, the middle image is zoomed in to match the size
of the left one shown as the right image in figure 4.8. It therefore can be concluded from the figure
and also from the resolution of the processed image (96x96) that its quality is not satisfactory in
the modern imaging applications demanding for high-definition digital contents. One solution is
to fabricate BPE with smaller (+PC, however, the fs laser has a low limit on the dimension of the
features it can achieve especially for layer-by-layer ablation process. In addition, the higher
number of PCs requires much longer processing time with the fs laser micromachining. This
difficulty of hardware improvement can be overcome by the software approach introduced in the

next subsection.

Figure 4.8. (left) Combined image from the 4 raw images;
(middle) Processed image by taking the maximum gray value in every block of 14x14 pixels of
the left image as a single pixel, and then stitching them together;

(right) simply zoomed-in middle image.
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4.3.3 Iterative-Back-Projection (IBP) Super-Resolution for High-Resolution Image
Reconstruction

The enhancement of the photosensitivity of the £PCs and thus the BPE comes with the
cost of an inherent problem associated with the structure of the photo-collector, that is, low
resolution of the resultant images. The originally gathered light enters the |£PC through the input
port and exits through the output port. While the smaller design of the output port increases the
average light intensity, it inevitably confines the received light to a smaller region hence it causes
lower resolution which is hard to overcome due to the hardware limitation with this specific design
and increasing processing time for greater number of smaller +PCs.

Instead of an expensive overhaul on the hardware modification, we resort to the software
approach by adopting the iterative-back-projection (IBP) maximum likelihood super-resolution
(SR) technique for a high-resolution image reconstruction from a set of low-resolution images. It
is a process of combining multiple low-resolution (LR) images obtained by an imaging system
and, after some computation, generating a high-resolution (HR) image. The basic prerequisites
are: 1). availability of LR images captured from the same scene; 2). sub-pixel shifts between the
LR images. The information difference between the LR images shifted by sub-pixel distance is the
key for reconstructing an HR image beyond the resolution of the physical imaging system. Figure
4.9 illustrates the observation model for the back-projection process with a transformation kernel
involving three essential steps, namely warping, blurring and down sampling, to transform an
initial guess of HR image to the obtained LR images [20]. In our application, warping process only
incorporates the global translation matrix, blurring is assumed to be the Gaussian distribution
related to all immediately adjacent pixels and it is uniform across all pixels of the HR image, and

the down sampling extent is determined by the resolution ratio of HR and LR images. In addition,
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noise is considered to be zero for the simplicity. This observation model can be described as the

Equation (4.2) in which the kernel is represented by a transformation matrix.

kth Warped kth Observed
HR I'msage x; LR I'sage w;
Waqn'ng Blur Down Sumpling

H

B g : - Optical Blur
-Translation ) ;
Retatich - Motion B lur Undersampling
- Sensor PSF, etc

Figure 4.9. Observation model of the super-resolution image reconstruction [20]

Yk = DkaFkX (4.2)

where k =1, 2, ..., K, K is the number of LR images; Fj, is the warping matrix for ke frame; Hj,
models the blurring effects for ki frame; Dy, is the down-sampling operator for ke frame; Y, is the
ke frame of LR images; X is the HR image to be constructed.

In our application, the down sampling matrix and the blurring matrix are the same for all
LR images while warping matrix varies for different LR images depending on their horizontal and
vertical translation values.

The underlying IBP algorithm is operated as follows [21]: 1. firstly an HR image is guessed
to be used in Equation (4.2); 2. after the set of LR images are computed by Equation (4.2), they
are compared with the real LR images to obtain the mean squared error; 3. update the HR image
with a value proportional to the difference between real LR images and computed LR images; 4.
terminate the process if the number of iterations exceeds a preset maximum value allowed; 5.

terminate the process if the mean squared error is less than a specified error that can be tolerated
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for the final result; 6. if neither step 4 nor step 5 is met, compute LR images based on the updated
HR image and then repeat steps 2-6. This iterative process is illustrated as a flow chart in figure

4.10.

Figure 4.10. Flow chart of the iterative super-resolution reconstruction algorithm used.
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In our experiments, 16 LR images were obtained when shifting the BPE-coupled CCD both
horizontally and vertically with the increment of 18 m. Because the displacement between these
low-resolution images is smaller than the pixel size of BPE (77 pm), the 16 images contain
different sub-pixel information. Figure 4.11 schematically illustrates the main steps to acquire
high-resolution images with the BPE. The power intensity of the laser source was 0.05 pW/cm2,
and transparent mask of Bucky badger head logo is used as the object. A single double-convex
lens is used to generate real images on the BPE-coupled CCD which is mounted on a computer-

controlled x-y translational stage.

Light source

N 16 raw images
with discrete light spots

Object = @

Lens —

CCD-coupled u-PCs

High-resolution
image

AN

\

X-Y stage

Figure 4.11. Schematic illustration of the image acquisition process.

Since the increment of displacement is 18 pm and the pixel size of BPE is 77 pm, the
increment is approximated to be 2/7 pixel used in the global translation matrix in the IBP super-
resolution algorithm. All the 16 LR images obtained and their corresponding horizontal and

vertical displacements are shown in figures 4.12(a) and (b), respectively.
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Figure 4.12. (a) 16 LR images, resolution: 96 x 96; (b) Sub-pixel displacement (x, y) for each

LR image (unit: pixel)
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An initial guess for the high-resolution image x©® must be provided that matches the
desirable resolution. In our implementation, the effect of different initial guesses for HR image
(resolution: 384 x 384) on the quality of the final result is studied. In total, the following three
guesses of HR image are used: A. completely dark HR image; B. expanded first LR image
matching the HR image in which each pixel in the first LR image is expanded to a 4x4 pixels block
with the same values as the original pixel; C. the average of all 16 LR images that are expanded
the same way as that described in B. Since 16 (4-by-4) low-resolution images with identical
increment of horizontal or vertical sub-pixel displacement are to be super-resolved, the initially
guessed high-resolution image and the updated high-resolution images on-the-fly are under-
sampled (i.e. decimated) every four pixels horizontally or vertically. The warping matrix My which
is in fact a purely global translational matrix in our application, is obtained via a linear kernel
relating the next pixel horizontally or vertically depending on the displacement orientation. The
kernel primarily consisted of a sparse Toeplitz matrix that can apply the same kernel function to
related pixels for all pixels in the images. A regularization term of Laplacian operator as the prior
knowledge is used to maintain a low value of steep changes among adjacent pixels to ensure
smoothness of the processed HR image.

Figures 4.13(a)-(c) show the HR images with the resolution of 384 x 384 with the initial
guesses of blank HR image, expanded first LR image, average of the 16 expanded LR images. As
can be clearly seen, the processed HR images in figures 4.13(b)-(c) possess much higher quality
than figure 4.13(a) with the initial guess of blank HR image although the mean squared errors
between the real LR images and the computed LR images based on all processed HR images fall
below the specified tolerable value. In fact, the choice of the back-projection kernel including the

regularization term as well as the initial guesses can affect the quality of the final HR image
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reconstructed. There are several possible solutions with local minima of mean squared errors, and
there exists optimal solution with global minimum value for the mean squared error. The choice
of initial guess does not influence the performance of the algorithm in terms of speed or stability.
Nevertheless, the factor of initial guesses can affect which of the possible solutions is reached first

and usually a good choice is the average of the expanded LR images obtained [21].

(a) (b) (©)

Figure 4.13. HR images with resolution of 384 x 384 obtained from the IBP super-resolution

algorithm based on the initial guesses of (a). blank image; (b). expanded first LR image; (c).

average of the 16 expanded LR images.

4.3.4 Image Quality Assessment Based on the Method of Structural Similarity (SSIM) Index

The method of SSIM index was proposed by Z. Wang et al [22] as an alternative full-
reference image quality assessment method to the traditional ones such as mean squared error
(MSE) and peak signal-to-noise ratio (PSNR). The difference between SSIM index and other
traditional methods lies in the fact that SSIM index is designed to be adapted to the perceived
visual quality by human eyes.

The SSIM model incorporates three factors that are related to the perception of human



105

eyes: luminance I(X, y), contrast c(x, y) and structure s(x, y), where X, y are two images or portion

of two images to be compared with the following formula:

2“1/‘*3/ +
z,y) = 5——F——
Mz + Py + €1
20:0, +C2
c(z,y) = T
oz +0y + ¢
( ) Oy +C3
s(e,y) = —
Y 0r0y + C3 (4.3)

SSIM(z,y) = [l(z,y)* - c(,y)” - s(z,y)"] (4.4)

where |k is the average of X, | is the average of y, ox’ is the variance of x, o, is the variance of
y, Oxy is the covariance of x and y. The constants c1 = (kiL)?, c2 = (k2L)? are used to stabilize the
division with weak denominator in which L is the dynamic range of the pixel-values for the images
under investigation. The black and white images in our application have the depth of 8 bits,
therefore in our application, L of 255 was chosen. The coefficients ky = 0.01, ko = 0.03 and ¢3 =
C2/2. The exponents a, B and y are the weights for luminance, contrast and structure terms,
respectively.

Local SSIM value for each pixel in x using y as the reference is obtained by the algorithm
resulting in an SSIM index map. Although the parameters of luminance and contrast are
indispensable for visual perception, they are not considered in our application since our emphasis
is given to image feature details of Bucky badger and the reference image was obtained under
much more illumination. On the other hand, structure term s(x, y)* indicates the structural
difference between the two images. Therefore, o, f and vy are set to be 0, 0 and 1 respectively in
our calculations. According to the definition of s(x, y) in Egn. (4.3), SSIM index has a maximum

value of 1 which occurs if and only if x and y have exactly the same structural details in our
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application for which x is the HR images processed by super-resolution algorithm shown in figure
4.13 and y is the reference image shown in figure 4.6. In addition, the average of SSIM values for
all pixels among the HR image and reference image reaches maximum value of 1 if and only if
HR and reference images are structurally identical. The closer the average SSIM value for the HR
image is to 1, the more similar it is to the original distortion-free image.

Figure 4.14(a)-(c) illustrates the index maps for the HR image with initial guess of blank
image, HR image with initial guess of expanded first LR image and HR image with initial guess
of average of the 16 expanded LR images using the original undistorted image as the reference,
respectively. It is apparent that HR image with the guess of average of expanded LR images
possesses the highest quality with the SSIM value of 0.8606 while the one with the guess of blank
image shows the lowest quality with the SSIM value of mere 0.7690 that further testifies that
initially averaging the expanded LR images presents a better quality for the processed HR image

using IBP super-resolution technique.
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Figure 4.14. SSIM index maps and their average SSIM values using the original distortion-free
image as the reference for the HR images obtained by IBP super-resolution algorithm with the
initial guesses of (a). completely blank image; (b). expanded first LR image; (c). average of the

16 expanded LR images.
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4.4 Conclusion

A bioinspired all-optical approach to achieve scotopic vision is proposed and implemented
by fs laser micromachining technique in this work. The manufactured bioinspired photosensitivity
enhancer (BPE) possesses excellent performance under extremely low-light conditions and the
uniform spectral response across the entire visible spectrum. In order to achieve higher resolution
of the images obtained directly from the BPE, a software approach called iterative-back-projection
(IBP) super-resolution image reconstruction algorithm is employed to drastically increase the
resolution of the obtained images with robust performance that overcomes the difficulty of the
hardware limitation. The image quality assessment method called structural similarity (SSIM)
index is used to quantitatively gauge the quality of the processed HR image by super-resolution
algorithm and it was found the initial guess of average of all expanded LR images yielded the best
result that is closest to the original image without any distortion.

The bioinspired low-light image-enhancing strategy presented here leads to a conceptually
advantageous, all-optical route to improve scotopic imaging. Our artificial eye has the potential in
powerful compact night-vision camera with low-distortion characteristics. Its working spectrum
could potentially be expanded to X-ray and far infrared for a host of applications such as
endoscopes, robots, and space exploration. In addition, the manufacturing process demonstrated
in this work is applicable to other flexible microsystems and bioinspired devices. Finally, the
software approach to increase the image resolution provides an economical way to overcome the

physical limitations.
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CHAPTER 5

Conclusion and Future Work

5.1 Conclusion

Femtosecond (fs) pulsed laser exhibits superior characteristics in micromachining various
materials and provides a promising alternative to conventional manufacturing techniques. The
research work described in the preceding chapters demonstrates the versatility of fs laser
micromachining technique for manufacturing different microstructures in three types of materials
which have great potential in microfluidics used in harsh environment, compact photovoltaics and
scotopic imaging science, respectively. The designed structures in these specific material systems
cannot be readily accomplished by conventional micromachining techniques or longer pulsed
lasers such as nanosecond (ns) laser ablation.

A through-wafer all-SiC fluidic microstructure fabricated by deionized (DI) water-assisted
fs laser micromachining is demonstrated initially. Due to the unusual properties such as high
melting point and chemical inertness, it is extremely difficult to etch bulk silicon carbide (SiC)
substrates quickly using normal chemicals or by reactive ion processing. With the fs laser ablation,
nonetheless, SiC material in the laser-affected zone (LAZ) can be removed with ease thanks to the
high peak energy and multi-photon absorption mechanism of the fs pulsed laser. A Z-shaped
microfluidic channels were realized by layer-by-layer ablation strategy with minimal collateral

thermal damage and precise control was achieved. The chosen fluid chosen, i.e. mineral oil, was
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found to have a higher wettability with periodic nanostructures induced by laser micromachining
process which was conducive to fluidic flow inside the microchannels. Furthermore,
microchannels with various cross-sectional shapes were manufactured successfully which is not
possible to fabricate using conventional photo-lithography approach.

Then a type of dye-sensitized solar cells (DSSCs) with lateral structure of photoelectrode
(PE) and counter electrode (CE) is elaborated. Compared with the lateral DSSCs reported
previously in the literature, the designed lateral DSSC with interdigital patterns achieves much
higher rate of lateral charge carrier transport causing lower recombination loss that in turn
improves the device performance. In addition, the effect of laser pulse energy on ablation
morphology and device performance was also investigated. The fill factor (FF) is more than double
and the photon-to-electron conversion efficiency (1) is improved tremendously over those lateral
devices previously reported. Moreover, the design of such lateral structure makes the DSSCs
fabricated much more compact than conventional structures leading to the possibility of integrating
other modules such as energy storage unit into the device while maintaining the overall
compactness and relative portability.

Finally, an artificial eye for scotopic vision consisting of an array of all-optical parabolic
microstructures formed by fs laser micromachining inspired by the unique feature of superposition
compound eyes and retinal structure of elephantnose fish is proposed and fabricated. The essential
part is a biologically inspired photosensitivity enhancer (BPE) made of thousands of so-called
microphotocollectors (JtPCs) that drastically improves the photosensitivity making it a suitable
device under low-light condition. It possesses reasonably uniform responsivity across the entire
visible spectrum which is desirable for imaging application. Due to the device limitations, the

obtained images have low-resolution jeopardizing the prospect of the artificial eye. Nevertheless,
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a software-based image restoration strategy called iterative-back-projection (IBP) super-resolution
image reconstruction algorithm was adopted to greatly increase resolution of the obtained images.
The high-resolution (HR) images were evaluated quantitatively by the image assessment method
of structural similarity (SSIM) index implying that the reconstructed HR image with the initial
guess of average of expanded low-resolution (LR) images generates the closest approximation to

the original HR image without distortion.

5.2 Future Work

As for the SiC microfluidics research, more complex 3D structures such as curved
microchannels with varying channel width and periodic microstructures on the sidewalls can be
fabricated in SiC by the fs laser micromachining to achieve vortex and mixing in the channels with
micrometer scale. Moreover, micromachining inside bulk SiC substrates without affecting the
surface can alter the refractive index for specific regions inside the material that might be a viable
way to fabricate optical waveguides ready to be used in harsh environment. In addition, it is
imperative to get rid of PDMS cladding layers and manufacture all-SiC microfluidics that can be
practically used in harsh environment.

In the design of lateral DSSCs presented in this work, the fill factor (FF) and the efficiency
(n) have been improved dramatically over the previous lateral solar cells. However, the area of
counter electrode (CE) prevents the device to reach maximum possible n due to the photon loss on
CE regions. Future study can be directed toward the decrease of CE width, for example by further
reducing the pulsed laser spot. In addition, more in-depth investigation of influence of the laser
parameters on the interface of PE and CE fingers is necessary to further improve the device

performance.
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The super-resolution technique described in this work has generated images with higher
resolution, however, the chosen back-projection kernel can still slightly affect the quality of
reconstructed high-resolution image. Hence, it is suggested to gain as much prior knowledge as
possible from the image acquisition process so that an optimal back-projection kernel as well as
regularization constraints can be implemented representing the closest approximation to the
parameters introduced in the experiments, since the processed high-resolution images obtained
from an image reconstruction observation model incorporating more precise parameters are

expected to be more similar to the original distortion-free image.
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Appendix A

The following is the Matlab code for the main program that calls the IBP super-resolution Matlab

function in Appendix B and reconstructs the high-resolution images shown in figure 4.13.

o

This program is the main program that reconstructs and saves the
high-resolution image from a set of 16 low-resolution images for Bucky
badger, the mascot of the University of Wisconsin-Madison. The HR image
reconstruction is accomplished by iterative-back-projection (IBP)
super-resolution algorithm implemented in IBPSuperresolution.m

called by

99000

o° oo

o° o

o©°
S
°© D
© 3
° O
© o

o

(]
° Q0.
o i
o

000000000 000000000 900 0000000000000 0 900 900 00000000

%% Initialize relevant parameters

o)

% total number of LR images
numLRimages = 16;

% super-resolution resolution enhancement factor along either horizontal or
% vertical direction
superResolveFactor = sqgrt (numLRimages) ;

% the sigma value for gaussian spatial filter applied in the HR image
blurDeviation = 1;

[

% a cell array to store all LR images

LRimages = cell (numLRimages, 1);

% a cell array with LR file paths along with their image names
imageNames = cell (numLRimages, 1);

Q

% global translations along X and Y for all LR images
displacements = zeros (numLRimages, 2);

the displacement increment between adjacent LR images since the images
used in this experiment are evenly displaced
increment = 2.0 / 7.0;

o
°
o
°

% store the image path/name and assign the values of displacements for all
LR images

1;
i

o\°

el
Il

or = l:superResolveFactor



for j = l:superResolveFactor
imageNames{p} = strcat('/bucky/', num2str (i), num2str(j), '.Jpg');
displacements(p, 1) = (j - 1) * increment;
displacements(p, 2) = (i - 1) * increment;
p=p+1;
end

end

[

% get all LR images

for i = l:numLRimages
curImage = rgb2gray(imread(imageNames{i}));
LRimages{i} = im2double (curImage) ;

end

o)

% size of all LR images
LRSize = size(LRimages{l});
% size of HR image to be reconstructed
HRSize = superResolveFactor * LRSize;

% all the expanded images obtained from cloning every pixel and expanding
% 1t to a superResolveFactor-by-superResolveFactor block for all LR images
expandedImages = cell (numLRimages, 1);

for i = l:numLRimages

expandedImages{i, 1} = imresize (LRimages{i}, superResolveFactor,
'nearest');
end

% initial guess of HR image in which all pixels have grayscale values of 0
zeroGuessForHR = zeros (HRSize) ;

% initial guess of HR image which is the expanded first LR image
firstImageGuessForHR = expandedImages{l, 1};

[

% initial guess of HR
aveImagesGuessForHR = zeros (HRSize);
for i = l:numLRimages
avelmagesGuessForHR = avelmagesGuessForHR + expandedImages{i, 1};
end
aveImagesGuessForHR = avelmagesGuessForHR / numLRimages;

%% Compute the Super-Resolution images based on different guesses

o)

% obtain the HR image with the initial guess of all pixels with zero values
HRimage zeroGuess = IBPSuperresolution(LRimages, displacements,
blurDeviation, zeroGuessForHR) ;

% obtain the HR image with the initial guess of first LR image expanded to
% match the size of HR image

HRimage firstImageGuess = IBPSuperresolution(LRimages, displacements,
blurDeviation, firstImageGuessForHR) ;
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% obtain the HR image with the initial guess of expanded average of all LR
% images

HRimage aveImageGuess = IBPSuperresolution(LRimages, displacements,
blurDeviation, avelmagesGuessForHR) ;

%% get the final HR image and other images

[

% obtain the images of high resolution and initial guesses

imwrite (zeroGuessForHR, 'C:\Users/Yinggang/Documents/MATLAB/bucky/guess of
zero.jpg');

imwrite (HRimage zeroGuess, 'C:\Users/Yinggang/Documents/MATLAB/bucky/HR image
of bucky with guess of zeros.jpg'):;

imwrite (firstImageGuessForHR, 'C:\Users/Yinggang/Documents/MATLABR/bucky/guess
of expanded first LR image.jpg'):;

imwrite (HRimage firstImageGuess, 'C:\Users/Yinggang/Documents/MATLAB/bucky/HR
image of bucky with guess of first image.jpg');

imwrite (aveImagesGuessForHR, 'C:\Users/Yinggang/Documents/MATLAB/bucky/guess
of average of expanded LR images.jpg'):;

imwrite (HRimage aveImageGuess, 'C:\Users/Yinggang/Documents/MATLAB/bucky/HR
image of bucky with guess of average.jpg'):;
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Appendix B

The following is the Matlab code implementing the iterative-back-projection super-resolution

algorithm that is called by the main program in Appendix A.

function HRimage = IBPSuperresolution (LRimages, displacements, blurDeviation,
guessOfHRImage)

$IBPSUPERRESOLUTION High-resolution image from a set of low-resolution
images.

IBPSUPERRESOLUTION is used to reconstruct high-resolution images from a
set of low-resolution images from the same scene by iteratively back
projecting and updating HR image with a kernel consisting of operators of
global pixel displacements, uniform gaussian blurring and under-sampling
HR image. This program assumes all LR images have identical size and
there are same numbers of LR images along horizontal and vertical
directions resulting in same resolution enhancement along either
orientation.

o° 0d° o° o° d° o° d° oP° oP

o

LRimages: a cell array that contains all LR images each of which is
represented by grayscale values of all pixels in it as a matrix.

o° oo

oe

displacements: a m-by-2 matrix where m is the number of total LR images,
containing sub-pixel global translations for all LR images in which the
first column represents horizontal displacement while second column
represents vertical displacement. The values for all elements must be
less than 1 denoting sub-pixel translation.

o 0P o° o° oe

oe

blurDeviation: the sigma value, or standard deviation for the gaussian
filter applied to all pixels in HR image. Only the surrounding pixels
closest to the one applied with this filter are included in
calculation. This parameter should be a positive scalar.

o o° o° o°

oe

guessOfHRImage: initial guess of HR image in the form of a matrix. It
must exactly match the required resolution of HR image in specific
applications.

o\°

o\°

[

e program starts here------———-—----—-—--—————————— g

o)

% the number of LR images used to reconstruct HR image
numLRimages = numel (LRimages) ;

o\°

factor of superresoltuion here defined as the times by which the
resolution of HR image along horizontal or vertical directions. Note:
this program assumes the resolution enhancement along horizontal and
vertical directions are the same

superResolveFactor = sqgrt (numLRimages) ;

o° oo

oe



% resolution of LR images. Note: all LR images should have identical
% dimensions

LRSize = size(LRimages{l});

% resolution of HR image to be reconstructed

HRSize = superResolveFactor * LRSize;

o

total number of pixels in LR and HR images that will be used as the size
% of the vectors after LR and HR images are processed after linear

% transformation, also known as vectorization

numPixelsLR = prod(LRSize);

numPixelsHR = prod (HRSize) ;

% the kernel function that relates HR image to all LR images consisting of
% global translation, gaussian blurring and down sampling operators
kernel = [];

[

% vectorize the initial guess of HR image to match the kernel operator
guessOfHRImage = guessOfHRImage(:);

[

%% pixels of all LR images after vectorization

vectorizedLRimages = [];
for i = 1 : numLRimages

curlLRimage = LRimages{i};

vectorizedLRimages = [vectorizedLRimages ; curLRimage(:)];
end

%% Uniform blur with gaussian filter

o)

% create a 2D gaussian filter that only affects surrounding pixels
% only affect the adjacent pixels

rangeOfFilterStraight = (-1 : 1);

rangeOfFilterDiagonal [-sgrt(2) 0 sgrt(2)];

o)

% gaussian filter for horizontal or vertical pixels
gaussianBlurForStraight = exp (- (rangeOfFilterStraight.”2) ./ (2 *
blurDeviation”2));

[

% gaussian filter for diagonal pixels
gaussianBlurForDiagonal = exp (- (rangeOfFilterDiagonal.”2) ./ (2 *
blurDeviation”2));

Q

% first row and first column for creating toeplitz matrix for blur operator
firstRow = zeros (numPixelsHR, 1);
firstCol = zeros (numPixelsHR, 1);

% assign the values to first row and first column before constructing the

% toeplitz matrix
firstRow (1) = gaussianBlurForStraight (2);

)
firstCol (1) firstRow (1) ;
firstRow(2) = gaussianBlurForStraight (3);
firstCol (2) = gaussianBlurForStraight (1) ;
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firstRow (1l + HRSize(l)) = gaussianBlurForStraight (3);
firstRow (HRSize (1)) = gaussianBlurForDiagonal (1)
firstRow (2 + HRSize(l)) = gaussianBlurForDiagonal (3);
firstCol (1 + HRSize(l)) = gaussianBlurForStraight(1l);
firstCol (HRSize (1)) = gaussianBlurForDiagonal (3);
firstCol (2 + HRSize(l)) = gaussianBlurForDiagonal (1) ;

% normalize the values in the gaussian blurring kernel
totalvValue = sum(firstRow(:)) + sum(firstCol(:)) - firstRow(l):;
firstRow = firstRow ./ totalValue;

firstCol firstCol ./ totalValue;

% create the sparse toeplitz matrix that applies the blur to all pixels in

% the image

diagIndices = [-HRSize(l)-1 -HRSize(l) 1-HRSize(l) -1 0 1 HRSize(1l)-1

HRSize (1) HRSize (1)+11;

diagValuesSingleRow = [firstCol (2 + HRSize(l)) firstCol(l + HRSize(l))

firstCol (HRSize (1))

firstCol (2) firstCol(l) firstRow(2) firstRow (HRSize(l)) firstRow(l +

HRSize (1))
firstRow (2 + HRSize(1l))]1:
diagValues = repmat (diagValuesSingleRow, numPixelsHR, 1);

blurOperator = spdiags(diagValues, diagIndices, numPixelsHR, numPixelsHR) ;

%% Down sampling the HR image to match the resolution of LR images

o

% images
[

construct the grid so that the element subscripts are obtained for LR

LR XSubscripts, LR YSubscripts] = meshgrid(l : LRSize(l), 1 : LRSize(2));

oe

sampling, the selected pixels are in the position (1, 1) in each

o° o

subscripts for pixels in HR images that will be selected for down

superResolveFactor-by-superResolveFactor pixels block in the HR image

HR XSubscripts = superResolveFactor * LR XSubscripts - superResolveFactor +

1;

HR YSubscripts = superResolveFactor * LR YSubscripts - superResolveFactor +

1;

% convert these subscripts into linear indices since the images are

% processed after converting them into column vectors

HR linearIndicesSelectedForDownSampling = sub2ind (HRSize, HR XSubscripts,

HR YSubscripts) ;
LR linearIndicesOfEntireImage = sub2ind(LRSize, LR XSubscripts,
LR YSubscripts);

o)

% obtain the down sampling matrix

downSamplingOperator = sparse (LR linearIndicesOfEntireImage,
HR linearIndicesSelectedForDownSampling,

ones (1, numPixelsLR), numPixelsLR, numPixelsHR) ;

%% Obtain the super-resolution kernel with factors of translation,
downsampling
for i = 1 : numLRimages

blur and
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% Translation of each LR image

% first row and first column for creating toeplitz matrix for
% translation operator

firstRow = zeros(l, numPixelsHR);

firstCol = zeros(l, numPixelsHR);

o)

% translation distance in horizontal direction
horizonTranslation = displacements (i, 1);

% translation distance in vertical direction
verticalTranslation = displacements (i, 2);

% construct the linear interpretation of global translation effect
firstRow(l) = 1 - (horizonTranslation + verticalTranslation)/2;

firstCol(l) = firstRow(l);
firstRow(2) = verticalTranslation / 2;
firstRow(l + HRSize (1)) = horizonTranslation / 2;

% create a sparse toeplitz matrix to apply the translation to all

% pixels in the image

diagIndices = [0 1 HRSize(l)];

diagValuesSingleRow = [firstCol(l) firstRow(2) firstRow (l+HRSize(l))];

diagValues = repmat (diagValuesSingleRow, numPixelsHR, 1);

curTranslationOperator = spdiags(diagValues, diagIndices, numPixelsHR,
numPixelsHR) ;

% combine translation, blurring and down sampling operators to get the
% kernel relating LR images and HR image
curImageKernel = downSamplingOperator * blurOperator *
curTranslationOperator;
kernel = [ kernel ; curImageKernel ];
end

%% Iterative Back Projection (IBP) process to reconstruct HR image

% set a maximum number of iterations to restore the HR image regardless of
% final mean squared error (MSE).
maxIBPtimes = 1000;

o)

% HR image updated in each iteration starting with the initial guess
curHRimage = guessOfHRImage;

120

% set a maximum tolerable mean squared errors between the real LR images and

% back-projected LR images from the final HR image
maxIBPMSE = 0.05;

% set a maximum tolerable squared discrete Laplacian transformation of the
final HR image that limits the overall pixel values varying rapidly
across the HR image

maxSquaredLaplacian = 1;

oe

oe

constant coefficient for the incremental update of HR image with IBP
rror in each iteration
cIBP = 0.01;

o° oo

a
e



% a constant coefficient for the incremental update of HR image with
% Laplacian operator

clap = 0.1;

% IBP process begins

for i = 1 : maxIBPtimes

[

% Laplacian smoothness
curlaplacian = del2 (curHRimage) ;

[

% total squared Laplacian values for all pixels in HR image
curSquaredLaplacian = curlaplacian' * curlaplacian;

limit the squared Laplacian value for the HR image so as it is not
greater than maximum value allowed
while curSquaredlLaplacian > maxSquaredLaplacian
curHRimage = curHRimage + clLap * curlLaplacian;
curlaplacian = del2 (curHRimage) ;
curSquaredLaplacian = curlaplacian' * curlaplacian;
end

I°3
°
o
°

[

% obtain all the back-projected LR images
curBP LRimages = kernel * curHRimage;

error between the real LR images and back-projected LR images from
the HR image applied with the kernel
curIBPError = vectorizedLRimages - curBP_ LRimages;

o
°
%

% sum of squared errors between the pixels in real LR images and
% back-projected LR images
curIBPSquaredError = curIBPError' * curIBPError;

% mean squared error between the pixels in real LR images and
% back-projected LR images
curIBPMSE = curIBPSquaredError / (vectorizedLRimages' *
vectorizedLRimages) ;

the process is done if and only if both the squared error between the
real and computed LR images, and the Laplacian value are limited to
their maximum values allowed, respectively. The latter condition has
been checked earlier in the while loop, therefore it does not need to
be checked in this if statement
if curIBPMSE <= maxIBPMSE

break
end

o 0o oe

o oo

o)

% update the current HR image
curHRimage = curHRimage + cIBP * kernel' * curIBPError;
end

o)

% obtain the vectorized HR image
vectorizedHRimage = curHRimage;
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% obtain the final HR image
HRimage = reshape (vectorizedHRimage, HRSize);

end



