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ABSTRACT

Recently, a variety of laser-based surface modification methods have been applied to the industry.
Laser has many good characteristics of surface modification. A laser is an electromagnetic wave and
has a constant beam size. Laser beam is changed to the shape of beam suitable for processing through
the optics and is used in the process. The laser beam is eventually irradiated only to the desired area on
the surface of the specimen, and the surface is changed by the laser beam. Using lasers, it is very useful
to process only the required area and to allow fine controls. Various methods, such as hardening,
cladding, mirco-machining, annealing, etc,. are included in laser surface modification. Recently, laser
annealing process was applied to the semiconductor industry at Samsung. The application of laser
surface modification technology is considered a natural stream, because it has advantages over other
technologies. It is a chemically clean process, easy to control process variables and can be operated by
remote control, so we can benefit a lot from using lasers. The laser surface modification is very
straightforward and easy to apply in various ways. This research suggests different ways of using lasers

to change the surface of material, and direction for applying changed properties.

In this dissertation, laser surface modification technology is used for optical and joining
applications. The first chapter is about the motivation of this research and will describe the processes
associated with laser surface modification used and the materials used and include the background of
next chapters. Chapter 2 describes the graphenization of Diamond-like carbon using laser annealing and
pulsed laser deposition. Diamond-like carbon film is deposited on glass using pulsed laser deposition
and coated films is thermally changed through laser annealing. By measuring the transmittance and
electrical conductivity of annealed films, we will identify the possibility of being used as transparent
conductive films. Chapter 3 will describe how to improve the results obtained in chapter 2. The laser
surface treatment used in this chapter is micromachining. The thin film on the surface is fabricated by
picosecond laser and removed. Through the etching and patterning process of annealed films, we will
describe how to improve electrical conductivity and transmittance. Based on the measurement results,
the electrical conductivity and transmittance after patterning and etching process are predicted through
a simple calculation. Chapter 4 describes laser induced periodic surface structures (LIPSS) using
stainless steel as a material with femtosecond laser. This structure is feature that appears on a surface
found only under certain process conditions and is associated with the electric field of the laser. This
structure consists of a very small gaping pattern similar to the wavelength of a laser is used for various
applications. In this chapter, the reflectance change is obtained depending on the surface geometry,
including the surrounding process conditions in which LIPSS occurs. With reflectance from various
process conditions, we can change the stainless-steel surface by adjusting the reflectance of the surface
as desired. Chapter 5 deals with the coupling of copper materials using laser surface modification.



Copper has very high reflectance for lasers of commonly used near-infrared. Thus, the pattern is
fabricated on the copper surface to reduce the reflectance so that absorption rate for laser beam can be

increased. Coupling on patterned surface occur in lower energy than on the normal copper surface.

This research presents new attempts to change the optical and electrical properties of material
surface and various perspectives using laser applying the optical changes of the surface to the joining

applicatons.
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. INTRODUCTION

1.1. Motivation

Recently, lasers have been applied to various industries in a future-oriented way. The biggest
advantage of lasers is that they can irradiate energy with a high power in a very small area. A variety of
machining techniques have been introduced in recent years using lasers. Lasers have continuous waves
and pulsed lasers, both of which utilize their respective strengths and are used in other areas. Continuous
wave laser is mainly used for thermal change of material, and the areas used mainly are welding and
annealing process. Pulsed lasers have pulses with some repetition rate. Currently, femtosecond lasers
are used mainly, and many studies are underway. These ultrafast lasers have the advantage of
minimizing thermal effects around the areas examined because of their very short interaction with the

material. Ultrafast lasers are mainly used in the micro-machining field.

Our laboratory has femtosecond laser, picosecond laser, and fiber laser. Using these three types of
lasers, various experiment could be used to study many subjects. Although these lasers can be applied
to many applications, many experiments have been carried out especially with ultrafast lasers. Ultrafast
lasers can be applied in many areas. The laser can vary the properties of the beam by using optics. First,
laser can be used for small-scale processes by making the beam size in units of um using objective lens.
Since the peak power is very high due to short pulse duration, it is easy to ablate the materials. For these
reasons, pulsed laser is mainly used for micro-machining. Laser micro-machining includes patterning,
cutting, and drilling etc. The ultrafast lasers in the laboratory is connected to the computer and works
with the stage and is designed to allow processing in various ways through several optics. We tried
fabricating various materials and got results that could feel the benefits of ultrafast laser. Coating was
also possible using the application of Pulsed laser. This coating process is called Pulsed Laser Position
(PLD). Plasma plume occurs when ablation occurs on the surface of a substance in a vacuum. This
plume is attached to the surface of the substrate to create a thin film over the surface of the substrate. If
a substance can be ablation with a laser, the thin film of the desired substance can be created on the
substrate. As such, most of the processes using Pulsed laser address the phenomena that occur on the
surface of an object. Currently, various electronic devices such as smart phones and tablet PCs are being
developed in the industry. These electronic devices require many parts and technologies, but the
technology for displays is very important. Recently, the attention of flexible displays from Samsung
shows how important these technologies are. Display has several complex technologies. For example,
there are a coating of a clear electrode and a patterning of electrodes. Laser can be used to coat and
pattern this material. However, many of these areas are going on in chemical ways, which, if carried

out using lasers, may have a large initial cost, but may have many advantages due to the significant

1



increase in process efficiency. Therefore, we have studied how lasers can be joined into optical areas

such as transparent electrodes.

Firstly, the research was conducted to make transparent electrodes. Graphene is drawing attention
as a new material that can replace ITOs that are commonly used as transparent electrodes. Graphene is
a substance made of only carbon. The amorphous carbon was coated on the glass using the PLD system.
We tried to change this coating to graphene by heating it with a laser. Graphene with carbon coating is
covered in Chapter 2, which refers to a paper written by the author, published in Acta materialia [1].

Secondly, studies have been conducted on how to improve the patterning and properties of
transparent electrodes produced. Patterning was carried out using a pulsed laser. Patterning the results
of the first topic improved the transmittance of films and through the doping process, we improved the
electrical conductivity was improved. The optimization of the film is covered in Chapter 3, referenced

by the author's paper, which was published in Applied Surface Science [2].

The third was the study of Laser Induced Periodic Surface Structure (LPSS). If the preceding topics
were related to transmittance, in this topic it was about reflectance. Using a pulsed laser, the variation
in the reflectivity of the shape of the surface was considered under various process conditions. Among
surface features, LIPSS was also observed. Differences in reflectance caused differences in contrast
between surface shapes, which were used to obtain drawings on the surface of a substance. LIPSS-
based surface reflectance control is discussed in Chapter 4, referring to the author's paper, which was
published in Applied Surface Science [3].

The Fourth is the combination of the reflectivity covered in the third state and the new subject,
welding. Copper has been chosen as the subject matter for this subject. Copper is a highly reflective
material. Reflections on laser beams are also high, making it difficult to weld or process materials. To
solve this problem, the third topic, the change in reflectivity according to surface geometry, was used
to reduce the surface reflectivity of copper. We have identified how the welding process is different by
the reflectivity lowered by the patterns formed on the surface. This topic is currently being prepared for

paper submission.



1.2. Background
1.2.1. Graphene

Graphene is one of the isotopes of carbon and is a two-dimensional structure in which carbon
atoms converge. Each carbon atom has a hexagonal grid and appears to be located at the tip of the
hexagon. This shape is also called honeycomb structure. A thin film consisting of the thickness of one
atom and 0.2 nm in thickness, it is incredibly thin and has high physical and chemical stability stones.
The reason graphene is getting attention is because of the following outstanding characteristics.
Graphene has a very high peak electronic mobility of 200,000 cm2/Vs, a high thermal conductivity of
~5000 W/m, K, and a young coefficient of ~1.0 Tpa. Also, since it consists of one layer, the absorption
to visible light was very low, resulting in a transmission rate of 97.7% for light with a wavelength of
550 nm. It is 100 times better than copper and can move electrons 100 times faster than single-crystal
silicon, which is usually used for semiconductors. Its strength is 200 times stronger than steel, has twice
as much thermal conductivity as diamonds, and its elasticity is excellent. In addition, graphene does not
lose its electrical properties even when stretched or bent. With this characteristic, graphene is becoming
the next-generation new material. Graphene is applied to various industries such as display, secondary
battery, solar cell, etc. as it is the most outstanding new material among existing materials such as
strength, thermal conductivity, and electronic mobility. It is very suitable for use as a transparent
electrode material due to its transparent and high electrical conductivity. Currently, technology has been
developed to make large-scale graphene films that can be used as transparent electrodes. However, the
transfer process is essential and there is a reduction in the efficiency of the process. Although it is more
vulnerable in terms of industrial and mass production compared to current ITOs, it will be an excellent

replacement if it is addressed.
1.2.1.1. Current states of study of graphene formation by laser processing

Qian et al got graphene through the laser exfoliation of highly ordered pyrolytic graphite (HOPG)
[4]. The PLD system was used, and the laser was irradiated on the HOPG and graphene coated on the
silicon substrate. This obtained coating was found to consist of several layers of graphene by Raman
analysis, SEM and TEM analysis. Yu et al obtained graphene from silicon carbide (SiC). Using SiC as
g-switcher, the heat during switching caused graphene to form on the SiC surface. The formed graphene

consisted of 10 to 40 layers and had an even lower absorption rate and low dependence of wavelength.

Park et al. formed a graphene using laser-induced physical visor position (LCVD) [5]. . When the
thin nickel film was irradiated with the laser in CH4 and H, environments, graphene was formed on

nickel foil. Since the formed graphene existed on nickel foil, the transferring process to insulating

3



substrate was necessary to be utilized in practical application. The transferred graphene was either single
layer or multiple layers. The number of layers of graphene was very sensitive to scan speed, and the
slower the scan speed was, the more layers of graphene were found to form. Fan et al. described the
technique in which graphene patterns were directly formed on SiO2/Si substrate through single-step
LCVD process [6]. Firstly, they coated a thin layer of nickel (400 nm) on the SiO2/Si substrate. And
under the environmental conditions of CH4 and H2, lasers were irradiated on the nickel film and
graphene formed on the thin nickel film. The remaining nickel layer was removed by nickel etchant and
only the graphene remained on the Si02/Si substrate. The single layer of graphene was dominant in the

central part of the irradiated area, and the more towards the edge, the more layers were found to increase.

Xiong et al. formed a graphene pattern directly on the insulating substrate and this method was
called laser direct writing [7]. First, they deposited Ni/C thin film on top of glass substrate, then
irradiating laser to form graphene. Multi-layer graphene was formed at 800 nm beam size and 500 pm/s
speed using femtosecond laser (120 fs, 100 MHz) in ambient environment at room temperature.
Remaining Ni/C film without laser irradiation needed to be removed. The generated pattern has
electrical conductivity of 205 ohm/sq and transmittance at 550 nm of 94.3%. Wei et al introduced the
method of forming graphene on silicon substrate [8]. . They used poly (methyl methacrylate) (PMMA)
as a source of carbon to make graphene. First, they coated PMMA on top of silicon wafers and covered
them with quartz wafers. The reason why it is covered with quartz wafers is to prevent carbon atoms
from evaporating and dispersing into the atmosphere when the laser is irradiated, so that the
concentration of carbon is kept high. Laser beams were focused on silicon wafers and irradiated under
high purity nitrogen gas conditions. As a result, it was confirmed through Raman analysis that two to
three layers of graphene were produced when laser was irradiated for five minutes. If irradiated longer
than five minutes, the number of layers of graphene increased, forming at least four layers of graphene.
Wei et al described in 2013 another way how to produce graphene directly on the quartz substrate [9]. .
A photoresist S-1805 was spin coated on the quartz substrate, then another quartz substrate was placed
on the top surface. The laser was irradiated by focusing on the photoresist located between two quartz
substrates. The irradiated laser caused the temperature to rise and carbon atoms extracted from
photoresist. Extracted carbon atoms formed graphene structure. Graphene had fewer layer as the
irradiation time was longer, and after five minutes of irradiation, the monolayer of graphene was

obtained.
1.2.1.2. Analysis of graphene

Graphene is a thin layer of carbon. The thickness of graphene is only a few nanometers, so it is

very difficult to measure. At present, TEM is used to determine the number of layers of graphene and



make accurate measurements. However, the TEM measurement requires the preparation of the
necessary specimens. Raman measurements are generally used because the results may be unsuitable
for TEM measurements. Currently, many studies have conducted graphene analysis using Raman
spectroscopy. Thus, analysis using Raman spectroscopy is also a very reliable result. Raman
measurements of typical carbon materials, such as graphite and graphene, give the picks shown in Figure
1. Representative picks are D, G, and 2D. Graphene structure can be analyzed using the ratio of these
peaks. The ratio of D-Pick and G-Pick can identify defects in the structure, and the ratio of 2D Pick and
G-Pick can identify the number of layers of graphene.
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Figure 1. Raman spectrum of graphene and graphite [10]

1.2.1.3. Diamond-like carbon (DLC)

Diamond like carbon (DLC) can be deposited using pulsed laser deposition technique. In Figure 2,
DLC exists in a variety of forms, of which the ideal material called tetrahedral amorphous carbon (ta-
C) is the hardest and consists purely of sp* coupled carbon atoms. However, the actual DLC contains at
least a little sp2 binding. The deposition technique using pulsed laser is to ablate graphite targets in a
vacuum chamber. In vacuum state, when laser is irradiated on target, target material is rapidly
evaporated, ionized and plasma plume is formed by high photon energy. This plasma plume reaches the
substrate with high kinetic energy and becomes deposition. In general, the heat treatment process is
carried out in order to absorb the deposited DLC film more well into the substrate. However, during
this heat treatment, some sp3 bonds will be converted into sp? bonds, which will reduce the material
properties of the DLC. We decided to use this point to add laser annealing method to the existing DLC
film deposition method and study how to produce graphene on the substrate without going through the

transferring process directly on the substrate.
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Figure 2. phase diagram for amorphous carbon [11]

1.2.1.4. Laser annealing

Annealing is a process in which the surface is heated and cooled to deform the material surface.
Laser annealing refers to annealing performed using a laser, which can be heated quickly to self-cooled,
and the process can be carried out in the atmosphere. When using a Forge method to heat the substrate,
the hot substrate takes a long time to cool and the heat of the substrate affects the surface. However,

because laser annealing quickly heats and cools only the surface, an efficient process can be made.
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Figure 3. Laser annealing process

1.2.2. Laser induced Periodic Surface Structure (LIPSS)

LIPSS is shown through the complex physical processes of inter and intrapulse. After the laser is
absorbed by an object, the energy is transferred to the solid grid system by thermal fluid and by
mechanical or chemical effects. This phenomenon can affect periodic surface relief through ablation of

materials. Due to the reaction between pulses and various mechanisms, the theory of LIPSS is not



currently available and many aspects are still debatable.

LIPSS was first discovered by Birnhaum in 1965. Using the ruby laser beam, the laser was
irradiated on the surface of the polished Germanium to create parallel grooves. LIPSS is largely divided
into two types: low specific frequency LIPSS (LSFL) and high specific frequency LIPSS (HSFL).
LSFLs generally appear mainly on semiconductors and metals in a direction perpendicular to the
incident laser beam polarization, and LIPSS period (A/2 <A< L) with values near the incident
wavelength. LSFL is divided into two parts in detail. LSFL, whose LIPSS period is approximately
similar to incident wavelengths, is produced by the interaction of electromagnetic waves scattered on
the rough surface with the laser beam and Surface Plasmon Polaritons (SPP). LIPSS literature often
states that SPP wavelengths are directly related to the LSFL period (Aspp = Arsrr). The period of SPP
in the standard surface plasmon model of the metal-air interface against vertical incident light can be
represented as Arspi= Aspp= AxRe[(+1)/ €] with respect to permittivity, . When the number of laser
pulses is small, the period of LSFL can coincide with the period of SPP because the depth of the LIPSS
on the surface is shallow. However, once deep LIPSSs are formed, it is difficult to simply express the
SPP period as above. Multi-pulse feedback phenomena also have a significant effect on LSFL formation,
and standard surface plasmon models should always be carefully checked and applied. The second
LSFL type is observed in dielectrics. These LSFL structures are generally parallel to the polarization of
incident laser beam, and the LSFL period relates to the refractive index of the dielectric material, LSFL
= Mn (n= &'?). This structure is related to Radiation Remnant (RR) in Transparent Materials by Sipe
theory.

In the case of HSFL having a period very small than the wavelength of incident laser, usually
appearing in fluence near threshold, and mostly produced in short pulsation of femtosecond and
picosecond. The HSLF direction is shown both vertically and horizontally in the direction of incident
laser polarization, depending on the substance. HSFL is divided into two types depending on the depth
of LIPSS curve. The first type is usually found in dielectrics and semiconductors, with the formation of
narrow LIPSSs of several tens of nanometers in width. Initially, it starts with individual nano-cracks,
and LIPSS can reach a depth of hundreds of nanometers. In this first type, the depth-period ratio (A)
will have a value greater than 1. Some authors call these nanostructures deep-subwavelength leaves.

And in the case of translucent materials, LIPSS represents a period of Arsrr = A/2n.

On the other hand, the gravitational pull of the second type LIPSS is smaller than 1 with a shallow
ten of nanometers of depth than the first type, with periods close to the range of 100 nm or less. This
shallow HSFL is usually observed on metal surfaces such as Ti, Ni and surface oxidation, or re-

composals of shallow melt layers induced by lasers are involved in its formation. But at present the two



types of HSFL are not distinguished in the literature and the origins of HSFL are debatable. HSFL is
formed mainly by irradiation of ultrafast laser pulses and is large in relation to the direction of linear
laser polarization and has a low limit periods ,50-100 nm. These three features place the preference of
the super-fast energy deposition mechanism on the sample surface as the source of HSFL. The lower
limit is determined by the heat diffusion effect, and too small-scale part is removed during the transfer
of energy from the excited electrons to the surrounding solid grid. HSLF is not adequately explained by

Sipe Theory for the theoretical explanation of the absorbed light energy.

LIPSS can be formed on the surface by a single laser pulse but a distinct and well-aligned LIPSS
is generally formed by multiple laser pulses. When a laser beam is firstly irradiated on the surface of
materials, the first pulse produces a rough surface that enables energy coupling to the next laser pulse.
The specific frequency of a roughness allows better absorption of radiation. During repeated exposures,
specific spatial frequency is required to form grids such as LIPSS patterns through positive feedback.
In the formation of LIPSS, which may already be caused by a single laser pulse or multiple pulses, the
feedback process is as follows. The Intrapulse effects include temporary changes in the optical
properties of solids, stimuli in surface-scattered electroromagnetic waves (SEW), nonlinear effects, or

spatial non-bacterial absorption.

1.2.2.1. Current state of LIPSS formation

In a paper written in 2008, Vorobyev et al. used fs-laser (65 fs, 800 nm) to form LIPSS on the
aluminum surface to describe the change in the optical properties of the metal [12]. Laser was examined
on the aluminum surface using X-Y stage, and the result was found to show a variety of colors. In case
of gold, surface structures of nanostructures and micro-scale appeared, although not LIPSS on the
surface, when scan was carried out using a flux of 0.16 J/cm2, scanning speed of 1 mm/s and a retraction
rate of 100 kHz. The surface was always confirmed to be gold, with no change in color depending on
the angle. This is thought to be due to the shape of the irregular surface and the size of the periodic part
on a micro-scale. The surface of aluminum produced in this experiment was formed with LIPSS having
periods close to ~540 nm and the color changed according to the angle. And they describe that the
period of LIPSS is controlled by laser's angle of incidence, wavelength, and real part of the effective
reaction index. In addition, In 2008, Vorobyev et al. described the results of their experiments on the
graphite phenomenon of Platinum using femtosecond lasers (800 nm, 65 fs, 1 kHz) [13]. Using a fluence
of 8.1 J/em2. The results of the experiment confirmed that the microstructure with a period of 100 pm
was formed, and that irregular nanostructure was formed on its surface. Measurement of the reflections
on this surface showed that 50-80% of the reflections from the machining field were less than 5% in

the overall wavelength range after laser irradiation. It was also confirmed that the measurement of



absorptance increases by up to 95%, which is consistent with the results of the reflectance measurement.

Dusser et al described LIPSS formation and color change using fs-Iser (150 fs, 800 nm, 5 kHz) is
described on the surface of the stainless steel [14]. It also describes how the color of the LIPSS structure
varies depending on pulse energy, processing speed, direction of polarization and angle of observation,
and how to measure that color. Shammim Ahsan el al. controlled the irradiation conditions of the
femtosecond laser beam (786.5 mm, 183 fs) to indicate color on the stainless-steel surface [15]. The
monochromatic and multicolored stainless-steel surfaces were obtained by Micro/nano grating and
mircohole. The multi-colored stainless-steel surface on the sample surface showed different colors
depending on the angle of incidence and indicated the dependence of metal colors on the angle of
incidence. Korolkov et al. formed nanostructures (LIPSS) in Ni/Cu foils using femtosecond laser [16].
In this paper, the term femtosecond laser nanostructuring (FLN) was used instead of LIPSS. A
femtosecond laser (744 nm, 110 fs, 10 Hz) was used and Ni/Cu bilayer foils were used as a material.
Ni/Cu foils used here were deposited using CVD. An experiment was conducted in the energy density
area of 50-300 mJ in various mediums (air, distilled water, ethanol, benzene) using linearly polarized
beams to obtain nanostructures. The reason for the formation of FLN in a liquid was to create a two-
dimensional structure that is not affected by polarization. As a result, nannostructure with a period of
400-450 nm was obtained in the air, and nanostructure with a period of 370-390 nm in the water. But in
other conditions besides air, it was not linear grating but irregular nanostructure. In this paper, we tested
whether an anti-reflective coating can be created on a polymer using FLN of these metals. For Anti-
reflective coating, the period of grating should not exceed half of the incident wavelength, so they
thought that using the 400-450 nm period obtained from this paper and they produce an anti-reflective
coating in the near-IR area. Yao el al. formed LIPSS on the surface of the stainless steel 301L using
femtosecond laser (800 nm, 90 fs, 1 kHz) [17]. After finding the optimal LIPSS shape condition by
adjusting the laser irradiation conditions, we applied different patterns and changed the angle of the
incident light to observe the color change of the stainless-steel surface. There was certainly no mention
of the period and depth of LIPSS, and only the results of experiments using optimal conditions are
described. A. A. Ionin et al. used femtosecond lasers (744 nm, 100 fs, 10 Hz) to make color making on
top of smooth silicon wafers (Al, Cu, Ti) [18]. For Si, at the process conditions of 0.27 J/cm? and 9-13
pulse counts, the p-polarized beam was joined at 15 degrees to obtain the diffractive surface nanorelief.
The LIPSS's period was about 970 nm, slightly larger than the incident laser wavelength. This shows
that the period has increased more than the conditions when vertically joining the company. The
experimental results confirmed that, in the case of silicon wafers, the optimum LIPSS is formed when
the flux is in the range of 0.2 to 0.4 J/cm?. G. Li et al. used femtosecond laser (120 fs, 800 nm, 1 kHz)
to present color to aluminum [19]. Under the laser conditions, the temperature of 5.1 mJ/cm? was tested

with a pulse overlap -7%, 33%, 93%, and 99% using 50 um of beam diameter. Depending on each
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condition, gold, white, gray, and black colors were obtained. Zhigui Ou et al. formed LIPSS on top of
Pure Cu (99.95%) using femtosecond laser (800 nm, 1 kHz, 35 £5) to generate color changing according
to angle [20]. In this paper, there was a reference to the change of LIPSS period according to the
conditions of the laser process. As the peak flux increased, it was stated that the LIPSS period decreased,
and when we looked at the SEM photography, only an uneven portion of the period was measured by
the measuring instrument even under the conditions in which LIPSS was formed. Guoqiang et al.
experimented on the change of LIPSS period with wavelength over the surface of the stainless steel by
using femtosecond laser (240-2600 nm, 104 fs, 1 kHz) and color change according to polarizing
direction, incident light, and reflective light [21]. The irradiated laser wavelength and LIPSS period are
proportional to the linear relationship, and the incident light and reflective light are adjusted to show

different colors.

In 2014, Long et al. formed a colorless, hydrophobic LIPSS on the Copper (99.99%) surface, using
picosecond laser (1064 nm, 10 ps, 203.6 kHz) [22]. The formation of LIPSS was observed according to
the number of pulses and the fluence, and it was verified that LIPSS was formed under certain
conditions (N = 509, F = 0.43J/cm2), and the contact angles were measured for hydrophobic testing.
Calvani et al. used LIPSS by femtosecond laser (800 nm, 3 mJ, 100 fs) horizontally polarized at high
vacuum chamber(<10~” mbar) to increase diamond absorptance in the range of visible light and infrared
wavelengths The horizontal polarized laser beam focused vertically on the diamond surface and the
diamond target was moved using an X-Y stage along two directions on the optical axis [23]. The period
of LIPSS that was formed this way was much smaller than the wavelength of the laser used at 170 nm.
The spectral photometry in the 200-2000 nm wavelength range showed a significant increase in visible
light and infrared absorption over 80% compared to less than 40% of untreated samples. Granados et
al. formed LIPSS using femtosecond laser (130 fs, 400 nm, 1 kHz) on the diamond surface, and
recognized the photonic properties of this structure through simulation and described their usability
potential [24]. Various LIPSS structures were tried to identify the different LIPSS structures on the
diamond surface using the laser process conditions (fluence). The area where LIPSS of type LSFL was
generated was the flow rate in the range of 2 to 6 J/cm? and the scan rate between 100 and 300 um/s,
where the measured period of the structure was 400 nm. At 100 um/s scanning speed the HSFL structure
appeared and morphological irregularities appeared, degrading the optical quality of the structure. For
high fluence exceeding 6 J/cm?, strong ablation occurred, with HSFL structure accounting for the
majority of the area. It has been shown that the total number of photons colliding at a specific location
on the diamond surface to create a high quality LSFL structure remains fairly constant in the range of 2
to 6 J/cm?. The photon characteristics of this generated structure and its potential as an anti-reflection
coating of Raman laser are described. Hohm et al. investigated 5 to 10 NIR femtosecond pulse

sequences to confirm that LIPSS is formed under atmospheric conditions on the surface of silica [25].
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When 10 pulses were investigated, LSFL with a period between 460 and 900 nm in silica and a direction
parallel to the laser beam polarization was observed at a flux of not less than 6 J/cm?. At 6 J/cm? and
below, HSFL with a period of 170 to 450 nm was formed in a shape perpendicular to the polarization.
In Fused silica, the double femtosecond pulse experiment, which indicates the optical behavior of the
material changing from dielectric to metal-like, showed that the periods of LIPSS showed great
dependencies on the degree of optical excitation. He et al. found a controllable method for making
nanostructures much lower than the diffraction limit [26]. Using femtosecond lasers (395 nm, 38 fs, 80
MHz), sufficient laser fluences (0.01 to 0.02 J / cm?) or peak intensity (2.7 x 10! to 5.4 x 10! W/ cm2)
were added to the glass surface to act as metal and to form a nanostructure due to interference with the
laser incident surface. Multiple nanogrooves with 180 nm periods and 120 nm periods of nanowires
were created, and based on the same mechanism a single nanostructure, 60 nm wide nanogroove and
40 nm wide nanowires were obtained. Numerical calculations including high-speed pulse propagation,

field distribution and temperature rise were consistent with the phenomena observed in the experiment.
1.2.2.2. Lack of studies on LIPSS

In most cases, periodic leaves were created on the surface by irradiating femtosecond lasers on the
metal, and changes in the color of the surface by diffraction were mainly made. Using LIPSS, the color
shown through periodic surface structure is called structural color, and many papers experimented with
various materials, and showed results. In general, LIPSSs in vertical direction of polarizing light using
linear polarized beam are produced on the surface and color variations are indicated according to the
angle of incidence of light for grating. Depending on the direction of polarization and the angle of
incidence of light, the color will be changed by diffraction, and there was also a paper that arranged
these according to the angle. There was a limit to the fact that these papers used LIPSS at a certain
interval using a wavelength of laser. Among the phenomena that form LIPSS on the surface are single
pulses and double pulses. Single pulse, as is known, appears under certain conditions under which the
LIPSS is formed by adjusting the number of pulses and the fluence. The method using double pulse
showed different dependence on the polarizing of the first pulse and the second pulse depending on the
medium, and in the case of metal or semiconductor, the second polarizing was affected and in the case
of dielectric, the dependence on the first polarizing. It is thought that the number of cases is insufficient,

and LIPSS formation under various incident conditions will be possible.
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I1. TANSPARENT CONDUCTIVE FILMS WITH CONTROLLABLE
SHEET RESISTANCE ON GLASS SUBSTRATES BY LASER
ANNELING OF DIAMOND-LIKE CARBON FILMS

2.1. Introduction.

Graphene is arguably one of the most promising materials for many challenging applications due
to its unique and exceptional properties [27-29]. With a rare combination of transparency in the visible
range [30] and high electrical conductivity, for example, graphene is considered a next generation
material for transparent conductive films and many researchers around the world are working to develop
an efficient and cost effective method for producing large-area transparent conductive films based on
graphene [31-33]. As of today, the most popular method of fabricating transparent conductive graphene
films seems to be chemical vapor deposition. In this method, a graphene film is generally grown on a
catalytic metal surface, which needs to be transferred to an actual substrate in a separate procedure [34-
36]. For example, Bae et al. fabricated a large-scale, 30 inch graphene film by transferring a CVD grown

film on a polyethylene terephthalate (PET) substrate by using a roll-to-roll method [31].

Recently, laser-based methods have been studied for fabricating graphene films, such as laser
exfoliation of highly ordered pyrolytic graphite (HOPG) [4], laser-based epitaxial growth of graphene
on silicon carbide [37], laser-induced chemical vapor deposition (LCVD) [5, 6, 38], and laser direct
writing of graphene [7-9, 39]. In each of these methods, a high-density, high-precision optical energy
at a selected wavelength is used as an energy source to thermally transform or evaporate the given
carbon source. For instance, Xiong et al. developed a femtosecond laser based nanofabrication process
for making graphene patterns on insulating substrates using a co-sputtered Ni/C thin film under ambient

conditions [7].

Here, we report a simple and fully-scalable laser-based method for fabricating large-scale,
graphene-based transparent conductive films with customizable sheet resistance on glass substrates
using amorphous carbon as the carbon source. In this study, a DLC film was first deposited on a glass
substrate, which was then annealed by a 2 kW continuous-wave laser in a shielding gas environment to
prevent oxidation. The laser power and beam scanning speed were calculated based on the beam size to
obtain the optimal process condition. By the annealing process, the sp® bonds in the film are transformed
to sp? bonds, and graphene is formed from amorphous carbon. This method is fast and transfer free, and
also is fully scalable with an adoption of a higher power laser and appropriate beam shaping optics. Due
to its simplicity, high throughput, and cost effectiveness, this is a type of method that is preferred by
industries. We believe that this study for the first time demonstrated the possibility of the laser-based
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method for the fabrication of large-area transparent film heaters and transparent electrodes and it has a

potential to become a new class of method in this field.
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Figure 4. Fabrication of line-shaped transparent conductive films by laser annealing of DLC films with
a circular top-hat beam (beam diameter 200 um, laser power 110 W, scanning speed 1 m/s). (a)
Schematic drawing of the overall experimental procedure for fabricating line-shaped transparent
conductive films (b) Deposited line-shaped DLC patterns on a borosilicate glass substrate. Film
thickness and width are 510 nm and 140 um, respectively. (¢) Optical microscope image of a deposited
line-shaped DLC film on glass. (d) Optical microscope image of the top surface of a laser-annealed film
(e) Optical microscope image of the underside of the film obtained by setting the image focal plane at
the bottom of the annealed specimen shown in Figure 4d. The horizontal blue line located below the
specimen shows that the DLC film became transparent (f,g) XPS results of the DLC film (shown
in Figure 4c) for C 1s and O Is. (h) Raman spectrum of the transformed film measured at the location
shown in Figure 4d (i,j) XPS results of the transformed film (shown in Figure 4d and ¢) for C 1s and O

Is. (k) Transmittance versus wavelength measured at the location shown in Figure 4d.
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2.2. High speed fabrication (1 m/s) of line-shape transparent conductive films using a

circular laser beam

Figure 4a schematically shows the process of fabricating a line-shaped transparent conductive film.
In this study, two lasers were used for the whole process: a 6 W picosecond laser for depositing DLC
on a glass substrate and a 2 kW fiber laser for the annealing of DLC. First, a DLC film was deposited
on a borosilicate glass substrate using pulsed laser deposition (PLD), where a 355 nm wavelength
picosecond laser (Coherent Talisker 355-4) was used as an energy source for ablating a graphite target.
The pulse width and the repetition rate of the laser are 10—15 ps and 200 kHz, respectively. The PLD
process was performed in a vacuum chamber at room temperature and a pressure of ~ 107> Torr. High
purity graphite (99.999%) was used as the target material. To obtain a uniformly-annealed transparent
conductive film by using a circular laser beam with a small beam diameter, we fabricated line-shaped
DLC film patterns that have a width smaller than the beam diameter. For this process, a 50 um thick
PET film with line-shaped hole patterns (140 pm wide) was fabricated by the picosecond laser and was
used as a disposable mask for the deposition process. Before deposition, glass substrates were cleansed
in an ultrasonic bath using deionized water, acetone and IPA. The laser beam was focused at the target
surface, which was rotating inside a vacuum chamber to obtain uniformly deposited films. Figure 4b
shows line-shaped DLC films deposited on a glass substrate, and Figure 4c is a magnified image of one
of the DLC patterns in Figure 4b. Here, the film thickness can be controlled by changing deposition

time and laser power.

Once a DLC film was prepared, it was placed on a linear motion stage and annealed by a
continuous-wave fiber laser with a top-hat intensity profile and a wavelength of 1070 nm. The beam
diameter was 200 um. In this way, the entire line-shaped DLC film can be annealed uniformly as the
linear stage moves along the film length direction at a constant velocity. Here, by changing the laser
power and the scanning speed, the temporal and spatial temperature profile in the DLC film can be
controlled. Note that the glass is transparent to the 1070 nm light, so only the DLC absorbs energy from
the laser beam and gets annealed without affecting the glass substrate much. Also, to prevent oxidation
of carbon at elevated temperatures, a helium gas was injected to the interaction region through a nozzle.
After the annealing process was finished, sheet resistance, optical transmittance, Raman spectra and
XPS spectra were investigated. Sheet resistance Rs was calculated as Rs = R x (W/L), where R is the
electrical resistance measured by a multi-meter (Fluke-114), and W and L are the width and length of
the film. Electrodes at the ends of the line-shaped films were made by using silver paste. The optical
transmittance of the annealed film was measured at the center of the film (50 pm x 50 pm area) by using
a UV-Vis micro-spectrometer (CRAIC, Microspectra 121) for a wavelength range from 300 to 800 nm

with a X 15 objective lens. The transmittance of a bare glass specimen was measured to be used as a
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reference.

In order to identify the transformed carbon structures, Raman spectroscopy was conducted using
a WiTec alpha 300R Raman system with a 532 nm excitation wavelength (2.33 eV) and a laser power
of 0.1 mW. The laser spot size was ~ 640 nm. Measurements were conducted at the center of the film,
and 10 measurement values were accumulated to get one result using the WiTec control program. The

obtained Raman spectra were analyzed by using the OriginPro 8 software.

Changes in chemical bonding before and after the annealing process were investigated using XPS.
The XPS analysis was conducted using a K-alpha spectrometer (Thermo Fisher) which has aluminum
Ko with a pass energy of 50 eV, a measuring spot size of 0.2 mm and an energy step size of 0.1 eV. Cls
and Ols spectra were analyzed. The peaks were fitted using the XPSPEAK software after the
background was subtracted appropriately.

We observed that under proper process conditions the DLC film (which is nearly black in color)
became transparent and the degree of transparency was found to depend on the process parameters.
Also, the transformed films were found to be electrically conducting, implying that graphenization had
taken place during the annealing process. When experimented with a 510 nm thick DLC film and a
focused beam diameter of 200 pm, we obtained a sheet resistance of ~2050 €/sq and a transmittance
of 80% (at 550 nm) at a laser power of 110 W and a scanning speed of 1 m/s. In Figure 4d and e, optical
micrographs of upper side and underside of the transformed film are shown respectively. These pictures
were obtained by setting the image focal plane at the top and bottom of the specimen, respectively, and
they represent the exactly same area of the film. In Figure 4d, the surface morphology of the film can
be seen and Figure 4e shows its transparency. In Figure 4e, a transparent plastic plate with a blue

horizontal line printed on its top surface was placed below the film.

Figure 4h and k show the Raman spectrum and transmittance of the film, which were measured at
the location shown as a red square in Figure 4d. In Figure 4h, three peaks are shown at 1349 cm™' (the
D band), 1589 cm™! (the G band), and 2686 cm™' (the 2D band) with a 2D-to-G intensity ratio (Ip/Ig)
ratio of 0.17 and a D-to-G intensity ratio (In/I) of 1.05. Note that Ip/lg is an indicator of structural
defects [40] and L,p/Ig identifies the number of graphene layers [41]. Therefore, it is believed that the
graphene formed from the laser annealing of DLC is multilayer graphene with a large amount of

structural defects.

Figure 4f, g, 1 and j are X-ray photoelectron spectroscopy (XPS) results before and after the
annealing process. As shown in Figure 4f and i, the Cls spectra show that the portion of sp? bonds

decreased from 43.1% to 8.1% while the portion of sp? bonds increased from 43.6% to 70.7%, which
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indicates that the ta-C structure of carbon had transformed to the graphitic structure due to the laser
annealing process. Figure 4g and j are the O1s spectra of the film before and after the annealing process
respectively. Before the annealing, the peak comes entirely from the glass substrate (SiO, at ~533 eV)
because the DLC film does not contain oxygen. After the annealing, a carbonate (—COs) peak was
observed as well as a SiO; peak. Note that borosilicate glass contains many elements other than SiO»,

and we believe that carbonate was formed as the glass was partially melted and reacted with carbon.
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Figure 5. Controllable sheet resistance and transparency (beam diameter: 200 um). (a) Sheet resistance
and transmittance (at 550 nm) versus Ioti"? for seven different film thicknesses, where Iois laser
intensity and t; is laser interaction time (b) Relationship between sheet resistance and transmittance. The
black solid line shows the Beer-Lambert law. (c, d) Effect of laser power on Raman spectrum and
transmittance for 510 nm thick DLC films that were annealed at 1 m/s. Red lines show the result

showcased in Figure 4.

Figure 5 shows how sheet resistance and transmittance can be controlled as the process parameters

are varied. In Figure 5a, sheet resistance and transmittance versus loti*? are shown for seven different
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film thicknesses (70, 130, 175, 210, 230, 350 and 510 nm), where I, is the laser intensity (laser power
divided by the beam area) and tiis the interaction time (beam diameter divided by the beam scanning
speed). In this experiment, the interaction time was fixed at 2 x 10 s (i.e., scanning speed is fixed at
1 m/s), and the operating condition was controlled by the laser power. Note that Kim and Ki showed
that loti*? is a parameter that is proportional to the surface temperature during a laser heating process
and can be interpreted as the degree of laser heating [42]. From this viewpoint, we can learn that sheet
resistance and transmittance both increase as the surface temperature increases regardless of the film
thickness. Apparently, the surface temperature will determine the kind of transformation that carbon
undergoes, and is an important parameter in any laser annealing process as shown in the figure. The
effect of film thickness is also shown in the figure: at the same surface temperature, both sheet resistance
and transmittance seem to increase as the film thickness decreases, although sheet resistance seems to
be affected more by the film thickness.

Figure 5b presents sheet resistance versus transmittance for all the data shown in Figure 5a along
with the Beer-Lambert law [36] shown as a black solid line. As clearly shown, the relationship is similar
to the Beer-Lambert law but the sheet resistance is higher by two orders of magnitude at the same

transmittance. At ~80% transmittance, the minimum attainable sheet resistance seems to be
~ 2050 Q/sq, and as the transmittance increases beyond this value, sheet resistance increases rapidly.
At ~100% transmittance, for example, the sheet resistance can be made larger than 10° Q/sq and we

observed that the film can be virtually insulating when the loti*? value is increased further. Note that
this relationship between sheet resistance and transmittance (as predicted by the Beer-Lambert law)
implies that the increase in sheet resistance at very high transmittance is caused by the decrease in film
thickness at high laser power, which was also verified by our experiment. As the laser power increases,
more carbon atoms are vaporized and the annealed film thickness decreases. Using this characteristic,

we can fabricate transparent conductive films with designed sheet resistance values.

Figure 5c and d present the Raman spectra and transmittance of the transformed films that were
annealed using five different laser powers (35, 65, 110, 195 and 340 W). Film thickness and scanning
speed were fixed at 510 nm and 1 m/s, respectively. The red lines show the result discussed in Figure
4. As shown clearly, the 2D peak is strongest at the lowest laser power of 35 W (where l.p/lg ratio is
around 0.53), and becomes weakened as the laser power increases. The domain size (L.) is estimated to
be 14-23 nm according to L,= (2.4 x 10%9A%Ip/lc)™:, where A is the Raman laser wavelength
(532 nm) [43]. On the other hand, transmittance increases as the power increases and becomes close to
100% when the laser power is 340 W.
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2.3. Large-scale laser fabrication using a line beam (beam width : 15 mm)

In order to demonstrate the scalability of the presented method, a beam-shaping diffractive optical
element that can produce a 187.5 um x 15 mm line beam was used to fabricate a 15 mm x 15 mm film.
Here, the size of the film was limited by the capacity of the PLD equipment, which can deposit
uniformly thick films up to that size. In this case, unlike the circular beam experiment, the beam shape
was close to Gaussian in the narrow side (187.5 um), and the beam area is 89.5 time larger than the
200 pm circular beam. In this experiment, fused silica substrates were used. After the annealing process,
optical transmittance was measured at the center of the film using a UV-Vis-NIR spectrometer (Agilent,
Cary 5000), and a four-point probe system (AIT CMT-CR2000N) was used to measure electrical

resistance.

Figure 6a schematically shows the process of fabricating a large-area transparent conductive film.
Because the laser power is not enough to achieve the same sheet resistance and transparency as the
result in Figure 6 because of the 89.5 times larger laser beam area, we chose a process condition that
will lead to the smallest sheet resistance at 80% transparency (at 550 nm). For this, a 250 nm thick DLC
film was first deposited and then annealed at a laser power of 1830 W (which is the maximum
achievable power) and a scanning speed of 75 mm/s. Figure 6b and c respectively show the film before
and after the annealing process. As shown, an initially opaque film became transparent and the measured

sheet resistance was found to be ~22 kQ/sq.
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Figure 6. Fabrication of a large-scale transparent conductive film with a 15 mm wide line beam (laser
power 1830 W, scanning speed 75 mm/s). (a) Schematic drawing of the overall experimental procedure
for fabricating a large-area transparent conductive film. The film size is 15 mm % 15 mm. (b) Deposited
DLC film on a fused silica substrate. The film is almost black and non-conducting. (c) Laser-annealed
film on a fused silica glass substrate. The film is transparent and conducting. (d) Transmittance versus

wavelength.
2.4. Conclusion

We have demonstrated a laser-based method for rapidly fabricating graphene-based transparent
conductive films on glass substrates by the laser annealing of DLC films in a shielding gas environment.
The sp® bonds in the DLC films were significantly reduced and transparent conductive films were
formed. The produced films seem to consist of multi-layer graphene with a large amount of defects. We
demonstrated that films with a sheet resistance value as low as ~2050 €)/sq at 80% transparency can
be directly fabricated on glass without introducing a catalyst and a film transfer process. We also showed
that sheet resistance can be controlled by changing the experimental parameters. Unlike other laser-
based methods, this method was designed for fabricating large-scale films and the processing speed is
fast. With further research and development, e.g., the use of the nanopatterning and chemical doping

technique [44], we believe that the film quality could be much improved.
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I11. OPTIMIZATION OF TRANSPARENT CONDUCTIVE FILMS
USING PICOSECOND LASER PATTERNING AND ETCHING

3.1. Introduction

Since graphene was discovered, researchers have tried to fabricate high-quality graphene films to
replace indium tin oxide (ITO) because of its high optical transparency and low electrical resistance,
but improving the transmittance while keeping low enough sheet resistance turned out to be a very
challenging task. For graphene-based transparent conductive films, optical transparency and
electrical conductivity are inversely proportional to each other, which is one of the reasons why
improving the film quality is difficult.

For this reason, extensive research has been carried out to enhance the quality of graphene films
using a number of different approaches, such as chemical doping, mixing with metallic materials, and
reduction of graphene oxide. Kim et al. employed AuCls doping to enhance the conductivity of
transparent graphene and its sheet resistance was reduced by 77% [45]. Guens et al. [46] suggested a
novel approach to improve the conductivity of graphene films by using a layer-by-layer doping process.
Each layer was doped with AuCls and four layers were stacked layer by layer to Exhibit 54 Q/sq at 85%
transmittance. Zhu et al. [47] fabricated transparent, flexible conducting films by using a metallic grid
and graphene hybrid film. They reported that the sheet resistance of the fabricated
transparent electrodeswas as low as 3 {/sq with the transmittance at ~80%. Lee et al. [48] developed
hybrid electrodes by spin-coating silver nanowires onto graphene films to improve the performance.
There were also attempts to develop hybrid films using graphene and carbon nanotubes [49, 50].
Recently, Voiry et al. [51] reported that 1-2 s pulses of microwaves could reduce graphene oxide into

pristine graphene.

Another promising method for film property enhancement is the combined patterning and doping
process. Recently, Choi et al. [44] reported a method of improving the optical transparency of graphene
films substantially using nanopatterning and chemical doping. They fabricated hexagonal nanopatterns
on the film surface to increase the optical transmittance and then restored the deteriorated electrical
conductivity by chemical doping. Although their approach showed encouraging results, however, it is

difficult to find optimal processing conditions that lead to the best results.

In this article, we propose a map-based approach for predicting the effect of patterning and doping,
where all possible combinations of initial film conditions and the degrees of patterning are

systematically accounted for, so that optimal film and processing conditions can be easily obtained from
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the maps. For experimental verification, we utilized a laser-based method to fabricate graphene-based
transparent conductive films directly on fuse silica glass substrates, which was recently proposed by the
authors [1]. In this method, a diamond-like carbon (DLC) film was deposited on a fused silica substrate
using picosecond laser pulsed laser deposition, which was then annealed by a high-power fiber laser to
be transformed to a transparent conductive film [1]. For patterning and doping, we chose film conditions
of high electrical conductivity and low optical transparency to maximize the processing efficiency, and
using a picosecond laser ablation process, circular or square patterns were fabricated and then chemical
doping by nitric acid was performed. In this way, an original film with a sheet resistance of 578 (/sq
and a transparency of 25% was transformed to a film with 2823 Q/sq and 80.6%, which agreed well
with predicted values.

3.2. Fabrication of optical transparent conductive films for patterning and doping

In this study, transparent conductive films were fabricated by a laser-based method, which was
recently developed by the authors [1]. First, a 250 nm thick DLC film was deposited on a fused silica
glass substrate by pulsed laser deposition (PLD) using a 355 nm picosecond laser (Coherent Talisker
355-4) (See Figure 7(a)). This laser had a maximum power of 6 W, a pulse width of 10—15 ps, and a
repetition rate of 200 kHz. As the substrate, a fused silica glass wafer was used after cleaning in an
ultrasonicbath using deionized water, acetone and IPA. High purity graphite (99.999%) was used as a
target material, and the deposition was carried out inside a vacuum chamber that was maintained at

~10-5 Torr. In this study, we tested two different deposition temperatures, room temperature and

900 °C in order to fabricate DLC films with different sp? and sp® fractions. As well known, DLC films
deposited at higher temperatures have higher sp? contents (therefore, lower sp3 contents), and we
wanted to know whether the initial sp? content of the film could affect the quality of the annealed film.
The Raman spectra of DLC films deposited at room temperature and 900 °C were measured using a
confocal Raman imaging system (WiTec alpha300 R) and shown in Figure 8(a), (b), respectively. As
shown in the figures, the center of the G peak was changed from 1523 ¢cm™! to 1564 ¢cm™' as the
deposition temperature was increased from room temperature to 900 °C, which indicates that the sp>

fraction also increased [52].
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Figure 7. A schematic figure showing the overall procedure used in this study. A DLC film deposited
on a fused silica glass substrate was annealed by a line laser beam and transformed into a transparent
conductive film. A picosecond laser was used to fabricate patterns on the film surface to increase the
optical transparency and a chemical doping process was employed to increase the

electrical conductivity of the film.
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Figure 8. (a) Raman spectrum of a DLC film deposited at room temperature (before annealing), (b)
Raman spectrum of a DLC film deposited at 900 °C (before annealing), (c) Measured sheet resistance

and optical transparency (@ 550 nm) of annealed DLC films.
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The deposited DLC films were black in color and electrically insulating. In order to obtain
transparent conductive films, a continuous-wave (CW) 2 kW multi-mode fiber laser (IPG YLS 2000)
was used as a heat source to anneal the DLC film into a transparent conductive film (Figure 7(b)). The
fiber laser had a wavelength of 1070 nm and a circular top-hat intensity distribution, but we employed
a beam shaping homogenizer to obtain a 15 mm x 0.1875 mm line beam. Using this line shape, the
entire specimen can be evenly annealed by moving the specimen at a constant speed on a linear stage
(Figure 7(b)). To avoid surface oxidation, helium was used as a shielding gas during the annealing

process.

In this study, a total of 15 transparent conductive films were fabricated by using eight room-
temperature deposited DLC films and seven 900 °C deposited films. Annealing was conducted at a
constant annealing speed of 0.1 m/s for all specimens, but the laser power was varied to obtain films
with different properties. For both types of DLC films, laser powers of 460, 545, 650, 770, 920, 1550,
1850 W were used and 1095 W was additionally used for the room-temperature deposited DLC films.
After annealing, optical transparency was measured by a UV-Vis micro-spectrometer (CRAIC,
Microspectra 121), and sheet resistance was calculated from the electrical resistance measured by a
multi-meter (Fluke-114). For measuring electrical resistance, the electrodes were mounted
with silver paste at both ends of the film. Fig. 2(c) shows the measured optical transparency (at 550 nm)
and sheet resistance values of all 15 samples, where blue and red data points respectively denote the
DLC films deposited at room temperature and 900 °C. Note that films annealed with higher laser
powers become more transparent but electrically less conductive. As shown in the figure, sheet
resistance increases as the optical transmittance of the film is improved, which is the behavior of
graphene films, but the sheet resistance is much higher than good quality graphene films due to defects

in the films.

One thing to note from Figure 8(c) is that the quality of the films obtained by annealing 900 °C
deposited DLC films was slightly worse although they contained more sp? bonds before annealing. The
main reason of this is believed to be the crystallite size (L,) of the graphitic layer domain of the original
DLC films, which is expressed as L, = (2.4 x 10 29A%(Ip/Ig) %, where A is the Raman laser wavelength
(532 nm) and Ip/lg is the D-to-G intensity ratio [43]. In Figure 8(a), (b), the Ip/ls ratios for room-
temperature and 900 °C deposited DLC films are 1.000 and 1.475, respectively, so the corresponding
crystallite sizes are 19 and 13 nm. In other words, although the DLC films deposited at higher
temperatures have higher sp? fractions, there are more defects, which lead to worse transparent
conductive films after annealed by a laser. We believe that these defects are closely related to the high
deposition temperature. In this study, therefore, we chose the room-temperature deposition condition

for DLC films. The blue solid line shown in Figure 8(c) is the fitting curve for blue data points.
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Figure 9 shows optical microscope (OM) images, scanning electron microscope (SEM) images,
and Raman spectra of transparent conductive films which were annealed with, from left to right, 460,
545, 650, 770 and 920 W. As shown, the surface morphology was very non-uniform when low laser
powers were used, and became smoother and finer as the laser power (and also transparency) increased.
Because the main purpose of this study is to improve the quality of annealed films by means of laser
patterning and chemical doping, good surface quality is critical and a film with a transparency of at
least 25% should be used. In this study, therefore, we chose the film condition shown in Figure 9(c) for
the film property optimization. Note that the roughness (R,) of the film corresponding to this condition

was measured to be ~88 nm.
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Figure 9. OM images (top row), SEM images (middle row), and Raman spectra (bottom row) of
transparent conductive films annealed with 460, 545, 650, 770, 920 W, from left to right, respectively
(annealing speed: 0.1 m/s). Corresponding sheet resistance and transmittancevalues are shown

together. (Room-temperature deposited DLC films were used.).

Figure 9 also shows the Raman spectra of the annealed films corresponding to each power
condition, and as shown, the quality of graphene became worse as the laser power increased. This
explains why the sheet resistance increased as the laser power increased. Also, judging from the Raman
spectra, the obtained graphene appeared to be multilayer graphene with a small crystallite size.
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Figure 10 presents the sheet resistance versus the film thickness, which was measured five times
for each film and average values were used in the figure. As shown, as the sheet resistance increased
(or as the laser power increased), the film thickness decreased. We believe that more film was ablated

(or evaporated) away by the laser beam at higher laser powers, resulting in thinner films.
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Figure 10. Sheet resistance vs. film thickness

3.3. Finding optical patterning and doping conditions

In order to enhance the optical transparency by laser patterning, the picosecond laser (Coherent
Talisker 355-4) was used with a 3-D motorized stage. The laser beamhad a Gaussian energy
distribution with a focused beam diameter of 7 pm. An annealed transparent conductive film on a
fused silica glass substrate (that shown in Figure 9(c)) was placed on a porous chuck, and only the film
was selectively removed by the laser ablation process. For precise laser patterning, an optimal process
condition must be determined. We first selected five laser power levels (0.01, 0.032, 0.1, 0.32, and 1 W)
and five scanning speed levels (0.1, 0.32, 1, 3.16, and 10 mm/s), and a total of 25 conditions were used
to fabricate line patterns on annealed films, as shown in Figure 11. Here, the pulse repetition rate was
fixed at 200 kHz for all cases. As shown, due to excessive laser energies, higher three power levels (1,
0.32, 0.1 W) resulted in thermal damages in the film around the fabricated lines regardless of the beam
scanning speed and were unsuitable for patterning films. From the result, it appeared that the optimal
condition existed in a process window bounded by 0.032 W, 0.1 W and 0.32 mm/s, 1 mm/s. As shown
in Figure 12, we tested five more conditions inside the narrowed-down process window, and determined

the optimal process condition of 0.032 W and 0.56 mmy/s.
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Figure 11. (a) OM and (b) SEM images of the line patterns fabricated on the transparent conductive

films (shown in Fig. 3(c)) using 25 different patterning conditions.
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Figure 12. (a) From the line patterning result shown in Fig. 5, a narrowed-down process window (red
box) was identified and five more experiments were additionally conducted (small white circles). (b)
Patterning results corresponding to the nine conditions. The result shown in the blue box was found to

be the optimal patterning condition. (¢) Magnified image of the optimal line pattern.

After patterning, chemical doping was performed to improve the electrical conductivity which was
deteriorated by the patterning process. In this study, we tested two different dopants, HNO; (60 wt%)
and HCI (35 wt%), and to find the optimal doping time, several different doping times were tried. After
doping, the films were rinsed using DI water and nitrogen gas. Figure 13 shows the % reduction in sheet
resistance plotted versus doping time for two different acids. As shown, when doped by HNOs for
10 min, the reduction in sheet resistance was maximum at ~27%, so this was identified as the optimal

doping condition for this study.
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Figure 13. % reduction of sheet resistance after doping by (a) HNOs and (b) HCI.
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3.4. Prediction model for sheet resistance and transparency after patterning and doping

The aim of this study was to obtain prediction models for sheet resistance and
optical transparency of transparent conductive films after laser patterning and chemical doping. In this
section, we will show how prediction maps can be constructed by taking into account all film conditions
and patterning degrees. Although this approach is not limited by pattern shapes, we considered only

circular and square patterns for the sake of simplicity.

Figure 14(a), (b) show schematic drawings of conductive films with circular and square patterns,
respectively. For each pattern, a unit cell is shown by a dashed square in Figure 14(c), (d), which is
repeated on the entire film. In this study, we defined the area ratio ra as the ratio of the ablated pattern
area to the unit cell area, which is calculated as

for circular patterns
rA = IZ (1)
r,= FEa for square patterns

where D is the diameter of a circular pattern, / is the one-side length of a square pattern, and d is the
horizontal and vertical distance between patterns. Assuming that transparency of the ablated region is
100% and letting the original film transparency be 7y, the effective film transparency with patterns (77)

can be calculated as follows:

T, =1r+T,Q0-r)=0AQ-T)r, +T, (2)
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Figure 14. (a, b) Schematic drawings of the films with circular and square patterns, (c, d) Unit cells

identified from the left figures.
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Figure 15. (a) Schematic drawings showing how the electrical resistance of a unit cell (Runi) was
calculated for circular and square patterns by breaking down the unit cell into smaller regions
(Runit = R1 + Rz + Ry) (b) Electrical circuit representation of the entire film constructed by connecting

the electrical resistance of a unit cell in series and in parallel.
As shown from Eq. (2), the transparency of patterns films is linearly proportional to the area ratio ra.

Figure 15(a) shows how the electrical resistance of a unit cell (Ruit = R1 + R2 + Ry) was calculated
by breaking down the non-patterned area into three regions for both pattern types. For each region, the
electrical resistance (R) was calculated from the sheet resistance of the transparent conductive film (Rs,)
by using the relation between them for a rectangular domain, i.e.,

L
R=R,— 3

s,0 W ( )
where W and L are the width and length of the domain. For example, for the circular pattern in Figure

15(a), R, can be calculated easily as
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R,=R,—— (4)

Because of its non-rectangular shape, however, R; for the circular pattern should be integrated by

splitting the region into horizontal strips as

R

2d tan™t d+D
Izlz Dcos® d R d-D ) «

R =—2° 0=—2In -= (5)
2 0 d-Dcosé# 2 d?-D?2 2
and, then
Rt =2R + R, (6)

Once Rynit is calculated, the electrical resistance of the entire patterned film (Ry) can be calculated
by viewing the film as an electrical circuit constructed by connecting the unit cells in series and in
parallel, as shown in Figure 15(b). If the width and the length of the whole film are Wsand L,
respectively, then it is as though there are W/d unit cells horizontally and L/d unit cells vertically.
Therefore, the electrical resistance of the whole patterned film (Ry) is

unit X—f: R ) — (7)

and comparing with Eq. (3), we can learn that the effective sheet resistance of the whole patterned
film (Rs¢) is the same as the electrical resistance of the unit cell, Ryni. Finally, we can express Rs¢in

terms of the area ratio r of circular patterns (Eq. (1)) as

Ztan_l M
\/;—2 r
Rsf=R50>< \/: -2 r_A_£+1 (8)
’ ' \/1—4"/* T 2
T

Because
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—Z=2]A 9
q - (9)
from Eq. (1).
In the case of square patterns, R; and R; are both rectangles, and are easily written as
R =R 1 (10)
*0d -
d-I
R,=R ,— 11
2 s,O d ( )
and the sheet resistance of the patterned film is calculated in terms of ra as
1-r, +r I
RsszsoxL,where —=r, (12)
' SN A d

Note that for both optical transparency (Eqg. (2)) and sheet resistance (Egs. (8) and (12)) of the
patterned films are expressed by using the properties of the annealed film (Rso and To) and only one

additional parameter, ra.

Here, in order to construct prediction maps for the laser-fabricated transparent conductive films,
the relationship between sheet resistance (Rso) and optical transparency (To) shown as a blue line

in Figure 8(c) was used in this study. The blue fitting curve was mathematically expressed as

a b c
R = 5+ >+
= (InT,)” (nT,)* InT,

(13)

where a=-215.55, b=286.67 and ¢ = —626.06. Note that, from the Beer-Lambert law, the sheet
resistance of graphene is theoretically given as Rs ~ 1/InT, [36]. But, the graphene films used in this

study were not pure graphene sheets and contained a lot of defects. Therefore, the curve was up-shifted,

and we employed a third-order polynomial of 1/InT, for curve fitting.

Using Egs. (2), (8), (12), (13) and the measured optimal doping efficiency of ~27%, we
constructed prediction maps for the sheet resistance and optical transparency of transparent conductive
films after laser patterning and doping, as shown in Figure 16. In each figure, the x- and y-axes represent

the area ratio (ra) and the optical transmittance (at 550 nm) of the patterned film (Tr). A dotted line
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extended from an initial transparency value (y-axis value where ra is zero) shows how transparency is
improved as the degree of patterning increases along the line. Note that the transparency is linearly
proportional to ra, so the effect of area ratio on transparency is shown as (dotted) lines. Also,
colored contours indicate the predicted sheet resistance at the given point. For example, if a film initially
having a transparency of 25% and a sheet resistance of 578 Q/sq (which was identified as the optimal
film condition in this study) is ablated by 73% using circular patterns and doped by HNO; for 10 min,
the resulting film is expected to have a sheet resistance of 4448 Q/sq and a transparency of 80%, which
is denoted as a red arrow in Figure 16(a). Also, if the same film is removed by 73% (ra = 0.73) using
square patterns, followed by 10 min doping by HNOs3, a film of 2579 Q/sq and 80% transparency is
expected, as shown by a red arrow in Figure 16(b).
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Figure 16. Prediction maps for sheet resistance and optical transparency of transparent conductive films

after patterning and doping for (a) circular patterns and (b) square patterns

From the maps, we can also notice that, at 80% transparency, the minimum sheet resistance of the
films processed by patterning and doping is 739 Q/sq when an original film of 1% transparency and
119 Q/sq is ablated using square patterns. As shown in Figure 9, however, this film surface is too rough

and not suitable for laser patterning.

In this study, we also constructed figure-of-merit maps for circular and square patterns and

presented in Figure 17. The only difference between Figure 16, Figure 17 is that colored contours
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in Figure 17 represent predicted figure-of-merit values. As well known, the figure of merit indicates the

performance of transparent conductive films [46, 53] and is expressed as

o _ Zo/20.73R, )
o, 1,

Na

where opc is DC conductivity, ooy is optical conductivity, Zo is the impedance of free space (377 (V/sq),

(14)

and the number 0.73 represents the amount of sheet resistance decreased by the optimal doping process
(27%) used in this study. As shown in Figure 17(a), the largest figure-of-merit for circularly patterned
films is 1.59, where the patterned and doped film has a sheet resistance of 407 €2/sq and a transparency
of 60%. For square patterns, the largest value is 2.18 and the corresponding sheet resistance and
transparency are 17138 Q/sq and 99%, respectively. For the process shown by a red arrow in Figure
16 (2579 Q/sq and 80%), the expected figure of merit is 0.65.
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Figure 17. Prediction maps for the figure-of-merit of transparent conductive films after patterning and

doping for (a) circular patterns and (b) square patterns.

3.5. Experimental verification

In order to experimentally verify the prediction maps described in the previous section, we
fabricated two types of films using the process conditions shown by the red arrows in Figure 16(a), (b).
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For patterning and doping, the optimal condition found in Section Il (0.032 W and 0.56 mm/s, 10 min
doping by HNO3) was used (See Figure 7(c), (d)). For the patterning process, each pattern was
fabricated by employing a hatching scheme, i.e., drawing lines repeatedly in one direction using a 3-D
motorized stage. The size of the film used for patterning was 2 mm x 6 mm, and the thickness of the

film was around 230 nm.

Figure 18(a) shows the optical microscope images of the film surfaces at three different stages
during the fabrication procedure. The left figure is the DLC film, which is black and completely opaque,
the middle two figures are the annealed transparent conductive films, which exhibit
~25% transparency and ~578 Q/sq sheet resistance, and the right two figures are the images of the
films after laser patterning and chemical doping. The patterned film images (both circular and square
patterns) show that picosecond laser patterning with the optimal ablation condition produced very
precise patterns. In Figure 18(b), the transmission spectra of the films after annealing, patterning, and
doping are presented, and as shown, the optical transmittance was improved significantly by the
patterning process, but was not altered by the doping process. In Figure 18(c), the films at the
corresponding three stages were placed on a paper with printed colored lines to demonstrate how the
transparency changed due to annealing and laser patterning. As shown, the original DLC films on the

left is completely opaque, the middle annealed film shows a small degree of transparency (~25%), and

the right one is fairly transparent.
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Figure 18. (a) Optical microscope images of the films at different stages. The left black figure is the

Sl

image of a DLC film, the middle ones are annealed films (~25% transparency), and the right ones are
the films after laser patterning and chemical doping. (b) Transmission spectra of the films at different
stages. (¢) Films at the three corresponding stages were placed on a paper with printed colored lines,

showing that the transparency improved after laser annealing and laser patterning.
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We measured the sheet resistance and optical transparency of the two films after patterning and
then after doping again, and summarized the measurement data together with the predicted values
in Table 1(a). In the case of the square-patterned film, measured sheet resistance and transparency were
3910 Q/sq and 80.5% after patterning, and 2823 Q/sq and 80.6% after doping. As for the film with
circular patterns, measured sheet resistance and transparency were 6300 (/sq and 79.1% after
patterning, and 4640 /sq and 79.3% after doping. For both films, transparency was much more
accurately predicted (0.6-1.1%) than the sheet resistance (3.4%—10.7%). This is because, while
transparency is a function of ablated area ratio only, sheet resistance is more critically affected by the
quality (or sharpness) of the fabricated patterns. Due to the same reason, sheet resistance of the square-
patterned film was less accurately predicted because long sharp lines are much more difficult to

fabricate using lasers.

Table 1. Predicted and measured properties of the fabricated films (units: Ry (€2/sq), Tt (%))

Square patterns Circular patterns
Predicted Measured Error Predicted Measured Error
After Rss | 3532 3910 10.7% 6093 6300 3.4%
patterning | T, | go 80.5 0.6% 80 79.1 1.1%
25%
After Res | 2579 2823 9.5% 4448 4640 4.3%
doping Tr | 80 80.6 0.7% 80 79.3 0.9%
After Rsi | 5567 6144 104% 7385 7377 0.1%
patterning | 1, | 80 80.8 1% 80 81 1.2%
45%
After Rei | 4064 4611 135% 5391 5460 1.3%
doping T: | 80 80.6 0.75% 80 81.2 1.5%
After R.s | 7308 7550 3.3% 9365 9141 2.3%
patterning | T, | go 79.8 0.25% 80 80.5 0.63%
55%
After Rer | 5335 5685 6.2% 6836 6851 0.2%
doping T: | 80 80.2 0.25% 80 80.3 0.38%
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For additional verification examples, we conducted two more tests using the annealed films with
45% and 55% transparency conditions and listed the results in Table 1(b) and (c). As shown, the

obtained results were reasonably good.

As summarized in Table 1, square patterns are more effective than circular patterns in terms of
enhancing the transmittance because more film is removed. Note that, when it comes to the design of
ideal patterns, it should have as large an ablation area as possible, and at the same time, it should be

nondirectional.

3.6. Conclusion

In this study, we proposed a map-based approach for predicting sheet resistance and
optical transparency of graphene-based transparent conductive films after patterning and doping. This
approach is very systematic such that the overall effect of the two processes can be efficiently predicted
considering all possible combinations of the initial film condition and the area ratio of ablated region.
Although we validated the method using transparent conductive films fabricated by laser annealing and
picosecond laser patterning was used, the proposed approach can be applied to virtually all types of

transparent conductive films and patterning methods.
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IV. FEMTOSECOND LAER PATTERNING BASED ON THE
CONTROL OF SURFACE REFLECTANCE

4.1. Introduction.

Nanopatterns fabricated on the surface of a structure can change the reflection behavior, as the
incident light undergoes complex interactions with the patterns. To modify the reflectance of a surface,
periodic grating structures must be created on the surface, and their periods should lie in the wavelength
range of visible light. Although conventional methods, such as mechanical fabrication, chemical etching,
coating, and lithography [54-57], have been used for these purposes, they are generally very complex
to implement and have clear imitations owing to the small feature sizes of the reflectance-modifying
patterns. With an intrinsic advantage in small-scale precision pattern fabrication, laser patterning has
been extensively used to create reflectivity-modified surfaces. For example, Jwad et al. developed a
single-spot oxidation method for creating structural colors on titanium by using a nanosecond laser and
fabricated color images using the developed method [58]. Veiko et al. also developed a method of laser-
induced coloration for metals based on the diffraction effect, in which a nanosecond fiber laser was

employed to create small-scale periodic structures [59].

Although many laser patterning methods exist, the LIPSS has been the primary method for
changing the reflection behavior of surfaces, because of its intrinsic capability of fabricating
nanopatterns beyond the diffraction limit. LIPSS patterns are regularly-spaced nanoscale surface ripples
aligned perpendicular to the polarization of a laser beam (sometimes not perpendicular to the
polarization of a laser beam when LIPSSs are generated on microstructures with height gradients [60]
or depending on the material and process conditions [61]) and can be easily created by a femtosecond
laser. These patterns appear in a wide variety of materials, such as metals [62], semiconductors [63],
and dielectrics [64]. The LIPSS can be formed by a picosecond laser [65]; however, most of the LIPSS
studies are conducted by using a femtosecond laser. Long et al. fabricated LIPSS-based functional
copper surfaces combined with structural colors and superhydrophobicity by using a picosecond laser
[65]. Li et al. reported the modification of aluminum surfaces by femtosecond laser pulses with different
pulse overlap ratios. They generated several colors by varying the pulse overlap [66]. Yao et al.
fabricated ripples with a sub-wavelength period on 301 L stainless steel by using a femtosecond laser,
and they demonstrated the possibility of decorating the same region with two or more types of ripples
with different orientations [67]. Ou et al. fabricated rippled copper surfaces using a femtosecond laser
and demonstrated that the colorizing effect of angle dependence can be achieved with an out-of-focus
method [68]. Calvani et al. studied the optical properties of femtosecond-laser surface-textured diamond

and reported a significant increase in the visible and infrared absorption (more than 80%) compared to
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untreated specimens (less than 40%) [23]. Iwase et al. reported that the sub-wavelength gratings were
fabricated on the surface of nickel without the formation of ripples using the interference of two p-

polarized femtosecond laser beams at a 45° angle of incidence [69].

Among other materials, stainless steel has been frequently used for studying LIPSS, because of its
corrosion resistance and wide adoption in various industries, including jewelry and ornaments: the
modification of the stainless steel surface using LIPSS could be an effective way of expressing color
and contrast. Li et al. studied the femtosecond laser color marking on stainless steel using different laser
wavelengths, and found that the surface color gradually changes from blue to red because of the
elongation of the diffracted light wavelengths [70]. Dusser et al. demonstrated the possibility of
achieving specific color patterns on stainless steel by the control of nanostructure orientation using
femtosecond laser pulses [14].

Although the LIPSS has been studied extensively for decades, a systematic study on how the
reflectance of LIPSS-patterned surfaces varies on a large process window is yet to be explored,
especially for stainless steel. In this study, we investigated the effect of process parameters on the
reflectance of LIPSS patterns fabricated on stainless steel and developed a reflectance map. Using the
map, we developed a laser-patterning method that is capable of fabricating patterns with varying surface
reflectance and successfully fabricated multi-faceted balls on stainless steel. This paper reports on the
formation of holes under certain conditions, and how the holes are connected to produce secondary
patterns and change the reflection behavior of the patterned surfaces. The effect of shield gas type on

the surface oxidation and the change in the surface reflection were also investigated.
4.2. Experimental setup

Figure 19 shows a schematic of the experimental setup. In this study, a 1030 nm femtosecond laser
(Pharos 15-200-PP) with a pulse duration of 220 fs and a repetition rate of up to 200 kHz was utilized.
The maximum attainable laser power at the specimen surface was 10.96 W at 200 kHz, and a repetition
rate of 1 kHz was chosen in this study. An f-theta lens with a focal length of 160 mm was used for beam
focusing, and a motorized x-y stage was employed for pattern fabrication. With this optical setup, the
focused spot diameter was 50 pm, and the attainable maximum fluence was 5.53 J/cm?. To control the

laser power, an attenuator was used, and the polarization direction was adjusted by a half-wave plate.
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Figure 19. Schematic view of the experimental setup

In this study, 316 L stainless steel (thickness 0.5 mm) was used as the specimen material, and the
beam polarization was set such that the LIPSS patterns were aligned perpendicular to the beam-scanning
direction. The surface reflectance was measured at five different locations by using a UV—vis micro-
spectrometer (CRAIC, Microspectra 121), and an averaged value was used. To observe the surface
morphology, scanning electron microscopy (SEM) (FEL Quanta 200FEG) was utilized. To investigate
the effect of process parameters (laser fluence and beam scanning speed) on the surface reflectance
systematically, a large process window was designed using a logarithmic scale by varying the laser
fluence from 0.183 to 5.09 J/cm? and a scanning speed from 0.2 to 5.53 mmy/s. The effect of shield gas
on the surface oxidation was also investigated considering three types of shield gas: nitrogen, argon,

and helium. Shield gas was supplied to the processing area at a rate of 50 L/min.
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4.3. Result and discussion

Figure 20 presents SEM images of the patterns fabricated on stainless steel specimens, arranged
in terms of laser fluence (vertical axis) and beam scanning speed (horizontal axis). As shown, fabricated
patterns vary widely on the given process window as laser fluence and scanning speed are
changed. Figure 20(a), the pattern corresponding to 0.963 J/cm? and 5.53 mm/s, shows a typical LIPSS
pattern, and the period of the LIPSS was found to be approximately 950 nm, which is close to the laser
wavelength (1030 nm) as expected [71]. However, the pattern shown in Figure 20(e) (corresponding to
0.183 J/cm? and 0.2 mm/s) also looks like LIPSS, but the lines are somewhat disconnected, and the

period is only about 440 nm, which is less than half the wavelength of the incident laser.

J/ecm?)
5.09
(50 mW)
| s [he "I:' i
2.92 - (i cmm e };(f/f«’;.""
e

(28.7 mw) {(HRENES N { pli §
Y A\ i ORI (A e-m,n)ﬂm‘ﬁ"

1.68
(16.5 mW)

I ’lll‘ TPV
L
Vil

0.555
(5.45 mW)

0.316
(3.1 mw)

0.183
(1.8 mWw)

Figure 20. SEM images of the fabricated patterns arranged in terms of laser fluence (vertical axis) and

scanning speed (horizontal axis).
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Figure 20(a)—(d) shows how (from left to right, in red boxes) the patterns change as the scanning
speed is decreased from the optimal LIPSS conditions. As shown, initially vertical LIPSS lines with a
950 nm period (Figure 20(a)) eventually become horizontal, and the width of the horizontal lines

becomes wider as the scanning speed decreases (from Figure 20(a) to (d)).

To examine why these horizontal thick lines appear from vertical LIPSS lines in more detail, the
four figures (Figure 20(a)—(d)) are magnified in Figure 21. In Figure 21(a), well-aligned vertical LIPSS
lines are shown in the direction perpendicular to the beam polarization direction. As shown in Figure
21(b), when the scanning speed was reduced to 1.83 from 5.53 mm/s, small holes, which are deeper
than the LIPSS boundary lines, were formed all over; hence, the lines became fragmented. As can be
seen in the red-boxed region in Figure 20(b), the holes are aligned horizontally. However, the hole
number density is not large enough; thus, the vertical LIPSS orientation is still maintained. When the
scanning speed decreased further to 0.61 mm/s (Figure 21(c)), the hole number density increased
significantly, and the holes were completely connected horizontally and divided the original LIPSS
lines. Newly formed horizontal lines had a thickness of ~2 um. As shown in Figure 21(d), with a further
decrease in the scanning speed, the lines remained largely horizontal but became even thicker (~3 pum).
In addition, the hole number density increased even further, as shown in Figure 21(d), and the separating
lines (see the region in the red box) formed from the connected holes became uniformly deep. Note that
the thickness of the horizontal patterns is relatively uniform along the length direction in Figure 21(c),
but in Figure 21(d), the thickness fluctuates between 1.8 and 3.2 um. The question of why the holes

appear at reduced scanning speeds is beyond the scope of this study.
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Figure 21. Magnified images of the patterns shown in Figure 20(a)—(d). From (a) to (d), the scanning
speed changes from 5.53 to 1.83 to 0.61 and to 0.2 mm/s, all at the same laser fluence of 0.963 cm?.

In Figure 20, the images in yellow boxes show how the newly formed horizontal lines are

transformed when the laser fluence increases. As shown, the thickness increased from ~2 um (at
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0.963 J/cm?) to ~3 um (at 1.68J/cm?) and to ~5.5um (at 2.92 J/cm?). At the highest fluence of

5.09 J/em?, the horizontal grouping disappeared, and only vertical LIPSS lines remained.

The images in green boxes also present the change in the shape as the laser fluence increases but
at a lower scanning speed of 0.2 mm/s. Similar to the images in the yellow boxes, the overall unit pattern
size increased with laser fluence; however, the patterns did not remain horizontally aligned but were
randomly regrouped. This non-uniformity seems to grow as the laser fluence increases; therefore, the
horizontal lines cannot remain horizontal beyond a certain threshold. At 2.92 J/cm?, the patterns were
severely damaged, and no LIPSS-derived patterns were found. At 5.09J/cm? the patterns were
completely damaged on account of the excessive energy input.

In this study, the surface reflectance values of all the fabricated patterns (shown in Figure 20) were
measured and presented as a contour plot in Figure 22. To construct the plot, reflectance values at
550 nm were used (we selected 550 nm because it is near the center of the visible spectrum). The surface
reflectance of unfabricated stainless steel was measured to be 66%; however, owing to the patterns, it
varied widely from 66% to 5%. Furthermore, as shown in the figure, the contour lines are mostly vertical
when the laser fluence is larger than 0.183 J/cm?, implying that the laser fluence minimally affects the
surface reflectance. In other words, the horizontal regrouping of LIPSS patterns does not significantly
affect the surface reflectance. At the lowest laser fluence of 0.183 J/cm?, the surface was not greatly
affected by femtosecond laser irradiation; thus, the reflection behavior was not significantly altered
except at the lowest two scanning speeds (0.35 and 0.2 mm/s), where very weak LIPSS patterns were

formed.
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Figure 22. Contour lines showing the surface reflectance (at 550 nm) of the fabricated surfaces

Therefore, the surface reflectance varies primarily with scanning speed, as demonstrated by the
vertical contour lines. As discussed earlier with Figure 20(a)—(d), an increasing number of holes are
created as the scanning speed decreases. Because the holes are apparently much deeper than the initial
LIPSS boundary lines, they will serve as an agent to capture light effectively. Therefore, the number
density of holes is believed to be the primary factor for decreasing the surface reflectance, which
explains why the contour lines are aligned vertically.

To examine the effect of scanning speed and laser fluence on the surface reflectance in more detail,
the reflectance spectra of the four surfaces shown in Figure 20(a)—(d) are presented together with that
of unprocessed stainless steel in Figure 23(a), and the results corresponding to a scanning speed of
0.61 mm/s (except the smallest fluence case) are shown in Figure 23(b). In both plots, the reflectance
spectra from 400 to 1000 nm are presented. As shown, the reflectance increases prominently toward
that of unprocessed stainless steel as the scanning speed increases (Figure 23(a)); however, it does not

change much as the laser fluence increases by more than 16 times, from 0.316 to 5.09 J/cm? (Figure
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23(b)). Note that in Figure 23(a), the red and black solid lines are the reflectance spectra of unprocessed
stainless steel and the optimally fabricated LIPSS patterns, respectively. Overall, the reflectance
increases with wavelength, and for these two cases, the increase in reflectance over the given
wavelength range is greater than 25%.
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Figure 23. Change in reflectance spectra according to (a) scanning speed and (b) laser fluence.

The black dashed line in Figure 23(a) is the reflectance spectrum for Figure 20(b), where deep
holes start to appear, and the light absorption capability increases substantially. In this case, the change
in reflectance is less than 10%, indicating that the holes tend to reduce the wavelength dependence of
the surface reflectance. As the scanning speed decreases further to 0.61 mm/s (blue solid line), the
reflectance drops below 10%, and the change in reflectance becomes less than 5%. At 0.2 mm/s (blue
dashed line), the reflectance spectrum curve is almost flat, and the reflectance is less than 5% over the
entire wavelength range. Therefore, as more holes are formed to create horizontal patterns, both the

surface reflectance and its wavelength dependence become smaller.

Using the capability of controlling the surface reflectance by varying the laser fluence and scanning
speed, the authors developed a LIPSS-based laser patterning method. In this study, a multi-faceted ball
was successfully fabricated on stainless steel by employing 22 surface reflectance values, and a picture
taken by a camera is presented in Figure 24(b). During the fabrication, shield gas was not used. The
original design of the ball is shown in Figure 24(a), and it is noteworthy that it looks somewhat different
from Figure 24(b) because Figure 24(a) is based on the grayscale, while Figure 24(b) is fabricated based
on the actual surface reflectance. The grayscale cannot be an exact representation of the surface
reflectance because many more factors affect the surface reflectance. The multi-faceted spherical shape
with a diameter of 20 mm was realized by properly choosing conditions from the surface reflectance

map (Figure 22), and in Figure 24(b), reflectance values from 8% to 60% were used to pattern the ball.
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Each triangular region of the ball was hatched by the laser, and the distance between the neighboring
hatching lines was the width of the hatching line, which varies from one condition to another. As shown,
the ball was a bit yellowish, which seems to be associated with surface oxidation or morphological

change, as the patterning was conducted without a shield gas.
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Figure 24. (a) Original design of the multi-faceted ball (b) A picture of a multi-faceted ball fabricated
on stainless steel by implementing 22 surface reflectance values. The diameter of the ball is 20 mm. It
is noteworthy that in part (a), the reflectance level is shown based on a grayscale, and the gray level

cannot accurately represent the actual reflectance.

To study the effect of shield gas, three kinds of shield gases (nitrogen, argon, and helium) were
tested, all with a flow rate of 50 L/min. Fig. 7 shows the pictures of the four patterning results obtained
with nitrogen, argon, and helium gases, and the results obtained without a shield gas (Fig. 6(b)) were
presented together for comparison purposes. Note that the first ionization potentials of nitrogen, argon,
and helium are 14.53, 15.76, and 24.59 eV, respectively, and the ability to prevent oxidation is expected
to increase in that order. For nitrogen and helium, surface oxidation was prevented effectively, and
particularly in the case of helium, the yellowish color has been eliminated almost completely.
Surprisingly, however, the result obtained with argon shielding is even more yellowish than the original

one that was fabricated without a shield gas.
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Figure 25. Pictures of multi-faceted balls fabricated under different shielding environments.

To understand why argon shielding produced the worst result, we observed the surfaces of the
fabricated balls using scanning electron microscopy. Figure 26(a)—(d) are the surface SEM images of the
triangular regions marked by the red points in Figure 25, which were all fabricated under the same
conditions of 5.09 J/cm? and 5.53 mm/s. Unlike the other three cases, which exhibit clear LIPSS patterns,
the surface processed with argon shielding (Figure 26(c)) was covered with dust, and the LIPSS lines
looked damaged. To find the reason, a single line was fabricated for each condition as presented in Figure
26(a-1)—(d-1), and the surface morphology around the processed lines was carefully examined. We
noticed that almost the entire area around the processed line was covered with dust for the argon
shielding case, while the other three conditions produced fairly clean surfaces. In Figure 26(a-2)—(d-2),
the magnified images of the areas shown in red boxes in Figure 26(a-1)—(d-1) are presented. We
conjecture that this is partly due to the density difference of the shield gas and air: while nitrogen and
helium are lighter than air and tend to float the dust particles off the surface, argon is heavier than air
and can pull the flying dust particles toward the surface. Furthermore, it was reported that, in argon gas,
larger particles are formed from ablation, and the dispersion of the particles is lower compared to other
gases [72, 73]. Therefore, it seems that, when argon gas is used, larger particles are formed and
effectively pulled down by heavy argon gas. Because the patterning of the ball was achieved by
repeatedly drawing the hatching lines, the dust particles produced from one hatching line could fail the

subsequent hatching lines, and this effect could accumulate as the patterning process continues.
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Figure 26. (Top row) SEM images showing the surface morphology at the locations indicated by the red

points in Figure 25, obtained with, from left to right, no shield gas, nitrogen, argon, and helium shielding
gases. (Middle row) Images of a single line fabricated under each shielding condition shown above.
(Bottom row) Magnified images of the regions inside the red boxes above. (All results were obtained
with the same condition of 5.09 J/cm? and 5.53 mm/s.)

The relationship of generated structures, surface colors of patterned surfaces, and the
corresponding reflectance values (at 550 nm) is demonstrated in Figure 27. For all patterns, the
employed laser fluence was 5.09 J/cm?, and from left to right, scanning speeds of 5.53, 1.83, 0.61, and
0.2 mm/s were used. From top to bottom, the results for the different shield gases are presented. For
each condition, a picture showing the surface color was taken of a 5 mm % 5 mm region and is presented
right next to the SEM image. As shown, well-shielded surfaces under nitrogen and helium environments
exhibit weak and neutral colors, while no shielding (air) and argon shielding produce dark colors.
Furthermore, the surface reflectance was also affected by the type of shielding, as both helium and
nitrogen shield gases produced higher reflectance compared to the unshielded surfaces. Meanwhile, as
expected, the argon-shielded surfaces show the lowest reflectance values. Helium shielding produced
the largest reflectance regardless of the scanning speed. We believe that the variation in surface
reflectance and color according to shielding type was, in part, caused by structural differences. For

example, the LIPSS patterns fabricated under helium shielding were the most crisp, while the surfaces
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produced under argon shielding were rough and covered with many particles, leading to a significant

reduction in the reflectance induced by the scattering of light.
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Figure 27. SEM images of generated structures, surface colors of the patterned surfaces, and the
corresponding reflectance values at 550 nm. All patterns were fabricated using a laser fluence of
5.09 J/em? and four different scanning speeds (5.53, 1.83, 0.61, and 0.2 mm/s). From top to bottom,

air, nitrogen, argon, and helium shield gases were used

To study the oxidation suppression capabilities of shield gases, x-ray photoelectron spectroscopy
(XPS) measurements were conducted on the four surfaces presented in the first column of Figure 27,
which correspond to the condition of 5.09 J/cm? and 5.53 mm/s, and the results are presented in Figure
28. The XPS analysis was conducted on a K-alpha spectrometer (Thermo Fisher), which has an
aluminum-Ka source with a pass energy of 50 eV, a measuring spot size of 0.2 mm, and an energy step
size of 0.1 eV. Figure 28(a) shows the Fe 2p XPS spectra of the substrates obtained by laser ablation in
different shield gases. In the case of air and argon, only the Fe,Os peak appeared, indicating that
oxidation occurred on the surface [74, 75]. On the other hand, the Fe peak (~707 eV) was additionally
identified for nitrogen and helium shielding results, which means that oxidation was partially
suppressed. In the case of helium shielding, the Fe peak is larger, and the size of the Fe,O3 peak is

reduced; thus, oxidation seems to be better prevented than in the nitrogen shielding case. Figure 28(b)
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presents the XPS spectra of O 1s. As shown, the metal oxide peak is also the largest for argon shielding,
as in the case of the Fe 2p spectra, implying that argon was less effective than air when it comes to
shielding. The XPS results show that a large amount of oxidation took place under argon and air
environments, and oxidation affected the color changes. Therefore, we can conclude that the surface

darkness level is related to surface oxidation and morphological changes.
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Figure 28. XPS spectra ((a) Fe 2p and (b) O 1s) of the patterned surfaces fabricated under four different

shield gas environments. (conditions: 5.09 J/cm? and 5.53 mm/s).

Figure 29 presents the pictures of the four multi-faceted balls shown in Figure 25 viewed from two
different viewing angles. For each shield gas condition, the fabricated ball was viewed from 40° to the
left and right sides. As expected, the difference in color was observed depending on the viewing angle,
because the orientation of the LIPSS lines can alter the reflection behavior of the surface. Overall, the

balls fabricated under helium and nitrogen environments exhibited less dependency on the viewing

angle.
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Figure 29. Pictures of multi-faceted balls viewed from different viewing angles for each shield gas
condition (air, nitrogen, argon, and helium). For each shielding condition, the left and right figures were

images obtained from 40° to the left and right sides, respectively.

As a final note, this study employed a low repetition rate of 1 kHz, and approximately 150 min
were required to fabricate one multi-faceted ball using 22 conditions. However, the same pattern can
also be constructed using a higher repetition rate. For example, when 20 kHz is used, the ball can be
fabricated in approximately 8 min. Furthermore, Wang et al. recently reported the use of a cylindrical
focusing lens to fabricate a large area at an extremely fast rate [76]. With this kind of method, we believe

that the presented patterning method can be applied to large area patterning applications.
4.4. Conclusions

In this study, a novel femtosecond laser patterning method was successfully developed based on a
systematic study of how surface morphology and reflectance change as the laser fluence and scanning
speed are varied on a large process window. For stainless steel, the surface reflectance was altered nearly
continuously from 66%, which is the reflectance of unprocessed stainless steel, to 5%, as the basic
LIPSS pattern undergoes complicated transformations and various secondary patterns are created. This
method is easy to implement and has the capability of producing elegant patterns. We believe that this
method can also be applied to a variety of other materials as long as similar surface morphologies based

on LIPSS can be formed.
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V. ENHANCED COUPLING EFFICIENCY IN LASER WELDING OF
PURE COPPER WITH CHANGES OF SURFACE MODIFICATION
AND REFLECTANCE BY FEMTOSECOND LASER
MICROMACHINING

5.1. Introduction

Copper is an essential material for electrical systems in various industries. In recent decades, the
production and consumption of copper is growing rapidly around the world [77]. This trend has also
led to advances in the processing of copper. In particular, secondary batteries have been actively
researched studied recently, and the welding technology of copper is indispensable to connect internal
components of batteries [78]. In the welding of copper, due to the high thermal conductivity of copper,
the heat applied to the copper is easily dissipated. Furthermore, laser welding of copper is particularly
difficult because of low energy absorption due to the high reflectivity for most of the wavelength.
Therefore, due to the low absorption rate of copper surface to laser beam, an energy efficiency is low

in the laser welding of copper and the formation of keyhole is difficult.

Many researchers have studied laser welding of copper to improve low energy efficiency. The
methods are largely divided into two ways. One is the power modulation method, and the other is the
modification of the surface of copper. It has been demonstrated that coupling efficiency was improved
in laser welding of highly reflective materials using the power modulation method [79]. Heider et al.
discussed the effect of laser power modulation on weld defects by copper welding and showed that a
sinusoidal power modulation leads to a strong reduction of melt ejections an to an increase in
penetration depth [80]. Heinen et al. Described laser welding of copper in lithium-ion batteries and used
spatial power modulation to stabilize the welding process and show the influence of process parameters
[81]. Since the power modulation method is focused on the increase in the instantaneous laser intensity,

an improvement method is also needed for the laser welding of copper using a normal continuous wave.

Another promising method is the increase in the absorption rate of copper surfaces to laser beam.
Engler et al. investigated the influence of the green wavelength (515 nm) and oxidized surface condition
on energy coupling during heat conduction welding. The threshold power of the green laser for copper
welding was lower than that of the infrared laser, with fewer melt ejection. The shape of bead appeared
narrower than the infrared laser [82]. Chen et al. reported a welding method with increased absorption
by spraying a nano-composite absorber over a copper surface. This method increases the efficiency of
the welding process by 50% [83]. Kaierle et al. reported that the surface conditioning (oxidation and

increase of roughness) of copper materials significantly increases the absorption of continuous wave
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infrared laser radiation. The surface conditioning generates a reproducible coupling at the beginning of
the weld seam even at low power levels [84]. Biro et al. increased absorption of pure copper surface as
oxygen content in argon assist gas increased, facilitating the welding process of copper using pulsed
Nd:YAG laser. However, an increase in oxygen content affects the production of oxides and the quality
of the weld, and causes holes in the weld seam [85]. Daurelio et al. coated copper sheet with cupric
oxide (CuO) and cuprous oxide (Cu0) to increase the absorption rate of laser beam to copper, and good

welds was obtained accordingly [86].

As shown in the above-mentioned studies, there was no way to obtain a copper surface with very
low reflectance of less than 10%, and chemical methods such as coating and surface oxidation were
required. Recently, in the authors’ work, a method was suggested to reduce the surface reflectance of
stainless-steel with the control of the reflectance based on the processing maps using femtosecond laser
patterning [3]. The lowest surface reflectance of stainless-steel was 5% using patterns method based on
the laser induced periodic surface structure (LIPSS). LIPSS is a stripe pattern that occurs around a
threshold fluence when a femtosecond laser is irradiated on material surface. Therefore, using this
method, the surface of copper was also expected to have less than 10% reflectivity and significantly

increase energy efficiency in laser welding of copper.

In this study, the variation of reflectivity of LIPSS and secondary structures fabricated on copper
surface by femtosecond laser pattering was investigated and applied to laser welding. The effect of
process parameters on the reflectance of patterns fabricated on the copper surface was investigated by
referring to the processing map in the authors’ previous work [3]. The surface of the copper specimen
was patterned by a scanner to produce a surface structure with reduced reflectance on the surface of
copper where welding started. The lowest of the fabricated pattern's reflectance was about 3%, and the
reflectance was controllable within the range of 3 to 60%. When a pattern with a 3% reflectance was
used, a keyhole was formed under a relatively low energy condition (a speed of 150 mm/s, a power of
1800 W, and a beam diameter of 187.5 um) in the laser welding. The effect of patterning on keyhole
formation at the start of welding and the change of keyhole during the welding process were investigated
using the high-speed camera. The surface and cross-sectional images of welded copper specimens were

also investigated.
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5.2. Experimental setup
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Figure 30. Schematic view of experimental setup. (a) femtosecond laser patterning process for the
fabrication of the copper surface with the low reflectance. (b) observation of the surface during the
welding process using a high speed camera and the welding process starting from the surface obtained
in (a).

Figure 30 shows a schematic view of experimental setup. The experiment was conducted in two
steps, patterning in Figure 30(a) and welding in Figure 30(b). In the patterning step, a femtosecond laser
(Pharos 15-200-PP) with a wavelength of 1030 nm, a pulse duration of 220 fs, and a repetition rate of
up to 200kHz was used. The maximum power of the laser was ~11 W at the full repetition rate (200kHz).
A half-wave plate was used to control the laser polarization. It was fixed to the rotating mount to adjust
the angle. The equipment for fabrication was a galvano scanner equipped with f-theta lens which has a
focal length of 160 mm. The beam diameter at the focal position was about 50 um. The nitrogen gas
was supplied to the process area at 50 L/min to prevent oxidation during the patterning process. Oxygen-
free pure copper sheet (99.99%) was used as the specimen material, and the thickness of sheets was 1
mm. The copper specimen was fixed using a porous chuck installed on the X-Y stage, and the beam
was focused on the surface before processing. To investigate the effect of process parameters on surface
reflectance changes due to patterning, process window was designed using logarithmic scale by varying
the laser fluence (0.316, 0.555, 0.963, 1.68, 2.92 and 5.09 J/cm?) and a scanning speed (213.3, 118.9,
68, 39.2,22.4,12.8 and 7.32 mm/s). In the welding process, a continuous wave 2 kW multi-mode fiber
laser (IPG YLS 2000) was used. The fiber laser had a wavelength of 1070 nm and beam profile of
circular top-hat, and the maximum power on the specimen surface after passing all optics was 1800 W.
Using a lens with a focal length of 300 mm, the beam diameter used in the experiment was 187.5 pm.
No shielding gas was used in the welding experiment. The reflectance of copper at the laser wavelength
of 1070 nm was ~97%, so the laser head was tilted to about 15° to prevent damage to the optics system.

The maximum power (1800W) was only used in welding process. The specimens were moved using
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linear stage, and the maximum speed was 1 m/s. In this experiment, 100, 150, 200, 300 and 400 mm/s

speeds were used.

The surfaces fabricated with femtosecond laser were measured using the Scanning Electron
Microscope (FEI, Quanta 200 FEG) to observe the shape of the surface. UV-vis micro-spectrometer
(CRAIG, Microspectra 121) was used to measure the reflectance of each changed surface. Using a high-
speed camera, the process was recorded in video at 5000 fps. In the case of video, the images were

loaded and analyzed
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5.3. Results and discussion

5.3.1. Reduction of reflectance of copper surface
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Figure 31. SEM images of fabricated copper surface. The color of the boxes indicates the classification

of the surface structure. Structures with red checks are the conditions used in the experiment.

Figure 31 presents SEM images of the structures fabricated on copper specimens, arranged in terms
of laser fluence (vertical axis) and beam scanning speed (horizontal axis). This experiment was designed
with six fluences and seven scanning speeds. The fabricated patterns corresponding to 0.963 J/cm? and
213.3 mm/s, shows a typical LIPSS, and the period of the LIPSS was approximately ~1 wm, which is

close to the laser wavelength (1030 nm).

The irregular structures were already mentioned in the authors’ previous works. A similar
phenomenon was found in the stainless steel [3], but there were differences. A structure in a direction
perpendicular to the LIPSS direction is shown under the condition corresponding to 2.92 J/cm? and 68
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mm/s. This structure has a greater period than the LIPSS. In the case of stainless steel, this structure is
very evident, but in copper there has been a break in the structure. In copper, as in stainless steel, unit
structures of the LIPSS adhere to each other and holes were created. The formation of holes increases
the trapped light, reducing the reflectance. This phenomenon happens more irregularly as the energy
going into it increases, and at low scanning and high fluence, the sharp-shaped groove was fully
fabricated. In the previous paper, a very slow scanning speed was used because the repetition rate was
1 kHz. However, because the present study used a full repetition rate of 200 kHz, the copper surface
was fabricated at a very high scanning speed. In the case of copper, it has very high reflectivity even
for the wavelength of the femtosecond laser, 1030 nm, so that surface change is generated from higher
fluence, but the fluence of the LIPSS formation is the same. However, there was a difference in the
scanning speed at which the LIPSS is formed. For stainless steel, LIPSS occurred at a repetition rate of
1 kHz, a speed of 5.53 mm /s, and 0.963 J / cm?. In terms of speed in order to set the distance between
spots of laser, it was a very fast scanning speed of about 1 m/s. Therefore, to form the LIPSS on the

surface of copper, the spacing between spots must be further reduced.

In Figure 31, the color of the box represents the classification of the surface structure and the
reflectance at 1000 nm was measured for each condition. The surface reflectance of original copper was
97% at 1000 nm, and the reflectance of the fabricated surface was from 3% to 60%. The black boxes
had a reflectance of less than 5% under the condition obtained by the fully fabricated groove. The light
inside the groove is reflected several times on the sidewall of the groove, thereby reducing the
reflectance of the surface. The sky-blue boxes are conditions in which LIPSS is formed near the
threshold area. LIPSS appears in very small areas near the threshold area under conditions formed by
surface plasma polariton (SPP). Blue boxes are a condition in which LIPSS is partially formed, but
more energy put into the surface than the condition where LIPSS is formed, causing the LIPSS pattern
to be crushed and distorted. In the conditions of the green boxes, more distortion and deformation of
the pattern was made with more energy than with the blue conditions. The reflectance decreased as the
portion of the deep region increased. Among the conditions obtained, eight different structures were

used for laser welding of copper.
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Figure 32. (a) SEM images of patterned area (b) color images of patterns according to reflectance.

Figure 32(a) shows a SEM photograph of a 2 mm X 5 mm patterned area on the copper surface.
Hatches were placed in the area, and the spacing between each hatch line was set to width of one
fabricated line. The spacing between the lines was not very different. It had a value between about 40
and 50 um. However, the difference in depth of fabricated pattern on the surface was obvious. As shown
in macroscopic SEM images, as the reflectance increased, the patterns became denser and shallower.
This suggests that when the laser beam is irradiated, the effect of the beam trapping on the surface
increases as the depth of the structure increases. Figure 32(b) shows a photograph of a processed pattern,
and the difference in reflectance was clearly seen. In the patterning, since nitrogen gas was used to
prevent oxidation of copper, oxidation did not occur and the color of the patterned surface did not
change to an oxidized color, and the contrast was well expressed according to the reflectance. The
pattern was fabricated at the start of welding on a copper specimen having a width of 3 cm, a length of
13 cm and a thickness of 1 mm. As shown in Figure 33 on the right, the specimen was fixed and used

to start from the center of the pattern.
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5.3.2. Welding of copper
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Figure 33. High speed camera images according to processing conditions.

In order to improve keyhole formation at the start of the welding, a 2 kW fiber laser was used. As
shown in Figure 33 for the laser welding, five speed levels (100, 150, 200, 300, and 400 mm/s) and nine
reflectance levels (3, 5, 7, 11, 15, 21, 32, and 47%) were selected and a total of 45 experimental
conditions were used. A power of the fiber laser used in the experiment was fixed at 1800 W, because a
keyhole formation did not occur under all power levels below 1800 for all reflectance levels. The results
obtained for each condition in Figure 33 are instantaneous images of keyhole behavior welding process
at one frame in the video recorded at 5000 fps using high-speed camera. In the right part of Figure 33,
the schematic welding processing line is presented. The pattern was placed at the region where the laser
beam was firstly irradiated on the surface of copper, and the welding was carried out in a total length of

9 cm. First, in Figure 33, experiments were conducted on bare copper surfaces, and a keyhole was
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formed at speed levels below 100 mm/s, but a laser beam coupling to the copper surface did not occur
at higher speed levels than 100 mm/s. At 100 mm/s, the keyhole was formed even for the reduced
reflectance levels, and the behavior of the keyhole during the welding process was similar. A keyhole
was formed only on the patterned specimens at speed above 150 mm/s. Although a keyhole formation
was observed at three speed levels (150, 200, and 300 mm/s), welding proceeded in conduction mode
at high reflectance levels using a speed of 300 mm/s. At 400 mm/s, the conduction mode welding
process was also observed at all reflectance levels due to the low energy input due to the high speed.
Therefore, the maximum speed at which a keyhole was formed was 300 mm/s, which is three times

faster than the speed of 100 mm/s at which a keyhole was formed on the bare copper surface.
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Figure 34. High-speed camera images of (a) a patterned surface and (b) a surface after passing though
patterned area for seven reflectance levels (3, 5, 7, 11, 15, 21, 32 and 47%) at 1800 W and 150 mm/s
(c) Relationship between reflectance and dimensions ((c) width, (d) length and (e) area) of melt pool in

(a) and (b).

To investigate the relationship between a reflectance and a keyhole, high-speed camera images
were compared at 150 mm/s, which is the condition where a keyhole occurred at all reflectance levels.
Figure 34(a) is a set of images of the surface coupled with the laser on the patterned surface, and Figure
34(b) is a set of images when the laser is irradiated on the bare copper surface after passing though the

patterned surface. The red ellipses shown in Figure 34(a) and (b) represent the boundaries of the melt
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pool. The white part in the ellipse is the point where the laser beam is irradiated. Using the images of
the high-speed camera in Figure 34(a) and (b), the width, length and area of melt pool were obtained,
and graphs of the relationship between the dimensions and reflectance is shown in Figure 34(c), (d),
and (e). The relationship between the melt pool width and the reduced reflectance is shown in Figure
34(c). The black line is the width of the melt pool in Figure 34(a) and the red line is the width of melt
pool in Figure 34(b). In both cases, the width tended to increase with decreasing reflectance with similar
trends, but the values of the melt pool width after passing through the pattern were greater at all
reflectance condition and the width increased significantly below 10% reflectance. Figure 34(b) and (c)
are graphs of length and area, respectively, and indicates that larger melt pools area formed at less than
10% reflectance. Since the size of the melt pool is proportional to the amount of energy absorbed, the
fabrication of a copper surface with a reflectance of less than 10% is a very beneficial method for

increasing energy efficiency in laser welding of copper.

In Figure 34 (c), (d) and (e), there was a difference in the size of the melt pool for the patterned
and unpatterned areas. In the patterned part, the smaller melt pool was thin and long, but on the surface
after passing through the pattern, the melt pool widened in all directions. Since the laser and copper
have already been coupled in patterned part, the melt pool was still present after the pattern has passed,
but the size was larger due to a high thermal conductivity of copper. The expansion of the melt pool did
not occur on the pattern because the laser beam penetrated deeper due to the high absorption rate, so

that more energy was transferred in the depth direction than in width direction.

62



0.95

0.90 T

Bead width (mm)

© o o o o

& 3 & &8 &

l l 1 1 |
L

0.60 +

T T T T T T
357 11 15 21 32 47

Reflectance (%)
Figure 35. Variation of bead width according to reflectance of pattern. (P = 1800W, v =150 mm/s)

Figure 35 shows variation in bead width corresponding each reflectance level. An average of the
bead widths measured in five different locations for each condition. In addition, the highest value in the
error bar is the measured maximum value and the minimum value is the measured minimum value. In
general, the higher laser power and slower the weld speed are irradiated on the surface, the more bead
width increases. As shown in Figure 35, the width of bead decreased as the reflectance increased. The
change in bead width tended to be similar to the change of melt pool size, but the increase was not
significant at less than 10% reflectance. This is because the instability of the bead width due to the
fluctuation of melt pool. In this experiment, since the shielding gas was not used during the welding

process, the surface tension of the melt pool was lowered. Therefore, the shape of bead was unstable.
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(a) 3% reflectance pattern,1800 W, 150 mm/s Melt ejection

Figure 36. Top and bottom view of welded copper surface using 3% of reflectance pattern and power
of 1800 W and scanning speed of (a) 150 mm/s, (b) 200 mm/s and (c) 300 mm/s

e Melt ejection

Figure 37. High-speed camera images taken at intervals of 0.4 ms from the area where melt ejection

occurs

Figure 36 shows images of the top and bottom surfaces irradiated with a power of 1800 W and
three speed levels (150, 200 and 300 mm/s) on a copper specimen using fiber laser. Results using a
power of 1800 W and a speed of 150 mm/s showed some holes in the welded bead on the upper surface.
The holes were created by melt ejection. Melt ejection phenomenon is described as caused by a vapor
bubble [87, 88]. The general keyhole was observed at the beginning of weld processing, but vapor
bubbles were formed inside the melt pool by the bending of the keyhole at a specific speed. This vapor
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bubble made the melt pool unstable, pushing it out gradually. When the vapor bubbles have more
pressure than the surface tension of the melt pool, the molten liquid part is released. Figure 36(a) shows
a few defects in the bead, and there were three holes. Figure 37 shows high-speed camera images of the
melt ejection at 0.4 ms intervals for first hole in Figure 36(a). After the weld pool was shaken, the entire
weld pool came out. In Figure 36(b) and (c), no melt ejection occurred in the welding results using the

speed levels of 200 and 300 mm / s.

(a) 3%, 200 mm/s 21%, 200 mm/s 47%, 200 mm/s

(b) 1cm 2cm 3 cm

I l ' '
pattern lcm 2cm 3cm

Figure 38. (a) cross-section image of the results using different reflectance values (3%, 21%, and 47%)
under the same process conditions (1800 W, 200 mm/s) (b) cross-section images at different positions

(1 cm, 2 cm, and 3 cm) under the same reflectance (47%) and process conditions (1800W, 200 mm/s)

Figure 38 shows cross-sectional images of the results tested at a power of 1800 W with scanning
speeds of 200 mm/s. In copper welding, the cross-section of the weld has three distinct area depending
on the temperature [88]. There is a fusion zone (FZ) in the center of the weld seam with a large grain
size. The yellow lines in Figure 38 are the boundaries of FZ. In FZ, there are two areas with different
grains directions. The longitudinal columnar (LC) grains are in the center of the weld seam, and the
horizontal columnar (HC) grains are on both sides. There is a heat affected zone (HAZ) on the outside
of the FZ. Due to the high thermal conductivity of copper, the HAZ cools quickly and has grains that

have smaller size than the grain size of the FZ. The base material, located on the outermost side, has the
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finest grain. There is also a difference in the size of the grain in the FZ. The base material, located on
the outermost side, has the finest grain. Figure 38(a) shows cross-sectional images of results using
patterns with different reflectance values (3%, 21%, and 47%) under the same process conditions (1800
W and 200 mm/s). As the reflectance of the pattern was decreased, the penetration depth and width were
expected to increase, but the changes were very irregular, and tendency was not clear. However, as
shown in Figure 38(b) there was a difference in penetration depth at different positions of the same
result. A result of using the process conditions (1800 W and 200 mm/s) on the pattern with 47%
reflectance showed that the depth decreased as the distance from the pattern increased. This is thought
to be caused by the heat of the melt pool being rapidly dissipated by the high thermal conductivity of
copper. To better understand the trends in Figure 38(a) and (b), measurements were made under different

conditions and the measurements are shown in the graph in Figure 39.
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Figure 39. (a) graphs showing measurements of (a-1) bead width, (a-2) penetration depth and (a-3) area
over distance from pattern. (b) graphs showing changes in (b-1) bead width, (b-2) penetration depth,

(b-3) area as the reflectance of patterns changes.

Figure 39 shows graphs of changes in the bead width, penetration depth, and area of the weld
under different conditions. In Figure 39(a), the black line shows the patterns of 3% reflectance, the blue

line shows the pattern of 21% reflectance, and the red line shows the pattern of 47% reflectance. The
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shape of the line represents the welding speed, the solid line represents 150 mm/s, the dashed line
represents 200 mm/s, and the dotted line represents 300 mm/s. Figure 39(a-1) is a graph showing the
change of penetration depth according to the distance from the patterns. As the distance from the pattern
increases, the depth generally decreases. The average difference between the depth at 1 cm and the
depth at 2 cm was about 60 um. The average difference between the depth at 1 cm and the depth at 3
cm was about 130 um. Figure 39(a-2) is a graph showing the width values according to the distance.
Like penetration depth, bead width also decreased with distance. Therefore, as shown in Figure 39(a-
3), the area is also reduced overall. At speeds of 300 mm/s, the amount of reduction with distance was
much greater than for other speed conditions. Excluding these values, the depth of the 2 cm point was
reduced by 5% and the width decreased by about 8% for the depth of the 1 cm point. However, at 3 cm,
both values decreased by about 15%. Therefore, if a new pattern is created and connected at the 2 cm
point, the welding may proceed while maintaining a size difference of less than about 10%. Fig. 10 (b)
shows the change of dimensions of welded area according to reflectance. The values of penetration
depth of 150 mm / s and 200 mm / s increased slightly as reflectance increased, and decreased at 300
mm/ s. In the case of width, the width decreased as the overall reflectivity increased. Therefore, in case
of area, the area of 150 mm / s and 200 mm / was maintained to be similar, and in the case of 300 mm
/ s, the area was clearly reduced. At 200 mm / s, appropriate dimensions and changes were confirmed,

and uniform welding was attempted through the pattern of 2 cm intervals.
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Figure 40. . A Top view of results using welding process conditions of 1800 W and 200 mm / s. (a)
welding results obtained by fabricating patterns with reflectance of 3%, 21% and 47% only at the
beginning of the weld. (b) welding results obtained by machining patterns with reflectances of 3%, 21%,

and 47% at 2 cm intervals.

Figure 40 is a top view of the weld results using a power of 1800 W and a scan speed of 200 mm
/'s. Figure 40(a) shows the results of fabricating the pattern only at the beginning of welding. The
patterns which has 3%, 21%, and 47% of reflectance were used and the total length of welding was 9
cm. As mentioned in Figure 40, as the distance from the pattern increases, the depth becomes shallower
and the keyholes disappear. Using the patterns of 3% and 21% reflectivity, the keyhole disappeared at
about 6 cm, and the result of the 47% reflectivity pattern continued to the end but became thinner.
Therefore, in order to prevent this phenomenon, the pattern was fabricated every intermediate part on
the welding progress line. In Figure 39, the distance between the patterns is 2 cm, so the depth reduction
is small, so the pattern spacing is set to 2 cm. Figure 40(b) shows the welding result of pattern processing

at 2 cm intervals. For all reflectance conditions the weld proceeded to the 9 cm long end.
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5.4. Conclusions

In this study, the method of changing the surface reflectance of pure copper using femtosecond
laser patterning, which improves laser beam coupling to copper surface for keyhole formation in laser
welding of copper, was introduced. By precisely controlling the surface reflectivity, the pattern with a
reflectivity of 3% was easily made within 30 seconds of the copper surface, and the weld speed needed
to form the keyhole in the pattern was 300mm/s, three times faster than the bare surface. However,
stable keyhole formation and depth retention were 200 mm / s speed conditions, and the pattern was
processed at 2 cm intervals to increase the stability of the weld. This method will increase the efficiency
of the laser welding process of copper and it is also expected to be readily applicable to laser welding

of other highly reflective materials such as aluminum.
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V1. CONCLUSIONS AND FUTURE WORK

6.1. Conclusions

In this dissertation, laser surface modification was used for optical and joining applications. The
first chapter described the motivation for this work and the processes associated with laser surface
treatment used in the next chapters, and also included the basic background. Chapter 2 described the
graphenization of DLC film using laser annealing and PLD process. Using PLD, DLC film was
deposited on glass, and deposited DLC film is changed thermally. The internal structure of the film has
changed. It was confirmed that the sp? bonding content was increased after annealing. By measuring
the transmittance and sheet resistance of annealed film, we found the possibility of being used as a
transparent conductive film. Although the change to a complete graphene was not achieved, it was
approached to specifications that could be used for transparent conductive electrodes. Chapter 3
describes how to improve the results obtained in chapter 2. Picosecond laser was used for patterning
Only the thin film of the surface was removed with certain pattern, increasing the transmittance. The
increased sheet resistance with patterning was reduced by the etching process. It was confirmed that the
sheet resistance and transmittance were improved, and the simple calculation based on the map showed
predictability. This method is though to be applicable to a variety of transparent conductive films, and
if patterning and etching are optimized, the film’s performance will be further improved. Chapter 4
showed the change of the reflectance of surfaces using LIPSS. LIPSS was fabricated using the stainless
steel, and the reflectance of fabricated structures, including LIPSS, was also measured according to the
process conditions. Reflectance was controllable according to process parameters and, using measured
results, a sphere was represented on the stainless-steel surface. Chapter 5 shows the joining application
of copper materials through the change of surface reflectance. The pattern was fabricated on the copper
surface using femtosecond laser to reduce the reflectance so that the absorption rate for the laser beam

could be increased. As a result, coupling could occur in lower energy than on a general copper surface.
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6.2. Future work

The studies in this paper were still a basic process. In the case of transparent conductive film, the
carbon structure was changed by laser annealing using DLC film deposited at room temperature and
900 °C. For DLC film, the contents of the internal sp? and sp® bonds will vary depending on the surround
temperature when depositing. It is thought that if the original DLC film has relatively high sp? content,
it might be possible to make graphenization of film with smaller heat during laser annealing. The
deposition temperature also needs to be optimized. The second topic, improvement of the performance
of the film through patterning and etching, requires optimizing it. Although we increased transparency
by using two basic types, square and circular patterns, we believe that using optimized patterns will
minimize the decrease in electrical conductivity when increasing transparency. In the LIPSS study, the
reflectance was controlled by constant patterns obtained when laser was irradiated in a straight line.
However, using the phenomenon of LIPSS being made, it is thought that more different results could
be obtained if various machining directions and angles were applied to the surface of the material with
a shorter wavelength of laser. For example, a surface with unique properties, such as meta-surface, may

be obtained.
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