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Abstract

Rapid nanotechnology development has recently enabled numerous
nanomaterials to be used in daily life. It is being used in a wide range of materials,
machinery, electronics, and life sciences, from semiconductors that utilize
nanometer-scale patterning, nanocoating films used in displays or vehicles, filters to
filter harmful substances such as fine dust, and proteins/genetic materials for
treatment. Among the numerous nanomaterials, the surface with nanostructure has
different physical properties from the flat surface, which can give the surface new
functionality. The surface on which the nanostructure is formed can maximize
surface energy to make hydrophilic to superhydrophilic and hydrophobic to
superhydrophobic, and use a large specific surface area for adhesion and bonding, or
increase the chemical reaction speed. In addition, new optical properties such as low
reflection and coloring may be provided by generating light scattering, diffraction,
and plasmon resonance.

Fabrication methods of nanostructure can be divided into top-down methods
such as lithography, imprinting, and self-nanostructure, and bottom-up methods for
growing nanomaterials. Among the top-down methods, lithography and imprinting
are methods that can form very sophisticated patterns, but masks for patterning are
required, and process prices are very high. Therefore, they are suitable for
applications that require very sophisticated and regular patterns, such as
semiconductors and plasmonic resonance, but in fields such as low reflection,
superhydrophilic/super water repellent, and catalysts, different production methods,

which are fast and cheap, are required.



A linear ion-beam is a device that modifies the surface by emitting several kV
ions in a vacuum of about 10 Torr. As the kind of plasma generating source, ion
energy control and incident angle control are more accessible than widely used RF-
type plasma, and length is easily expanded, thereby being advantageous for mass
production. Depending on the process conditions of the linear ion-beam, various
physical and chemical characteristics on the surface, such as etching, generation of
an oxide film/nitride film, surface energy change, and surface shape change, may
occur. In this study, the surface shape of the polymer films used in everyday life,
such as PEN, PDMS, and PET, were controlled using a linear ion beam, and the
cause was investigated.

When an ion beam is irradiated to PEN, a nano-dimple having a diameter and a
height of about 100 nm is formed. The formed nano-dimple changes the optical
properties of the PEN. It was confirmed that the formation of the PEN surface
nanostructure was well simulated using the DKS model. Conforming to the DKS
model means that the difference in sputtering rates depending on the location of
microscopic roughness less than several nm on the surface of the PEN is the cause
of nanodimple formation.

When an ion beam is irradiated to the PDMS surface, a nano-wrinkle structure
is created. Through XPS surface analysis, it was confirmed that the SiO bond of
PDMS on the surface changed to the hardskin layer close to the SiO, bond. Displace
per atom (DPA) values according to depth were calculated using dissociation energy
(Eq) of carbon-based bond and nuclear stopping ((dE/dX)nuciear) calculated by SRIM.
To compare DPA and changes in carbon bonds measured by XPS depth profiling, H-

CH; and C-Si bonds with a DPA value of 1.5 or more changed significantly. It was



concluded that the decomposition of the bonds could be predicted through the
calculation of the DPA value.

The PET surface irradiated with the ion beam has a nano-hairy structure. It was
confirmed that the formed nano-hairy structure significantly increased the scattering
of PET. The scattering degree increased as the size of the nanostructure increased.
Scattering is greatly affected by the size and wavelength of nanostructures, and since
the size of nanostructures formed is about 40 to 60 nm, light in the visible light region
(about 400 to 800 nm) is greatly affected by Rayleigh scattering behavior. Since
Rayleigh scattering is inversely proportional to the fourth power of wavelength, the
wavelength corresponding to the blue light of the visible light shows a much larger
scattering degree than the wavelength of the red light, which is well fitted with the
measured haziness results. OLED was manufactured using the nano-hairy substrate.
In OLED, extracting light trapped inside the device to the outside is essential in
improving efficiency. OLED manufactured on nano-hairy PET substrate had
increased efficiency by up to 30% compared to OLED manufactured on flat PET,
which means that nano-hairy structure on PET surface is very efficient in extracting
light trapped in the substrate to the outside.

The development of surface treatment technology for filters consisting of 1-
dimensional fibers such as coronavirus prevention masks and HEPA filters for air
purifiers is crucial. When an ion-beam with similar energy for fabrications of nano-
hairy structure on PET film irradiates on PET fibers which have a thickness of
several tens of micrometers, the fibers are agglomerated due to Rayleigh-Plateau
instability. In order to prevent agglomeration, an increment of temperature during
the treatment process should be suppressed. The amount of temperature change

could have a similar correlation with the amount of phonon calculated through SRIM.
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Therefore, a filter fabric irradiated by temperature-controlled conditions could obtain
high adhesion while suppressing fiber agglomerations. As a result, the filter fiber and
copper had high adhesion. Copper-coated filters were evaluated for antiviral and
antibacterial properties for coronavirus (SARS-CoV-2) and four types of bacteria,
and as a result, more than 99% of viruses and bacteria were killed when exposed for
1 hour.

Through this study, changes in surface shape were observed by performing
surface treatment of the polymer, and it was found that the behavior and cause of the
shape change can be predicted through SRIM calculation. SRIM calculations could
not match the calculation results quantitatively because the variables for polymer
bonds were not precisely reflected in the calculations, but they were confirmed to be
qualitatively predictable. It will be possible to predict the surface change behavior
during ion-beam irradiation by applying it to various polymers such as polyimide
(PD), polyetrafluoroethylene (PTFE), polystyrene (PS), and the like, as well as PEN,
PDMS, and PET which are polymer materials conducted in this study. Linear ion
beams are advantageous for expansion for mass production such as roll-to-roll
processes, and this study, which focuses on oxygen and argon, which are non-toxic

gases, is essential for future industries where eco-friendliness is emphasized.
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Chapter 1. Introduction

1.1. Nanostructures on Polymer Substrates

1.1.1. Polymer Nanostructures

Nanostructured surfaces possess physical and optical properties that are
different from those of flat substrates, and their utilization in various fields has
gradually increased in recent years [1-5]. Compared to a flat surface, the large
specific surface area of a nanostructured surface facilitates chemical reactions and
thus may be used as a catalyst or electrochemical electrode with enhanced adhesion
properties. Optically, surface nanostructures can exhibit a plasmonic effect and good
scattering and diffraction properties. In addition, it is possible to control the
wettability of a substrate by maximizing its change in surface energy, thereby
forming a surface that inhibits bacterial grows and mechanically changing its friction

characteristics used for lubrication.
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Figure 1.1. Various applications of nanostructures. [18, 36-38]



The existing nanostructure fabrication methods can be classified into top-down
and bottom-up approaches. For example, lithography, nanoimprinting, and plasma
etching are typical top-down methods, whereas hydrothermal growth and sol-gel
coating are bottom-up techniques [6-11]. Lithography can produce very
sophisticated patterns; however, because its processing step is complex and
expensive, this technique is suitable for material that require very sophisticated
processes (such as semiconductors), but not for films with large areas [6].
Nanoimprinting allows large-area processes and complex patterning and is less
expensive than lithography [7]. However, its master mold fabrication step is
expensive; moreover, if the mold and resin are not perfectly detached, resin residue
is produced, which results in a defective product requiring a new master mold
fabrication step. Lithography combined with the use of block copolymers can
produce uniform nanopatterns without a mask [8]. The shape of the resulting
nanostructure depends on the type and molecular weight of the block copolymer.
However, it is difficult to form a nanostructure with a size of more than 100 nm, and
the described approach requires a separate etching step. A plasma-based self-
patterning method is inexpensive and easily scalable, although it is difficult to form

a sophisticated and regular pattern using this technique [12—16].
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1.2. Closed Drift-Type Anode Layer Linear lon Beam Source

1.2.1. Introduction

Plasma-based conventional patterning is typically performed using highly
reactive toxic gases such as CF4 and SFs at a radio frequency (RF) power. During
this process, the surface is quickly etched via physical and chemical reactions;
however, SFs is a representative greenhouse gas, and its usage is strictly regulated
worldwide. Moreover, these two gases can easily corrode a metal-based vacuum
chamber. Therefore, a plasma-based process using an environmentally friendly gas
must be developed. Argon and oxygen are eco-friendly gases, but their chemical
reactivities are lower than those the aforementioned fluorine-based gases. To
compensate for this effect, it is necessary to increase the plasma ionization rate or
physical etching rate. The energy of the ion beam generated by a closed drift-type
anode layer linear ion-beam source (LIS) is easier to control than the energy of
general RF plasma. In previous studies, a LIS was employed to release ions by
efficiently controlling its internal structure, and the theoretical movement of internal

charges will be described in the next chapter [17].
1.2.2. Theoretical Background

Figure 1.3 shows a schematic diagram of the shape and cross-section of LIS,

which is mainly composed of the external ground electrode and internal cathode.

11 M 2t
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Figure 1.3. Structure and cross-section of LIS.
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When a high voltage is applied to the anode and ground electrode of LIS, the
injected gas molecules are separated to ions and electrons. A permanent magnet is
present inside the ion-beam source to generate a magnetic field in the z-axis direction.
The separated electrons and ions are driven by the electromagnetic force. The force

of the charge is described by the following equation:

F = mi_': = q[ﬁ + (v x §)] e (1L1)

where m is the charge mass, ¢ is the charge amount, £ is the applied electric
field, v is the velocity of the charge, and B is the magnetic field generated by the
permanent magnet. To simplify the equation, it is assumed that the magnetic field is
formed only in the z-axis direction, while the electric field is formed along the y-

axis.
B=1(0,0,B),E=(0,E, 0)

The following equations express the forces applied along the x-, y-, and z-axes.

F = m% = Q[E—x)+ (v, XB—X))] = quyB - (1.2)
F}; = m% = q[E_3;_|_ (Vx XB—x)] = q(E — v B) = - (1.3)
fz’:m%zo e e e (1.4)
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They indicate that no force is applied in the z-axis direction (unlike the x-axis
and y-axis directions). By combining these differential formulas with the calculated

X, ¥, and z positions, the following equations can be derived:

qE ,
x =—— (ot —sinwt) - (L5)
qE
y = mwz (1 — COS Wt) ces ses ecee see (1.6)

where o is the angular momentum, ® =qB/m.

Equations (1.5) and (1.6) indicate that a charge inside LIS performs a cycloid
motion. This movement in the x-axis direction, which reciprocates within a range of
2r, is described by Equation 1.7 (Figure 1.4).

qE

r= e (1)

mw?

The radius of constrained electrons and cations can be calculated from the
following parameters under the conditions used in this study. The mass of electron
is 9.11x107*! kg; the mass of the argon ion is 6.63x10 > kg; the electron charge is
1.6x107" C; the magnetic field is 0.05 T; and the applied electric field is 500 V/mm
(corresponding to an applied voltage of approximately 1000 V and gap between the
anode and the ground equal to 2 mm). The electron transport radius is 1.14 mm, and
the argon ion is 8.3x10” m. Electrons move cyclically at a diameter of 2.28 mm, and
proceed in the x-axis direction due to the action of the ion beam. They continuously

1 &
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collide with internal gas molecules in a chain-like manner, which accelerates the
ionization process and increases the plasma density. The generated ions are emitted
outside LIS due to the action of a repulsive electrical force and exhibit more complex

behavior in the real environment, which requires theoretical simulations [17].
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Figure 1.4. Cycloid motion of a charge inside LIS.
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1.3. Surface Nanostructures Produced by lon beam

1.3.1. Nano-hairy Structures of Polymers

Various nanostructures are formed when a polymer is irradiated with an ion
beam. Their morphology depends on different process variables such as the polymer
type, collision ion energy, collision ion dosage, and ion composition. For example,
polyethylene naphthalate (PEN) has a nano-dimple structure; polydimethylsiloxane
(PDMS) exhibits a nano-wrinkle structure; and polyethylene terephthalate (PET)
possesses a nano-hairy structure.

Wang et al. has reported that nanostructures can be formed from protrusions or
concaves present on the surface [14]. These structures were produced previously on
various polymers such as poly(3,4-ethylenedioxythiophene) : poly(styrene-sulfonate)
(PEDOT:PSS), polypyrrole (PPY), SUS, polyvinylidene fluoride (PVDF),
poly(methyl methacrylate), polystyrene, and poly[2-methoxy-5-(2'-ethylhexyloxy)-
1,4-phenylene vinylene] to prepare nanowire-sized organic light-emitting diodes
(OLEDs). The ion collision angle on the surface containing protrusions and concaves
depends on the collision position. The vertically collided ions transfer most energy
to the polymer, leading to a higher degree of etching in the given region.
Nanostructures are formed due to the differences between the etching rates of various
ion collision positions. Their locations can be determined in advance by forming
protrusions via imprinting.

Campo et al. etched polymer films by oxygen plasma and found that
nanostructures could be aligned in specific directions depending on the crystallinity

of the substrate [15]. In the case of a crystalline polymer such as PET or isotactic
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polypropylene, the regions with high crystallinity are etched more weakly than the
regions with low crystallinity.

Moon and co-workers fabricated nanorod-shaped structures on the surface of a
polymer substrate through plasma etching and found that their formation occurred
due to the presence of impurities [16]. When a voltage of —400 V is applied to the
cathode, plasma ions collide with the cathode and polymer. The metal cathode is
sputtered by the plasma, and the produced metal particles are deposited onto the
polymer film. The coated metal species act as a mask influencing the etching rate of

the polymer film.

1.3.2. Nano-wrinkle PDMS Structure

Many research groups reported nano-wrinkle PDMS structures fabricated by
plasma irradiation [18-20]. For example, Yang and co-workers manufactured one-
dimensional (1D) ripple patterns on the PDMS surface [18]. They increased PDMS
wrinkles in the axial direction followed by surface curing with oxygen plasma. When
the tension applied to PDMS returned to its original value, a ripple structure was
formed on the PDMS surface with a ripple wavelength depending on the degree of
tension.

Seo et al. demonstrated that the period and direction of a nano-wrinkle structure
could be controlled by varying the irradiation angle of the ion beam [19]. When ion
irradiation occurs at an angle perpendicular to the surface, the ion penetration depth
increases, forming a thick silica (“hardskin”) layer on the surface. When the ion
angle of incidence approaches the horizontal direction, the ion penetration depth
becomes small, and a thinner silica layer is formed as compared with that produced

by vertical irradiation. The authors concluded that the thin silica layer formed on the
§ ¥
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surface contains a nanostructure with a short wrinkle wavelength and that the ion
collision force applied in a specific direction influenced the directionality of the
wrinkle pattern.

The period and amplitude of the produced PDMS wrinkle structure depend on
the Young's modulus and Poisson’s ratio of the cured surface layer. The wavelength

(M) and amplitude (Ao) of the wrinkle pattern are expressed by the following

formulas:
Ehardskin 1
AO = Zﬂt(_—)3 (18)
3 pdms
1
A=t (i_‘:_ )2 e e (L1.9)
_ 2z
— _1(3Eppms \3 ... ...
gc N 4 (Ehardskin) (110)

where E is Young’s modulus, v is Poisson’s ratio, t is the thickness of the

hardskin layer, and ¢ is the critical strain.

1.3.3. Nano-dimple Structures of Semiconductor Materials

The polymer nano-dimple structure examined in this thesis has not been studied
in detail. However, the structures fabricated on semiconductor materials by ion-beam
irradiation have been reported a few decades ago [21-25]. Thus, Facsko’s research

3§ 53 :
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group irradiated the GaSb (100) surface by an argon ion beam with an ion density of
10"7-10'% /cm? and energy of 0.42 keV to fabricate a GaSb nano-dot structure [21].
Wang et al. irradiated a Ge (100) substrate with a Ga* ion beam to form periodic
nanodots on the surface [22]. They elucidated the nanodot formation mechanism
using the damped Kuramoto—Sivashinsky (DKS) model, which is described in the

next chapter.

1.3.4. Interactions Between Ions and Matter

lon-beam surface treatment may form a physically modified structure on the
surface of a solid material or chemically modify its properties. This phenomenon is
caused by physical collisions and the energy transferred through chemical reactions
that occur during ions penetration. Its mechanism can be elucidated by examining
the energy transfer of the ions penetrating the material [26, 27]. The permeated ions
allow atoms and electrons in the material to escape from their original positions, and
the minimum energy required for this process is called the displacement energy (£q)
[28]. The atoms with a separation energy exceeding the Eq energy are called primary
knock-on atoms (PKAs). This energy is directly supplied from the outside through
the energy transferred from the ions and can cause a collision. Meanwhile, when the
energy transferred by ions is less than Eq, it generates a lattice vibration [29].

In the case of a polymer material, a polymer chain scission (during which a
monomeric bond is broken by the energy of penetrated ions), cross-linking
(recombination of broken chains), or generation of free radicals by atom detachment
typically occurs. The parameter used to quantitatively express the ion energy
required for these phenomena is dE/dx, which is the energy loss amount dE of

penetrated ions per distance dx travelled in the depth direction (it is also called a
§ ¥
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linear energy transfer or stopping power). Its value is affected by the initial energy
of ions, angle of ion incidence, ion atomic weight, and material density. There are
two different ways by which ions transfer energy: elastic collision (a collision
between ions and atomic nuclei in the material structure) and inelastic collision due
to the reaction between ions and electrons in the material structure [30]. The elastic
collision between an ion and an atomic nucleus is called nuclear stopping; the
inelastic collision between an ion and an electron is called electronic stopping; and
the total dE/dx value of an ion penetrating the material can be expressed as the sum

of the nuclear stopping (Sh), electron stopping (S.), and charge exchange terms.

dE dE dE dE
IR ST N
dx/ |pss dx/ nuclear dx/ electron dx/ charge exchange

The energy loss term due to charge exchange is relatively small and can be

ignored.

(@) = (@ ctear (@) tatron = 505 (0113

Here, S, and S, refer to the energy losses due to nuclear and electron stops,
respectively, which are affected by the ion energy and material density. Various
models have been proposed to derive their values over decades. Nanostructure
formation is caused by the separation of atoms in the material; therefore, nuclear
stopping represents the primary energy transfer path [31]. The formula for

calculating the energy loss due to nuclear stopping can be derived by applying the
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Coulomb repulsive force and electron screening potential at nuclear shutdown

resulting from the elastic collision between ionic and atomic nuclei.

4E — - ”_2 2, M1 L
(dx)nmear = Sp = NG ZiZyePa i (1.14)

where N is the atomic density of the target, Z; is the charge of the ion, Z; is the
charge of the target, M is the atomic mass of the ion, M, is the atomic mass of the
target, and a is the Thomas—Fermi screening radius for collision.

The electronic energy loss of an ion in the solid is expressed by the following

equation:

(Z_i)electron =5 = 4ne:iiftlvt % [ln (zmTevz) —In (1 B Z_z) B Z_j] (1.15)

where v is the velocity, Z;, is the charge of the projectile ions, Z; is the atomic
number, V; is the number density of target atoms, m. is the electron rest mass, e the
electronic charge, and / is the average excitation and ionization potential of the target.

As described above, polymeric bonds are broken and recombined by the energy
transferred by ions. This process involves bond cleavage and polymer cross-linking
through nuclear stopping, and its activity increases with increasing ion irradiation
intensity. As a result, the physical and chemical interactions of ions that occur during
the ion-beam treatment change the polymer surface morphology and chemical

structure.
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1.3.5. Computational Analysis

The Stopping and Range of lons in Matter (SRIM) software is a Monte Carlo
calculation-based simulation program that quantum-mechanically examines the
physical collisions between ions and particles in the target material during ion
penetration and can be used to calculate the stopping power and penetration distance
[32-25]. The ion energy transfer occurring inside a material may be evaluated from
the penetration depth. The incoming ions interact with atoms and electrons in the
target material, which results in atomic dissociation, electron excitation, and plasmon
generation. Note that ion—target interactions are strongly affected by the electronic
structure, interatomic bonding structure, ion type, and ion energy. Figure 1.5 shows
the input window of the SRIM calculation process that is used to specify the ion
species and energy, target atom species, atomic ratios, and density of the target
material. By performing SRIM simulations, it is possible to calculate the distribution
of ions along the depth direction, ionization rates of target elements, number of
phonons generated in the target, longitudinal and lateral ion projection ranges, and
sputtering field. Figure 1.6 displays the SRIM calculation output including numerical
data, which can be used for DKS modeling and displacement-per-atom (DPA)

calculations.
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Figure 1.5. Interface for entering calculation parameters into SRIM, including the ion type,
ion energy, substrate density, and atomic species.

24 yim A 2T



4 SRIM-2013.00 - o X
File Help, FAQ and Scientifi lanations
Help Giimael|  Feuse T | Otange e | g onENEneY o= IR0 10626 of 99999 lons
5
tonType [Ar__[39.962|amu | 5| Ar (10) into PEN (1 layers. 3 atoms) LT g
lon Energy 800 ) eV | Transmitted lons 0
lon Angle | 0 degrees Moving atom colors > v R 120
WP Stnpped atom colots -> [TON STATS
Completed | 10625/of |95¢ " [Layer Name Width lA Density | C (12.011]|H (1.008) | 0 (15.999] Solid/G Ran
SHOV LIVEDATA | HELP || “7]PEN 200 1.450 uﬁnﬂnn EES nwss Soid  |[Longitudinal
__|Lattice Binding Energy
PLOT Wind __| Surface Binding Eners 7 41 2
indow 4"-”' -
5 T all™ Displacement Energy 2 10 28 = | Type of Damage Coloulation
Max Target Depth |200 7| [FullCascades
COLLISION PLOTS | Stopping Power Version
¥ lon/Recols (<] All | 2| [sRim-2008
| lon/Recois (2) None | % ENERGY]
[~ lons [no recoils) Tile | LOSS lons Recoils
IT™ LaterslView YZ] _Clear | lonization T 0
Background color White/Black Vacancies
e pior | DISTRIBUTIONS [SiEonens ,
= e Vo SPUTTERING YIELD
= s " Atoms/lon | eV/At
2| El I lon/Recoil Distribution TR °'.'.I° o
2| FI I Lateral Range C 623
?| Fl W lonization H
?| Fl ¥ Phonons a
?| Fl I EnergytoRecols
2| El I" Damage Events ?| ¥ Save every| 10000 |ions
2 [ Inegal  Sputersd Random |
[~ Diffesential  lons Number [11074879
2R Counter HELP
i~ Backscattered lons —
2| v Transmitted lons
7| ¥ Colision Details
| 3-D Plots 3D Help
2| Fl I lon Distiibution 3D
2| Fl [~ Recoil-Dist. 30
2| Fl 7 lonization 3D
?| El " Phonons 3D
2| FI " Taget Damage 30 — Target Depth —
= SaveAs |[Pfintll Label | Clear
5 = | = | 22 || &.PHONON Distribution oo e | o o |[®][=
ION RANGES PHONONS —_ IONIZATION
o | == - ‘ IONS RECOILS H IONS RECOILS
E 15 H g 10
< H .
E 2010 H E 35
= 30
] s N = )
~ || 2 =
= . = 20
] s K] 3 16
< ».
2 e 5 g 10
B a1 & 5 s
A Target Depth WA 0A ~Targel Depth - - Too A 0A Target Depth 00A
Savess | Print |_Help | Saveds | Print | Help Saveds | Print | Help

Figure 1.6.

SRIM window showing the calculation results. Various physical parameters

characterizing the ion collision with a medium, such as the longitudinal and lateral ion
distributions, numbers of recoil ions and phonons, and sputtering yield, can be determined.
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1.4. Purpose of This Research Study

As mentioned above, numerous studies have been conducted to examine
various nanostructures formed on the polymer surface through plasma or ion
irradiation and elucidate its underlying mechanism. Most of these studies
qualitatively investigated the principle of nanostructure formation; however, very
few of them attempted to quantify this process because unlike metals and ceramics,
polymers contain different bond types despite the same molecular structure. In this
work, an analysis method mainly utilized for describing the formation of
nanostructures in metals and ceramics is applied to polymers. The SRIM calculation
software can determine various parameters characterizing the collision of particles
with a medium, including the amount of transferred energy that depends on the
medium and ion species, energy transfer type, and sputtering field. Because this
program does not consider polymer bonding, it is not particularly suitable for
studying polymers and mainly employed for semiconductors, ceramics, and metallic
materials. This work shows that SRIM calculations can be performed to describe
changes occurring on the polymer surface.

The formation a nano-dimple structure on a PEN surface is discussed in Chapter
2, while a PDMS wrinkled structure is discussed in Chapter 3. Chapters 4 and 5
describing different applications of nanostructures show that the nano-hairy structure
formed on the PET surface can be used in OLEDs to increase their efficiency and
explore process conditions that enable surface treatment while suppressing the

formation of nanostructures.
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Chapter 2. Principles of Formation of Nano-dimple

Structures on PEN Substrate
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2.1. Introduction

Since the self-organization of nano-dots by ion-beam sputtering was introduced
by Facsko, diverse nano-structures have been fabricated by ion-beam sputtering on
semiconductor surfaces [1,2,3]. Regular ripples and dots have been created on the
surfaces of Si, InP, and GaSb by noble gas ion-beam irradiation [1,4,5,6,7]. lon-
induced surface instability results in self-organization, which has been successfully
described by a continuum model including terms of roughening and smoothing [8].
The continuum model accounts for different sputtering yields at peaks and troughs,
dependency on the ion’s incident angle, ion-induced effective surface diffusion,
thermal diffusion, and surface viscous flow [9]. The similarity between
experimentally observed surface morphology and theoretical calculation showed the
possibility of exact prediction for self-organization by ion-beam sputtering. Nano-
dots, ripples, and dimples on polymer substrates also have been observed in surface
treatments using ion-beam irradiations. M. Goyal reported that a 40 keV oblique
argon ion-beam resulted in ripple or dot nano-structures on polypropylene (PP)
surfaces [10]. We reported that dimple nano-structures were obtained by 1 keV
oxygen ion-beam treatments on polyethylene terephthalate (PET) surfaces [11].
Polyethylene naphthalate (PEN) surfaces irradiated by an argon ion-beam showed
dimple patterns, which resembled the patterns calculated by the continuum equation,
especially the Kuramoto—Sivashinsky (KS) model [9]. This similarity implied the
possibility of applying the continuum equation to describe the self-organization of
polymer surfaces by noble gas ion-beam sputtering. In this work, we fabricated
dimple patterns on PEN surfaces via 600 eV argon ion-beam irradiation. Surface

analysis was performed to find a clue regarding whether ion-beam sputtering was
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the main reaction making the dimple patterns. A nonlinear continuum equation was
solved by MATLAB™ software and compared to the dimple patterns obtained by

argon ion-beam irradiation.
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2.2. Materials and Methods

2.2.1. Materials

A dimple pattern was fabricated on a commercially available PEN film surface
by argon ion-beam bombardment. 125 pm PEN film (Dupont Teijin Films, Chester,
VA, USA) was prepared by cutting it to a size of 100 mm x 100 mm. After removing
the protective film on the surface, the PEN film was attached to the linear moving

stage located in the vacuum chamber.

2.2.2. Ion Beam Treatment

The vacuum chamber was evacuated with a base pressure of 5.0 x 10~ Torr, and
then argon gas was injected into the linear ion source. A gridless ion source was used
to generate linear argon ion-beams with a width of 300 mm [11,12]. The PEN
samples were treated at a linear moving speed of 10 mm/s. The ion dose per scan
was 1.2 x 10" /cm?, according to measurement by a Faraday cup. The ion energy
distribution function was measured by an ion energy analyzer (Figure 2.1.) [13].

argon ion-beams were irradiated under normal incidence conditions.

2.2.3. Field-Emission Scanning Electron Microscopy
The PEN surface was observed using field-emission scanning electron
microscopy (FE-SEM; JSM 6700F, JEOL, Tokyo, Japan) in secondary electron (SE)

mode. The accelerating voltage was maintained at 5 kV.
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Polymer samples

—

Faraday cup lon energy analyzer

Figure 2.1. Linear ion-beam irradiation on a moving substrate (speed: 10 mm/s). lon
current density and ion energy distribution function were measured by Faraday cup and
retarding potential ion energy analyzer, respectively.
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2.2.4. Atomic Force Microscopy
The morphology of the dimple nano-structures was measured by atomic force

microscopy (AFM, NX10, Park Systems, Korea) in non-contact mode.

2.2.5. Field-Emission Transmission Electron Microscopy and the Electron
Energy Loss Spectrum

A localized cross-linking on the dimple nano-structures was verified via cross-
sectional field-emission transmission electron microscopy (FE-TEM, JEM-ARM,
JEOL, Tokyo, Japan) with electron energy loss spectroscopy (EELS, JEOL, Tokyo,
Japan). The FE-TEM measurements were performed at an accelerating voltage of
200 kV. The cross-sectional specimens of FE-TEM were prepared using a liquid
metal ion source (Ga") equipped with a focused ion-beam with a coarse milling
current (4 nA) and a fine milling current (20 pA) at 30 kV. The 90 nm-thick PEN

sample was prepared with a focused ion-beam.
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2.3. Results and Discussion

Figure 2.2 shows surface morphologies and profiles. Figure 2.2 a,b show AFM
images of PEN surfaces treated by 600 eV argon ion-beam bombardment with ion
doses of 2.4 x 10" /cm? and 4.8 x 10' /cm?, respectively. As the ion dose was
increased, the irregular dimple patterns were formed clearly. In Figure 2.2 c,d, the
peak-to-peak roughness (Rz) was increased from 29.1 + 4.7 nm and 53.4 + 8.4 nm
as the ion dose was increased. In Figure 2.2 e, a scanning probe image processor
(SPIP™, Image Metrology, Diplomvej, Denmark) showed that dimple diameter was
increased from 63.4 + 18.6 nm to 77.6 + 23.1 nm as the ion dose was increased
(Figure 2.3). In addition, the aspect ratio (Rz/diameter) of dimples were increased

from 0.45 to 0.68.
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Figure 2.2 AFM images (area: 2 um x 2 um) of dimple patterns on a PEN surface by 600
eV argon ion-beam bombardment with ion doses of (a) 2.4 x 10'® /cm? and (b) 4.8 x 10*°
fcm?. X-axis and Y-axis line profiles: (c) 2.4 x 10%° /cm?, (d) 4.8 x 10 /cm?. (e)
Distribution of dimple diameter in the 2 um x 2 um area.
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Figure 2.3. Diameter measurement of dimple structure using SPIP™ software, (a) ion dose:
2.4 x 10% /cm?, (b) ion dose:4.8 x 10%° /cm?,
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Self-organization by ion-beam irradiation has been explained by two
mechanisms. One is the semi-crystallinity of cross-linked polymers. The sputtering
yield of a semi crystalline polymer is lower than that of the amorphous phase [14].
For instance, He ion bombardment on polytetrafluoroethylene surfaces left the
backbones of the crystallized polymer chains, which formed worm-like structures
[15]. Another possibility is surface instability induced by ion bombardments. lon-
induced surface instability results in roughening and smoothing of the amorphous
layer [2]. The self-organization of ordered morphologies by ion-beam sputtering is
independent from the orientation of surface materials because self-organization by
surface instability occurs in the amorphous layer formed by ion-beam irradiation [2].
If the polymer surface is in the amorphous phase during ion-beam sputtering, ion-
induced surface instability could explain the pattern formation. In Figure 2.4, FE-
TEM and EELS show the cross-sectional images and the chemical bond statuses at
the valleys and hills of the dimple structures. The EELS was measured at the peak
(point A in Figure 2.4a) and trough (point B in Figure 2.4b). The EELS signal showed
aromatic C=C (285 eV), ketone C=0 (286.3 —286.8 eV), and aldehyde O=CH (286.3
—286.8 eV) functional groups, which existed similarly at the peak and trough [16].
If the partially distributed crystalline chains induced the dimple patterns, the binding
status at the peak position would differ from that at the trough region. This revealed
that the patterning mechanism was not partial semi-crystallization. Wide angle X-
ray scattering (WAXS) showed that semi-crystallization was not induced by argon
ion-beam irradiation (Figure 2.5). The EELS and WAXS results mean that the self-
organization on the PEN samples could be due to the ion-induced surface instability

of the amorphous layer.
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Figure 2.4. (a) Cross-sectional SEM image of dimple pattern, (b) the points of EELS
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Figure 2.5. Spectrum of wide angle X-ray scattering, (a) as-received PEN, (b) 600 eV
argon ion-beam irradiated PEN.
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The KS model could explain the self-organization of dimple structures on the
PEN surface by ion-induced surface instability. The mechanism of pattern formation
by ion bombardment has been extensively investigated using a continuum equation
[8,9]. The KS Equation describes the morphology evolution during an ion

bombardment. The KS Equation is given by

& = (7% = DV* = K74k — A(VR)? + 1 = v - (2.1)

where h is the height of the ion-bombarded surface as a function of time t, n is
the effective surface tension generated by the erosion process or viscous flow due to
surface stress, D is the diffusion coefficient from ion-induced diffusion, K is a
thermal diffusion coefficient, A describes the tilt-dependent sputtering yield, and h is
Gaussian white noise resulting from the stochastic nature of the erosion process. We
tried to reproduce the dimple structures on PEN surfaces by argon ion-beam
irradiations using the KS model. Numerical simulation was executed on an equally
spaced, 2-dimensional 200 x 200 mesh by integration of Equation 2.1 using a
standard discretization method with periodic boundary conditions. The integration
began from a random surface with a height randomly distributed from 0 to 0.1 with
spatial step dx = 0.5 nm, time step dt = 0.002 s, n = —0.0553 nm?/s, A = —0.177 nm/s,
D =0.0138 nm*/s, and K = 0. The coefficients were calculated by ion species (argon),
polymer density (1.36 g/cm?), ion energy (600 eV), and a definition of coefficients
from previous work [8,17]. The sputtering yield was calculated by SRIM [17]. The
sign of the nonlinear term A determined dot or dimple structures. A positive A induced

dot formation and a negative A described dimple formation [2,8]. In this normal
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incident condition, Equation 2.1 yielded an isotropic, partial differential equation
with a negative nonlinear A term, which implied dimple formation. Figure 2.6
compares simulation results using Equation 2.1 with FE-SEM images of
experimentally fabricated samples. The images reveal a similarity of surface
morphology between the simulation and the experiment. In the simulation, the
disconnected patterns developed after 50 s, which corresponded to 20 scans (Figure
2.6a). After 100 s (40 scans), dimple patterns formed (Figure 2.6b). As experimental
bombardment proceeded (Figure 2.6¢), a partially disconnected network structure
was observed after 20 scans. For longer irradiation times, the pattern formed after 40
scans (Figure 2.6d). The spatiotemporal pattern predicted by Equation 2.1 showed

good correlation with experimental observations.
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Figure 2.6. Simulation results by iterating the DKS Equation: (a) ion flux = 4.83 x 10%
fcm?-s, time = 50 s for 20 scans (b) ion flux = 4.83 x 10® /cm?-s, time = 100 s for 40 scans.
Experimentally obtained dimple patterns on the PEN surface: (c) 20 scans, (d) 40 scans.
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The successful prediction of self-organization means that ion-beam irradiation
on the PEN surface mainly results in surface sputtering. The continuum equation is
based on the sputtering reaction on the ion-beam irradiated surface. lon irradiation
on the polymer surface simultaneously induces cross-linking and sputtering. Ion
energy transfer by nuclear collision affects the ratio of cross-linking to sputtering. If
surface atoms receive sufficient energy to break surface binding with energetic
recoils and ions, surface displacement induces sputtering. Energy transfer by recoils
and ions depends on the atomic number density of the target polymer. The concept
of displacement per atom (DPA), which is proportional to the energy transfer by the
nuclear stopping reaction, could be a quantitative value for evaluating the degree of
displacement [18]. PEN density (1.36 g/cm®) was sufficient to induce multiple
atomic displacements of polymer atoms at the surface. The 600 eV argon collision
on the PEN surface showed a DPA of 4 to 8, a value sufficient for inducing frequent
sputtering by ion bombardments. Thus, the continuum model based on sputtering
reactions showed similar surface morphology to an argon ion-beam irradiated PEN

surface.
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2.4. Conclusions

The comparison of the KS model and the dimple pattern showed the validity of
applying the continuum model to the self-organization of a polymer surface using
ion-beam irradiation. The continuum model based on sputtering reactions could be
applied to the limited polymer material, which has a density that induces sufficient
surface displacement and sputtering by ion-beam irradiation.

The discrepancy between the simulation and the experiment is due to a
limitation in explaining the exact ion-induced sputtering yield of the polymer
substrate that consists of several atoms such as carbon, hydrogen, and oxygen. The
SRIM code supplied a statistically averaged sputtering yield for the polymer
substrate.

This approach could be useful to fabricate nano-structures applied to sensors
such as surface-enhanced Raman spectroscopy, which uses the enhancement of local
electric fields wherein the surface morphology has a several nm gap [19,20]. The
dimple patterns could be applied to form hot spots on polymer surfaces using a

simple, top-down process.
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The patterns calculated by Kuramoto-Sivashinsky (KS) model:
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Figure 2.7. Graphical summarization of Chapter 2. The nano-dimple structure of the PEN
surface was fabricated using an argon ion-beam, and the structure was similar to the result
calculated through the DKS model.
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Chapter 3. Fabrication of a Nano-wrinkled PDMS

Substrate
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3.1 Introduction

Nanostructures on polymer films with sizes varying between tens and hundreds
of nanometers are widely used in anti-fouling, superhydrophobic, anti-reflection, and
surface-enhanced Raman spectroscopy applications [1-6]. They are also utilized in
the security and biotechnology fields [7-9]. Nanopatterning processes using physical
masks or molds can create nanostructured polymer films with regular patterns;
however, their fast low-cost production remains a challenging task. The demand for
the mass production of nanostructured polymer films without physical masks or
molding processes has recently increased [10-16]. To facilitate industrial
applications requiring irregularly nanopatterned surfaces, processes using plasma
and ion-beam treatments, electrospinning, and electrochemical methods with high
commercialization potential are employed to form nanostructured polymer films
[17].

The treatment of polymer surfaces by energetic ions can generate
nanostructures directly on polymer films. The ion irradiation of polymer films at
several kilo-electron volts induces the surface-localized polymer deformation by
transferring the ion energy in a region with a size between tens and hundreds of
nanometers [18, 19]. This energy causes localized bond dissociation and ionization
beneath the surface and initiates the scission and cross-linking processes, which
induce self-organized nanostructuring (SONS). To implement SONS with controlled
scission and cross-linking processes, it is necessary to change the amount of ion
energy transferred to the polymer surface, depth of energy absorption, and added

elements that affect surface chemical bonds. Ion-beam irradiation is suitable for

SONS because it allows easily varying the incident energy, penetration depth, and
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composition of reactive ion species, such as oxygen, nitrogen, and hydrogen, for
chemical bond modification.

Wrinkles are among the most well-known self-organized nanostructures
fabricated by ion-beam irradiation. In particular, wrinkles on PDMS substrates are
used in wearable devices due to their excellent flexibility and bio-adaptability [20—
23]. Liquid metal ions or gas ion-beams can successfully fabricate wrinkles on
PDMS substrates [24-26]. An X-ray photoelectron spectroscopy (XPS) analysis of
wrinkled PDMS surfaces has shown that the original surfaces were converted to
silica-like hardskin layers. The difference in elastic modulus between the hardskin
layer and PDMS medium induces wrinkling [25, 26]. Previous studies have
qualitatively attributed the observed changes in the wrinkle structures on the PDMS
surface to ion-beam irradiation conditions, such as the ion energy and beam incident
angle. Although analyses of hardskin layers have shown the existence of a strong
correlation between the wrinkle width and irradiation conditions, a detailed
mechanism of their formation including the physical parameters of ion—polymer
interactions has not been determined. Various aspects such as the formation of a
hardskin layer by the collisional energy transfer after ion impingement, spatial
distribution of surface bond states caused by the variation in the ion energy transfer
rate with depth, and distribution of SiOx (x = 0.5-2) bonds in the silica-like hardskin
layer have not been discussed.

In this study, wrinkles were fabricated on a PDMS surface by the argon ion-
beam irradiation at an energy of 360840 eV. XPS depth profiling was performed to
measure the spatial bond distribution in the depth direction of the wrinkled PDMS.

The ion energy transferred to the PDMS substrate was calculated theoretically to

establish the correlation between the incident ion energy and modification depths, at
b i 1 i

55 A1 = TH

-
= |



which scission and cross-linking occurred. This approach was utilized to describe
quantitatively the formation of a heterogeneous hardskin on the PDMS surface after

argon ion-beam irradiation.
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3.2 Methods

PDMS precursor mixtures were prepared by mixing Sylgard 184 base and a
hardener (Sylgard 184, Dow Corning Corporation, USA) at a mass ratio of 10:1 ina
Petri dish for 10 min. The prepared mixtures were held in a vacuum chamber until
no bubbles remained in their bulk. Polyimide substrates with thicknesses of 120 um
were sequentially washed with acetone and isopropanol and dried at 80 °C in an oven
for 10 mins. The precursor mixtures were spin-coated onto the polyimide substrates
with sizes of 100x100 mm and thicknesses of 125 um for 40 s at 500 rpm. The
produced PDMS coatings were cured at 65 °C on a hot plate for 120 min. The
obtained PDMS samples on the polyimide substrates were exposed to an argon ion-
beam generated by a closed-drift ion source [27]. This ion source emitted a linear
argon ion-beam with a width of 300 mm and ion fluence of 5.0+0.5x10'5/cm?. The
anode voltage was varied to achieve an average ion energy of 360, 600, or 840 eV.
A retarding potential analyzer measured the average ion energy of the argon ions
incident on the PDMS samples [33]. The argon ion-beam irradiation procedure was
conducted in a vacuum environment with a background pressure of 0.1 Pa. The
wrinkle surface patterns were observed by FE-SEM (JSM-6700F, JEOL) and AFM
(NX10, Park Systems). The haze and transmittance of the PDMS samples were
measured by a haze and transmittance measurement system (COH-400, Nippon
Denshoku). PDMS surface binding states were analyzed by XPS (K-ALPHA+ XPS
system, Thermo Fisher Scientific). The X-ray source, energy, and spot size were
monochromated Al Ka, 72 W, and 400 pm, respectively. The obtained peaks were
corrected with respect to a C 1s reference peak position (284.6 eV). To minimize

changes in the ion beam-treated surface during XPS depth profiling, an argon cluster
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gun (energy: 4 kV, cluster number: 1000) was used to etch the PDMS substrate. XPS
depth profiling was conducted over a period of 100 s at 5-s intervals for the topmost
layer and over a period of 750 s at 30-s intervals for the intermediate layer. In SRIM
simulations, the ”Detailed Calculation with Full Damage Cascades” conditions were
used. This option follows every recoil particle until its energy becomes less than the
lowest energy level of any target atom. To minimize the statistical error of SRIM
computations, the number of collision events exceeded 10000 for each simulation
case. Details of the SRIM calculation procedure are described in the software manual

[32].
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3.3. Results and Discussion

In this section, PDMS samples were prepared by argon ion irradiation at ion
energies of 360, 600, and 840 eV. Figure 3.1 displays the SEM and AFM images of
the argon ion-beam irradiated PDMS surfaces. The show that as the argon ion energy
increases, the wrinkle width increases from 410.2 +25.1 to 941.1 +49.3 nm, and the
wrinkle height varies from 47.3 = 7.1 to 100.1 + 13.8 nm. This observation is in good
agreement with the results of other studies on ion-beam irradiated PDMS [25, 26].
The transmittance and haze of the as-received PDMS sample were 94.52% and
0.28%, respectively. After the argon ion-beam treatment, the transmittance decreased
by 0.22%, and the haze increased by 2.18%. The physical and optical properties of
the studied PDMS samples are listed in Table 3.1. Note that the PDMS wrinkles
produced in this work were fabricated by an in-line ion-beam irradiation process
using a linear ion beam, which resulted in irradiated areas with widths as high as 300

mm [27].
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(a) 360 eV

(b) 600 eV

(c) 840 eV

Figure 3.1. Wrinkled PDMS surfaces obtained after Ar ion-beam irradiations at ion
energies of (a) 360 eV, (b) 600 eV, and (c) 840 eV.
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Table 3.1. Physical and optical properties of the PDMS samples after different Ar ions

irradiations.

bare 360 eV 600 eV 840 eV
Wavelength (nm] - 4102 £ 251 512.7+£27.2 9411 £ 49.3
Amplitude (nm) - 473+71  60.1+£10.2  100.1 £ 13.8
Haziness (%) 0.28 0.36 1.00 2.46
trg:;r’:‘ei;‘t‘;i;:f‘['; w9352 93.63 92.58 92.30
trans?;flftl::sge [%l 0.26 0.34 0.93 2.27
transmTi‘t’tt:rlme ) 9326 93.29 91.65 90.03
|
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XPS depth profiling was performed to analyze the topmost PDMS surface layer
irradiated by argon ions. XPS Si 2p and C 1s spectra were recorded at etching times
of 0-100 s and intervals of 10 s. Figures 3.2(a—c) show the Si 2p peaks obtained at
argon ion energies of 360, 600, and 840 eV, respectively. The peak positions of SiO;
(102.1eV), Si015(102.8 €V), and SiO, (103.4 V) bonds are designated in the graph
[28]. The observed peak shifts to higher binding energies indicate that the amount of
oxygen in SiOy bonds increases with increasing etching time from 0 to 100 s. At 100
s, bonds similar to SiOy (x = 1.75-2) are detected at all energies. The corresponding
silica-like layer is a hardskin layer that induces wrinkling [25]. However, for the
topmost surface layer and etching times of 0—20 s, the Si 2p peak is shifted to low
binding energies, indicating smaller oxygen amounts in the SiOy structure. As the
argon ion energy increases to 840 eV, further oxygen reduction occurs in SiOx (x =
1.5 — 1.25) species, as shown in Figure 3.2c. Figure 3.3 illustrates the deconvolution

of the Si 2p peaks recorded at an etching time of 0 s.
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Figure 3.2. XPS depth profiling of the Si 2p signal. The etching process was conducted for
100 s at intervals of 10 s and Ar ion energies of (a) 360 eV, (b) 600 eV, and (c) 840 eV.
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Figure 3.3. Deconvolution of the Si 2p XPS peaks obtained for the topmost surface layers
of (a) pristine PDMS and the PDMS substrates irradiated at Ar ion energies of (b) 360 eV,
(c) 600 eV, and (d) 840 eV.
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An XPS analysis of the obtained C 1s spectra produced more complex but
comprehensible results. Figure 3.4 shows the C 1s XPS profiles obtained at etching
times of 0—100 s, intervals of 10 s, and argon ion energies of 360, 600, and 840 eV.
The XPS C 1s peak includes several bonds, such as C—C (sp.) and C—H overlapped
at 284.6 eV, C—C (sp3) at 285.3 eV, C-Si at 283.8 eV, C-0 at 286.3 eV, and C=0 at
287.6 eV [29]. The as-received PDMS sample exhibits a C 1s spectrum including
mainly C—H bonds (Supplement 3). Ion-beam irradiation causes polymer cross-
linking, inducing the appearance of the C—C (sp2), C—C (sp3), C—0, and C=0 peaks
[29]. The observed increase in the C s signal intensity at 284.6 eV after irradiation
may result from the formation of C—C (sp:) bonds via cross-linking. This occurs
because ion bombardment dissociates C—H (E;=4.5 ¢V), H-CH (E;=4.69 e¢V), and
H—CH, (Es = 4.9 eV) bonds at higher rates compared with those of the C=0 (£, =
7.8 eV) and C-O (E; = 11.2 eV) bond dissociation, which require dissociation

energies (E,) exceeding those of hydrogen-related bonds [29].
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Figure 3.4. XPS depth profiling of the C 1 s signal. The etching process was conducted for
100 s at intervals of 10 s and Ar ion energies of (a) 360 eV, (b) 600 eV, and (c) 840 eV.
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As the etching time increased from 0 to 100 s, the observed changes in the C 1s
peak were analyzed by performing its deconvolution. Figures 3.5(a—c) show the C—
C (sp2), C-H, C—C (sp3), C-Si, C-0O, and C=0 bond ratios plotted as functions of
the ion penetration depth. Each ratio was calculated with respect to the C 1s peak
area (Figure 3.6). At an etching time of 100 s, the three samples exhibit similar bond
ratios. However, different scission processes were observed after etching their
surfaces for 0-50 s. The C—C (sp3) bond, which has a higher £, of 6.3 eV than that
of C-Si (E;= 4.5 eV) undergoes scission at ion energies of 600 and 840 eV, but not
at 360 eV. The ratios of C=0 (E£;= 7.8 eV) and C-O (£; = 11.2 eV) bonds, which
have higher £, values than that of C—C (sps) are almost constant. The increased peak
ratio at 284.6 eV is close to the decreased ratios of the C—Si and C-C (sp3) bonds,
which indicates that the damaged C—Si and C—C (sp3) bonds are likely cross-linked

to C-C (sp2).
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At etching times of 150750 s, no significant changes in the Si 2p and C 1s XPS
signal intensities were observed, although the XPS depth profile indicates that the
argon ion beam significantly changed the PDMS surfaces as compared with that of
bulk PDMS (Figure 3.7). The Si 2p spectrum suggests that the cross-linking reaction
formed SiOx (x = 1.75-2) species at argon ion energies of 360, 600, and 840 eV. The
C 1s depth profile also shows the broadening of the similar peak at 284.7 eV,

indicating the formation of C=0, C-0, and C—C (sp3) bonds due to cross-linking.
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The heterogeneity of the ion-beam irradiated PDMS surface observed by XPS
depth profiling at etching times of 0—100 s and 150—750 s can be explained using an
ion—polymer interaction model that takes into account the collision process. lons
transfer their impinging energy to the polymer medium and generate recoils,
energetic particles that gain energy from ionic collisions. In the target medium, the
penetrating particles (both ions and recoils) lose energy via nuclear or electronic
stopping. When a particle penetrates the polymer, it loses energy by colliding with
target nuclei via an interaction called nuclear stopping, which causes an atomic
displacement that initiates bond breakage and phonon generation [30]. Nuclear
stopping induces an atomic displacement when the energy transferred to the recoil is
higher than the dissociation energy or displacement threshold. Sputtering occurs if
the recoil moves toward the surface and its energy exceeds the surface binding energy.
Recoils generate phonons for the ions with transferred energy below the
displacement energy, which releases energy over short lengths below 10 nm.
Commonly used polymers are amorphous; therefore, phonons cannot efficiently
transfer heat by lattice vibrations. Polymer vibrations transfer heat to the bulk
medium at a low thermal conductivity of 0.1-0.2 W/m-K [31]. This localized heating
process can induce cross-linking without increasing the bulk temperature [25]. The
interaction of the impinging particle with electrons in the target material can induce
electronic stopping, which is inelastic and transfers energy by both electronic
excitation and ionization. All the excited electrons (plasmons) eventually lose energy
due to thermalization [30]. Electronic stopping effectively induces cross-linking by
collectively excited electrons, which produce a sizeable excitation volume and
compulsive interactions between ions and radical pairs [30]. Thus, the stopping

power and depth, at which the target material absorbs energy, are critical parameters
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that influence the scission and cross-linking reactions occurring on polymer surfaces
after ion-beam irradiation.

The energy loss per unit depth d£/dx provides a quantitative description of the
scission and cross-linking processes in the polymer medium. d£/dx is a sum of
(dE/dx) nuciear for nuclear stopping and (dE/dx)eieciron for €lectronic stopping. It reaches
a maximum in the topmost layer and gradually decreases with increasing penetration
depth. While few ions directly lose energy by ionization and atomic displacement in
the topmost layer, ions transfer most of their energy to recoils. Recoils with energies
greater than the ionization and dissociation energies are concentrated near the
topmost layer. Under the topmost layer, electronic stopping causes ionization, while
nuclear stopping mostly induces phonon vibrations, which promote cross-linking in
the intermediate layer. Beneath the intermediate layer lies an inherent bulk layer.
Therefore, a pairwise comparison of d£/dx and the displacement energies of polymer
chains can be used to quantitatively predict the depth-dependent spatial distribution
of' bond scission. To investigate the heterogeneous hardskin layer, d£/dx values must
be determined at various ion irradiation conditions, such as ion energy, ion
composition, and incident angle. SRIM is a computational program used to calculate
the energy transmitted by ions to a medium through collision [32]. In this study,
dE/dx was calculated according to the ion-beam irradiation conditions using SRIM.
Scission mostly occurs in the topmost layer, where the ion energy transferred to
recoil particles is sufficient to induce atomic displacements. When evaluating
scission due to atomic displacements, the DPA unit defined in Equation (3.1) is often

used [30].
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dE

) ion fluence
adx/nuclear target atomic density

DPA:E(

25, -+ (3.1)

DPA is a parameter quantitatively describing the spatial scission distribution in
the depth direction as a function of (dE/dx)uucicar, dissociation energy (E4), and the
polymer material type. Figures 3.6(d—f) show the DPA values calculated for carbon
bonds at an ion fluence of 5x10'5/cm?, PDMS total atomic density of 0.97 g/cm?, and
different £4 magnitudes. The low E4 bonds, such as H-CH, and C—Si, exhibit large
DPA values of 1.9-3.0 in the topmost layer at a depth almost equal to zero. The DPA
of C—C (sp?) is 1.5-2.1, and those of C=0 and C-O are lower than 1.8 in the topmost
layer. The DPA and XPS depth profiling data indicate that the scissions of C—Si and
C—C (sp®) bonds occur simultaneously with a cross-linking of C—C (sp?) and C-H at
DPA values higher than 1.9. As the depth, at which DPA is higher than 1.5, increases,
the etching times, at which the bond ratios of C—Si and C—C (sp?) are reduced, also
increase. The DPA values determined for Si—O bonds were consistent with the DPAs
of carbon bonds. The DPAs of the atoms in Si—O bonds were calculated at an Eq of
8.3 eV. Figure 3.8 shows that the DPA of the oxygen atom in the Si—O bond on the
surface increases from 0.8 to 1.2 as the argon ion energy increases from 360 to 840
eV. This means that increasing the argon ion energy promotes O displacement and,
therefore, Si—O bond scission in the topmost surface layer. The Si 2p peak shift to
lower binding energies observed for the topmost surface in Figure 3.8 is consistent

with the DPA increase for the Si—O bond at higher argon ion energies.
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To determine the thickness and Young's modulus of the hardskin layer formed
on the PDMS surface, the wavelength and amplitude of PDMS listed in Table 3.1
and Equations (1.8)—(1.11) were used. The Young's modulus of PDMS was 860 kPa;
the Poisson ratio was 0.5; and the Poisson ratio of the hardskin layer was assumed
to be 0.2 [26]. Because the number of variables exceeds the number of formulas, it
is possible to estimate only ranges of these two parameters, not their specific values.
The Young’s modulus of SiO; is 72 GPa, and the thicknesses of the hardskin layer
calculated at argon ion energies of 360, 600, and 840 eV were equal to 2.3, 2.7, and
5.4 nm, respectively. However, the hardskin layer consists of not only SiO» species,
but also polymeric carbon bonds (Figures 3.5 and 3.6). Therefore, it may be predicted
that Young's modulus value of the actual hardskin layer is less than 72 GPa. SRIM
calculations were also performed to estimate the thickness of a more substantial
surface change layer. Fig. 3.2 shows that the hardskin layer contains molecular bonds
similar to those in the SiO; structure, suggesting that PDMS molecular bonds were
cleaved and then cross-linked. The scission and cross-linking of molecular bonds
occur via nuclear stopping when ions penetrate a medium. SRIM allows calculating
the depth at which ions penetrate PDMS, from the ion energy, and its magnitude can
be potentially changed.

For SRIM calculations, the energy of the Ar ion beam varied between 360, 600,
and 840 eV. The density of PDMS was 0.96 g/cm?, and its longitudinal thickness was
20 nm. The penetration depths calculated at the specified ion energies were 7.6, 9.2,
and 13.3 nm, respectively. The corresponding Young's moduli of the hardskin layer
were 2.09, 2.30, and 4.68 GPa, respectively. Although the SRIM-calculated values
were not very accurate due to the insufficient consideration of the organic binding

energy, they were physically reasonable. In future studies, more accurate values can
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be computed. Figure 3.9 displays the fitting curves obtained for the thickness and
Young’s modulus of the hardskin layer using Equations (1.8)—(1.11), and their

calculated values are listed in Table 3.2.
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Table 3.2. Thicknesses of the hardskin layer (tharaskin), Young’s moduli of the hardskin layer
(Enardskin), and induced strain values obtained during substrate irradiation with an ion beam
at various energies.

360 eV 600 eV 840 eV
SRIM Si0, SRIM Si0O, SRIM SiO,

tharaskin 74 23 92 29 133 54

(nm)

Ehardskin

Gpa" 209 72 230 72 48 T2

5";}';-50 135 131 139 136 145 11.2
(1]
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3.4 Conclusions

The hardskin layer formed on the PDMS surface treated by argon ion-beam
irradiation has a heterogeneous structure. The energetic stoppings of irradiated ions
simultaneously induce the scission and cross-linking processes in the topmost layer.
Under the topmost layer, the gradual decrease in the stopping power results in the
predominance of cross-linking reactions in the intermediate layer. The collisional
energy transfer rate calculated by SRIM and DPA concept allow a quantitative
description of the scission processes occurring in the topmost layer at different argon
ion beam energies. The DPA and XPS depth profiling data produced consistent
spatial distributions of the silicon and carbon bonds in the depth direction. Thus,
DPA can be used as a physical parameter to explain the scission and cross-linking

phenomena initiating SONS on polymer surfaces after ion-beam irradiation.
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Chapter 4. Nano-hairy PET Structure for the
Enhancement of External Light Extraction Efficiency

of OLEDs
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4.1 Introduction

OLEDs are widely used in displays and lighting applications due to their high
efficiency and long service life as well as in manufacturing processes [1-4]. They
can also be potentially applied in flexible devices, which is advantageous for the
mass production of roll-to-rolls [4, 5].

The internal structure of OLEDs and their components are continuously
improved to increase the OLED efficiency; however, most of these diodes are glass-
based devices [1, 2, 6, 7]. To achieve a higher OLED efficiency, new materials or
structures must be developed to increase the internal energy (electrical energy to
optical energy) conversion efficiency or allow the light trapped inside the device to
escape to the outside (it is well known that less than 30% of the light generated inside
OLEDs device escapes to the outside [7-9]). The OLED efficiency can be increased
by controlling the device thickness, adjusting the polarization mode by aligning the
molecular orientation, reducing the plasmonic loss by utilizing a nano-wrinkled
substrate, and forming a light extraction layer between the substrate and a transparent
electrode [3, 6, 7].

To form a light extraction layer on the outermost side of the device, substrate
roughening must be conducted through lithography or nanostructure (microlens)
formation [10—12]. In this study, a nanostructure was formed on the polymer surface
by ion-beam surface etching. This approach allows roll-to-roll continuous processing
and self-nanostructuring without patterning or using a mask.

The PET surface was irradiated with an ion beam to form a hairy nanostructure,
which changed the optical characteristics of the substrate and promoted the scattering

process. The size of the produced nanostructure was 40—60 nm, and the scattering
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mode was close to Mie scattering at the blue visible light wavelength (~400 nm) and
Rayleigh scattering at higher wavelengths. In addition, scattering was more intense
in the Mie scattering mode. The efficiency of the OLED fabricated from the
nanostructured substrate was 30% higher than that of the device produced from the
untreated PET substrate, while its scattering of the emitted blue light was more

intense, as indicated by the peak of the obtained emission spectrum.
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4.2 Experimental

4.2.1. Materials

A nano-hairy structure was fabricated on a commercially available PET
substrate by oxygen ion beam bombardment. First, a PET film with a thickness of
125 um (PANAC, Japan) was cut into pieces with dimensions of 25%25 mm?. After
removing the protective film from the surface, the PEN film was attached to the

linear moving stage of the vacuum chamber.

4.2.2. Ion Beam Treatment

The vacuum chamber was evacuated at a base pressure of 5.0 x 107 Torr, after
which then oxygen gas was injected into the linear ion source. A gridless ion source
was used to generate the linear oxygen ion beam with a width of 300 mm. The PET
samples were treated at a linear moving speed of 10 mm/s. According to the results
of Faraday cup measurements, the ion dose per scan was 1.2x10' per square
centimeter. The ion-beam treatment was performed 10, 20, 40, and 60 times. Oxygen

ion beams were irradiated under the normal incidence conditions.

4.2.3. ITO Sputtering

The vacuum chamber was evacuated at a base pressure of 5.0x107° Torr, after
which argon gas was injected into the chamber at a rate of 30 sccm. The working
pressure was 1.0x107 Torr. A piece of tin-doped indium oxide (5 wt.% of tin) with

a diameter of 100 mm was used as a sputtering target to deposit an ITO film with a
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thickness of 150 nm serving as the OLED anode. The RF (13.56 MHz) power was

200 W, and the deposition time was 5 min.

4.2.4. OLED Fabrication

The OLED was manufactured by the following process. First, a PEDOT:PSS
(Clevios AI4083, Heraeus, Germany) film with a thickness of 40 nm was spin-coated
onto the ITO substrate. The obtained sample was transferred to a vacuum chamber
with a base pressure of 1.0x107® Torr, and the organic material layer and metal
electrode were deposited by thermal evaporation. A 30-nm N,N’-Di(1-naphthyl)-
N,N'-diphenyl-(1,1'-biphenyl)-4,4'-diamine (NPB) and 10-nm tris(4-carbazoyl-9-
ylphenyl)amine (TcTa) layers (serving as a hole transport layer), 7 wt.% tris(2-
phenylpyridine)iridium(III) (Ir(ppy)s)-doped 4.,4'-bis(n-carbazolyl)-1,1'-biphenyl
(CBP) emission layer, 30-nm bathophenanthroline (BPhen) electron transport layer,
0.5-nm lithium fluoride layer, and 100-nm aluminum layer (used as the cathode)
were deposited sequentially. The OLED efficiency was measured by a

spectrophotometer (PR-650 SpectraScan Colorimeter, Photo Research, USA) and

current—voltage source meter (Kiethley 2400, Tektronix, USA).
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Figure 4.2. Structure of the fabricated OLED device.
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4.2.5. FE-SEM

The PET surface was observed by FE-SEM (JSM 6700F, JEOL, Tokyo, Japan).

4.2.6. AFM
The morphology of the hairy nanostructures was determined by AFM (NX10,

Park Systems, Suwon, Korea) in the non-contact mode.

4.2.7. Optical Properties
The optical properties of the ion-beam treated PET samples were determined
by a UV-vis spectrophotometer (Cary 5000 UV—Vis—NIR Spectrophotometer,

Agilent, USA).
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4.3 Results and Discussion

Figure 4.3(a) shows the SEM images the bare PET surface, while Figures 4.3(b—
e) display the PET surfaces treated by LIS 10, 20, 40, and 60 times, respectively.
These results indicate that as the number of treatments increases, the PET
nanostructure is more clearly observed. Figures 4.3(f-1) depict the AFM images of
the PET surfaces treated 10, 20, and 60 times, respectively. Table 4.1 lists the peak-
to-valley roughness, average roughness, and root-mean-square roughness values
determined from the AFM images. Regardless of the utilized roughness calculation
method, the roughness value systematically increased with the number of treatments,

which is in good agreement with the obtained SEM images.
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Figure 4.3. (a—e) SEM and (f-i) AFM images of the (a, f) bare PET surface and PET
surfaces treated by the ion beam surface (b, g) 10 times, (c, h) 20 times, (d) 40 times, and
(e, i) 60 times.
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Table 4.1. Optical properties of the untreated and treated PET substrates.

bare 10 20 40 60

Haziness (%) 0.18 1.75 405 13.01 23.1

Perpendicular
transmittance (%)

Diffused
transmittance (%)

Total
transmittance (%)

90.96 91.25 88.54 80.01 72.23

0.16 1.60 3.59 10.41 16.68

91.12 9285 92.13 90.42 88.91

97 -"x_i '|-'



Figure 4.4(a) shows the PET transmittance values obtained at different ion beam
wavelengths. The measured perpendicular transmission (P.T.) and diffused
transmission (D.T.) were used to calculate the total substrate transmission and

haziness via the following formulas:

Total transmittance = P.T.+ D.T. =+ - - - (4.1)

dif fused transmittance
fr e e (4.2)

Haziness = -
total transmittance

Because the wavelength of 400 nm lies in the high-absorption region of PET,
its optical characteristics were determined at this wavelength or greater (we did not
intend to quantitatively describe a change in transmittance due to the ion beam
treatment). As the number of treatments increases, the diffused transmission
gradually increases (a similar trend is observed when the beam wavelength
approaches 400 nm). Figure 4.4(b) displays the average total transmission,
perpendicular transmission, diffused transmission, and haziness values obtained at
wavelengths of 400-800 nm (see also Table 4.2). It shows that the scattering degree
continuously increases with the number of ion-beam treatments and reached a
maximum of 23.1%, while the total transmittance increases from 91.12% to 92.85%

and then decreases to 88.91%.
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Figure 4.4. (a) Perpendicular transmittance and diffused transmittance plotted as functions
of wavelength. At wavelengths below 400 nm, the absorption of the silver-colored PET
material is very large. (b) Average total transmittance, perpendicular transmittance, diffused
transmittance, and haziness values obtained in the wavelength region of 400-800 nm at
different numbers of ion-beam treatments. (c) Diffuse transmittance values (symbols)
obtained at different wavelengths and dashed fitting lines proportional to (1/A)* that match

the experimental data points in the region between 700 and 800 nm.
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Table 4.2. Averaged total transmittance, perpendicular transmittance, diffused

transmittance, and haziness values determined in the wavelength region of 400-800 nm at

different numbers of ion beam treatments.

bare 10 20 40 &0
Haziness (%) 0.18 1.75 4.05 13.01 23.1
Perpendicular
transmittance (%) 90.96 91.25 8854 80.01 72.23
Diffused
transmittance (%) 016 160 359 10.41  16.68
Total
transmittance (%) 91.12 92.85 92,13 90.42 88.91
:
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The obtained results indicate that the surface roughness exhibits a positive
correlation with the scattering intensity. Among the scattering modes generated by
particles, Rayleigh scattering mainly occurs when the size of particles affecting the
scattering process is 1/10 or less than the wavelength, and the intensity of Rayleigh
scattering is proportional to the sixth power of the particle diameter and inversely
proportional to the fourth power of the wavelength [13]. The average diameters of
the nanostructures obtained from the AFM images depicted of Figure. 4.3 were equal
to 46.9, 52.4, and 67.8 for the samples treated 10, 20, and 60 times, respectively.
Therefore, it is likely that scattering close to Rayleigh scattering occurs at higher
wavelengths and gradually deviates from Rayleigh scattering at low wavelengths.
The dashed lines in Figure 4.4(c) are the fitting lines corresponding to Rayleigh
scattering, which match the experimental data points (symbols) in the region of 700—
800 nm. Notably, the specimens treated 10 and 20 times are in good agreement with
the Rayleigh scattering fitting lines in the wavelength region of 400-800 nm, while
the specimen treated 60 times exhibits a different scattering mode at wavelengths
less than 600 nm. It is estimated that the particle diameter is larger than 1/10 of the
wavelength, and it is not a perfect spherical shape, which deviates from the Rayleigh

scattering theory [14].

R e N e X

The parameters of the manufactured OLED with the treated PET substrate are
shown in Figure 4.5. Because only its outermost part was treated by LIS, it did not

affect the electrical characteristics of the device; therefore, the amount of emitted
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light increased by the surface structures.. This means that the light trapped inside the
device is effectively emitted to the outside by the nano-hairy structure. The substrates
without surface treatment exhibited the maximum current efficiency of 44.7 cd/A,
and the substrates treated 10, 20, and 60 times demonstrated the maximum current
efficiencies of 48.6, 54.7, and 58.3 cd/A, respectively. Thus, the OLED efficiency
was increased by up to 30% due to the nanostructure formed on the PET surface. The
normalized emission spectra of the OLEDs are displayed in Figure 4.5(c). It shows
that the manufactured phosphorescent OLED exhibits two emission peaks at
wavelengths of 516 and 544 nm. The intensity ratios of these two peaks (Is44/Is16)
calculated for the bare PET substrate and PET specimens treated 10, 20, and 60 times
are equal to 0.977, 0.958, 0.921, and 0.854, respectively. Therefore, the amount of

light emitted at a high scattering wavelength increased after surface treatment.
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Figure 4.5. (a) Current—voltage characteristics (left axis) and luminescence—voltage
characteristic (right axis), (b) current efficiencies, and (c) normalized emission spectra of
the manufactured OLEDs.
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4.4 Conclusions

Nanostructures can be effectively formed on PET surfaces via ion-beam
irradiation. The produced structure had a hairy shape, and increasing the number of
ion-beam irradiation treatments increased both its size and the surface roughness.
The larger was the size of the nanostructure and the closer was the beam wavelength
to 400 nm, the higher was the light scattering intensity. Using the PET substrate with
a nano-hairy structure prepared by ion-beam treatment has increased the OLED
efficiency by up to 30%. Furthermore, the nano-hairy structure fabricated on the
OLED substrate could effectively emit the light trapped inside the OLED device to
the outside. Future works in this area will investigate the OLED efficiency as a
function of the shape and density of nanostructures by performing theoretical

calculations.
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5.1 Introduction

Recently, severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), first
discovered in Wuhan, Hubei Province, China, has spread rapidly worldwide, raising
widespread health concerns. The World Health Organization (WHO) declared the
coronavirus disease of 2019 (COVID-19) a pandemic on March 12, 2020. Over two
years after the outbreak started in December 2019, over 300 million people have
been infected, over 5 million people have died worldwide, and the infections and
mortality rates have continued to increase [1]. Materials with antiviral properties
have been used to prevent the spread of infectious diseases caused by these viruses.
For example, ethanol-based disinfectants are the most commonly used sanitizers to
treat humans, while chlorine-based and ammonium-based disinfectants are used for
disinfecting living spaces [2,3]. These disinfectants effectively remove SARS-CoV-
2 and other microorganisms but should be reapplied after use.

In contrast, copper is a sustainable antimicrobial material proven to inactivate
viruses even on the nanometer scale. [4—11]. Recent studies have reported on the
antiviral performance of copper against SARS-CoV-2. For example, Hutasoit
reported that 96% of SARS-CoV-2 viruses placed on copper-coated steel plates were
inactivated within two hours; however, no viruses were inactivated after five h of
contact with uncoated stainless steel [12]. A study on SARS-CoV-2 inactivation as a
function of the type of surface the virus contacts was conducted by Doremalen in
2020. They measured the time dependence of the titer of SARS-CoV-2 after it was
placed on cardboard, stainless steel, plastic, and copper surfaces. On the copper

surface, no viable SARS-CoV-2 was observed after four hours, whereas SARS-CoV-



2 was observed on the surface of the other materials even after twenty-four hours
[13].

A key material used in masks and air purifier filters is the polymer membrane,
which is an assembly of one-dimensional fibers. Air can pass through small pores in
the membrane, but the fibers block droplets, bacteria, and dust. Nevertheless, while
the polymer membrane can filter bacteria and viruses, the latter may remain on the
membrane surface. This can cause secondary infections when the filters are replaced.
Guo reported in 2020 that bacteria caught in high-efficiency particulate absorbing
(HEPA) filters can survive longer than in dust. It was noted that bacteria in HEPA
filters fill an ecological niche that may have been neglected in indoor environments
[14].

A solution to this problem is the application of a copper coating to antibacterial
and antiviral filters. However, it is essential to adhere the copper to the surface of the
filter firmly because if the copper detaches from the filter, a human can inhale the
copper, which becomes a toxin when inside the body [6]. In previous works,
modifications to the surface of a filter using an ion-beam enabled the strong
adherence of materials onto the filter [15—18]. The adhesion was accomplished
without damaging the fibers of the filter. We found that SARS-CoV-2 was inactivated
on the copper-coated mask within one hour [19].

In this study, we observed that the ion-beam surface treatment was very
effective in improving the adhesion between the copper and the filter fibers. We
found that the copper-coated filter inactivated more than 99.99% of four examples
of bacteria (Staphylococcus aureus ATCC 6538, Klebsiella pneumoniaec ATCC 4352,
Escherichia coli ATCC 25922, and Pseudomonas aeruginosa ATCC 27853) and

inactivated more than 99.8% of SARS-CoV-2.
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The remainder of this paper is organized as follows. Section 2 explains the
materials and methods we employed. Section 3 discusses the main results, and

Section 4 describes the conclusions.
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5.2. Materials and Methods

5.2.1. Materials
A polyethylene terephthalate (PET) (Airo Co., Ltd., Korea) filter with an

average diameter of 30 pm and a surface density of 70 g/m? was used.

5.2.2. Ion Beam Treatment and Copper Sputtering Deposition

Figure 5.1a shows a schematic of the ion-beam treatment and copper sputtering
processes. The process chamber is lab-made and includes the ion-beam source and
direct-current magnetron sputtering source. After the chamber vacuum reached 1 X
107 torr of pressure, we proceeded with the subsequent process. First, oxygen gas
was injected. Oxygen ion-beams were generated from a linear ion-beam source. The
process was performed by varying the applied voltage, gas flow rate, and sample
stage speed such that the total applied energy density was 1.45,3.13, and 8.84 J/cm?.
The latter three conditions were named Ion Beam 1, Ion Beam 2, and Ion Beam 3,
respectively. Next, we measured the maximum temperature of the process by
attaching labeled temperature-measuring tape (3E-50, 3E-70, 3E-90, 3E-110;
Nichiyu Giken Kogyo Co., Ltd., Japan) to the sample stage. After the ion treatments
were performed, copper was deposited using a direct current magnetron sputtering
system with a purity target of more than 99.99%. Argon gas (purity > 99.99%) was
injected with 30 sccm to apply a working pressure of 1.0 mTorr, and the copper was
deposited with a power density of 2.55 W/cm? at a speed of 0.6 m/min in four
separate runs. The thickness of the copper film was 30 nm. Detailed ion-beam and

sputtering process conditions are in Table 5.1.
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Table 5.1 Vacuum ion-beam surface treatment and sputtering process conditions.

Step 1 lon Beam1 lon Beam2 lon Beam 3 Step 2 Cu Sputtering
Current (mA) 50 100 100 Gas / Flow rate (sccm)  Ar / 40
Applied voltage (kV) 0.6 1 2 ‘ Applied power (W) 200 W
Stage moving speed Stage moving speed
(meter/minute) 0.1 01 0.1 (meter/minute) 06
Number of moving 2 2 2 Number of moving 4
i [ o
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5.2.3. SRIM Calculations

Stopping and Range of lons in Matter (SRIM) is software that, as the name
suggests, calculates the stopping and range of ions in matter [20-23]. This code can
be used to calculate the amount of damage caused by ion irradiation. We used SRIM
to calculate the number of phonons generated when oxygen ions collide with PET.
In this study, there were two limitations in the SRIM calculations: 1) Oxygen is a
diatomic molecule and can be decomposed into atoms when colliding with the PET
surface, and 2) when oxygen ions collide with PET, a chemical reaction may be
induced because oxygen is a reactive gas. Therefore, we made the following two
assumptions to simplify the calculation of the relative number of phonons generated
in the collisions: 1) When molecular oxygen ions collide with PET, the molecules
decompose into two monatomic oxygen ions with half the energy [24], and 2) there
are no chemical reactions between oxygen ions and PET substrates.

The density of the PET was 1.397 g/cm?, and the emitted ion energies were 180,
300, and 600 eV for lon Beam 1, Ion Beam 2, and lon Beam 3, respectively [17,18].
The relative number of phonons generated was calculated based on the ion energy
of Ion Beam 3, with ion fluences of 2.52 x 10'°, 3.26 x 10'%, and 4.60 x 10'° ions/cm?

for Ion Beam 1, Ion Beam 2, and Ion Beam 3, respectively.

5.2.4. Adhesion Test of Copper Deposited onto the Filter

The test involving the T-peeling of tape (3M VHB™ 4910 Tape; 3M, USA),
illustrated in Figure 5.1b, was used to evaluate the adhesion force between the
sputtered copper film and the filter fibers. After attaching tape to the copper

deposited onto the filter, which was 10 mm wide, the end of the filter was fixed, and
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the edge of the tape was pulled directly away from the filter at a 90° angle (forming

a T-shape) to evaluate the peeling.

5.2.5. Observing the Surfaces of the Filters and Tapes

Filter samples with a size of 100 mm x 100 mm were prepared to measure the
rate of change of the area of the filters. After completing the ion-beam treatment
described in Section 2.2, the filter samples sizes were measured. We took digital
pictures of the filter samples before and after the surface treatment on the grid, then
calculated the change in their areas using commercial graphic drawing software
(Rhinoceros 3D; Version 6.0. Robert McNeel & Associates).

An optical microscope (ECLIPSE LV150N; Nikon, Japan) and field-emission
scanning electron microscopy (FE-SEM; JSM 6700F, JEOL, Japan) were used to

observe the surfaces of the filter and the detached tape.

5.2.6. Method for Evaluation of Antibacterial Performance

The copper-coated filter' antibacterial properties were evaluated, according to
the KS K 0693:2016 test method, using the following bacteria: Staphylococcus
aureus ATCC 6538, Klebsiella pneumoniae ATCC 4352, Escherichia coli ATCC
25922, and Pseudomonas aeruginosa ATCC 27853. The reduction rate was

calculated using
reduction rate (%) = (1 — B/A) * 100

where 4 is the colony-forming unit (CFU) per mL of the control group, and B

is the experimental group.
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5.2.7. Method for Evaluation of SARS-CoV-2 Elimination Performance

Figure 5.1c shows a schematic of the test system used to evaluate the SARS-
CoV-2 elimination performance. For the aerosol test, a closed cylindrical chamber
was produced using a vibrating nebulizer (HL100A; Health & Life Co., Ltd., New
Taipei City, Taiwan). A 30 nm-thick copper-coated filter with a 70 mm diameter was
installed in the chamber, and bioaerosols with SARS-CoV-2 (NCCP43326, National
Culture Collection for Pathogens, Cheongju, Korea) in 2% fetal bovine—serum
containing Dulbecco's modified Eagle's medium (DMEM) (2.87*10° plaque-
forming units (PFU)/mL) were sprayed onto the filter at a flow rate of 320 pL/min
for 300 s. For comparison, the same process was repeated using a filter that was not
coated with copper. The filters were then immersed in 10 mL of DMEM for two
minutes to separate the virus particles. The plaque assay was conducted in Vero76
cells (CRL-1587; American Type Culture Collection, Manassas, VA, USA)
following the protocol described in a previous study [25]. The experiments with live
SARS-CoV-2 were conducted at the biosafety level three laboratory in the Masan

National Tuberculosis Hospital.
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5.3. Results and Discussion

5.3.1. Condition of the Filters After Ion Beam Treatment

The surfaces of the filters were checked for changes to the filter fibers caused
by the oxygen ion-beam irradiation. Figure 5.2a shows the rate of change of the area
of'the 100 mm x 100 mm filter sample after treatment with the ion-beams. lon Beams
1 and 2 caused area reduction rates of 0.33% and 0.46%, respectively. The area
reduction rate caused by Ion Beam 3 was 3.81% (more than eight times that of Ion
Beams 1 and 2), and the filter also contracted by approximately 2% in the
longitudinal direction. The maximum process temperatures for lon Beams 1 and 2
were 50 °C and 75 °C, respectively. In contrast, the process temperature for lon Beam
3 was approximately 120 °C. The number of phonons generated was calculated using
SRIM, and the relative amounts of generated phonons by ion-beam treatment are
shown in Figure 5.2a (red axis label). The trends in the number of phonons generated
and the maximum process temperature were similar because the phonons that were
generated by colliding oxygen ions caused an increase in the material's temperature.
For Ion Beam 3, the PET substrate reached a temperature of 120 °C, which is much
higher than the glass transition temperature of PET [26].

Plateau-Rayleigh instabilities, in which a one-dimensional fluid is broken up
into droplets due to the minimization of interfacial surface tension, can occur in a
liquid column [27-29]. When the solid PET fiber reached the glass transition
temperature or higher, the fluidity of the fibers increased, and the fibers became
agglomerated. The agglomerated fibers blocked the filter's pores, causing a pressure

loss and possible degradation of the filter performance. Optical microscope images
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of the filters are shown in Figures 5.2b, c, d, and e. The agglomerated fibers were
observed in the filter treated by lon Beam 3 but not in the bare filter (without ion-

beam treatment) or the filters treated by lon Beam 1 or 2.
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Figure 5.2. a) Rate of change of area of the filter (black axis on the left), maximum process
temperature reached during ion beam treatment (blue axis on the right), and the relative
number of phonons generated as calculated by SRIM (red axis on the right) under ion beam
irradiations of 1.45, 3.13, and 8.84 J/cm2. b—e) Optical microscope images (scale bar: 100
um) of the bare filter and the filters treated by Ion Beams 1, 2, and 3, respectively, under a
dark field. The red-dashed circles show the areas where the fibers became agglomerated.
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5.3.2. Composition and Adhesion Properties of the Filters

The SEM and energy-dispersive X-ray spectroscopy (EDS) mapping images of
the bare filter and the copper-coated filter treated with lon Beam 2 are shown in
Figures 5.3a and b, respectively. The mass ratios of the major elements contained in
each filter are shown in Figures 5.3c and d. Carbon and oxygen comprise the vast
majority of the bare filter, whereas the copper-coated filter contained copper and
oxygen; the copper was evenly distributed on its surface (see Figure 5.3b). Figure
5.4 shows the optical microscope images of the surface of the copper-coated filters.
Figures 5.4a, b, and c show that the appearance of the bare filter and the filters treated
by Ion Beams 1 and 2 were similar. However, the filter fibers treated by lon Beam 3

were agglomerated, as shown in Figure 5.4d.
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Figure 5.3. SEM (grayscale) and EDS mapping (color) images (scale bar: 100 pm) of the
surfaces of the a) bare filter and b) copper-coated filter after ion beam treatment by lon
Beam 2. Atomic weight percentages of the surfaces of the c) bare filter and d) copper-
coated filter after treatment by lon Beam 2.
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Figure 5.4. Optical microscope images (obtained under ultraviolet light with a peak
wavelength of 360 nm; scale bar: 100 um) of copper-coated filters treated with a) no ion
beam (bare filter), b) lon Beam 1, c¢) lon Beam 2, and d) lon Beam 3.
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The strong adhesion between the filter fibers and the deposited copper film is
essential because it can prevent copper nanoparticles (i.e., toxins) from entering the
human body. The adhesion of the copper film deposited onto the filter fibers was
evaluated using a T-peeling test with commercially available tape. This test
confirmed that the peeling strengths of the filters treated with oxygen ion-beams
were higher than those of the bare filter, as shown in Figure 5.5. The bare filter's
peeling force per 10 mm of tape was 3.13 £ 0.05 N/cm, and the lon Beam 2—treated
filter exhibited the highest adhesion of 4.41 + 0.11 N/cm. Figures 5.6a, b, ¢, and d
show the results of the microscopic observations of the surfaces of the filters and the
tape after it was peeled off, and Figure 5.6¢ shows a diagram of the evaluation of the
tape. Figures 5.6a and b show that parts of the copper deposited onto the bare filter
were released and transferred to the tape through cracks. This means that the
adhesion between the copper film and the PET fibers was lower than the T-peeling
result of 3.13 + 0.05 N/cm. Figures 5.6¢ and d show the filter treated by lon Beam 1
and the tape peeled off it, indicating that copper did not transfer from the fiber to the

tape.

3§ 53 17
124 A =1TH



4.41+0.11

£ 4.01£0.06
‘9- i
Z , -
@ 3.13+0.05
(3] ]
[
g, -
@
@
o Bare
1 lon Beam 1| |
lon Beam 2
— lon Beam 3
0 L | L | L | L | L
0 10 20 30 40 50

Displacement (mm)

Figure 5.5. Peeling force per 10 mm of tape in the T-peeling test.
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Figure 5.6. SEM images (scale bar, 50 micrometer) of the surface after peeling test a) tape
surface and b) filter surface of bare, c) tape surface and d) filter surface treated under lon

Beam 1, and e) schematic diagram of the peeling test result of the untreated (bare) and ion
beam-treated specimens
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Figures 5.7 and 5.8 show low-magnification images and SEM/EDS of the filter
and tape surfaces after the T-peeling test, respectively. Among the elements analyzed
through EDS in Figure 5.8, carbon is included in the PET filter and adhesive of tape,
copper is in the coated copper film, and silicon is in the adhesive of tape. It was
confirmed through EDS analysis in Figure 5.8 that the tape's adhesive was
transferred to the copper thin film, no the copper thin film was detached. The copper
did not peel off the filters that underwent ion-beam treatment; instead, the tape's
adhesive was transferred to the copper-coated filter surface. This indicates that the
adhesion between the copper and the fibers in the filters that underwent ion-beam
treatment was significantly more robust than that in the bare filter. This is reflected
in Figure 5.5, which shows that the filters treated with the ion-beams exhibited a
peeling force of 4.01 N/cm or more in the peeling test, compared to 3.13 N/cm for

the bare filter.
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a) bare/Cu e)
Filter K '

Figure 5.7. a-d) Optical microscope images (scale bar, 100 micrometer) of copper coated
on filter surface after peeling test bare, lon Beam 1, lon Beam 2, and lon Beam 3 under
ultraviolet with 360 nm of peak wavelength, respectively. e-f) Optical microscope images
(scale bar, 100 micrometer) of tape surface after peeling test bare, lon Beam 1, lon Beam 2,
and lon Beam 3 under white light.
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Figure 5.8. SEM and EDS mapping images (scale bar, 50 micrometer) of surface of
copper-coated filter after tape peeling test of a) bare and b) lon Beam 1. SEM and EDS
mapping images (scale bar, 100 micrometer) of tape surface after tape peeling test of a)
bare and b) lon Beam 1.
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5.3.3. Antibacterial Properties of the Copper-Coated Filter

The antibacterial properties of the copper-coated filter treated by Ion Beam 2
were investigated, according to the method described in Section 2.5, using the
following bacteria: Staphylococcus aureus ATCC 6538, Klebsiella pneumoniae
ATCC 4352, Escherichia coli ATCC 25922, and Pseudomonas aeruginosa ATCC
27853. The bare filter was used as the control sample. The antibacterial properties of
the copper-coated filter are presented in Figures 5.9 and 5.10. All of the bacteria grew
to approximately 10’ CFU/mL in the control sample. In contrast, the bacteria grew
to 10 CFU/mL or less in the copper-coated filter. This implies a reduction in bacterial
growth by more than 99.999% (a logarithmic value greater than 5), confirming that

the copper-coated filter had antibacterial properties.
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Figure 5.9. Antibacterial properties of bare filter (control) and copper coated filter against
Staphylococcus aureus ATCC 6538, Klebsiela pneumonia ATCC 4352, Escherichia coli
ATCC 25922 and Pseudomonas aeruginosa ATCC 27853
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Staphylocuccus aureus
ATCC 6538
b)

Klebsiella pneumoniae
ATCC 4352

Escherichia coli
ATCC 25922
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ATCC 27853

Figure 5.10. Antibacterial test results for a) Staphylocuccus aureus ATCC 6538, b)
Klebsiella pneumoniae ATCC 4352, ¢) Escherichia coli ATCC 25922, and d)
Pseudomonas aeruginosa ATCC 27853. The left is the control group exposed to the normal
filter, and the right is the experimental group exposed to the copper coated filter in each
image.
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5.3.4. Antiviral Properties of the Copper-Coated Filter

The SARS-CoV-2 evaluation system, composed of a copper-coated filter using
a cylindrical device, is shown in Figure 5.1c. Figure 5.11a displays images of the
bare filter and the copper-coated filter after spraying with SARS-CoV-2 aerosol, and
Figure 5.11b shows images of the assay plates after being stained by crystal violet
plaque. The copper-coated filter induced inactivation of the SARS-CoV-2 aerosol by
more than 99.8% compared to the control group (as indicated in Figure 5.11b) as the
detection limit (1.699 log PFU filter) was reached. By comparison, Hutasoit et al.
reported that 96% of SARS-CoV-2 was inactivated on copper-coated stainless steel
in two hours. In our previous work, we found that SARS-CoV-2 exposed to copper-
coated masks for one hour was inactivated in a real-time polymerase chain reaction
[12,19]. These results and those found in this study demonstrate that copper can

eliminate viruses after short periods of physical contact.
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Figure 5.11. a) images of copper coated filter and non-copper coated filter after spraying
SARS-CoV-2 aerosol, b) images of crystal violet stained plaque assay plates, and c)

inactivation of SARS-CoV-2
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5.4. Conclusions

In summary, an ion-beam treatment technique was used to strongly adhere
copper to the fibers found in a filter, the core component in masks and air purifiers.
After treating the filter surface with an oxygen ion-beam, strong adhesion of at least
4.01 N/cm was achieved between the copper and the filter fibers. Furthermore, we
found that the ion-beam—surface treatment process should be performed below the
glass transition temperature of filter material to prevent damaging the filter fibers.
The copper-coated filter developed in this study demonstrated a capability to remove
bacteria and viruses remaining on its surface. However, there is a high possibility
that bacteria and viruses not caught in the filter cannot be removed, and studies on
the possibility of changing the antibacterial and antiviral properties by accumulated
dust, adsorbed moisture, and oxidized copper on the surface when the filter is used
for a long period have not been conducted. Nevertheless, the use of this copper
coating filter can minimize the risk of secondary infections that may occur during
replacement and disposal of filters compared to conventional. Thus, copper-coated
filters should be able to effectively and sustainably prevent infections caused by not
only SARS-CoV-2 but also unknown viruses that may occur in the future. Moreover,
unlike coating copper on the finished mask product that we previously reported,
depositing copper on the filter fiber is advantageous because it provides a wider
range of personal hygiene supplies utilization [19]. The copper coating filter
developed in this study can be used for masks, filters for air purifiers, and building
air conditioning filters, which can lead to a healthy life against airborne infectious

diseases.
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Figure 5.12. Graphical summary of Chapter 5.
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Chapter 6. Conclusions

In summary, we have identified the main principle of forming nanostructures
on polymer surfaces and their potential application. Based on this principle, a new
surface treatment technology that can be applied even to thin 1D fibers with a
thickness of several tens of micrometers while minimizing the polymer surface
damage has been developed.

When the ions emitted from LIS collide with the polymer, they lose energy due
to the interactions with the nuclei and electrons of the medium. The energy losses
caused by atomic nuclei are elastic collisions due to Coulombic repulsive forces,
causing the atoms to be displaced, sputter, or recoil. Meanwhile, the energy losses
due to electrons are inelastic collisions, which can excite or ionize atoms in the
internal medium and ultimately be converted into light or thermal energy. These
phenomena are the main reasons for the changes occurring on polymer surface, and
SRIM calculations were performed in this study to predict nucleus and electron
energy losses.

A nano-dimple structure was formed when a PEN substrate was irradiated by
an ion beam with a fluence of 10'%/cm? in the energy range of 0.6-1.08 keV. The
produced nano-dimples had diameters of approximately 100 nm and peak-to-valley
heights. They were generated due to the sputtering imbalance caused by the very low
surface roughness and adequately described by the DKS model. By solving the
continuum equation using this model, it was found that the analysis method used for
semiconductor materials was applicable to polymers.

A wrinkle structure was formed by irradiating PDMS with an oxygen ion beam

at a density of approximately 10'5/cm? and energies of 0.6-1.08 keV. As a result, a
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hardskin layer with increased number of SiO» bonds was fabricated on the PDMS
surface, as confirmed by XPS. By conducting XPS depth profiling, changes in
various carbon PDMS bonds were observed along the depth direction. The DPA
values were calculated by Equation (3.1). The bond dissociation energy (£4) and
density of PDMS are well-known values; the (dE/dX)nuciear magnitudes were
calculated by SRIM, and ion flux was measured experimentally. By comparing the
obtained DPA values with the changes in carbon bonding determined by XPS, it was
found that these changes occurred at DPA values of 1.5 or higher, which indicated
that the bonds were broken or that the recombination of dangling bonds occurred.
This recombined layer became a hardskin layer with a higher hardness than that of
PDMS. The thickness of the hardskin layer ranging from 7 to 14 nm was predicted
by SRIM by calculating the depth of nuclear stopping. The Young’s modulus of the
hardskin layer (24 GPa) was determined from the AFM data (wrinkle wavelength
and amplitudes), Equations (1.8)—(1.11), and the hardskin layer thickness.

When a PET substrate was irradiated by an oxygen ion beam with a fluence of
10'%/cm? and energy of 0.6 keV, a nano-hairy structure was formed, which
significantly increased the haziness of the PET surface due to the more intense light
scattering. The shorter was the wavelength, the greater was the haziness. When the
particle diameter was 1/10 of the beam wavelength, Rayleigh scattering mainly
occurred. Meanwhile, as the particle diameter increased, the scattering process more
resembled Mie scattering. Because the nanostructure size was 40— 60 nm, it was
strongly affected by Rayleigh scattering at wavelengths of 600 nm and gradually
deviated from Rayleigh scattering at wavelengths below 600 nm. To determine the
change in the light extraction efficiency due to nanostructures, an OLED with the

irradiated PET substrate was manufactured, and its efficiency evaluation was
§ ¥
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conducted. As a result, the OLED efficiency increased by 30% after irradiation. By
evaluating the light emission characteristics at different wavelengths, it was found
that the amplification of the low wavelength light with a large scattering degree
considerably increased. Furthermore, the nanostructure formed on the PET substrate
helped extract the light trapped inside the OLED to the outside. Because this process
involved a vacuum ion beam and a polymer film, it is suitable for roll-to-roll
processing during the formation of surface nanostructures, transparent electrode
deposition, and top electrode deposition.

The nanostructure formation technology based on the irradiation of PET
substrates with ion beams can also be applied to surface modification. It is well
known that oxygen ion beams produce hydrophilic surfaces, which are hard to
combine with to micrometer-thick fibers. When high energy is applied to a fiber, heat
is generated, which increases the fluidity of the fiber material, resulting in
agglomeration due to the Rayleigh—Plateau instability. The number of generated
phonons predicted by performing SRIM calculations strongly correlated with the
process temperature. High adhesion was achieved when copper was deposited onto
the surface-treated 1D fibers, and the antibacterial and antiviral properties of the
produced filter were confirmed. After exposing bacteria and viruses to the filter for
1 h, more than 99% of four types of bacteria and coronavirus were killed.

The principle of forming a vacuum polymer nanostructure using an ion beam
formulated in this work and developed technology can be easily applied in the
industry because of the possibility of roll-to-roll expansion. Furthermore, the
processes involving environmentally safe oxygen and argon gases can contribute to

the development of eco-friendly industries in the future. In addition, the obtained
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results obtained may be potentially applied to various polymers such as polyimide

and polytetrafluoroethylene besides PEN, PDMS, and PET.
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