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ABSTRACT

Author: Jin, Shengyu. Ph.D.

Institution: Purdue University

Degree Received: May 2019

Title: Laser Shock Imprinting of Metallic Membranes Toward Soft Templates and its
Applications

Major Professor: Gary J. Cheng

Laser shock imprinting (LSI) is a novel fabrication technique capable of
manufacturing various membrane materials. This top-down imprinting process can
fabricate membranes in high precision, high throughput, and large scalability. It reveals a
variety of applications ranging from electronics to photonics, which is beneficial from its
reliable and precise modulation of micro/nanostructures.

In this thesis, we firstly proposed and developed a cost-effective LSI process to
manufacture hierarchical micro/nanostructured power generators. By combining the
conventional soft lithography technique, LSI is well compatible with it to fabricate metal
membranes towards soft templates. It is a significant progress from the originally-
developed silicon wafer template layout because it effectively reduces the process cost by
replacing sophisticatedly developed silicon wafers with low-cost photocurable polymers.
In addition, the use of polymer expands the boundary limit of geometrical complexity from
simple patterns to hierarchical structures, as a result, we successfully conducted LSI
technology to fabricate biomimic leaf structures into metallic membranes with the help of
soft SU-8 templates. These fabricated metallic membraned are used as water-driven
triboelectric nanogenerators. In addition to the introduction of polymer template, we further
developed a successive laser shock imprinting (SLSI) process to fabricate hierarchical
nanostructures in a higher resolution. Typically, grating templates are collected via
recycling blank discs and used as soft templates. Then multiple times of LSI process are
conducted to manufacture membranes into complex nanostructures. The use of blank disc
further reduces cost and increase process resolution. The highlight of this part of work is
to feature the introduction of metallic thin films on disc template, which plays a significant
role during this high strain rate imprinting process. Then, the imprinting mechanism was

investigated through the finite element method to validate the experimental findings. Lastly,
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this soft template LSI process was applied to fabricate low dimensional materials such as
nanowires (1D) and nanomembranes (2D), potentially introducing homogeneous and
inhomogeneous strain field. Kelvin probe force microscopy was used to directly probe
strain-induced changes. This soft-template LSI process reveals a new route of precisely

fabricating low dimensional membranes into nanoelectronics systems.
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CHAPTER 1. INTRODUCTION

1.1 Motivation

In 1917, Dr. Albert Einstein discovered a phenomenon called stimulated emission,
where a photon travels through the excited medium, resulting in relaxation from the excited
state to ground state while emitting a new photon, which is identical to the initial photon
in terms of energy, wavelength, and phase condition. The electron on the ground state can
be pumped to excited state again by the applied external energy source. This process is
named pumping process. Laser was firstly built based on these principles by Theodore
Maiman in 1960. Since then, beneficial from developments of different types of laser
system, laser has been widely used in a variety of industrial, research, medical and military
applications.

Laser interaction time is one of critical parameters to predict the effect from
irradiation on the target material. Generally, Laser could be categorized into two major
modes depending on the continuity of pumping and emission: continuous wave (CW) mode
and a pulsed mode. In the subcategory for pulsed mode, it includes the long laser pulsed
one (the duration in the magnitude of microsecond, 10 s), the short laser pulsed one (the
duration in the magnitude of nanosecond, 10 s), and ultrashort laser pulsed one (the
duration in the magnitude from picosecond, 10 s to femtosecond, 10*° s). The longer
pulse duration lasts, the more obvious heating effect is observed. Based on the desired
duration of heating effect, a variety of durations of laser pulse is used in different
applications. Long pulse-duration lasers are generally used for laser forming, welding,
cladding, and the shorter counterparts are employed in laser ablation’. Among these
different types of laser, we explore short laser pulse (nanosecond) system and its
application as the laser dynamic behavior.
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Figure 1.1 Process map for laser application in material processing. Adapted by permission
from CRC Press Taylor & Francis Group. ref. 1. Copyright 2017.

When the laser-matter interaction time is reduced to nanoseconds, the significant
phenomenon for this process is ablation. The mechanism for nanosecond-pulsed laser
ablation is the sequential combination of the melting, due to short-time period temperature
elevation, the absorption of photons, and evaporation, due to continuous photon absorption.
These evaporated materials could convert into the plasma once lost electrons due to the
existence of laser irradiation. Because of the instantaneous expansion of vaporized
materials, the resultant shock pressure generated from this process could reach up to several
tenths of one GPa?. Confined within the proper media, the shock pressure could be
amplified by a factor of five. Such high pressure is beyond the yield strength for most
metals, and this technique, therefore, is widely employed in introducing plastic

deformations as well as defects aiming at increasing the mechanical properties?.
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Silicon
Confining target
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Laser _$ Pt
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Figure 1.2 Laser Shock Peening Process Set-up. Adapted by CRC Press Taylor & Francis
Group. ref. 2. Copyright 2017.

In 2014, our group has successfully applied this high-pressure laser process into
sub-10nm accuracy shaping process®, named Laser Shock Imprinting (LSI). This technique
takes advantages of instantaneous high pressure and temperature, which could induce high
strain-rate for metals to be plastically deformed without any mechanical damages. Previous
fabrications of metallic structure highly rely on time-consuming processes, such as raising
the temperature above the glass transition temperature for metallic glass* and multiple steps
of sophisticated methods. This process has been intensively studied from bulky materials
to nanoscale materials to explore tunable and unique properties in terms of electronic and
mechanics®®. Majority of these researches are founded on the well-designed and
sophisticatedly fabricated hard molds, generally silicon mold. However, the cost of this
fabrication lay a barrier to keep this process from being widely applied in scalable

processes.

1.2 Objectives

The ultimate goal of this thesis is to further expand the application of LSI technique
by developing and selecting a variety of cost-effective and reliable soft templates. By doing
this, the cost of the process is significantly reduced while the imprinting quality remains at
a comparable level. In addition, the advantage of soft templates, such as 3D formability,

scalability, reliability, will be potentially adopted by LSI process. Lastly, the final stage of
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the study will be focused on the application of this method on fabricating low dimensional
material. As this process was originally designed to fabricate membranes and thin films,
which are dimensionally compatible with low dimensional materials such as graphene (2D)
and nanowires (diameter less than 100 nm). Based on the aforementioned motivation, this
thesis aims to accomplish following objectives:

(1) LSI/Soft templates-fabricated self-powered triboelectric devices: Soft templates are

developed to fabricate multiscale micro/nanopatterns, which is incapable of by
silicon wafer-based photolithography. Then, the imprinting resolution limit is
systematically investigated. Besides, the finite element method is studied to
investigate deforming mechanics of soft templates. Lastly, the application of LSI

into the power generator, triboelectric devices, is systematically studied.

(2) SLSI process of fabricating nanophotonic patterns: Evolved from originally

developed soft template LSI, SLSI is capable of manufacturing complex
hierarchical patterns metallic membranes using trench molds. The templates are as
simple as blank optical discs. The unique concept of SLSI is imprinting a membrane
multiple time using simple trenches templates to generate complex nanophotonic
patterns. The capability of SLSI is systematically studied and the imprinting

mechanics of disc templates were numerically investigated.

(3) LSI/Soft templates process on low dimensional materials : LSI process was applied

to imprint low dimensional materials to induce homogeneous and inhomogeneous
strains. A variety of low dimensional materials were investigated. Graphene
survived along with a series of test. The straining effect is investigated using Kelvin

probe force microscopy.

1.3  Structure of the dissertation

The dissertation is structured as follows: (1) Chapter 1 is the introduction of LSI
process and the objectives. (2) Chapter 2 presents a literature review on laser processing
and the evolution of LSI process. (3) Chapter 3 summarizes characterization techniques

used in this thesis. (4) Chapter 4 gives the development of soft templates and its application
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and feasibility (experimentally and numerically) as LSI templates. The resolution limit was
also investigated. Lastly, the fabricated membranes were used as triboelectric power
generators, and their power output was further optimized. (5) Chapter 5 presents SLSI
process developed from simple trenches molds adopted from optical discs. Hierarchical
photonic patterns were developed by combining a variety of parameters such as laser
intensity and types of molds. (6) Chapter 6 provides a direct application from LSI on low

dimensional materials. (7) Chapter 7 is the summary of the dissertation.
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CHAPTER 2. BACKGROUND AND LITERATURE REVIEW

2.1 The overview of nanoimprinting on polymers

As early as in 1970, Bartolini et al. have developed an embossing process to
fabricate hologram motion pictures for imaging applications’. In 1978, Philips announces
the compact disc (CD) project and, four years later, released its first CD products with
Sony. The manufacturing of CD relies on the technology of pressing using its master mold
to rapidly replicate stored data into products. The imprinting techniques were further
adopted by academia in the 1990s. Along with Soft lithography® (by Xia et al.) and Step-
and-Flash imprint lithography (SFIL) ° (by Colburn et al.), nanoimprinting lithography
(NIL) 111 were developed Chou et al. and this technology successfully achieved sub-25

and sub-10 nm resolution lithography.

2.1.1 Nanoimprinting process on polymers

The principle of NIL is shown in Figure 2.1. A hard mold containing nanoscale
features is pressed into a polymer-coated substrate. Due to the thermo-rheological nature
of the polymeric substrate, the hard-mold impress results in the thickness contrast on it.
Usually, the polymeric substrate is followed by O reactive ion etching (RIE) to remove

the residual polymeric layer, exposing the silicon substrate.
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Figure 2.1 (a) The Originally proposed NIL process, (b) Scanning electron microscopy
(SEM) image of a NIL mold of pillar arrays with 10-nm diameter, and (c) SEM image of
a NIL-fabricated polymer substrate using such a mold in (b). Adapted by American
Institute of Physics. ref. 10. Copyright 1997.



22

NIL is a high-throughput and cost-effective process with a simple equipment layout,
leading to a scalable manufacturing with high accuracy. Given these promising advantages,
this technology attracted the spotlight as a candidate of next-generation lithography for
integrated circuits (ICs), according to International Technology Roadmap for
Semiconductors (ITRS) in 2003. Soon after the development of NIL, the so-called SFIL
process was developed in University of Texas®. The critical difference of the process,
compared to NIL, is the introduction of ultra-violet (UV) light during imprinting. Instead
of reforming plastic from a planar layer into a nanoscale-featured layer, SFIL initiates from
a UV-curable polymer, then cures it into the inverted form (or female-type) of the designed

mold (male-type).

2.1.2 NIL mold fabrication

Considerations for mold candidates include hardness, thermal expansion, and
compatibility with current micro/nanofabrication technology. Among a variety of
candidates, Si and SiO2 become superior ones due to sufficient hardness and durability as
well as the excellent compatibility with the modern fabrication process. Another advantage
over other candidates as molds is minimum thermal expansion mismatch between Si (or
SiO2) and polymer coatings. The large mismatch of thermal expansion significantly affects

the imprinting output by resulting in distortions*2.

(a) Pattern (b)

polymer Substrate
template

Deposit
metal mask

Lift-off

Reactive
ion etching

318

Figure 2.2 (a) Mold fabrication and (b) SEM image of fabricate SiO> trenches. Adapted
by Wiley Group. ref. 12. Copyright 2007.
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The fabrication process is adopted by surface machining process of
photolithography on Micro-electro-Mechanical system (MEMS). Typically, the casted
polymer layer is patterned, followed by the deposition of a metal layer as a hard mask.
After the polymer layer is lift-offed, RIE process is performed to further etch the silicon to
complete the final mold with high aspect ratio. Figure 2.2 (a) shows the schematic flow
chart of such fabrication, and (b) shows the final product of the fabrication.

As scaling down the feature sizes of mold, the protrusions inevitably increases
contact surface areas between the mold and the polymer substrate. As a result, the adhesion
between them is effectively high, leading to the difficulty in the delamination. To address
this issue, self-assembled monolayers (SAMs) are formed on the surface of the mold to

effectively reduce surface energy to ease the delamination process*®.

2.1.3 NIL Resist

NIL replicates the surface relief patterns on the polymer resist layer, the ideal
properties for resist materials are easy deformability and mechanical strength as well as
easy delamination from the mold. In addition, etching selectivity to underneath hard
substrate is important when determining the aspect ratio after the pattern transfer from the
resist into the substrate. Hirai et al'*. reported that, during the imprinting, the resist material
has lower Young’s modulus than that of the mold (generally Si or SiO2), and that the
minimum pressure is higher than the shear modulus of the resist material. Usually, NIL is
conducted at an elevated temperature and the major reason is the reduction of shear
modulus of the polymer resist, thus flowing the resist into mold features. To complete the
imprinting process in a reasonable timeframe, the viscosity should be sufficiently low
enough to ease the process®®. This thermo-rheological requirement is explained by a simple
model of the squeezed flow of a Newtonian liquid between plates with a radius of R and a

gap with a distance of d*. The explanation of such model is presented below:

__ 3nR%dh
T aa® at (1)

P represents to the applied pressure, n is the viscosity of the resist material during the
process, and dh/dt is the imprinting speed. Under a reasonable imprinting speed, the lower

of the viscosity is, the less endeavor of imprinting is needed to complete the imprinting.
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Thermally plastic polymer resists are one of the mostly used agents. The advantage
of such agents is simultaneously qualifying for two key requirements, low Young’s
modulus and low viscosity, by raising the temperature beyond the glass transition
temperature (Tg). One of the typical thermally plastic polymers is poly(methyl
methacrylate) (PMMA). Figure 2.3 shows the significant change over the temperature and

its corresponding retardation time.
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Figure 2.3 Measured rheological property of PMMA. G: shear modulus and t: retardation
time. Adapted by the society of photopolymer science and technology. ref. 14. Copyright
2002.

The limitation of the use of thermally plastic polymers is the high-temperature
induced thermal expansions. Though the inherent thermal expansion mismatch between
the polymer and Si (or SiOz) can be eased by using low-surface energy coating, the perfect
release of mold from the polymer-casted substrate is not guaranteed. Thus the alternative
approach is the use of UV-curable liquid precursors. The viscosity of this liquid precursor
is inherently low in the room temperature, therefore, the imprinting process does not
require external heating but the flood of UV light. Therefore, the transparent copolymer is

generally used as the mold.
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2.1.4 The deformation process of NIL

Hirai and coworkers reported that the original thickness and pressure applied will
make a direct impact on the formation processt’. It is indispensable to investigate the

temporal evolution of deformation of polymer resists to obtain the optimistic geometry.

10s 20s 30s 60s

10s 20s 30s 60s
T=300 nm

Figure 2.4 Temporal evolution of deformation of (a) thick resists and (b) thin resists.
Adapted by Elsevier. ref. 17. Copyright 2008.

As presented in Figure 2.4, there is a tremendous difference in temporal
deformation in the resists. Typically, the geometry of deformed resists presents twin peaks
(here is a single peak near the mold edge). This is majorly due to the fluidic flow in thin
resist cases is majorly limited on the edge, thus leading to a formation of a peak near it.

This numerical result is confirmed by our own trial of nanoimprinting, as shown in Figure
2.5.



26

Thick | T Thin
PMMA

Figure 2.5 Thickness dependence of PMMA deformation under identical pressure.

2.2 The overview of micro/nanoimprinting on metals

In spite of attractive mechanical stability, micro/nanoimprinting of metals have not
been widely studied and developed due to the constraints of grain size effects as well as
structural dislocations 8. There are effective solutions to bypass such microstructural
constraints such as the use of finer or amorphous crystalline®, thermal process?®, and the
employment of mold with extremely high hardness such as SiC or diamond?>?2, However,
the side effects accompany with such solutions. For example, the long-term heat treatment
inevitably brings in surface oxidation at the ambient environment, and the operation cost
raises if vacuum configuration is coupled thus the manufacturing is not effective in terms
of the productivity and the cost. The fabrication of hard mold is feasible, however, the cost
of vacuum etching is relatively high and it is difficult to guarantee the repeatable use of
mold due to the extremely high hydraulic pressure necessary during the process. Assuming
that the use of a mold is repeatable, the following difficulty of micro/nanoimprinting of
metal is the strong capillary forces at small scales. The molding pressure, therefore, is

dramatically elevated, as a result, the deformation at such scales becomes challenging.
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Figure 2.6 Schematic diagram of the micro/nanopattern fabrication process. Adapted from
IOP Publishing, ref. 18. Copyright 20009.

The conventional metal imprinting tool wear is listed in Figure 2.6. Imprinting of
metallic materials requires very high pressure at ambient condition, only few of materials
are good candidates for tool wear. To reduce the pressure applied, the heating might be
effective. However, external heat treatment complicates the tool wear set, and it might
introduce necessary oxidation, resulting in cracks. It is necessary to develop a technique

that is capable of micro/nanopatterning with easy toolsets.

2.2.1 Laser shock pressure generation

As mentioned previously, laser ablation occurs when the pulse duration is in the
range of 10° s. The phenomenon occurs when a pulsed laser with high energy intensity
irradiates the solid surface, the irradiated area is gasified and possibly losing electrons due
to the high temperature, high pressure, and strong electromagnetic field on the surface,

leading to the generation of plasma. If the irradiated surface is confined under media such
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as water or hard glass, the plasma-generated pressure propagates into the solid surface,
resulting in a huge shock pressure. This phenomenon is widely applied in surface
engineering areas such as laser shock peening and laser dynamic forming.

A laser shock peening model is developed by Fabbro and co-workers?24 The

model is based on the conservation of the momentum and energy, described as follow:

20 - (Zil+%)P(t) =2P(v), @)
16) = PO 2 + 22 [P(0)L(E)] 3)

where P(t) is the pressure of the plasma and Z; is the shock impedance of materials, such
as confinement medium and target materials. The shock impedance is calculated as Z; =
piDi, where pj is the density of material and D; is the shock velocity through the material.
I(t) is the transient (t) absorbed laser energy. L(t) is the depth from the surface. A typical
temporal profiles of plasma pressure and laser intensity in the below?. Typically, the laser
intensity is reaching 1GW/cm?, the estimated plasma pressure is 1GPa and it decays within

~ 100 ns. The pressure is much beyond the yield strength of metals.
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Figure 2.7 Temporal profiles of laser intensity and generated plasma pressure. Adapted
from ASME, ref. 25. Copyright 2012.
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2.2.2 Laser dynamic forming (LDF) and LSI

The laser shock pressure was adopted in a variety of applications such as improving
mechanical properties?®?’. In 2009, Dr. Gary Cheng’s group has successfully applied this
high pressure forming process to metal micro/nanopatterning process, initially called
LDF?8-32 and further modified as LSI3*®%, A typical layout for LSI is present in Figure
2.8 below. A thin film metal foil or membrane is placed on the mold, and a pulsed laser
irradiates to the top side of the membrane. Due to the high pressure of plasma, the metal
foil is deformed into the mold, resulting in a inversed structure to the original mold. The
process is performed at the ambient environment, and it is free from complicate tool sets

and temperature controls.

Laser
Beam

Aluminum Foll

W@

Figure 2.8 A schematic illustration of LSI layout. The confinement layer is omitted here.

Gao et al. firstly developed LDF and formed metallic foils into 2D and 3D meso-
micro-nanostructures. It reveals the superplastic behavior of LDF process, which is induced
by ultrahigh strain rate of ~ 10° s to 10’ s* He also reported that LDF can improve
mechanical strength due to strain hardening and the refinement of grain size®. Figure 2.9
directly presents the capability of LDF or LSI on the micro/nanopatterning. The smallest
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feature size could reach ~ 10 nm, which is comparable to current IC fabrication node size
of ~7 nm.

Figure 2.9 SEM images of fabricated micro/nanostructures: (A) Pyramid and (B) Fish-nets.
Adapted from AAAS, ref. 32. Copyright 2014.

At the meanwhile, Li et al. applied LDF to imprinting of low dimensional materials
such as nanowires® and graphene®3®. For example, the strain engineering of nanowires
has a variety of promising applications in the modulation of electronic and mechanical
properties as well as band structure engineering. In 2012, LDF is firstly applied to imprint
to strain nanowires and the maximum strain is about 110% locally. In addition, the
nanomembranes such as graphene are introduced with this technology to deform against
nanofabricated molds®. The strain effect was characterized via Raman spectroscopy of the
fingerprint of 2D peak. The record of shift is 15 cm™ when the deformed aspect ratio is
beyond 0.1. The advantage of the technology is the modulation of strain using the applied
laser energy and corresponding plasma pressure.
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Figure 2.10 (a) a schematic illustration of imprinting of nanowires using LDF, (b) a SEM
image of imprinted nanowires (Ag), (c) a schematic illustration of imprinting of graphene,
and (d) SEM images of graphene before and after LDF, lower left: AFM image of before
LDF. Adapted from 10S publishing and ACS. Ref. 34-36. Copyright 2011 and 2012.

Hu et al. modified the process name into LSI and applied it to the nanoshaping into
semiconductor nanowires®. As Figure 2.11 shows, the germanium nanowires were LSI-ed
and the devices were fabricated on. The mobility was improved due to strained nanowires.
The strained effects were confirmed geometrically using SEM and AFM, and the optical
approach of Raman spectroscopy was used to characterize the strained effect.
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Figure 2.11 (a) an SEM image of strained semiconductors and in-situ fabricated devices,
(b) a corresponding AFM image of (a), (c) output electrical characteristic, and (d) transfer
characteristics of Ge nanowires. Adapted from ACS. Ref. 5. Copyright 2016.

Apart from the application of LSI into imprinting of low dimensional membranes
and nanowires, LSI was further developed to pattern metallic membranes for optical
sensors. Because LSI is the imprinting process providing a high pressure beyond the yield
stress of most metals, it was used to imprint the plasmonic materials such as Al, Ag, and

Au into periodic nanostructures®’=® and ultrafine-gaped structures®,



33

144  — TM excitation
12. TE excitation
| —Flat
—~ 10
= 513 1360
: 7
& g 775 118 1509
> l 1650
7 6 l
9
C 44
9.
-M S—— —-“__.__#M
0

600 800 1000 1200 1400 1600
Raman Shift (cm'1)

Figure 2.12 Raman spectra of R6G molecules on LSI-ed metallic structures (left) and
electromagnetic field enhancements along different polarizations (right). Scale bars: 150
nm (left) and 50 nm (right). Adapted from RSC. Ref. 37. Copyright 2016.

As Figure 2.12 shows the ultra small-gaped trenches of Ag is generated through
LSI. This periodic structured plasmonic materials shows the potential as an optical sensor
to detect the ultralow concentrations of molecules such as R6G. This grating structure of
plasmonic structures also shows the optical anisotropic property. Furthermore, a pair of
metallic structures is fabricated closed to each other with a gap of 10 nm. LSI can help to
create ultrafine gaps near 1nm by compressing the deposited metallic nano-columns, as

Figure 2.13 showing below.
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Figure 2.13 Generations of ultrafine gaps using LSI process. Adapted from Wiley. Ref. 33.
Copyright 2016.

2.3 The fabrication of LS| molds

Mold or template is another critical part of the whole LSI process. Generally, the
mold is made of hard materials because the target materials are the membrane or foil with
the relatively softer mechanical property. Due to the difference between mechanical
property such as hardness and ductility, the membrane can be successfully imprinted into

a harder mold. In the following part, mold types or methods of fabrications are listed.

2.3.1 As-received Microscale molds

Transmission electron microscopy (TEM) grids can be used as molds because grids
are reliable in dimensions and mechanical properties. TEM grids are made of hard metals
such as copper and nickel. The mesh dimensions are ranging from 113 um to 7.5 um. Al
foils with LSI process is presented in Figure 2.14. Coins can be used as a template, and the
Al can be imprinted with high fidelity. Optics with structural features are also good

candidates as molds. For example, holographic grating structures provide structures with a
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variety of periodicity. Typically, these optics can be categorized depending on the number
of grating lines in 1 mm. 300, 600, 900, 1200 lines are patterned in 1 mm dimension, and

the corresponding periodicity is 3.3 um, 1.6 pm, 1.2 um, and 0.9 pum, respectively.

Figure 2.14 A copper foil is imprinted towards TEM grids.

2.3.2 Photolithography

Photolithography is one of the most widely used patterning processes in current IC
fabrication. The working principle is applying photons to polymer resist under the designed
mask to initiate photonic interactions, which can be further removed or remained
depending on demands, completing the patterning step. As an example of positive polymer
resist, polymer resist patterns are deposited with e-beam evaporated metallic thin film, and
further removed by the developer solution, remaining metallic patterns on the substrate.
Current IC fabrication requires a higher density of transistors in limited regions to meet
Moore’s Law. The resolution of the important parameters. Up to date, the current
technology of using extreme ultraviolet (EUV) to generate 13.5 nm wavelength starts to be
used in high volume production. Due to the access limitation in academia, the mostly used
photolithography equipment can successfully reach the resolution of 3 um. Though Hg
lamp source with i-line (wavelength of 365 nm) is used, the resolution of the mask cannot
be reached highest enough to achieve the resolution limit.

As mentioned before, a silicon wafer is the material with sufficient hardness and
fully compatible with current IC fabrications. Thus, the evolution of LSI begins with the

silicon mold fabrication. One of the representative structures is the LSI fabricated pyramid.
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The fabrication process is following, the silicon wafer was patterned with square arrays
and soaked into a strong base solution such as KOH and NaOH to initiate the wet etching.
Due to the directional difference of the packing density of Si atoms, the silicon wafer was
etched faster in one direction than the other, thus leaving the inverse structure of pyramids

as Figure 2.15 depicts.

Figure 2.15 Anisotropic wet etching of Silicon. Adapted from The Royal Society. Ref. 39.
Copyright 2006.

Al foil was placed on top of such mold, and LSI was applied. The high pressure
facilitates the deformation of foil into such structures and leading to positive-toned pyramid

structures.

2.3.3 Focused lon Beam (FIB)

FIB is another commonly used equipment of fabricating the mold. The instrument
of FIB is identical to SEM except for the type of beam. FIB used ion beams rather than
electrons. Because the ions are higher charged and heavier than electrons, thus they are
used to mill the surface of the wafer (Si) to thin materials. Moreover, the precise control of
beam energy and the dose can facilitate the modulation of milling depth. The most common
use of FIB is the preparation of cross-section of the sample, and further to thinning the
samples for the requirement of TEM characterization. In LSI mold fabrication, FIB is
generally used to create the trenches with a variety of aspect ratio, which is greatly critical

to examine the strain ratio for low dimensional materials.
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2.3.4 E-beam Lithography (EBL)

EBL is one of highest resolution equipment. The wavelength of e-beam is the
lowest among carriers and medium, thus the corresponding resolution is highest.
Analogous to photolithography, the beam source is electron, and the polymer resist is
PMMA. The technology can achieve sub-10 nm patterning if the dose condition, as well
as polymer resist, is optimized. In spite of the advantageous high resolution, EBL is not
widely used in IC fabrication due to the low throughput.

2.3.5 Nanoimprinting Lithography

As mentioned in 2.1, the NIL is mostly used to imprint the polymer. Thanks to the
technology of RIE, the imprinted patterns could be transferred to the substrate underneath
with selectivity of polymer/substrate. The feature below shows the pattern transferred after
PMMA is etched away, remaining silicon parts. Figure 2.16 shows the side-by-side
comparison of NIL-ed PMMA and corresponding Si patterned. The periodicity of patterns
remained the same, however, the aspect ratio is changed. This is because the selectivity of
the etching medium to PMMA and that to Si is different.
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Figure 2.16 AFM images of patterns for PMMA (left-up) and etched Si (right-up), and
corresponding surface profiles.
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In addition, if the etching is performed in a certain direction, the pattern will be
tilted according to the introduced angle, as Figure 2.17 exhibits. The whole substrate is
tilted 30 degrees during the RIE removing of PMMA, and the final output of pattern is
anisotropic and tilted. Though these kinds of process is unique in terms of pattern
generation, the long-term vacuum process is not cost effective. The etching inevitably

introduces roughness of material, which lowers the fabrication quality and performance.
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Figure 2.17 AFM images of patterns for PMMA (left-up) and tilt-etched Si (right-up), and
corresponding surface profiles.

2.4  The comparison of mold fabrication

Table 2.1 lists the comparison between resolution limits and throughput among
different molds. As-received molds such as TEM grids and optic gratins are fabricated
through vendors so the throughput is high and the recycling is available. The drawback is
the lack of further design, and one cannot further modify the patterns. TEM grid shows
high feature size which is lack of applications in optics and electronics. An optic grating
can be a qualified candidate for LSI process, and these types of molds are not researched
under LSI process before. Molds fabricated on silicon is ideal for fabricating high precision
nanopatterns, as introduced in the previous part. Silicon with limited dimension is not ideal

for fabricating hierarchical structures with complex feature combined. In addition, if silicon



39

is heavily etched via wet or dry process, the mold become too fragile to survive high-
pressure LSI process because etched region can work as artificial defects which can be

easily propagated along, eventually resulting in the catastrophic mold damages.

Table 2.1 Comparisons of mold types, resolution limits, and throughput

Mold Type Resolution [pm] Throughput
Grids (TEM) 7.5 High
Grating (Optics) 0.6 High
Photolithography 1.0 High
EBL 0.01 Low
FIB 0.1 Low
NIL 0.01 Mid

It is essential to develop a method of fabricating the mold with hierarchical
structures in order to expand the LSI process to wider ranges of applications. In the
following parts of the study, the development will be revealed.
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CHAPTER 3. CHARACTERIZATION TECHNIQUES

3.1 Optical Microscopy

An Optical microscope is the one that usually uses visible light and magnifies the
target object. An eyepiece lens and an objective lens are coupled to magnify the object.

The resolution limit is presented as equation 4 shows.
2
R =061~ (4)
R is the resolution limit, A is the wavelength, and NA is the numerical aperture.
Numerical aperture is a measuring capability of gathering lights and resolving object

details. It is the product of refractive index (n) and sine of half of the angular aperture, p.

Equation 5 shows the numerical aperture equation.
NA =nsinu (5)

For the objective lens in air, the half of angular aperture cannot exceed 60°. Thus
NA of 0.87 is the limit in air. The resolution can be improved by increasing refractive index,
therefore, oil-immersion NA is the solution to it, whose NA can reach 1.25 or higher °.

There is a special mode in optical microscopy, named dark-field microscopy. It is
a special one to block out the unscattered light and to collect scattered one to present the
objective image. It is generally used in imaging transparent objectives such as cell and
biomolecules. It is useful in this research to show grating-coupled plasmonic resonance. In
this study, Olympus BX-51 Optical microscope was used to characterize the topology of

microstructures and corresponding dark-field images.

3.2 Scanning Electron Microscopy (SEM)

SEM is an electron-based microscope to scan the target objective collecting
information. By scanning along the sample surface, various types of carriers are emitted,
including secondary electron (SE), back-scattering electrons (BSE), and X-ray, which are
collected by detectors to determine the topography, crystalline orientation, elementary
composition, and distribution. The resolution of SEM is much higher (~ 1nm) compared to
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optical microscopy due to lower wavelength of the electron. The information collected by
SEM is comprehensive. In addition to regular SEM, cryogenic electron microscopy (Cryo-
EM) is used for special imaging. Basically, various types of leaves were observed under
the electron microscope, but the high vacuum environment results in catastrophic damage
to the microstructures. Thus, the cryogenic technique is used to preserve original structure
by rapidly cooling down without creating solid water crystalline.

In this study, two types of EM were used. S-4800 Hitachi field emission SEM
(FESEM) was used to observe micro/nanostructures. Cryo-EM (Nova Nano SEM, FEI)

was employed to characterize preserved leaves structures.

3.3 Atomic Force Microscopy (AFM)

An AFM was firstly proposed and released by Binning and Quate from Stanford
University and Gerber from IBM in 1986. The working principle is depicted in Figure 3.1.
The AFM operation depends on force interaction between the tip and the sample surface
4142 The tip surface is proximity in the sample and the non-negligible force is transferred
to the detector by a laser. It is a veritable topology characterization method without
constraints of material types in terms of electrical conductivity, which is necessary for a

scanning tunneling microscopy (STM).

7 _FRONT ATOM

Figure 3.1 Working principle of operation of an AFM. Adapted from American Society of
Physics. Ref. 42. Copyright 1986.

The resolution depends on the sharpness of the tip radius. The sharper of the tip is,
the higher-resolution can be achieved. In addition, the scanning environment of vacuum
gives a better resolution due to minimum environmental interference to the AFM cantilever.

Depending on the cantilever motion, AFM scanning can be categorized in contact and AC
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mode, and the latter is barely touching the sample surface, minimizing the potential damage
to the sample. If the tip is replaced with magnetic materials*®, the magnetic force can be
detected to characterize the magnetic domain distribution. Analogously, If the tip of the
AFM is replaced from silicon to doped silicon or other conductive materials and working
under the contact mode, it is applicable as measuring electrical properties “+*°, which is
known as conductive AFM (C-AFM). Similarly, if the conductive tip is working under
intermediate or non-contacting mode, it is able to measure the contact potential difference
(CPD) as Figure 3.2 presents. This type of AFM is called Kelvin Probe Force Microscope
(KPFM)“,
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Figure 3.2 Working principle of KPFM. Adapted from Elsevier. Ref. 6. Copyright 2011.

In this thesis, AFM (Veeco Dimension 3100) was used to acquire the high
resolution AFM images under AC mode. The tip has a radius of 30 nm and the frequency
is 250 KHz. KPFM (Asylum Research E) was used to measure the surface potential of the

sample. The tip is coated with a conductive layer of Pt to ensure the electrical conductivity.

3.4 Lowe-noise current amplifier

The low-noise current amplifier is used to detect current signals in a sensitive

manner. Instead of using a voltage amplifier, which might lead to unacceptable penalties
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in frequency response and phase accuracy, the current amplifier can sink the current
directly to null. The sensitivity can range from 1mA/V to 1 pA/V. In this study, the current
amplifier (Stanford Research System Model SR570) is used to characterize the current
generated from the LSI fabricated device. The high sensitivity of this equipment facilitates

the measurement with lowest noise interference.

3.5 Goniometer

Sessile drop technique is used to characterize the solid surface energy. The major
process is placing a droplet of the water on the solid surface, and the goniometer is used to
measure the angle between a droplet and the solid surface*’*, Typically, the surface with
high surface-energy gives low contact angle and vice versa. The goniometer includes light
source, which is used to brighten the droplet to acquire clear texture of droplet, and CCD
camera, which is used to capture the image of the droplet. In this study, a Ramé-Hart
goniometer (Model 590) was used for measuring the static contact angle to qualitatively

determine the surface energy.

3.6 X-ray Photoelectron Spectroscopy (XPS)

XPS is a powerful analytical technique to measure elementary composition. This
technique is the study of electrons emitted from X-ray-irradiated compounds®. A target
molecule or atom is bombarded with X-ray and ejects an electron®. In principle, all
electrons with binding energy less than that of the exciting X-ray are ejected®’. The binding
energy is different depending on the atomic number and valence, thus XPS is a powerful
technique to detect elements both in qualitatively and quantitively. Energy conservation
for the photoemission process is shown following.

Epy, = Ex + Ep + E(i) (6)
Env is X-ray energy, Ex is the kinetic energy of the photoelectron, E, is the correction part
such as the work function, and Eg (i) is the binding energy on the ith level.

In this research, Kratos XPS system detects existing elements of the fabricated

device and determines the valence state of the surface element. Two type of detections are
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performed, one is the wide window detection to acquire wide-ranged energy spectrum and

the other is the high-resolution detection, which is used to determine the valence level.

3.7 Spectrometer

Spectrometer, or optical spectrometer, shows the intensity of light in a spectrum,
usually from near-infrared (NIR) through visible (vis) to ultraviolet (UV). Depending on
the layout, the reflection or absorption is measured. In this study, a dual beam system is
used: one beam is used reference, and the other one is detecting light. Dual
monochromators are identically used to spatially separate the light to increase the accuracy
of the light. In this study, Lambda 950 model spectrometer was adopted to measure the

spectrum from 2000 nm to 300 nm to observe the optical response of fabricated devices.

3.8 Conclusion

In this chapter, we reviewed characterization techniques and working principles for
series of equipment. Topography was characterized using optical microscopes, SEM, and
AFM. Electrical properties were measured using the current amplifiers and KPFM. Optical
response was measured using the spectrometer. All measurements are repeated several

times to ensure the repeatability, accuracy, and reliability.
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CHAPTER 4. LARGE-AREA DIRECT LASER SHOCK
IMPRINTING OF 3D BIOMIMIC HIERARCHICAL METAL
SURFACE FOR TRIBOELECTRIC NANOGENERATORS

4.1 Introduction
4.1.1 The demand for power generators

Scavenging environmental energy through sustainable approaches is promising not
only to address the global energy issues but also to enable the self-powered operation for
electronics and sensors in emerging technologies®. Various technologies have been
developed to convert environmental energy into electricity through physical processes such
as electrostatic, piezoelectric, and recently, triboelectric processes®*®*. Triboelectric
nanogenerators (TENGSs) show technological potential in efficiently harvesting mechanical
energy through contact triboelectrification and electrostatic induction®®-°, Major efforts in
TENG research have been devoted to improving power generation by increasing
triboelectrification surface area and engineering the surface properties. Fan et al. reported
that the output of TENG highly depends on microstructured patterning®®:. Seol et al.
claimed that higher packing density of micro/nanostructures results in better TENG
performance®®. The output performance can be modulated by modifying the electrode
surface with different functional groups of SAMs, in that electrode functionalized with
amine group shows superior output rather than other functional groups such as hydroxyl,
ester, and chloro, when the other electrode is polytetrafluoroethylene (PTFE). The
proposed interpretation for such output difference results from largest electronegativity
difference between the amine group and fluorine group (from PTFE) rather than any other
combination®. Micro/nanostructure engineering of polymer surface has been dominantly
utilized for boosting the contact triboelectrification, with deposited metal electrodes for
collecting the scavenged energy. Since high-quality metallic electrode on the backside of
polymer domains is deposited in the final step of fabrication in these polymer-based
TENGS to ensure their electrical connections to external electrical devices, it is inevitable
to employ the high-cost process such as e-beam evaporation. Thus, it is necessary to
explore an alternative approach to manufacture TENGs in a cost-effective manner. The

cost of fabrication of TENGsS is effectively saved if the sequence of process is reverse from
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the currently adopted way. Typically, the process initiates from inexpensive metallic foil,
such as Aluminum foil, then an insulating monolayer is self-assembled on it. Nevertheless,
this state-of-the-art approach is limited by the vague potential for producing 3D
hierarchical surface structures with conformable coverage of high-quality metal. Obstacles,
such as the intricate fabrication and expensive machinery, concerning the economical and
cost-effective production of TENGs with directly patterned metallic surfaces with 3D

nanoscale structures by design continue to prevail.

4.1.2 LSl of TENG on soft templates

Fabricating metallic micro/nano-scale patterns have great potential applications for
a variety of areas such as plasmonics®’ and electronics®*. However, manufacturing metallic
structures in a precise, large-scale, and three-dimensional way remains as a challenging
task under currently used technology. Though reactive-ion etching (RIE), focused ion
beam (FIB) present high-accuracy removal of materials, it is not an economical approach
in term of time and cost to achieve fabricating three-dimensional structures®®®. On the
other hand, additive manufacturing of metal is preferable in large-scale fabrication, but the
challenging aspect of this process is resolution®’. In 2014, Gao et al. developed an LSI
process to enable crystalline nanoscale metallic structure in a large area®. The working
principle is to trigger the superplastic flow of metal to be conformably deformed into a
nanoscale mold with an ultra-high strain-rate process. To extend the fabrication into three-
dimensional structures, it is necessary to seek a suitable mold to accomplish LSI process.
Fortunately, soft-lithography can provide such molds with desirable dimension and
accuracy. PDMS and SU-8 is a superior combination regarding replicating surface
structures from various surfaces such as surface-machined silicon® and even natural
surface®®. However, imprinting of metal toward these soft molds is generally very
challenging due to nature of softness as well as low-temperature resistance. It is well
known that deformation of polymers is rate sensitive, with elasto-viscoplastic response to
high-strain-rate deformation. Thus, these soft molds are applicable in LSI process in
principle since within short laser pulses (<10 ns) the straining in polymers is developed

much slower than the metallic materials under laser shock. The formability of metals is



47

high under the high-strain-rate deformation, which enables metals to flow into a soft mold
with high-fidelity while the soft mold possibly remains its original shape. In addition, LSI
process is a cold forming process in which the laser energy is absorbed by a protecting and
ablative coating layer, and therefore effectively prevents thermal cracks of polymeric
molds, which most likely occurs in traditional hot embossing. The LSI-enabled capability
of conformably transfer of hierarchical microstructures from 3D natural leaves into
metallic surface addresses the challenges of scalability, resolution, and hierarchical
complexity simultaneously by combining high-strain-rate metal deformation and 3D soft
mold (SU-8).

4.1.3 Water-driven TENG (Water-TENG)

Among the various categories in TENG family, water-TENG has been attracting
growing attention due to the needs of sustainable and recyclable energy harvesting system.
Until now, there are several successful water-TENGs’*’2, and most of them require
micro/nanostructures and hydrophobic surface to maximize the performance output.
Interestingly, these two typical characteristics of high-density microstructures and
hydrophobic (low surface energy) surface are analogically similar to structural and surficial
properties in water-repellent leaves such as bamboo leaves’ and lotus leaves’, whose
surfaces consist hierarchical surface structures with a dense coating of low-surface-energy
waxing. This structural and chemical combination of hydrophobic leaves stem from long-
term adaptation and evolution in semiaquatic environments. Mimicking the hierarchical
microstructures and hydrophobicity from these natural templates into the water-TENG
device is effective in terms of maximizing electrical performance because these
hierarchical structures are desirable to improve the effective contact area between devices
and water drops. In addition, hydrophobicity is another key factor in optimizing the
performance of TENGs because the maximum effectiveness of water-TENGs occurs when
the water drops are completely off from the device™. Since the metallic surface is
intrinsically hydrophilic due to the existence of native oxide, it is necessary to modify the
surface with low-surface-energy polymers, such as fluorinated silane, to complete this dual

biomimetic approach.
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In this chapter, we demonstrate a scalable laser-based metal replication from the
soft mold, conformably transferring the features from natural template to metallic sheet.
Targeting natural templates are a dehydrated ‘Bamboo’ Indocalamus Longiauritus leaf
(BB), Iris leaf (IRS), ‘Northern Starburst’ Rhododendron (NSR), and *Japanese Stewartia’
Stewartia Pseudocamella (SP), which were selected with respective microstructure size
from small to large and with respective packing density from high to low. In addition, the
wettability was further tuned by coating different surface-energy silanes, such as
1H,1H,2H,2H-Perfluorooctyltrichlorosilane (PFTS), octyltrichlorosilane (OTS) and N-(6-
aminohexyl)-3-aminomethylethoxysilane (AHAMTES). The contribution from patterned
features as well as functionalized silanes toward resultant triboelectric performance was
systematically studied. Furthermore, to better understand the linkage between the
functional group and water-TENG performance, the surface potentials were measured
using Kelvin probe force microscope (KPFM). Lastly, finite element method (FEM) was
developed to validate the morphological findings. This work provides a new route of
manufacturing scalable large area bioinspired micro/nanoscale patterns on metal surface
with designed functionality, and open ways to engineering the surface energy and
nanostructures for many applications such as energy, electronics, surface plasmon

resonance, biochips and bioplasmonic, etc.

4.2  Experimental methods
4.2.1 Replication of biomimic structure on metal from the soft mold by LSI

Figure 4.1 (a) to (e) schematically illustrate the LSI process. A naturally dehydrated
bamboo leaf and fresh leaves from IRS, NSR, and SP (Figure 2 (al) to (d1), respectively)
were picked around West Lafayette campus (Indiana, USA), then placed in the dish, with
the back of leaves bonded to it. PDMS (Sylgard 184, Dow Corning) was cast into the dish
to mold the leaves, with the mass ratio between the base monomer and curing agent of 10:
1. Followed by degassing process, the dish was placed on the hot plate at the temperature
of 345 K for 1 h to accelerate the curing. Since the geometry of PDMS master mold is the
complementary to that of the original leaf, this master mold is negative in geometry. Then,

few drops of SU-8 5 (MicroChem) were dipped on the glass slide. PDMS master mold,
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with feature-side facing down, toward where SU-8 drops were placed, leaving mold filled
with SU-8. Flood exposure (MJB-3, SUSS MicroTec) (wavelength of 365 nm, the power
of 10 mW) was conducted for 10 min to cure SU-8 completely. This positive-geometry
SU-8 template was ultrasonically cleaned under SU-8 developer, followed by isopropyl
alcohol (IPA) rinsing to completely remove uncured SU-8 residual. The