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Abstract

This dissertation presents a novel, benchtop, low-cost, high-throughput direct surface
patterning method dubbed dynamic-Scanning Probe Lithography (d-SPL). It employs a
scriber mounted via a spring-damper mechanism to a nano-resolution 3D stage. As the
scriber traverses the substrate surface, non-uniformity in the surface morphology leads to
time-variation in the magnitude and direction of the contact force, which in turn generates
scriber vibrations. The spring-damper mechanism dissipates those vibrations and stabilizes
the contact force, thereby enabling long and uniform micro and nano patterns on a wide

variety of substrates and preventing scriber tip failure.

An analytical model was developed to investigate the dynamics of d-SPL and determine
its safe operation conditions and limitations. It was used to investigate and explain, for
the first time, a small micro-scale chatter phenomenon observed in the response of d-SPL.

The model was validated through comparison to experiments.

d-SPL was utilized for high velocity fabrication of micro and nanochannels at 1 mm/s.
The channel dimensions are controlled by the scriber surface contact force. d-SPL also
provided the basis for a novel rapid fabrication method that enhances the output power
of triboelectric nanogenerators (TENGs) by simultaneously creating centimeter-long nano
grooves (NGs) and nano triangular prisms (NTPs) on the surface of polymeric triboelectric
materials. The output power of the nano structured TENGs was 12.2 mW compared to
2.2 mW for flat TENGs. A coupled electromechanical model was developed to describe
the energy flow through the TENGs. Analytical and experimental results for the proposed
TENGs show that they can harvest low-frequency and wide-band vibrations below 10 Hz.

d-SPL can also fabricate long micro and nano wires through a continuous chip removal

process. The wire dimensions can be controlled via the tip-substrate contact force while

v



taking into account the substrate material. Continuous chip removal produced millimeter
long, helical shaped gold nano wires out of a 600 nm thick gold layer on a dielectric
substrate. Continuous flexible helical polymeric micro wires were obtained by chip removal
from a Poly (methyl methacrylate) (PMMA) substrate. The wires were coated with 50 nm
Silver (Ag) layer to produce flexible conductive micro-helical wires. It was found that these

wires can behave as freely standing cantilever beams.

A low-cost and rapid fabrication of back-gated field effect transistors (BGFETSs) was
also developed based on d-SPL. A silver layer pre-coated on top of another SiO5 layer was
patterned into interdigitated electrodes (IDEs) to form the source and drain of a FET
with a channel length of 20pm. A glycol-graphene mixture was then deposited to create
the channel between the source and drain using a nanostage integrated microplotter and
allowed to dry naturally. The Ion/Ioff ratio of the fabricated BGFET was calculated from

the I-V curve as a 103.
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Chapter 1

Introduction

This chapter is divided into four sections, the first section gives a general layout about rapid
micro and nano fabrication, and scanning probe lithography methods with highlights and
some of difficulties associated with. The motivations behind this research and its objectives
are given in the second and third sections, and a thesis outline is discussed at the end of

the chapter.

1.1 Motivation

Progress in nanotechnology is largely dependent on capability of fabricating nano scale
structures at high resolution, consistency and high-volume [I-3]. Advancements in the
fabrication of structures from nano to microscale have always been essential in the appli-
cations of micro and nanoscience [4, 5]. Thus, the fabrication has always been a critical
step towards applications including micro and nano electromechanical systems (MEM-

S/NEMS), integrated circuits, microfluidics, micro-optics, field effect transistors (FET)



and endless others [6-9]. Using the cleanroom facility, standard lithography methods have
been employed over years for fabricating these applications. Optical lithography have been
used to pattern structures down to &~ 1 pm [10], not able to pattern structures in nanoscale
due to restriction in its wavelength. However, E-beam lithography (EBL) and focused ion
beam (FIB) lithography can achieve patterning nano resolution that would not be possible
via optical lithography [11, 12]. However, fabrication in cleanroom facility brings out its
own difficulties since it requires multiple complex processes, it is also hard to access and

expensive method to be deployed.

PHYSICAL

Thermochemical

CHEMICAL

dp-SPL

o-SPL
Oxidation

Figure 1.1: (a) A schematic of scanning probe lithography (SPL). (b) Classification of
SPL methods according to tip—surface interaction used for patterning, called electrical,
thermal, mechanical and diffusive processes. Reproduced with permission [3]. Copyrights

2014. Nature.



Development of novel and low-cost fabrication techniques allows more applications and
elevates the progress in academic research as well as industry [13, 11]. Thereby, alternative
fabrication methods were developed such as rapid prototyping and scanning probe lithogra-
phy (SPL) methods that do not seek use of cleanroom facility. Rapid fabrication methods
include COy laser cutting, inject printing, femtosecond laser method and etc. These are
alternative rapid fabrication methods but CO, laser cutting and inject printing offers limi-
tations in terms of the resolution they can achieve compared to standard lithography, and
femtosecond laser has still lack of high cost although it has competitive resolution with re-
spect to optical lithography. These limitations in rapid prototyping motivated exploration
of alternative fabrication methods. SPL methods have been proposed to elevate the limi-
tations. They can be classified into two main categories: material removal and addition.
They are named according to tip-surface interaction such as thermal, mechanical, current
induced, thermomechancial, dip pen, oxidation and bias induced as illustrated in Figurel.1.
Over the past few years there has been a number of research papers that demonstrated the
efficacy of d-SPL methods to overcome some of difficulties and limitations in the fabrica-
tion. On the other hand, each of these SPL methods has still its own limitations such as
small area patterning, indirect surface patterning for particularly thermal type SPL, and
requiring closed-loop feedback mechanisms for mechanical SPL particularly using AFM

setup.

1.2 Scope

An ideal fabrication approach shapes various materials such as organics, nano wires, semi-
conductors and two-dimensional materials (2DMs) deployed in bio and chemical applica-

tions [15—18]. In addition, the ideal method should also be rapid, cost-effective and easily



accessible. The EBL and FIB lithography methods have been broadly implemented for
fabricating micro and nano devices [19-22]. However, these methods are limited to small
area patterning, long operation time, requirement for high vacuum and inability to direct-
ly pattern a wide range of materials [23-20]. As mentioned early, these limitations have

motivated the exploration of unconventional lithography methods [27].

Many researchers have proposed different approaches by exploiting the surface-tip in-
teractions phenomena. Scanning probe lithography has been developed to lower the cost
and alleviate the need for high vacuum [28-30]. It has attracted tremendous attention and
gave birth to several variations of the original techniques [31-31]. Their capabilities have
enabled the fabrication of the smallest field effect transistors and direct patterning of novel
materials, which was otherwise not possible to fabricate using conventional lithographic
methods [35]. Although SPL reduced the complexity and cost of fabrication in comparison
with EBL and FIB, high throughput and low-cost patterning of large areas has remained

an unaddressed issue [36—39]. These limitations been a great deal of research to resolve.

In this research, dynamic Scanning Probe Lithography (d-SPL) is introduced with its
own unique features: (i) micron to nano scale thickness resolution, (ii) centimeter size
uniform patterning in seconds, (iii) applicability to a wide range of materials, (iv) high
throughput and elevating the need for vacuum. This method owes its distinctive abilities to
a spring-damper suspension connected to a sharp scriber tip mounted on a programmable
3D nanostage. The suspension mechanism enables the scriber to move up and down,
thereby creating an adaptive working distance without a need of complicated feedback
systems. The suspension mechanism compensates variations in surface contact force, thus
produces long and uniform surface patterns. An optical camera equipped with an 6x
objective lens and 2x optical magnifier is attached to the stage to monitor the patterning

process. We were able to pattern a 1 cm-long, 2.5 pm-wide,600 nm deep channel in less



than 10 seconds, which is a few magnitude of orders faster than conventional scanning
probe lithography methods. Moreover, d-SPL. method allows fabrication of micro and
nanowires through continuous chip removal process. Lastly, d-SPL is deployed to directly

pattern nano thin films to fabricate back-gated field effect transistors (BGFETS).

1.3 Research Objectives

In this dissertation, we explain the d-SPL method and its implementation for creating
micro and nanochannels, producing micro and nano wires as well as fabrication of filed

effect transistors. The main objectives of this research can be summarized as follows:

Explanation of fundamental working principle of the d-SPL method.
e Implementation of d-SPL for micro and nanochannel fabrication as an application.

e Deploying d-SPL for surface modification of triboelectric films to increase the effective

surface area thereby enhancing the output power of triboelectric energy harvesters.

e Fabrication of long and uniform micro and nano wires that are flexible and conduc-

tive.

e Demonstration of d-SPL for fabrication of micro and nano scale circuits and direct

patterning of nano thin metal films to be used in field effect transistors.

e Use of a microplotter to create a graphene channel between source and drain.

Fundamental contributions:

e Developed an analytical model describing the working mechanism of d-SPL and to

simulate the model to investigate its safe operation conditions and limitations.



e Developed a coupled electromechanical model to investigate electromechanical be-
havior of TENG and to design wide and low-frequency range triboelectric energy

harvesters.

1.4 Organization of the Dissertation

This research is organized in seven chapters.

e Chapter 1 discusses a general overview of fabrication methods, the research moti-

vation and main objectives.

e Chapter 2 gives detailed literature review of rapid fabrication and SPL methods

with their applications, limitations and advantages.

e Chapter 3 discusses the fundamental working principle of the d-SPL, and demon-
strates the potential of d-SPL for fabrication of micro and nano channels, as well as
micro and nano wires. It also explains fundamental working principle and analytical

model developed for the d-SPL.

e Chapter 4 demonstrates implementation of the d-SPL in triboelectric energy har-
vesters and also explains a coupled electromechanical analytical model developed for

triboelectric energy harvesters to design wide and low-frequency range of TENGs.

e Chapter 5 demonstrates use of d-SPL. method for direct patterning of nano thin
metal films for fabrication of nano scale circuits and back-gated graphene field effect

transistors.

e Chapter 6 presents a summary of the most important findings of dissertation and

future work.
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Chapter 2

Background

This chapter presents a detailed review of rapid and low-cost micro fabrication methods
and conventional scanning probe lithography methods developed over the years. Examples
of applications where they have been used are also presented. The chapter concludes with
discussion of the current state of the art and difficulties encountered with micro and nano

fabrication.

2.1 Rapid Fabrication Methods

Scaling down of device fabrication to nanoscale has always been critically essential to
advancement of micro and nanoscience [10]. Cleanroom facilities provide a variety of
equipment to enable fabrication of these devices with high resolution. In the cleanroom,
micro and nano patterning are the main foci of the fabrication. Optical lithography with
ultraviolet light is mainly used for patterning of features larger than 1 pm. This limitation

is imposed by the wavelength of the light which precludes the possibility of fabricating



structures at nano scale using the optical lithography. Other lithography methods such as
electron-beam [11] and focused ion beam lithography [12] have been introduced to pattern
nanostructures. They can pattern structures with high resolution however, they are costly,

hard to access and require vacuum technology.

Scientists have attempted to develop less expensive lithography methods, such as soft
lithography [13], dip-pen lithography [14, 15], and nano imprint lithography (NIL) [16].
However, all of these fabrication methods still require expensive and time consuming clean-
room facilities. On the other hand, rapid prototyping methods have been developed to

reduce fabrication cost and time and to eliminate the need for clean room facilities. Some

of these methods include micro-milling [17], CO4 laser engraving [15], femtosecond laser
engraving[19], and 3D printing [50, 51]. However, the resolution of the laser engraving,
printing, and milling technologies are no better than 50 pm [52-541]. This forces devices

requiring features smaller than 50 pm back to the cleanroom facility. While femtosecond
laser engraving provides much better resolution than those rapid fabrication methods, but

it is still an expensive tool.

2.1.1 Micro-milling

CNC based micro-milling machine has been recently applied to fabricate microchannels on
the surface of Poly(methyl methacrylate) (PMMA) material. Micro-milling tool removes
material on surface of PMMA substrate based on predefined trajectory with controllable
velocity. David et al [17] demonstrated a CNC micromilling system for ultra-rapid fabri-
cation of microchannels, figure 2.1. The desired pattern is designed in a CAD software,
such as SolidWorks, exported as a machine readable Gerber file, and sent to CNC software

to process the microchannel fabrication on PMMA. This technique is low-cost effective
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Figure 2.1: (A) A schematic of a CNC micro milling process. It consists of a worktable to
provide planar motion, a cutting tool to remove material from the workpiece, and a spindle
to spin the cutting tool and to provide vertical motion. (B) A picture of a CNC micro-mill
during operation. (C) An image of a micro-milled thermoplastic device. Reproduced with

permission [17]. Copyrights 2015. Royal Society of Chemistry.

and ultra-rapid. It does not require any clean room processes [17]. The channel depth
and width can be controlled. However, this technique has limitations on channel width
imposed by diameter of the cutting tool and its mechanical vibrations. Therefore, it does
not allow for further scaling down of microchannel fabrication. Further, surfaces of the

patterned channels are not smooth.
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2.1.2 CO; laser engraving

Direct CO4 laser cutting (ablation) has been used to fabricate patterns on variety of poly-
meric substrates such as PMMA. Many research laboratories are using it for microchannel
fabrication due to its convenience and rapid processing [18, 55]. A design of interest is
drawn in a 2D CAD software, such as AutoCad, exported as Gerber file, and sent to CO,
laser engraving device. The laser beam ablates and grooves the PMMA according to the

design [53]. PMMA surface is cleaned using DI water and air compression to remove the

PMMA ablates.

Figure 2.2: Direct CO4 laser cutting setup and SEM images of fabricated microchannel-

s.Reproduced with permission [56]. Copyrights 2016. TIOP.

This technique is very rapid, user friendly, and low-cost method. It can fabricate
long microchannels on order of centimeters. However, it is restricted to fabrication of
microchannels less than 50 pm wide [53]. Laser ablation also occurs on the edges of the

channel, and cross sectional area of the channels has the shape of trapezoid. Figure 2.2

11



shows experimental setup for the CO, laser cutting the cross section of the channels and

laser ablation produced by this method [50].

Figure 2.3: SEM image of PMMA substrate with channels of different depths produced
by unfocused laser beam (k = 20 mm) with constant laser power of 4 W and scanning
speeds of (a) 80 mm/s, (b) 120 mm/s and (c) 150 mm/s, respectively. Reproduced with
permission [57]. Copyrights 2010. Springer.

Hong et al. [57] showed that microchannel dimensions can be controlled by adjusting
scanning speeds. Lower scanning speeds result in deeper microchannels as shown in figure
2.3 due to a higher number of delivered laser pulses per unit area compared to microchan-

nels fabricated at higher speed.
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2.1.3 Femtosecond laser engraving

CCD camera

Dichroic beam splitter

fs laser beam

Objective

PMMA substrate

Figure 2.4: Schematic diagram of (a) the experimental setup for fabrication of microchan-
nels and (b) the geometry of that fabricated sample. Reproduced with permission [19].
Copyrights 2016. SPIE.

Day et al. [19] employed a femtosecond laser to fabricate microchannel on the surface
of the PMMA immersed in water by applying high repetition nano-joule laser pulses to
produce microchannels ranging from 8 to 20 pm in width. A femtosecond pulsed laser
generating 80 fs pulses at a repetition rate of 80 MHz was deployed in the experiment.
The samples were immersed in water in order to decrease wavefront aberrations, figure 2.4.
The water immersion system also assisted the fabrication process by clearing the debris
on the edges and inside the channels. After the laser engraving, sample was placed on
hot plate for annealing because the laser irradiated area has different density than bulk

material [19].

13
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Figure 2.5: Measured microchannel (a) width, (b) depth and (c) ratio of width to depth
as functions of the laser traversing speed. (d) Image of microchannels. Scale bar = 50 pm.

Reproduced with permission [19]. Copyrights 2016. SPIE.

Figure 2.5 demonstrates effects of laser traversing speed on the dimensions of the mi-
crochannels. As the speed of the laser increases, width and depth of the channel decreases
from 16 pm to 8 ym and from 18 um to 12 pm, respectively [19]. This is a non-lithographic
and rapid fabrication technique. However, femtosecond laser is expensive, and the achiev-
able microchannel width and depth are limited. Further, channels less than 8 pm wide
cannot be fabricated using this technique due to resolution of the laser beam. Finally
fabrication of microchannels wider than 10 pm is time consuming for due to need for a

slow traversing speed.
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2.1.4 3D printing

3D printing has been used in variety of applications including fabrication of conductive
patterns for printed circuit boards (PCB) [50], scaffolds for human organs, such as kidney
and ear [58], and microchannels [59, 60]. Figure 2.6 shows the fabrication flow process
of a spiral microchannel using 3D printing method. First, a metal liquid is printed on
a substrate then mixture of PDMS base and its curing is poured onto it. Then, HCI
solution is driven to flush the metal pattern and empty the channel. Later, the channel is
refilled with red dye to demonstrate the pattern [59]. This is a simple and low-cost micro

fabrication method. However, it is incapable of creating microchannels less than 100 pm

(a) Printing II

(b) Encapsulating

wide.

m (¢) Emptying

(d) Refilling

| -

e

Figure 2.6: Images depicting 3D printing steps. (a) Printing of a liquid metal onto a
substrate. (b) Encapsulating the printed pattern in a PDMS. (¢) Emptying the metal from
the encapsulated channels. (d) Refilling the empty channels with red dye. Reproduced
with permission [60]. Copyrights 2016. Royal Society of Chemistry.
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2.2 Scanning Probe Lithography Methods

2.2.1 AFM lithography

Atomic force microscope (AFM) has been used in variety of applications including inves-
tigation of surface topography, 3D-imagining, and fabrication of micro and nanochannels
[61]. Arda et al. [62] used an AFM tip for micro and nanochannel fabrication. Surface
calibration process was first carried out then, sample was placed perpendicular to the tip.
Data acquisition system supplied signals to piezoelectric actuator through voltage amplifier

[62]. Figure 2.7 shows experimental setup for the fabrication of microchannel using AFM

tip.

Nanopositioning
Stage

Figure 2.7: An AFM measurement of three channels created on a PMMA surface using the
out-of-plane configuration of the nanomilling process. The horizontal axis of the bottom
figure is compressed to show all three channels. Reproduced with permission [62]. Copy-

rights 2012. Elsevier.

16



AFM lithography offers fabrication of very small features produced from nano to mi-
croscale. It initially begins to create nanofeatures and can reach to microscale by multiple
processes. But, length of the patterning remains in a few tens of micrometers [20, (3],
since AFM tip can be damaged during the patterning due to non-uniform gap between
the tip and surface over long distance. Therefore, it disables to pattern long micro or
nanofeatures and fabrication of its some applications. For example, fabrication of a simple
electrode using AFM method requires considerable time and cost, and more importantly
it will be in small micro scale, which is difficult to probe unless use of a probe station. In
mechanical scanning probe lithography, plastic deformation always appears on the walls
of the channels created, the deformation part can be removed later by mechanical and

chemical polishing method [61].

Nano-positioning stage in 7 axis was adjusted to obtain desired depth and trace of the
channels. Advantages of this technique are considered as: circular or straight microchan-
nel can be fabricated and cost effective comparing to use of nano-lithography devices such
as FIB or EBL, and lastly depth of the micro channel can be reduced down to a few
hundred nanometers. In contrast, the limitations of this technique are: patterning of the
microchannels is on the order of tens of pm, thus not very suitable for large scale microchan-
nel fabrications, and it is very time consuming process and requires surface calibration [(2].
Also, the method can pattern materials softer the scriber material. Mechanical wear on
the scriber surface might be observed and depending on how relatively scriber material is

harder than workpiece.
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Figure 2.8: Process flow for t-SPL fabrication of a MoS, transistor and in-situ thermal

nano-imaging of the sample topography. Scale bar = 4 pm. Reproduced with permission

[65]. Copyrights 2019. Nature.

2.2.2 Thermal SPL

Thermal Scanning Probe Lithography (t-SPL) utilizes a tip with a diameter in the range
of nanometers to remove the material from a substrate via localized heat. The heat in the

tip is generated through an electrical resistance (joule heating).

Figure 2.8 shows the process flow and surface topography of a MoSs transistor fabricated
via t-SPL. The substrate is initially coated with three layers. t-SPL removes the top
Polyphthalaldehyde (PPA) layer, figure 2.8 (c), then a polymethylglutarimide (PMGI)
layer is etched to deposit the metal contact onto the MoS, to produce the source and

drain of the transistor. This method can pattern nano structures with very high resolution
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and provide in-situ nano-imaging of the sample topography without requirement vacuum
technology. On other hand, it is a slow process (on the order of 0.1-50 um/s) and requires

indirect surface patterning of specific layers [32]. Tt is not very applicable to bulk production

purposes.

2.2.3 Thermochemical SPL
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Figure 2.9: Experimental setup demonstrating a resistively heated silicon AFM tip scan-
ning across a copolymer p(THP-MA)gy p(PMC-MA)yy sample. The heated tip initiates
thermal reactions in the polymer film above a certain temperature. Reproduced with per-

mission [66]. Copyrights 2007. ACS.

This nanolithography method employs a resistively heated AFM tip like thermal-SPL.
In addition, a chuck heats the substrate heat is deployed to locally change the chemistry of
a material rather than mechanical removal process [00, 67]. Figure 2.9 shows the working

procedure for the thermochemical SPL.

The heated AFM cantilever was used (2.9 A) to create chemical reactions in surface
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functionality of thin polymer films with well defined the trajectory [06]. The distance
between tip and surface can be adjusted. It is not necessary to have the tip indenting the
surface for this process [0, 67]. Figure 2.10 demonstrates chemically produced patterns in

size of 3 pm x 3 pm [60].

Friction

Figure 2.10: (A) 3 pm x 3 pm AFM topography image and (A’) corresponding friction im-
age of a cross-linked p(THP-MA)gy p(PMC-MA )y film showing a high-density line pattern
written chemically on the left side. Reproduced with permission [66]. Copyrights 2007.
ACS.

This method has very high resolution in the range of nanometers and does not seek
the vacuum technology. On the other hand, challenges of this method are: speed of this
technique is limited to velocity scan of the AFM, requiring a feedback control system, and

only applicable to specific materials for the functionalization.

2.2.4 Dip-pen SPL

In Dip-pen SPL, molecular inks are loaded to a sharp AFM tip, which is subsequently
inserted into a scanning probe microscope [68]. The vertical contact between the tip and

the scanning probe is controlled by the scanning probe configuration. The ink-loaded tip
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Figure 2.11: Mechanism and ink transport in DPN. A) Schematic representation of DPN.
B) Time-dependent feature size increase in DPN with copolymer ink as an example. C)
and D) Schematic diagrams of the ink transport processes for diffusive molecular inks
and liquid materials, respectively. A’ Reproduced with permission [68]. Copyrights 1999.
AAAS. "ABCD’ Reproduced with permission [69]. Copyrights 2019. Wiley.

dispenses materials onto the substrate through a water meniscus that bridges the tip with

the substrate surface as shown in the figure 2.11.

3D portrait fabrication of Monalisa, figure 2.12, was demonstrated using the dip-pen
SPL via Zhou et al. [70]. Advantages of this method are: direct material addition, not
requiring the vacuum technology, and also providing high resolution. However, main lim-
itations are: small scale fabrication (in other words, it is a slow fabrication process), and

requiring a feedback mechanism for finding the surface of the substrate.
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Figure 2.12: (a) Bitmap image of Monalisa and (b) corresponding AFM topographical
image of Dip-pen Nanolithography-patterned Monalisa. Reproduced with permission [70].
Copyrights 2011. Wiley.

2.2.5 Oxidation SPL

Oxidation scanning probe lithography (o-SPL) is a method that enables the direct modi-
fication of small areas with a specific functionality. Silicon, gallium arsenide compounds,
tantalum and titanium surfaces were the first materials modified by o-SPL [71]. Water
bridge between the tip and the sample is the main point in o-SPL. This water meniscus
is formed by gas phase and water molecules on substrate. Water bridge supplies OH™
molecules to create oxidation on the surface of the substrate [71-73]. According to molecu-
lar dynamic simulations, formation of the water bridge must have a threshold value which

was also experimentally demonstrated [74, 75].

A voltage is applied between sample and the tip. This voltage contributes the oxidation
via initiating hydrolysis that produces the OH™ molecules, and electrical field drives these
molecules to substrate [71]. Figure 2.13 shows the general scheme of the o-SPL. This
method provides high resolution, direct surface modification, and does not seek for vacuum.

However, it requires a feedback mechanism and a voltage bias, slow surface modification
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Figure 2.13: General scheme of nanopatterning in o-SPL. Reproduced with permission [73].

Copyrights 2017. TOP.

process, and not applicable to bulk production.

2.3 Summary

In summary, different forms of fabrication techniques including rapid and conventional
scanning probe lithography methods were reviewed. We discussed and highlighted their
advantages and disadvantages as well as their applications. We also presented their different

applications such as fabrication of micro and nano channels, and transistors.

It is not always possible to have cleanroom facility or equipment for fabrication of micro
and nano features. This has motivated scientists focus on for rapid and low-cost micro and
nano fabrication techniques. Many rapid fabrication techniques have been developed using

polymer based materials and applied to Lab-on-a-Chip (LOC) systems. Rapid fabrication
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methods provides help with cost, time and mass production. But, they most commonly
suffer from the perspective of their resolution. There is a still gap for fabrication of features
less than 50 pm. Fabricating micro features less than 50 pm still requires using standard

lithography process which is hard to access and expensive as mentioned earlier.

On the other hand, scanning probe lithography methods have been developed to allow
high resolution, and to alleviate a need of vacuum for the fabrication. However, they are
slow processes, require a complex close-loop feedback mechanism since they are employing
the AFM stage, and lastly not suitable for the mass production. They are today used in

academia and has slow writing speed in the range of 0.1-50 pm/s.

In the next chapter, we introduce a new benchtop, low-cost, and rapid lithography
method, namely dynamic scanning probe lithography (d-SPL). The d-SPL’s analytical

model as well as its experimental and numerical results will be also presented and discussed.
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Chapter 3

Dynamic Scanning Probe

Lithography

In this chapter, we describe the working principle of d-SPL method and demonstrate a
benchtop rapid fabrication of micro and nano wires through continuous chip removal pro-
cess, and micro and nanochannels. A mathematical model of the d-SPL is also developed.
Small micro scale chattering was observed in the patterning, for the first time, and then

verified and validated through experiments.

3.1 Working Principle

The d-SPL method allows fabrication of uniform surface patterning. It only employs a
sharp-tip scriber attached to an automated 3D nanostage through a suspension mechanism.
The XY (planar) component of the stage carries the work-piece (substrate) as shown in

figure 3.1.
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Figure 3.1: Overview of compact dynamic scanning probe lithography setup. (a) A
schematic of custom built 3D nano stage with spring-damper assisted suspension mecha-
nism, and a optical camera. (b) Close-up view of the sharp scriber tip and chip removal
process. (c¢) Optical microscope image of multiple uniform, 1 cm long patterns and the

removed nano scale chips.

The scriber is attached to the Z-component of the stage through the suspension mecha-
nism. While other arrangements of the system are possible, such as Z-axis nanostage can be
integrated with X-Y nanostage. This could introduce cross-talk between the stages there-
fore producing more mechanical noise in the system. Specifically, decoupling the Z-stage
from the XY-stages reduces cross-talk between them. Coupling the X and Y stages into
one platform (component) is advantageous to create complex surface features efficiently,

thus this arrangement is preferred.
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It is cumbersome to maintain perpendicular alignment between the substrate and the
tip. It is also cumbersome to align the substrate surface with the planar stage. Moreover,
the substrate surface is, in general, not perfectly planar. Since, perfect alignment between
tip and substrate is hard to achieve, the suspension mechanism is designed to counteract
misalignment. When a rigid scriber encounters changes in the substrate surface height or
alignment, it will damage the surface, corrupt the feature, or permanently deform and fail
its tip. When the tip is brought to contact substrate, the spring is compressed by a given
displacement. This compression in suspension mechanism is designed to alleviate these
problems by allowing the scriber tip to move up or down with respect to the substrate
surface while regulating (minimizing variation in) the tip-surface contact force, thereby
creating a flexible working distance. As a result, the d-SPL can handle both atomically flat
as well as rough surfaces as long as the roughness is within the working distance. Passive
energy loss mechanisms are embedded in the suspension system to help regulate the tip-
surface contact force by absorbing external disturbances as well as residual vibrations due
to micro-impacts between the tip and surface asperities. The combined mechanism endows
d-SPL with unique capabilities to create uniform centimeter-long surface patterns, such as

the microchannels shown in figure 3.2.

Specifically, d-SPL can be used to create positive as well as negative surface features

on flexible and rigid substrates as detailed below.

1) Negative patterning: This fabrication process works directly with bare substrate
surfaces or thin films deposited or sputtered on top of a substrate. The features
of interest are patterned into the surface, such as micro and nanochannels, up to a
depth of 1pm and lengths on the order of centimeters. The features created in the
surface can also be used as a negative mold to cast polymers, such as PDMS, with

similar positive surface feature. The process parameters in this case are:
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Figure 3.2: (a) Optical images of fabricated micro-channels (b) close view of the channels.

- The scriber-substrate contact force which is calibrated to obtain the desired

feature width and depth.

- The scriber material hardness which is selected higher than the substrate hard-

ness to ensure chip removal with minimal tip wear and deformation.

2) Positive patterning: First, a thin metallic or polymeric layer, 1pm or less, is de-
posited on the substrate by spin coating, sputtering, or chemical deposition. The
deposition process parameters are calibrated to reduce adhesion between the layer
and the substrate. Patterning is carried out by removing excess surface layer ma-
terial and leaving only the desired design on the substrate surface. Post-processing
includes chip cleanup using compressed air or deionized water washing. It may also

include sintering of metallic layers or baking of polymeric layers.

The process parameters in this case are:

- The scriber-substrate contact force which is calibrated to guarantee full removal

of the surface layer without scouring the substrate.

- The tip cross-sectional area is selected to achieve the desired pattern resolution.
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- The scriber material and tip cross-sectional area are selected to overcome chip

removal and friction forces.

- The substrate material hardness is selected higher than that of the scriber top

layer to avoid scouring the surface.

3.2 Analytical Model

3.2.1 Static analysis

Figure 3.3: Schematic of d-SPL.

After the first contact of the scriber to the substrate, an actuator commands a displace-
ment of along the vertical direction until the scriber penetrates the substrate surface by a
initial penetration distance h,. It then commands the scriber to follow a predefined tra-

jectory along the substrate surface to create the desired pattern around static equilibrium.
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To minimize variations in the vertical contact force due to variations in surface height and
properties, the scriber suspension mechanism is provided with a spring such that initial
spring compression [ is much larger than variations in penetration depth h,. A schematic

of the d-SPL is shown in figure 3.3.

where z(t) is variation in surface height of the substrate and h(t) is the instantaneous

penetration depth.

At static equilibrium the vertical contact force can be written as:
F, =kl (3.1)

where k is the linear spring stiffness.

The change in the vertical substrate contact force is calculated as:
AF =kz (3.2)

As can be seen from the Eq. (3.2), AF is dependent on the k and z relative displacement of
the scriber with respect to h, the substrate. This change becomes very significant when a
spring with larger stiffness is implemented in suspension mechanism for surface patterning.
Deploying very large spring stiffness coefficient leads diminishing flexibility of the spring
and causes an extensive increase in AF', thereby losing the stability of uniformly patterning
or causing failure in scriber. However, using a low spring stiffness coefficient enables high
flexibility in tip movement and negligible change AF' in surface contact force. Considering

very low spring stiffness coefficient yields;

F,>> AF (3.3)

[ >>z (3.4)
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Variation in substrate contact force along the centimeter long surface patterning is rela-
tively much smaller than initial surface contact force, thereby including spring suspension

mechanism allows uniform surface patterning with negligible variation in the pattern.

3.2.2 Dynamic analysis
a) b)

kz() l l A0

20 | Fo

Mtip —+

| Substrate “ |-%

.

P ro
Figure 3.4: Free body diagrams of (a) the scriber and (b) the substrate.

The vertical working distance of the scriber is determined by the stiffness k of the
spring. As the stiffness decreases the working distance increases and vice versa. Forces
acting on the scriber 3.4(a) and substrate 3.4(b) is demonstrated. Assuming a rigid scriber
and a linear spring force-displacement relationship, the scriber's equation of the motion

can be written as:

mz+ci+ kz = F(t) (3.5)
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where z is the relative displacement of the scriber with respect to h, the substrate, m is
the scriber mass, and c is a linear damping coefficient representing energy loss mechanisms

arising from the interactions of the scriber with its holder, the chip, and the substrate.

Substrate

Figure 3.5: Free-body diagram of the cutting process.

The Merchant circle [76] provides a two-dimensional, schematic of forces involved in
the cutting process as shown in figure 3.5. The scriber applies a cutting force F,, to remove
the chip while applying a normal force F, on the surface. The resultant force is R. Other
forces appearing during the cutting process are the shear force acting on the chip F, and
the friction force F'y opposing chip flow over the rake surface. The normal forces necessary
to balance the former forces with resultant force are called the shear normal F,, and
friction normal FY,, forces, respectively. The angles a and ¢ are the rake and shear angles,

respectively.
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The vertical component of the contact force R is given by

Fssin(f — «)

F, = 3.6
cos(¢p+ 5 — a) (36)
where (3 is the scriber friction angle.
Ly
tan 3 = =L
an [ o

The shear force F} is equal to the product of the shear stress 7, and shear area A,
F,= A7, (3.7)

Likewise, the shear area is related to the undeformed chip area A = wt, by

A

Ay =
sin ¢

(3.8)

where w is the chip width and ¢, is the chip thickness. The cutting ratio is obtained by
applying mass continuity theory, as follows:
h sin
r=—= _sng (3.9)
te cos(p—a)
where h is depth of the cut (scriber indentation depth into surface). For the surface

patterning process, we can write the instantaneous surface contact force in vertical direction

as
Tswtesin(ff — «)

Fe= sin ¢ cos(¢ + f — )

Figure 3.6 shows a schematic for the progress of the chip removal process. The variation

(3.10)

in chip thickness over the characteristic time delay 7 is:
Ato(t) =t.(t) —t(t — 1) (3.11)

Substituting Eq. (3.9) into Eq. (3.11) yields

At (1) = h(t) c;i(z —a) h(t- Ti;o;(gzﬁ — ) (3.12)
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Figure 3.6: Schematic for the cutting process progression over time.

The transnational velocity of the scriber along its planar trajectory can be found as:

V, = w,,r (3.13)
where r is radius of the motor shaft
2nm
Wy = ——
-

is the rotational velocity of the motor shaft, 7 is the motor period, and n is the gearbox
ratio. In this case, a high precision servo motor was implemented with a gearbox ratio

n = 1/64. Therefore the characteristic time of the patterning process can be written as:

2rr

T~ 64y,

(3.14)
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Due to variations in material properties, surface morphology and external disturbances,
the depth of cut will vary over a characteristic time 7 from hA(t — 7) to h(t). The resulting

vertical reaction force can be represented by:
AF(t) = F.(t) = Fx(t = 7)

= (te(t) = te(t = 7))

— (h(t) Rt — T))

wTssin(f — «)

sin ¢ cos(¢p + 5 — «)

wTs sin(f — «) cos(p — )
sin ¢ cos(¢ + 3 — )

where we assume the cutting process parameters remain constant throughout patterning.

(3.15)

We can, therefore, rewrite the scriber equation of motions in terms of relative displacement

z(t) = h(t) as:

AF
zZ4+ iz’ + wiz = (2)

- - (3.16)

where w,, is the natural frequency of the scriber when disengaged from the substrate.

For a wedge-shaped scriber, the width w remains constant as the penetration depth z
varies. We can use Eq. (3.15) to rewrite the right hand-side of the equation of motion as

AF(2)

m

= Cuw;, (2(t) — 2(t — 7)) (3.17)

where C' is a constant relating the scriber geometry and material properties to the shear

process

_ Tesin(B — a)cos(¢ — a)
¢= ksin? ¢ cos(¢ + B — a) (3.18)

The value of the C' can be obtained by rearranging equation (3.17) to write:

1 AF

The ratio AF/Ah is obtained from figure 3.11 and corresponding average cut width w

is found from 3.12. The equation of motion for a wedge-shaped scriber is a linear Delay
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Differential Equation (DDE):

4 %z +w?z = Cuw? (2(t) — 2(t — 7)) (3.20)

For a cone-shaped scriber, the cone angle # relates the chip thickness and width by:
w = 2htan 6 (3.21)

Using this relationship in Eq. (3.15), the right hand-side of the equation of motion can be

written as:
AF(z

m

) = 2tan 6 Cw? (2°(t) — 2*(t — 7)) (3.22)
and the equation of the motion for cone shaped scriber is the nonlinear Delay Differential
Equation (DDE)

E %z +wrz = Cuw, (2°(t) — 2*(t — 7)) (3.23)

The onset of chatter corresponds to Hopf bifurcation where the scriber tip loses stability
at the equilibrium point z(¢) = 0 and starts to oscillate following harmonic motion of the

form:

z(t) = acos ()

(3.24)
2(t — 1) = acos (Qt — Q1)
For a wedge-shaped scriber, substituting Eqs. (3.24) into Eq. (3.20) yields
—a$?? cos(t) — %aQ sin(Qt) + aw? cos(Qt) = aCww? cos(Qt)
— aCww? cos(t) cos(Q1) — aCww? sin(Qt) sin(Q7) (3.25)
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Figure 3.7: Comparison between the analytical and experimental limits of safe patterning

zone.

Equating the coefficients of a sin(Qt) and a cos(€2t) on either side of the equation yields:

— Q% + w2 = Cww? — Cuww? cos(Qr)

%Q = Cww? sin(7) (3.26)

We used the scriber and patterning process parameters listed in table 3.1 to solve Egs.
(3.26) for scriber width w and oscillation frequency  at the onset of chatter given the
traversing speed and, therefore, 7. We compare, in figure 3.7, the variation in the scriber
width at the onset of chatter (Hopf bifurcation) as a function of traversing speed with
experimental results for twelve discreet traversing speeds and cut widths. Instances where
no chatter was observed are marked in green and instances where chatter was observed,

as rough cut edges, are marked in red. The region below the Hopf bifurcation limits
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corresponds to stable and safe patterning. The region above the Hopf bifurcation limits
corresponds to the regenerative vibrations (chatter) where system is self-excited, unstable
and unsafe to create micro features. A good agreement can be seen between experimental

and analytical results.

As the width of the cut and scriber velocity increase, the threshold for the chatter (Hopf
bifurcation) decreases. Conversely, for smaller micro and nano scale features, chatter is

delayed allowing for traversing speed more than 1.5 mm/s for cut widths less than 20 pm.

Table 3.1: Scriber and patterning process parameters.

Scriber mass m (kg) | 0.00347
Damping coefficient | ¢ (N.s/m) 125
Spring stiffness k (N/m) 53.5
Patterning constant C 77 x 108

3.3 Experimental Demonstration

3.3.1 Prototypes

Two prototypes of the fabrication station were realized. The first fabrication station,
prototype # 1, was made by re-purposing the 3D stage of a microplotter (SonoPlot Inc.).
The scriber was attached to an XYZ-stage via a suspension mechanism. The substrate was
held fixed on a steel platform by surrounding it with four magnets. The Z-axis was used
to approach the substrate and to maintain the scriber-substrate contact force between the

throughout the lithography process. The scriber was then commanded, via the microplotter
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software interface [77], to move in the XY-plane relative to the stationary substrate, thereby

creating the desired patterns.

Figure 3.8: SEM images of (a) the tungsten carbide scriber, (b) a close-up view of the

carbide tip, (c) the stainless steel scriber, and (d) a close-up view of the stainless steel tip.

Two types of scribers were used to examine the impact of scriber hardness and tip

radius on feature characteristics

- stainless steel

- tungsten carbide

SEM images of these scribers are shown in the figure 3.8. The tungsten scriber has an
axisymmetric tip cross-section and a tip radius of 3um. The stainless steel scriber has an

asymmetric cross-section with two sharp edges.
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The accuracy of the stage is listed as 25 pm [77]. A Point Grey camera and a proximity
series 18mm/2.00 lens are attached to the frame and used to monitor the progress of the

fabrication process. Optical image of microplotter experimental setup is shown in figure

3.9.

Figure 3.9: Microplotter experimental setup.

The channels shown in figure 3.2 are an example of negative patterning using proto-
type #1 and stainless steel scribers. In this case, the channel pitch was set to 52.5 pm.
However, the figure shows that it varies from 25 pm to 100 pm due to inadequate stage
accuracy. Therefore, a second prototype utilizing a purpose-built nano-resolution stage

was developed.

The second fabrication station, prototype # 2, was made of three National Aperture
(MM-3M-EX-2) servo motors, and each with a working range of 60 mm and an accuracy

of 500nm. They were assembled into a specially designed rigid stage. A controller was
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Figure 3.10: Custom built 500 nm resolution 3D nanostage for d-SPL method.

developed based on the Teensy 4.0 board to drive the motors. The same scribers and sus-
pension mechanism described above were also used in this case. Custom control algorithm
was developed to address the issues and to have flexible control in the patterning process.

Optical image of the custom 3D nanostage and control setup were shown in the figure 3.10.

3.3.2 Calibration and characterization

First, the fabrication station is implemented to obtain relationship between substrate con-
tact force and depth, and width. Multiple events are carried out to acquire repeatability
and uniformity of d-SPL method. Relationship between force and depth, and width can
be found in figure 3.11 and figure 3.12 respectively. As can be seen from these figures,
an example for the creation of 5 ym width and 500 nm depth channel, 500 mN force is

required using the tungsten carbide scriber. Both figures show that depth and width of
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Figure 3.11: Force-depth relationship on a PMMA substrate.

channel increases linearly with proportional of the force applied. However increase in the
depth is greater than width since higher stress occurs towards tip patterning tool. These

events show that d-SPL method can produce the features repeatably.

The following methods were used to characterize the patterned substrates:

- A Veeco white-light profilometer was used to extract the surface profiles which were
then processed to obtain the relationships of applied force to width and depth of the

surface features.

- A Bruker Atomic Force Microscope (AFM) was deployed to obtain 3D surface to-
pography of 15 x 15pm? areas of the patterned substrates.

- A JEOL JSM-7200F Scanning Electron Microscope (SEM) was used to image the
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Figure 3.12: Force-width relationship on a PMMA substrate.

scribers tips and micro and nanowires.

- A Nikon microscope was used to acquire optical images of the finished substrates.

3.3.3 Formation of continuous and discontinuous chips

Chip formation can be divided into two categories: continuous and discontinuous chip
removal processes. Continuous chip formation is a process of shear without fracture. Only
plastic deformation occurs during this process. Discontinuous chip formation is a process of
shear with fracture. Thereby, plastic deformation and fractures occur during this process.
The chip formation type relies on the cutting conditions and the material properties of the
workpiece [78]. It is known that decrease in the rake angle or an increase in cut depth
might result in discontinuity in the chip formation. Various cutting velocity values and

with different tool shapes were investigated to understand the numerical modelling for the
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continuous chip formation in metal cutting and it was found that morphology of chip can
be influenced by the cutting parameters[79, 80]. We also experimentally observed that
cutting velocity and rake angle are to have an effect in the formation of the chip from
continuous to discontinuous formation. In the experiments, it was also observed that chips

are forming into the shape of helical curling.

3.4 Results and Discussion

3.4.1 Prototype # 1

Figure 3.13: (a) Approximately 85 channels patterned on PMMA substrate. (b) Magnified

optical images of patterns.

Prototype # 1 was used to an array of 6000 1cm-long microchannels with a pitch of
50 pm in a PMMA substrate. When it patterns the PMMA substrate, plastic deformation
and material fracture can be observed depending on the sharp edges of scriber tip. Figure

3.13(a) shows a few millimeters long eighty five channels patterned on PMMA substrate.

Uniformity and repeatability of the channels produced by d-SPL method can be seen
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Figure 3.14: (a) Closer view of the channels with scale bar 50 ym. (b) AFM image of the 15

x 15 pm? area that shows patterned groove and material flow due to plastic deformation.

in figure 3.13(b). Multiple, uniform and repeatable patterns are 1 centimeter long, and 2.5
nm wide and 600 nm deep. Figure 3.14(a) depicts magnified optical image of patterns with
scale bar of 50 p1, and figure 3.14(b) shows AFM image of a small micro scale of the pattern
in area of 15 x 15 pm?2. It can be seen from the AFM image that there is only plastic
deformation occurred in this event because the tip has one sided sharp edge, therefore the
tip created material flow on the edge of pattern. Since features are created by using the

prototype # 1, pitch between the channels are not equal due to the stage accuracy.

It is not possible to show centimeter long micro channels and all patterns under the
optical microscope because of the limit in the field of view. To be able to observe the varia-
tion in the channels, cross section profiles of one centimeter long channel in the beginning,
middle and end of the channel were measured using an AFM and the results are shown
in the figure 3.15. Tt is observed that there is a slightly (negligible) variation during one

centimeter long patterning.

When a scriber tip with sharp edges was used for the patterning, helical shaped contin-

uous PMMA chips and plastic deformation are observed. Since sharp edges creates high
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Figure 3.15: Cross section profiles of 1 cm long the nanochannels measured in the beginning,

middle and end points of the channel using an AFM.

stress on the edge of grooves that is adequate to remove the PMMA material. Regardless of
sharp edges implemented, material flow due to plastic deformation appears to always exist
in the patterning event. Figure 3.16(a) demonstrates optical image of the patterned mul-
tiple channels and PMMA chips. Figure 3.16(b) and (d) depict closer view of the channels
and the chips respectively. The figure 3.16(c) approximately 2.5 mm long helical shaped
PMMA chips. Moreover, long chips are also considered as another remarkable proof of the

uniformity and repeatability of the d-SPL method introduced here.
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Figure 3.16: (a) Optical image of channels and helical shaped PMMA chips created by
tungsten tip with sharp edges via d-SPL method. (b) closer view of the channels and the
chips. (¢) An image of 2.5 millimeter long three PMMA chips removed from PMMA. (d)

Closer views of the long chips showing details.

3.4.2 Prototype # 2

Since microplotter has an accuracy of 25 pm, it is not employed for the patterns that
require high precision control, particularly for the positive patterning. Because, positive
patterning must have the design completely isolated from the material. When the chip
is removed from the material, there should not be any skipping the surface patterning as
well as having a constant pitch as commanded. Thereby, custom built 3D stage with nano
resolution is developed and implemented for the positive and negative patterning with high
accuracy. Positive patterning is more applicable to fabrication of the electrodes with high

capacitance.

During the continuous chip removal process, micro and nano wires are formed in the

shape of the helical. Initially, 600 nm thin gold film deposited on a substrate were deployed
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Figure 3.17: Real time optical image of gold nano wires fabricated via d-SPL method

through continuous chip removal process

to remove the chips via d-SPL using the 3D nanostage. Figure 3.17 shows an optical image
taken during the real time fabrication of continuous helical chips forming gold nano wires.
SEM images of the fabricated helical gold nano wires were obtained and demonstrated in
the figure 3.18. According to the SEM characterization, the dimensions of the wire are:
600 nm thick, 10 pm wide and a few millimeters long. Then, modal analysis of the nano
wire was carried out through a non-contact measurement method using the Laser Doppler
Vibrometer (LDV). Fabricated helical shaped gold nano wire was subjected to thermal
noise excitation under the LDV and free mechanical response of the nano wire in the air
was measured over Fast Fourier Transform (FFT) domain. Figure 3.19(a) shows modal
analysis results of the gold nano wire under the thermal noise excitation. Figure 3.19(b)
shows optical image of the gold nano wire and laser spot where the FFT measurements

were obtained.
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Figure 3.18: SEM images of gold nano wire. (a) The part of uniform and millimeter long
gold nano wire. (b) Close-up view of the wire. (¢) Gold nano wire thickness and bottom

surface of the wire.

k.
B, — B

Q= (3.27)

The first five natural frequencies of the nano wire were found to be in the range of
40 kHz. Quality factor of the first natural frequency is found to be 49 using the half
bandwidth power given in the equation 3.27. Where Q is the quality factor, Fj higher

cut-off frequency and F; is the lower cut-off frequency.

The d-SPL method was then deployed to remove the chips on a PMMA substrate using
the tungsten carbide scriber. Millimeter long helical PMMA micro wires were produced.
The length of the wire can be controlled by the input command given to Teensy microcon-
troller. These wires were then coated with thin layer of silver using sputtering to make the
wires conductive and reflective. SEM images of helical silver coated PMMA micro wires

were then obtained and demonstrated in the figure 3.20. The wire dimensions are varying
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Figure 3.19: (a) Modal analysis of gold nano wire under the thermal noise. (b) Optical

image of gold nano wire and laser spot where the FF'T measurements were obtained.

from 50 to 100 pm wide and 1 to 3 pm thick depending on the initially defined tip-substrate
contact force. As it can be noticed from the figure 3.20, some of these wires can withstand
as suspended helical beam. The modal analysis of these micro wires were also carried
out. The wires subjected to thermal noise excitation and the free mechanical response of
these micro wires in the air was measured over FF'T domain using the LDV. Figure 3.21(a)
shows modal analysis of the silver coated PMMA micro wire. Figure 3.21(b) shows optical
image of the silver coated PMMA wire and laser spot where the FFT measurements were
obtained. The first five natural frequencies measured are below 30 kHz. The quality factor

of the first peak was found to be about 50.
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Figure 3.20: SEM images of silver coated PMMA micro wires.

3.5 Summary

We demonstrated a novel, benchtop, and low-cost, micro and nano fabrication method
dubbed dynamic scanning probe lithography method (d-SPL). It employs a scriber mount-
ed to a 3D nanostage and supported by a spring-damper suspension mechanism to fab-
ricate centimeter long uniform nanoscale surface patterns in seconds. The spring in the
support mechanism alleviates problems arising from misalignment between the scriber and
surface from surface topography by allowing the scriber tip to move up and down and reg-
ulates (minimizes) variations in the spring-surface contact force, thereby creating a flexible
working distance. The damper absorbs the scriber residual vibrations due to external dis-
turbances and micro-impacts between the scriber tip and surface asperities. As a result,
d-SPL can handle both atomically flat as well as rough substrate surfaces as long as their
roughness are within the system working distance. The mechanism also helps to reduce

scriber tip wear and failure.

The method enables rapid fabrication of long micro and nanochannels. Combined with
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Figure 3.21: (a) Modal analysis of the silver coated PMMA micro wire under the thermal

noise. (b) Optical image of the wire and laser spot where the FFT measurements were

obtained.

polymer casting techniques, it can be used to create both positive and negative surface
features. The d-SPL method produced features in 2.5 pm wide, 600 nm deep 1 centimeter

long. Feature dimensions can be controlled by scriber contact force and scriber tip size.

Using the d-SPL method, micro and nano wires can be also fabricated through con-
tinuous chip removal process. Some wires were observed to stand as suspended beam and
they were characterized and their frequency response was measured using the LDV. It was
experimentally found that these wires have quality factors about 50. Nano wires produced

via d-SPL are 600 nm thick and can be as long as 5 millimeter.

To fundamentally understand mechanical behavior of the d-SPL method, an analytical

model was developed to explain the functioning principle of the d-SPL as well as its safe
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operation conditions and limitations. Small micrometer scale chattering in patterning was

also observed for the first time, which was also validated through experiments.
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Chapter 4

Triboelectric Energy Harvesters

In this chapter, d-SPL method has been deployed for rapid and low-cost surface modifica-
tion of the triboelectric films. Nano Grooves (NGs) and nano triangular prisms (NTPs)
were created on the negative triboelectric film to increase the effective contact area and

thereby enhancing the output power of the TENGs.

We also developed an electromechanical analytical model to fully understand fundamen-
tal behavior of the TENG device and to design low-frequency and wide-band triboelectric
energy harvesters. The results obtained from the model then were validated through ex-

periments.

4.1 Introduction

Demand for distributed electrical power has seen a significant growth as Internet of Things
applications come to market creating demand for dense sensor networks made of many

millions of nodes [31, 82]. Localized power supply is an attractive approach to power those
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networks, which is driving a search for new power supply modalities. Waste mechanical
vibrations is a promising distributed power source readily available in many environments
[83-86].

Waste vibrations have been converted into electrical energy using piezoelectric [37],
electromagnetic [33] and electrostatic nanogenerators [89]. All of these methods are po-
tentially clean, highly efficient and environment friendly [90]. A new type of electrostat-
ic nanogenerators, triboelectric nanogenerators (TENGs), were introduced in 2012 [91].
TENGs convert mechanical vibrations into electrical energy by exploiting the triboelectric
effect to provide the voltage source necessary for electrostatic induction [92-91]. Upon
separation of a metallic and a dielectric film, the metal loses electrons becoming positive-
ly charged while the dielectric gains electrons becoming negatively charged [95, 96]. The
two charged films serve as a voltage source within a variable capacitor [97]. In turn, the
capacitor drives current between its plates as they move with respect to each other under

the influence of mechanical vibrations [95].

TENGSs can provide a power density in the range of mW /cm? sufficient to power many
autonomous sensor nodes and other self-powered portable electronic devices [99-101]. A va-
riety of materials with opposite polarity have been implemented in TENGs to improve their
efficiency, particularly polytetrafluoroethylene (PTFE) and poly-dimethylsiloxane (PDM-
S) are frequently chosen as negative triboelectric material due to their high tendency to

receive electrons [102—104].

The output power of TENGs has also been enhanced by creating nanostructured tribo-
electric surfaces, thereby increasing the contact area between the two triboelectric films.
This allows more freely moving electrons to leave the metallic film to the dielectric film
resulting in a higher voltage drop between the two films and increasing the output power

of TENG [105-107]. Two classes of fabrication methods have been adopted to achieve this
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goal. The first creates those structures using oxides, by etching of TiOy nanowires and
nano-sheets into Ti films [108], chemical synthesize of SiOy nanoparticles on SiOy films
[109], and growing of ZnO nanorods on indium tin oxide (ITO) films [110], or metals, by
etching of gold flowers into gold films [ 11]. The second creates nano-features, such as
PDMS nanopillars [112], PDMS triangular pyramids, and PDMS triangular ridges [111],
by molding polymers using standard imprint lithography (SIL).

Currently, the creation of those nano-features requires use of cleanroom facilities, for
electrochemcial deposition [113, 114] or standard soft lithography [115], thereby imposing
cost and access barriers on TENGs technology. Alternatively, available low-cost and rapid
fabrication methods such as COy laser ablation method are not able to produce features
less than 50 pm which limits the maximum surface area, in turn power generation. In this
study, we employ a novel and low cost bench-top d-SPL method to fabricate micro and
nano features. The method allows us to introduce massive arrays of one centimeter long
nano grooves (NGs) and nano triangular prisms (NTPs) on a Poly(methyl methacrylate)
(PMMA) substrate. It employs a micro-resolution 3D stage equipped with a micro-sized
tip via a spring-damper system. In total, twelve thousand NGs and NTPs are patterned on
a 6 x 5cm? PMMA substrate, which is then used as a mold to transfer those features into
PDMS substrates using spin coating. The fabricated PDMS films serve as the negative
triboelectric layer while aluminum (Al) foil is used as the positive triboelectric layer. The
output power of the fabricated TENG is compared to that of an identical TENG made
using a flat surface PDMS layer. Some of these triboelectric materials are shown in the

figure 4.1.
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Figure 4.1: List of positive and negative some triboelectric materials.

4.2 Working Principle

Figure 4.2 shows a schematic of the harvesting elements and their interaction throughout
the harvesting cycle. The TENGs generates an alternating current as the external (host)
vibrations cycle the harvesting elements through contact and separation states and the
TENG undergoes the corresponding triboelectrification and electrostatic induction stages.
Initially, the two electrodes are neutral and separate from each other. Under external vibra-
tions, the top Al electrode and PDMS film come into contact. At this point, triboelectric

charge generation begins as electrons are injected from Al to PDMS.

As separation begins, the top plate moves upward under the influence of the springs
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Initial state

Figure 4.2: (a) Initial state and no mechanical force applied. (b) Al foil and thin PDMS
film are brought into contact by applying external force. (¢) Withdrawing the force results
in a separation, and electrons began to move from bottom electrode to top electrode, an

AC current flows forward through a connected wire due to potential difference between

electrodes.

to electrostatic induction. (e) After reapplying the force and approaching the contact,

PDMS
Al

Separation Begins

(d) All positive triboelectric charges are screened to bottom electrode due

electrons are screened back to bottom electrode as a result of the induction.
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restoring force acting against the internal electric field between the charges distributed
on the two triboelectric surfaces. As a result, electrons flow from the bottom (negative)
electrode to the top (positive) electrode under the influence of electrostatic induction be-
tween the PDMS film on the bottom electrode. This process terminates when the top plate
reaches maximum separation distance. As it reverses direction and approaches the bottom
plate, current flows in the reverse direction as electrons flow from the top electrode under
the influence of the electrostatic induction of the PDMS film on it to the bottom electrode.

The cycle terminates with the triboelectric films coming back into contact.

4.3 Analytical Model

J_ ----- Z(t)

Al PDMS

Figure 4.3: A schematic to model triboelectric nanogenerators.

Mahmoud et al. [L16] introduced an analytical model for out-of-plane electrostatic

micro-power generators (MPGs). They present a coupled electromechanical model for
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wide-band and low-frequency energy harvesters. Bendame et al. [38] developed an impact
based electromagnetic vibration energy harvester and validated a piecewise-linear model
for it. An electrical model for contact mode triboelectric nanogenerators (TENGs) was
introduced by Niu et al [95]. They also presented an analytical relationship between a
resistive load and output power. Building on the model by Bendame et al. [38], Ibrahim
et al [117] presented a coupled electromechanical model for triboelectric energy harvesters.
The does not account completely for the electrostatic force. Therefore, it is useful to

develop of complete and consistent model for TENGs.

Herein, we developed an analytical model for wide-band and low-frequency TENGs
since vibrations in the environment are predominantly less than 10 Hz. Figure 4.3 shows
a schematic for contact mode of TENGs. We define the relative displacement between the

lower surface of sprung (inertial) mass m electrode and the base as

2(t) = x(t) —y(t) (4.1)

where z(t) is absolute displacement of the sprung mass and y(¢) is absolute displacement

of the base. The potential difference between them can be written as:

where Fy and FEs are electrical fields in the dielectric film and the air gap, respectively and

h is the undeformed thickness of the PDMS film. The fields F; and Es are given by [97]

—q
E. = 4.3
! €0, A (43)
—q+ Ao
Fy=— "~ 4.4
2 o (4.4)

where A is the contact area, €y and €, are the permittivity of air and relative permittivity of

PDMS film, respectively, hy is the gap between the PDMS surface and the top electrode,
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and hg is the thickness of the fully compressed PDMS. The charge on the electrodes is
dubbed as g whereas the density of the negative charge distribution on the PDMS surface
is dubbed o.

Substituting Eqs. (4.3) and (4.4) into Eq. (4.2) yields

_ g+ A
9 p 4 —4tAa0

V pr—
€o€, A €A

(z—h) (4.5)

If the top and bottom electrodes are connected through a resistor. Voltage across a resistor

can be written as:

dgq
V=IR=-2R 4.6
Setting equations (4.5) and (4.6) equal to each other yields
dq . —q h o
— =q= — —h —(z—h 4.7
dt q ReoA(er + (2 )) + Reg (2 ) (4.7)

The TENG variable capacitor is made of two capacitors connected in series. A capacitor
C5 between the top electrode and the PDMS surface and a capacitor C'; between the PDMS
surface and the bottom electrode. When the TENG is in non-contact, their individual

capacitances are given by:

r€0A

0, = &% (4.8)
h

EQA
C, = 4.9
T 2—h (4.9)

and their total capacitance is calculated as:

€ocr A
O — ) 4.10
h+¢€.(z—h) (4.10)

The electrostatic force between the parallel-plates of this capacitor can be derived by

applying Castigliano 's theorem to the electrostatic potential as:

q2
F,=— 4.11
26014 ( )
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When the TENG is in contact, its variable capacitor is made of a single capacitor
filled with the PDMS layer under compression between the two electrodes. The potential

difference can then be written as:

Substituting Eq. (4.3) into Eq. (4.12) yields

—q
= 4.1
Vv eoeTAZ (4.13)

Setting equations (4.13) and (4.6) equal to each other yields

. q
=— 4.14
4 ReoeTAZ ( )

The TENG variable capacitor during the contact is given by:

r€0A
C =% (4.15)
z
and electrostatic force is found as:
2
q
F =— 4.16
2¢06, A ( )
The equation of motion for the sprung mass m can be written as:
mz=—F,— F;— F,—mj (4.17)

F is the net force of the springs acting on the mass and Fj is the damping force.

The coupled electromechanical system is composed of the equation of motion of the

sprung mass given in Eq. (4.17), and the current equation through the resistive load

—q h o
L4+ (z—h))+Z=(z—h z>h
q.: RE()A(ET ( )) Reo( ) (418)

_ q
RE()ETAZ z S h
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Figure 4.4: Phase portraits of (a) the displacement-velocity and (b) the velocity-charge
of the TENG for a base acceleration with a, = 0.3g and €2 = 6 Hz, and the resistor
R =79 MQ.

The net spring forces can be expressed as:

.

ki(z —h — hs) z>h

Fo=Ski(z—h—h) —ky(z—h) ho<z<h

kl(Z—h—hs)—kg(Z—h)+k3Z Zgho

(
where h + hg is the length of the support springs while the mass is at the equilibrium
position, k; is the effective stiffness of the springs, ko is the linear stiffness of the PDMS
layer, and k3 is the stiffness of the fully compressed PDMS layer stiffness.

The damping forces can be expressed as

1% z>h
Fy; =

C12 + 9223 2<h
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where ¢; is a linear viscous damping coefficient and ¢, is a nonlinear damping coefficient

representing energy losses due to impact and viscoelasticity during contact.

Electrostatic forces can be expressed as

2

F,= -1 z>h
2e0 A
F = o
. _ _ 9
Fe - 2eper A & S h

The couple electromechanical model can be expressed in piecewise form as follows:

)
mE = —ky(z — h— hy) — c12 + 500 — mij
h<z = 0

(0= rma(E+(z—h)+ g (== h)

;
2

mz = —]{}1(2{ —h— hs) + k:2(z - h) - 012‘: - 02222 + QEgerA - my

ho<z<h =

S q
q= Reosy.Az

\

(
2

mE=—ki(z = h—hg) + k(2 = h) = ksgz — c12 — 22?5 + 3L — mjj

Sy q
\q _ RéoﬁrAZ

The electromechanical system was solved numerically in Mathematica using a shooting
method to obtain the steady-state response. The system response was simulated under the
harmonic base excitation

i(t) = a, cos(2t)
where a, and €2 are the amplitude and frequency of base acceleration. The system param-

eters used in the simulations are listed in Table 4.1.

The behavior of the TENG was further explored by plotting the phase portraits of

system, namely the phase portrait of the mechanical subsystem (displacement-velocity),
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Figure 4.5: The simulated steady-state relative displacement of the sprung mass z(t)(red
line) and charge ¢(t) generated (blue line) through the resistor R = 1 MQ (a), and the
resistor R = 79MQ (b), over 4 excitation periods under a base acceleration with an am-

plitude and frequency of a, = 0.3g and f = 6 Hz.

figure 4.4(a), and that of the electromechanical subsystem (velocity-charge), figure 4.4(b).
The contact phase of the TENG can be seen in the phase portrait of the mechanical
subsystem. During the contact mode, The displacement of the sprung mass does not
change as its velocity changes. The charge was found to be minimum when velocity of the

sprung mass is approximately 50 mm/s.

The steady-state response to a base acceleration with an amplitude and frequency of
a, = 0.3g and f = 6 Hz is shown for using a harvesting resistor of R = 1M, figure 4.5 (a)
and the resistor of R = 79 MQ figure 4.5 (b). The displacement of the sprung mass with
respect to the base z(t) is shown as a red line over 47", where T' = 1/f is the excitation
period. The associated capacitor charge ¢(t), shown as a blue line, reaches a maximum of
Gmae = 610C. Contact occurs when the displacement (red line) drops below the green line

demarcating the undeformed thickness of the PDMS layer h.
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Table 4.1: List of the parameters used to numerically obtain frequency response curve of

TENG.
Parameter symbol (unit) value
Mass m (kg) 0.110
Linear damping coefficient ¢; (N.s/m) 2.04
Nonlinear (contact) damping coefficient | co (N.s/m) 10
Effective stiffness of the springs k; (N/m) 159
Linear stiffness of PDMS ky (N/m) 6700
Stiffness of fully compressed PDMS ks (N/m) 41760
Gap between PDMS and top electrode h, (mm) 3.85
Permittivity of air € (F.m™!) | 8.85x 10712
Area of PDMS A (cm?) 30
Relative permittivity of PDMS € 2.35
Thickness of PDMS h (pm) 420
Surface charge density o (nC/m?) 2.15
Resistor R () 79 x 106

The penetration depth of the sprung mass into the PDMS layer is h— 2z = 100 pm. This
is the lowest point in the mass travel downward, beyond which it reverses direction. The
capacitor charge reaches a value of ¢(t) & 0 during contact for a resistive load of R = 1 M,
figure 4.5 (a). However, the charge reaches a minimum value of ¢(t) & 2.2nC for a resistive
load of R = 79 MS). The phase delay of the charge with respect to displacement is negligible
for R = 1 Mf). It increases with R in proportion to discharge circuit time constant 7 = RC'

and reaches ¢ = 0.3°, figure 4.5(b), for a resistive load of R = 79 M.

The capacitor charge ¢(t) settles to a maximum value over an extended interval centered
around maximum separation for both value of resistors, which indicates that all electrons
created during contact were swept from bottom electrode to top electrode. This also

indicates that the interval within the harvesting cycle where displacement is in that range
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Figure 4.6: The simulated relative displacement z(t) (red line) of the sprung mass and
current ¢(t) (blue line) through (a) a resistor R = 1M and (b) a resistor R = 79 MQ,
over 4 excitation periods under a base acceleration with an amplitude and frequency of

a, = 0.3g and f = 6Hz.

(2(t) < 6mm) of negligible value to energy harvesting. Further work should be directed
and finding ways to minimize this interval without compromising the overall performance

of the TENG.

The simulated current ¢(¢) through the harvesting resistors was evaluated as the deriva-
tive of the charge with respect to time. It is shown in figure 4.6 as a blue line in conjunction
with the mass displacement (red line). The peak-to-peak current was found to be ¢,, ~ 3.7
nA for a resistive load of R = 1 M¢(). It appears over a short interval centered around con-
tact as shown in figure 4.6(a). The peak-to-peak current was found to be ¢,, ~ 700 nA
for a resistive load of R = 79 MQ as shown figure 4.6(b). The negative current peak ap-
pears during contact while the positive peak appears during the separation. Separation
beginning point of the parallel plates might differ because of the time delay resulted from

a resistive load of R = 79 M(2, as shown in figure 4.6.
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Figure 4.7: The simulated relative displacement z(t) (red line) of the sprung mass and
electrostatic force F,(blue line), through the resistor R = 1 M2 (a), and the resistor R =
T9MSQ (b), over 4 excitation periods under a base acceleration with an amplitude and

frequency of a, = 0.3g and f = 6 Hz.

The model was also used to investigate the relationship between the electrostatic force
F, and displacement of the sprung mass z(t). The results are shown in figure 4.7. The maxi-
mum electrostatic force (blue line) between the capacitor plates (red line) F, ~ 0.75mN oc-
curs during separation over an interval centered around maximum separation for R = 1 M2
and R = 79 MS). Minimum electrostatic force occurs during contact at maximum penetra-
tion point for both resistors. It is noted that the electrostatic force does not drop to zero
during the contact for larger resistive loads. For example, for a resistive load of R = 79 M(,

the electrostatic force drops to a minimum of F, ~ 0.75 uN as shown in figure 4.7(b).

The frequency response curve of the TENG is important tool to maximize harvesting
of waste mechanical energy from the environment. It was evaluated experimentally under
a base acceleration with an amplitude of a, = 0.3 g over the frequency range Q2 = [4,9] Hz
in increasing steps of 0.25 Hz. The resistive load was set to R = 79 M(2. The output RMS

voltage of the TENG was measured using an oscilloscope at each step. It was also simulated
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Figure 4.8: Comparison between the simulated and experimental frequency-response curves

of the TENG under base acceleration excitation with an amplitude of a, = 0.3 g.

under same conditions except that frequency range was set to Q = [3,9] Hz and step to
0.1Hz. The results obtained from the model (blue line) are compared to those obtained
from the experiment (red line) in the figure 4.8. The results show that the model is in
good agreement with experimental results. The TENG can harvest the mechanical energy

over a wide and low-frequency range between 4.5 and 6.7 Hz. Maximum RMS voltage was

Frequency (Hz)

found to be 8 V at approximately 6.4 Hz.
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4.4 Experimental Methods

4.4.1 Fabrication of nano-structured films

The fabrication method employs a micro scale needle (scriber) mounted to a micro-resolution
3D stage (Prototype # 1) via a spring-damper suspension mechanism. As the needle tra-
verses the polymeric substrate surface, non-uniformity in the morphology of the substrate
surface and external vibrations (disturbances) generate time-variation in the magnitude
and direction of the contact force, which in turn leads to needle tip vibrations. The spring-
damper suspension mechanism acts to dissipate those vibrations and stabilizes the contact
force, thereby generating uniform features in the substrate. An optical camera equipped
with an 6x objective lens and 2x optical magnifier is attached to the stage to monitor the
patterning process. Figure 4.9(a) shows the fabrication setup used to pattern the PMMA

substrate.

The desired pattern and a constant contact force are defined in an interface software
SonoGuide [77] which translates it into a 3D trajectory written in machine language. The
controller of the micro-stage follows that trajectory as it traverses the needle tip over
the substrate surface while tracking the process using the optical camera. Upon first
contact, the of Z-axis actuator commands a displacement resulting in the tip penetrating

the substrate surface with an average displacement of h(t).

The feature dimensions, width and depth, are controlled by varying the substrate tip
contact force while feature length is commanded by the micro-stage set to desired value.
The sharpness of the needle (scriber) tip, and the hardness of the substrate determine
whether patterning results in plastic deformations or chip removal processes. In this case,

the contact force and the needle tip orientation with respect to the trajectory were cali-
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Figure 4.9: Optical image of experimental setup showing spring and damper assisted pat-
terning process on a PMMA substrate (a). Six thousand array for both NGs and NTPs
fabricated on the substrate in the area of 6 x 5 cm? (b). PDMS spin coating onto the
substrate mold to transfer those features (c¢). Curing process for the coated PDMS (d).
Peeling-off PDMS from the mold (e). The cross section profile shows small part of NGs
and NTPs transferred to PDMS (f).
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brated to only plastically deform the PMMA substrate. As the deformation created NGs
in the surface, the material flowing out of them created NTPs on their edges resulting in
the simultaneous creation of two nano features in a single patterning event. The dual nano
features increase the effective surface contact area, thus enhancing triboelectricity. The
patterned PMMA substrate, shown in figure 4.9(b), exhibiting an array of 6,000 and one
centimeter long NGs and NTPs, is then used as a mold to cast PDMS films.

The PDMS base and its curing agent are mixed at a weight ratio of 5:1 and spin coated
on the PMMA mold, figure 4.9(c). The mold and cast PDMS, figure 4.9(d), are placed for
5 minutes on a hot-plate for curing at 80° C. Multiple spin coating and curing cycles are
undertaken to reach a thickness of 420 pm. The PDMS film is then peeled off from the
mold and surface patterns are shown schematically in figure 4.9(e). After the peeling it
off, reversal structures are observed on the PDMS as expected. The surface topography of
the fabricated PDMS film was measured using an atomic force microscope (Bruker AFM).
Figure 4.9(f) shows the cross-sectional profile of the NG and NTP on the fabricated PDMS
film. The bases of the NGs and NTPs were was measured to be 2.5 pym wide and their

apexes were measured to be 600 nm high.

4.4.2 Fabrication of TENGs

The TENG consists of structural support elements and triboelectric harvesting elements.
The former includes two backbone PMMA plates, 8 x8 cm? in area and 0.87 cm in thickness,
to provide structural support and an an inertial energy to harvesting mass. Four linear
guides, 60 mm long and 3.2 mm in diameter steel rods, are placed at the four corners of the
plates to maintain alignment between the plates as they oscillate against each other under

host vibrations. Four concentric steel springs, 24 mm long with outer diameter of 4.8 mm,
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inner diameter of 4.5 mm, and equivalent spring stiffness of 159 N/m, are housed around
the linear guides to maintain separation between the plates. A 6 x 5cm? PMMA stage is
attached to the bottom backbone plate using double-sided tape to control the capacitive
gap. The harvesting elements are the PDMS film and two Al foil films, all with identical

planar dimensions to the stage.

4.4.3 Setup and characterization

Al
PDMS

L3
1
oo
L] -

Figure 4.10: Experimental setup for the TENG.

Surface topography pictures of the fabricated mold and PDMS film are produced using

an optical microscope and atomic force microscopy (Nikon Inverted Microscope, and Bruker
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AFM respectively). Shaker is excited by an amplifier (LABWORKS pa-138) and it is
controlled by a vibration controller (VR9500 Revolution) by receiving a feedback from
an accelerometer attached to the shaker. The output voltage of the TENG is measured
by using a Oscilloscope (Tektronix-TDS2004C) with a probe input impedance of R =
79 MQ). Lastly, the short-circuit current of the TENG is measured using a low noise current
amplifier (SRS Stanford Research Systems-SR570 Pre-amplifier). An image of experimental
setup for TENG is shown in the figure 4.10.

4.5 Results and Discussions

Conventional low-cost fabrication methods are not applicable to produce features less than
50 pm, which disables further improvement in effective contact area, in turn, output power
of TENGs. However, d-SPL fabrication method provides high resolution in surface pat-
terning, thereby introducing a larger number of nano and micro features in a given area.
The method is deployed to pattern centimeter long nano features including nano grooves
and nano triangle prisms on PMMA substrate. When the sharp tip patterns the surface
of PMMA, the deformation creates NGs in the surface, the material flowing out of them
creates NTPs on their edges resulting in the simultaneous creation of two nano features
in a single patterning event. The dual nano features increase the effective surface contact
area. Figure 4.11(a) shows optical microscope images of uniformly patterned 2.5 pm wide
and 600 nm deep and 1 cm long pairs of NGs and NTPs. The area shown, 4 x 3 mm?,
exhibits 85 pairs of NGs and NTPs. A close-up view of the patterns in an 0.75 x 0.565 mm?
area of is shown in Figure 4.11(b), and an AFM image of the plastically deformed NGs
and flown NTPs, in the area of 15 x 15 pm? is shown in Figure 4.11(c). The AFM image

distinctly illustrates the both nano groove and plastically deformed material flow (nano
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Figure 4.11: (a) A microscopic image of an array made of 85 pairs of NGs and NTPs in
a 4 x 3mm? area. (b) A close-up microscopic image of a 750 x 565 pm? area. (c¢) AFM
image of the NGs and NTPs in a 0.75 x 0.565 mm? area illustrating plastic deformation

and material flow.

triangular prism) on the edge of groove.

Increase in contact area due to the nano structures crated via the d-SPL method cannot
be produced by conventional rapid fabrication methods. For instance, CO4 laser engraving
method can produce maximum fifteen microchannels in the area of 4 x 3 mm? (channel
length: 4mm), and considering resolution of the laser and spacing between channels is 100
pm. Thus, further increase in contact area is limited to the resolution of laser engraving
method. However, the d-SPL improves the number of the structures produced on the mold
in the order of two magnitudes more than the laser engraving. The d-SPL method is also
capable of producing the nano structures, thereby significantly increasing the number of

fabricated structures in a given area.

The figure 4.12(a) and (b) shows flat and nano structured PMMA molds that are used
to cast and to obtain flat and nano structured PDMS. Nano structured PMMA mold via
d-SPL method includes six thousands of 2.5 pm wide, 600 nm deep, and 1 cm long NGs

and exact same amount of NTPs structures on it. Figure 4.12(c) shows a optical image of
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Figure 4.12: (a) Image of flat PMMA mold. (b) Image of nano structured PMMA mold
including six thousands of one centimeter long NGs and NTPs. (c¢) Optical microscope
image of the patterned mold. (d) Output voltage of flat PDMS and structured PDMS.
(e) Output of short circuit current for flat and nano structured PDMS. (f) Different color

LEDs connected in series when TENG is off. (g) Image of LEDs when when TENG is on.
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structured patterns for the area of 4 x 3 mm?.
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Figure 4.13: Charging the different size of capacitors directly connected to output of TENG
employing nano structured PDMS.

PDMS including twelve thousands nano structures in total have been utilized as neg-
ative triboelectric material and compared to flat PDMS with under the same conditions.
It is found that nano structured PDMS significantly improves output power of TENGs.
The figure 4.12(d) depicts a comparison between output voltage of the TENGs deploy-
ing structured and flat surface PDMS using R = 79 MQ) input impedance oscilloscope
probe. TENGs using the structured PDMS produces 1200 voltage peak-to-peak while it
remains 400 voltage peak-to-peak for flat PDMS. Also, figure 4.12(e) presents AC short
circuit current comparison between TENGs employing nano structured and flat PDMS.
AC current generated by TENGs employing the structured PDMS is measured to be 200
nA peak-to-peak while it is only 40 pA peak-to-peak for flat PDMS.

Uniformly and low costly fabricated NGs and NTPs on the PDMS increases effective
total contact area of the TENGs, thereby improving the output power. Also, NTPs are
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Figure 4.14: Output voltage and current response of TENG employing nano structured

PDMS across a variable resistor.

bending during contact, which leads to sliding friction between PDMS and Al film. The
friction force removes extra electrons on Al, which results in generation of more charges

transferred to PDMS, therefore enabling further enhancement in output power of TENG.

A bridge rectifier consisting of four diodes are employed to output of TENG for con-
version of alternating current (AC) to direct current (DC), then its output is connected to
one hundred eighty different color LEDs in series. The figure 4.12(f) and (g) demonstrates
images of LEDs when TENGs is off and on respectively. TENGs with NTPs and NGs can
directly lit up a hundred eighty different color LEDs without charging a capacitor. How-
ever, TENGs with flat PDMS can only lit up sixty seven LEDs. Also, after the rectifying
output of the TENG, output voltage of different size of capacitors ranging from 0.1 nF to
4.7 nF was measured. A schematic for charging the capacitor and experimental results of

its output voltage versus time are shown in the figure 4.13.
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Figure 4.15: An output power comparison between flat and structured PDMS.

Voltage and current outputs of TENGs across a variable resistor are also measured and
shown in the figure 4.14. The maximum voltage is measured to be 1350 voltage peak-to-
peak through a resistive load of R = 150 M2 and short circuit current is measured to be

220 pA peak-to-peak through a resistive load of R = 50 2.

Output power of the TENGs across a resistor is shown in the figure 4.15. Results show
enhancement in the output power of TENG employing nano structured PDMS compared
to TENG employing the flat PDMS. Instantaneous output power of the TENG employing
flat PDMS is maximum of 2.2 mW at a resistive load of R = 1.5 M{2. The output power of
TENG employing nano structured PDMS reaches to maximum of 12.2 mW at a resistive

load of R = 1.5 M. The power is increased six fold by introducing the NTPs and NGs on

its surface.
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4.6 Summary

A coupled electromechanical model was developed to better understand fundamental be-
havior of the triboelectric energy harvesters. Then the model was deployed to design wide
and low-frequency energy harvester prototypes to be able to harvest the most of free me-
chanical vibrations in the environment less than 10 Hz. The proposed prototype TENG
can harvest the maximum mechanical energy in range between 4 and 7 Hz under base
excitation with an amplitude of a, = 0.3 g. Harvested maximum RMS voltage was found

to be 8 V at the frequency of 6.5 Hz.

The d-SPL method has been also successfully deployed for rapid and low-cost surface
modification of the triboelectric films. Nano Grooves and nano triangular prisms were
created on the negative triboelectric film to increase the effective contact area, thereby
enhancing the output power of the TENGs. We showed that the output power of the nano-
structured TENG using the d-SPL method is significantly more than that of a TENG using
a flat PDMS, at 12.2 mW compared to 2.2 mW, under the same operating conditions.
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Chapter 5

Nanoscale Circuits

In this chapter, demonstration of the d-SPL for fabrication of nanoscale thin circuits is
demonstrated. First, d-SPL method was used to fabricate conductive electrodes on the
flexible and rigid substrates. Then, the d-SPL method was deployed to demonstrate for

fabrication of back-gated graphene field effect transistors.

5.1 Introduction

Patterning of nanoscale thin metal films has attracted tremendous attention due to their
potential use in fabrication of field effect transistors (FETs) [L18]. Various fabrication
methods have been employed in fabrication of FETs including standard lithography and
inject printing [119]. Lithographic methods achieve high resolution using mask processes,
but they are complicated and expensive [36]. Inject printing methods reduce the com-
plexity and cost of fabrication but their resolution still needs improvement to increase the

FETs” mobility, and sensitivity for bio applications [120]. Conventional scanning probe
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lithography methods succeeded in reducing costs and alleviated need for vacuum while
enabling high resolution fabrication [65, , |. However, they are very slow, requiring
a feedback mechanism and limited to very small surface patterning area. We demonstrate
here, a novel, low-cost, benchtop, and direct metal surface patterning method that can
operate over large areas with a high velocity of 1 mm/s. Using the second fabrication
stage prototype #2, and positive patterning method described in chapter 3 was employed
for the direct nanoscale thin metal film patterning process. First, patterning of the metal
film on the polymeric based flexible substrate was demonstrated. Then nano metal thin
films deposited on silicon wafer (rigid) was patterned into interdigitated electrodes forming
source and drain of the transistor. Then graphene was deposited between source and drain

to create the channel using a microplotter.

5.2 Fabrication

5.2.1 Circuits on flexible substrates

First, the bio-compatible and flexible Kapton film was placed on the silicon wafer providing
structural support during the whole fabrication process. Then silver (Ag™) nanoparticle
ink with the viscosity of 24 ¢P is spin coated onto the Kapton film with 700 rpm to obtain
homogeneously thin layer of the silver. Later, the thin silver ink is pre-sintered on a
hotplate at 120 °C for 20 minutes to ensure its suitability and stability for the patterning
process. Prototype #2 (custom built 3D nanostage) is then used with positive patterning
method to fabricate desired pattern on the substrate. Nanoscale thin silver film is removed
through chip removal process until complete isolation of the design electrodes standing on

the substrate. A needle made of stainless steel was used for the patterning of the silver.
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Figure 5.1: Electrodes fabricated on flexible substrate Kapton film.

Skipping a patterning step due to accuracy of the stages might result in failure of the
fabrication process. Sintering is processed at 120 °C for 2 hours to have high conductivity

for the patterned silver nanoparticle film.

Figure 5.1 shows fabricated silver electrodes on flexible and bio-compatible Kapton film.
As it can be observed from the figure, the electrodes are completely isolated from bulk of
silver by d-SPL method using positive patterning. Dark area in the figure corresponds the
Kapton film surface as the white area is the silver film. Removed silver chips were also

shown in the figure. Chips left on the device can be removed by applying compressed air.

5.2.2 Circuits on rigid substrates

Nanoscale thin silver film on silicon wafer was directly patterned using the second fabrica-

tion stage prototype #2 and positive patterning.
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P doped Silicon wafer Silicon dioxide Silver

Figure 5.2: Fabrication flow process of back-gated graphene FET. (a) Commercially avail-
able substrate: P* doped silicon wafer has oxidation layer on its top. (b) Silver coating
on the substrate using the sputtering. (c¢) Removing the silver and leaving the conductive

parts of interest. (d) A drop cast of the graphene placed between source and drain.

Fabrication process flow for FET is shown in Figure 5.2. Commercially available p™
doped silicon wafer with 285 nm thick SiO, layer is supplied and used as a substrate.
It was then coated with 120 nm thick silver layer using the sputtering. The silver layer
was patterned into interdigitated electrodes that form the source and drain of the FET
using blood draw needle (stainless steel scriber). During the real time fabrication, optical
image of the interdigitated electrode and its pad was obtained using the an optical camera

monitoring the process, and it is depicted in the figure 5.3.

To complete the fabrication of back-gated graphene field effect transistors, deposition
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Figure 5.3: Optical image taken during real time fabrication process of interdigitated

electrodes.

of the graphene between source and drain is a necessary step. The standard resolution of
the prototype #1 is 5 pm along the z-axis and 25 pm for the two in-plane axes. While the
planar resolution of the microplotter is adequate for deposition purposes, its vertical (z-
axis) resolution is inadequate to prevent the tip and device failure. Placement errors along
the z-axis can crash the pipette tip into interdigitated electrode. Therefore, the nanostage
was integrated with the microplotter to improve the z-axis resolution. A hierarchical
approach is adopted for z-axis positioning. It uses the microplotter for coarse positioning
and the nanostage for fine positioning. The nanostage is driven by a DFRobot quad DC

motor shield and it is controlled by a Teensy 4.0 development board.

An ethylene glycol-graphene mixture was deposited between the source and drain using
the first fabrication stage prototype #1 (microplotter) to form the channel and allowed
to dry naturally. First, graphene powder is mixed with ethylene glycol at weight ratio
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Microplotter

Figure 5.4: Deposition setup employed for transfer of the graphene between source and

drain electrodes to create channel.

of 1:10. A drop of the mixture was placed on the glass with syringe pipette to form
the solution well. The camera is equipped with a 6X lens and a 2X optical amplifier to
enhance visualization. The camera is focused on the glass pipette which has diamter of
30 nm. Position of the source and drain interdigitated electrode and solution well are
obtained and saved in the memory of the microplotter controller before the deposition
process. Deposition commences with microplotter bringing the tip of the pipette into the
well, thereby driving the solution into the pipette through capillary force. The pipette
is then commanded to a pre-saved target positions in the vicinity of the interdigitated
electrodes where it comes to stop without the tip coming into contact with surface. The
nanostage controller takes charge of commanding the fine positioning steps until the tip
reaches its target. After contacting the surface of the interdigitated electrode, the solution

is released via surface tension. This process is repeated multiple times to reach desired
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deposition of graphene between the electrodes. A typical picture of the deposition setup is

shown in figure 5.4.

5.3 Characterization

First, the fabricated interdigitated electrode was optically inspected and a microscope

image of the fabricated interdigitated electrode is shown in the figure 5.5.

100 pm

Figure 5.5: An optical image of the interdigitated electrode forming source and drain.

Also an optical surface profiler was used to measure surface topography of the fabri-
cated interdigitated electrodes and demonstrated in the figure 5.6. Thickness of the silver
interdigitated electrodes was found to be approximately 120 nm. After the deposition of
the graphene, Keysight b2902a Source Measure Unit (SMU) was implemented to obtain
IV characteristics of the fabricated FET using the Quick IV measurement software. A
schematic of the experimental characterization setup of the back-gated graphene FET was
demonstrated in the figure 5.7. Two probes are landed to pads of the interdigitated elec-
trodes and they are deployed as source and drain terminals of the FET. P* doped silicon

wafer was deployed as back gate of the FET. A constant DC current applied to the drain
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Figure 5.6: Optical profiler image of the fabricated interdigitated electrode using the d-
SPL.

while gate voltage was swept. Current flowing from source to drain was then measured

using the SMU.

5.4 Results and Discussion

Using d-SPL method, direct patterning of the silver on Kapton film was successfully demon-
strated. Discontinuous chip removal process of the silver was observed during the whole
process. Since stainless steel tip is much harder than Kapton film, there was also patterning
occurred on the Kapton film. As the thickness of silver coated on the Kapton film increas-
es, more chips are required to remove for isolation of the electrodes. This might cause
complexity in surface-contact force and position of the tip, thereby leading to nonuniform
surface patterning. Resolution of the patterning depends on two criteria: tip-substrate

contact force and tip size of the scriber tool.

Moreover, the source and drain fabrication of back-gated graphene FET were achieved
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Figure 5.7: A schematic for characterization setup of the back-gated graphene FET.

in a 120 nm silver layer exhibiting a channel length of 20 pm via d-SPL. Interdigitated
electrodes and deposition of the graphene was demonstrated in the figure 5.8. Five different
DC voltage values ranging from 0 to 0.28 V was applied to drain terminal of the FET while
sweeping the gate voltage from -1 to 1 V. Drain-source current measurement was found to

be increasing between 0 and -1 V gate voltage as it is vice versa between 0 and 1 V.

100 pm

Figure 5.8: An microscope image of the deposited graphene between interdigitated elec-

trodes.
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Figure 5.9: Characteristic I-V curves of the transistor for five values of the drain-source

voltage difference Vds.

Experimental results of the back-gated graphene FET fabricated via d-SPL was demon-
strated in the figure 5.9. The IV curves of the fabricated FETSs show high carrier mobility
and I,,/I,s; ratio on the order of 10%. Drain-source (Ids) current was found to be between
16 mA and 30 mA which shows that equivalent resistance including contact resistance
between graphene and interdigitated electrodes (source-drain), and graphene channel re-

sistance is very low.

Deposition of the graphene using the microplotter is found to be promising since the
graphene deposition comes as a final step in fabrication flow process. However, fabrication
step of graphene FET using conventional lithographic methods comes before the deposi-

tion of the source and drain electrodes, thereby graphene is exposed to other deposition
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steps and it might cause an increase in contact resistance between the graphene and the

electrodes. This problem was vanished by deposition of the graphene as a final step.

5.5 Summary

Direct patterning of nanoscale thin silver films on flexible and rigid substrates was success-
fully demonstrated via implementation of the d-SPL method. The d-SPL enabled uniform,
direct and rapid metal patterning with a velocity of 1 mm/s which is two orders of mag-
nitude faster than conventional scanning probe lithography methods. Complex structures
like interdigitated electrodes with 10 pm spacing could be straightforwardly fabricated vi-
a d-SPL without use of expensive equipment in cleanroom. Deposition of the graphene
between source and drain interdigitated electrodes was also successfully demonstrated to
create the channel. Deposition of the graphene using the microplotter is found to be
promising since the graphene deposition comes as a final step in fabrication flow process,
thus not exposing it to prefabrication steps, which in turn, minimizes oxidation of the
graphene during the fabrication of FET. Back-gated graphene FET fabricated via d-SPL

shows high carrier mobility and I,,/I,s; ratio on the order of 10°.
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Chapter 6

Conclusions and Future Work

6.1 Conclusions

We introduced dynamic Scanning Probe Lithography (d-SPL). A novel, low-cost, rapid, and

benchtop fabrication method that does not require vacuum while offering unique features:

Micro to nano scale thickness resolution with potential for angstrom scale.

Centimeter long uniform patterning in seconds.

Applicability to a wide range of materials.

High throughput.

This method owes its distinctive abilities to a spring-damper suspension connecting a
sharp scriber tip to a programmable 3D nano-resolution stage. The suspension mechanism

enables the scriber to move up and down, thereby creating an adaptive working distance
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without a need for complicated feedback systems. It compensates for variations in surface

contact force, thus produces long and uniform surface patterns.

Using the d-SPL method, micro and nano wires can be fabricated through a continuous
chip removal process. Some of these wires were observed to stand as suspended beams
and were characterized under the thermal noise excitation. Their frequency response was
measured using the LDV. It was experimentally found that these wires have a quality
factor of 50. To fundamentally understand the d-SPL method, an analytical model was
developed to investigate the operating principle and its limitations. It was found that
chatter develops as patterning speed and cut width increase. The model was validated
through experiments. In the process, micro-scale chatter was observed in patterning for

the first time.

The d-SPL method was deployed for rapid and uniform surface modification of the
triboelectric films. Nano Grooves (NGs) and nano triangular prisms (NTPs) were created
on a negative triboelectric film to increase the effective contact area, thereby enhance
the output power of the TENGs. We showed that the output power of TENGs nano
structured using d-SPL is significantly more than that of a TENG using flat PDMS, at
12.2 mW compared to 2.2 mW.

To better understand behavior of triboelectric energy harvesters, a coupled analytical
electromechanical model was developed. The model was deployed to design and build low-
frequency and wide-band energy harvesters that can harvest environmental vibrations at
frequencies below 10 Hz. We experimentally showed that the proposed TENG prototypes
can harvest the energy in a wide and low-frequency range between 4 and 7 Hz. The
maximum RMS voltage was found to be 8 V at 0.3 g and 6.5 Hz. The model was validated

by comparing those experimental results to its predictions.
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Direct patterning of nanoscale thin silver films on flexible and rigid substrates was
successfully demonstrated via the d-SPL method. It enabled direct and rapid patterning of
uniform metal features with a velocity of 1 mm/s which is at least two orders-of-magnitude
faster than conventional scanning probe lithography methods. Interdigitated electrodes
with 10 pm spacing were straightforwardly fabricated without use of expensive equipment

or cleanroom.

Deposition of graphene between a source and a drain made of these interdigitated
electrodes was successfully demonstrated, thereby creating the channel for a nano scale
FET. Deposition of graphene using a microplotter was found to be a promising method for
FET fabrication since it does not expose the channel graphene to subsequent fabrication
steps. The back-gated graphene FET fabricated via d-SPL method shows high carrier

mobility and an I,,/I,s; ratio on the order of 10°.

6.2 Future Work

Continuation of this dissertation in future are summarized as follows:

e The d-SPL method can be employed for direct surface patterning and fabrication
of back-gated field effect transistors on PCB substrates. This would enable direct

fabrication of transistors on PCB and further scaling down of the circuits.

e Back-gated graphene field effect transistor can be implemented as bio and chemical
sensors such as gas sensor. This step would require polymer functionalization and

use of deposition method developed in this dissertation.

e Uniform and long micro and nano wires can be produced and they can be imple-

mented as pressure sensors.
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e Since the deposition of the graphene between source and drain electrodes comes
as final step, contact resistance between graphene and source-drain electrodes can
be further studied to understand how mobility of the transistor changes with this

fabrication method.

e Analytical model developed for triboelectric energy harvesters will be further studied
to gain a deeper understanding of the system’s behavior and its nonlinearity via

investigating impacting and non-impacting branches of frequency response curve.
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Appendix A

Programming of nano 3D stage

A.1 Using Arduino Software and Teensyduino Inter-

face

Custom built 3D nanostage was driven via Teensy microcontroller. All programming and
algorithm flow was coded using Arduino software then uploaded to the controller by an
Teensyduino interface. A design of an interest was drawn and Gerber files (G code computer
numerical control programming language) was obtained and then sent to Processing 3

software, which sends commands to the controller to drive 3D nanostage for fabrication.

A.2 From Arduino Script Line

All rights reserved, thereby some part of the programming developed to drive custom built

nano 3D stage is copied here.
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#define LINE_BUFFER_LENGTH 512

const int E1 = 3;

const int M1 = 4;
const int E2 = 11;
const int M2 = 12;

const int E3 = 5;

const int M3 = 8;

int EncoderAX=1;

int EncoderBX=2;

int EncoderAY=9;

int EncoderBY=14;

int EncoderAZ=0;

int EncoderBZ=6;

int ReverseLimitX=A1;

int ReverseLimitY=A2;

int ReverselLimitZ=A3;

int dirx;

int diry;

int dirz;

float TipDownPosition;
float TipSafePosition=800;
/**xkxkkglobal variablexkskkx/
//counters variables
double Xpos;

double Ypos;
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double Zpos;

int XalastState;

int XaState;

int YalLastState;

int YaState;

int ZalastState;

int ZaState;

int homeSpeedX=50;

int homeSpeedY=50;

int homeSpeedZ=50;

int scale=1;

boolean verbose = false;
boolean displacementNotdone=true;
int current_commandeG=100;
float speedX;

float speedV;

float countX;

struct point {

float x;

float y;

float z;

float f;7};

void setup() {
Serial.begin( 9600 );
pinMode (M1, QUTPUT);
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pinMode (E1, OUTPUT);

pinMode (M2, OUTPUT);

pinMode (E2, OUTPUT);

pinMode (M3, OUTPUT);

pinMode (E3, OUTPUT);

pinMode (EncoderAX, INPUT) ;
pinMode (EncoderBX, INPUT) ;
pinMode (EncoderBX, INPUT) ;
pinMode (EncoderBY, INPUT) ;
pinMode (EncoderAZ, INPUT) ;
pinMode (EncoderBZ, INPUT) ;
pinMode (ReverseLimitX, INPUT) ;
pinMode (ReverseLimitY, INPUT) ;
pinMode (ReverseLimitZ, INPUT) ;

XaLastState = digitalRead(EncoderAX);
YalastState = digitalRead(EncoderAY);
ZalastState = digitalRead(EncoderAZ);
Xpos=0;
Ypos=0;
Zpos=0;

attachInterrupt(digitalPinToInterrupt (EncoderAX), countx, CHANGE);
attachInterrupt(digitalPinToInterrupt (EncoderAY), county, CHANGE);
attachInterrupt(digitalPinToInterrupt (EncoderAZ), countz, CHANGE);}
void countx(){

XaState = digitalRead(EncoderAX);
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if (XaState != XaLastState){

if (digitalRead(EncoderBX) != XaState) {
Xpos=Xpos+0.248045 ;

} else {

Xpos= Xpos-0.248045 ;1}}

XaLastState = XaState;}

void county(){

YaState = digitalRead(EncoderAY);

if (YaState != YalastState){

if (digitalRead(EncoderBY) != YaState) {
Ypos=Ypos+0.99609 ;

} else {

Ypos= Ypos-0.99609 ;}}

YaLastState = YaState;}

void countz(){

ZaState = digitalRead(EncoderAZ);

if (ZaState != ZaLlastState){

if (digitalRead(EncoderBZ) != ZaState) {
Zpos=Zpos-0.248045 ;

} else {

Zpos= Zpos+0.248045 ;}}

ZalastState = ZaState;}

void drawlineX(float newx, float SpeedX){
int value;

float dx=newx-Xpos;
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boolean displacementNotdone=true;
float 1i;

int dirmotorx;

int dirmotory;
Serial.print("dx=");
Serial.println(dx);

dx>= 07dirx=1:dirx=-1;

if (dirx>0){

dirmotorx=L0OW;

}else {dirmotorx=HIGH;}

while (displacementNotdone){

dirx >= 07dx=newx-Xpos:dx=-newx+Xpos;
PWMX (SpeedX ,dirmotorx) ;

if (analogRead(ReverselLimitY)==0 || analogRead(ReverseLimitX)==0){
digitalWrite(M2,HIGH) ;
analogWrite(E2, 0);
digitalWrite(M1,HIGH) ;
analogWrite(E1l, 0);
digitalWrite(M3,HIGH) ;
analogWrite(E3, 0);
displacementNotdone=false; 1}

if (dx<50){ SpeedX=60;}

else if (dx<200)

{ SpeedX=60;}

else if (dx<250)
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{ SpeedX=60;%

{ SpeedX=60;}

else { SpeedX=SpeedX;}

//  Serial.print("SpeedX=");
//Serial.println(SpeedX);

if (dx<=0 ){

analogWrite(E1l, 0);
//digitalWrite(M2,HIGH);
//analogWrite(E2, 0);
displacementNotdone=false;}}
displacementNotdone=true;}
void drawlineY(float newy, float SpeedY){
int value;

double b;

double slope;

float dy=newy-Ypos;

boolean displacementdoneY=true;
float i;

int dirmotory;

dy>= 07diry=1:diry=-1;

if (diry>0){

dirmotory=L0OW;

telse {dirmotory=HIGH;?}
Serial.print("dy: ");

Serial.println(dy);
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while (displacementdoneY){
diry >= 07dy=newy-Ypos:dy=-newy+Ypos;
PWMY (SpeedY,dirmotory) ;

if (analogRead(ReverseLimitY)==0 || analogRead(ReverseLimitX)==0){
digitalWrite(M2,HIGH) ;
analogWrite(E2, 0);
digitalWrite(M1,HIGH) ;
analogWrite(E1l, 0);
digitalWrite(M3,HIGH) ;
analogWrite(E3, 0);
displacementdoneY=false;?}
if (dy<130){ SpeedY¥=58;}
else if (dy<250)

{ SpeedY=59;}

else if (dy<500)

{ SpeedY=59;}

else { SpeedY=SpeedY;?}

if (dy<=0 ){
digitalWrite(M2,HIGH) ;
analogWrite(E2, 0);
displacementdoneY=false;}}
displacementdoneY=true;
Serial.print("Ypos: ");
Serial.println(Ypos);}

void drawlineXY(float newx, float SpeedX, float newy, float SpeedY){
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int value;

double b;

double Aslope;

double Tslope;

double ErrorY;

double ErrorX;

float dx=newx-Xpos;
float dy=newy-Ypos;
float Xposi=Xpos;
float Yposi=Ypos;
boolean displacementNotdoneX=true;
boolean displacementNotdoneY=true;
float 1i;

double Slopeerror;

int dirmotorx;

int dirmotory;
Serial.print("dy=");
Serial.println(dy);
Serial.print("dx=");
Serial.println(dx);
dx>= 07dirx=1:dirx=-1;
dy>= 07diry=1:diry=-1;
if (dirx>0){
dirmotorx=L0OW;

Yelse {dirmotorx=HIGH;}
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if (diry>0){

dirmotory=L0OW;

}else {dirmotory=HIGH;}

diry >= 07dy=newy-Ypos:dy=-newy+Ypos;
while (displacementNotdoneX){

dirx >= 07dx=newx-Xpos:dx=-newx+Xpos;
if (analogRead(ReverselLimitY)==0 || analogRead(ReverseLimitX)==0){
digitalWrite(M2,HIGH) ;
analogWrite(E2, 0);
digitalWrite(M1,HIGH) ;
analogWrite(E1l, 0);
digitalWrite(M3,HIGH) ;
analogWrite(E3, 0);
displacementNotdoneX=false;

return;}

PWMX (SpeedX, dirmotorx);

if (dx<130){ SpeedX=55;}

else if (dx<250)

{ SpeedX=55;%}

else if (dx<500)

{ SpeedX=55;}

else { SpeedX=SpeedX;?}

if (dx<=0 ){

digitalWrite(M1,HIGH) ;

analogWrite(E1l, 0);
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// digitalWrite(M2,HIGH);

// analogWrite(E2, 0);
displacementNotdoneX=false;}}
while (displacementNotdoneY){
diry >= 07dy=newy-Ypos:dy=-newy+Ypos;
if (analogRead(ReverselLimitY)==0 || analogRead(ReverseLimitX)==0){
digitalWrite(M2,HIGH) ;
analogWrite(E2, 0);
digitalWrite(M1,HIGH) ;
analogWrite(E1l, 0);
digitalWrite(M3,HIGH) ;
analogWrite(E3, 0);
displacementNotdoneY=false;
return;}

PWMY (SpeedY, dirmotory);

if (dy<130){ SpeedY=57;}
else if (dy<250)

{ SpeedY=59;}

else if (dy<500)

{ SpeedY=59;}

else { SpeedY=SpeedY;?}

if (dy<=0 ){

analogWrite(E2, 0);}}
displacementNotdoneY=true;

displacementNotdoneX=true;}
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void drawlineZ(float newz, float SpeedZ){

int dirmotorz;

int dzdir;

int dz;

displacementNotdone=true;

if (Zpos>TipDownPosition){dzdir==
(-Zpos+(TipDownPosition-TipSafePosition));} else
{dzdir=(Zpos-(TipDownPosition-TipSafePosition));}
Serial.print("SpeedZ=");

if (newz>=0 and Zpos<(TipDownPosition-TipSafePosition)){

dirmotorz=L0W;

SpeedZ=75;

telse if(newz>=0 and Zpos>(TipDownPosition-TipSafePosition)){

dirmotorz=HIGH;

SpeedZ=75;}

else if (newz<0 and Zpos<(TipDownPosition-TipSafePosition)){

dirmotorz=L0OW;

SpeedZ=75;}

else if (newz<0 and Zpos>(TipDownPosition-TipSafePosition)){
dirmotorz=L0OW;

SpeedZ=75;}

while (displacementNotdone){//while the displament is not done
if

(newz>=0) {dzdir>=07dz=(Zpos- (TipDownPosition-TipSafePosition))://

dz=(-Zpos+(TipDownPosition-TipSafePosition)) ;}
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else {dz=-Zpos+TipDownPosition;}
if (analogRead(ReverseLimitY)==0 || analogRead(ReverseLimitX)==0){
digitalWrite(M2,HIGH) ;
analogWrite(E2, 0);
digitalWrite(M1,HIGH);
analogWrite(E1l, 0);
digitalWrite(M3,HIGH) ;
analogWrite(E3, 0);
displacementNotdone=false;
return;}

PWMZ (SpeedZ, dirmotorz);

if (dz<150){ SpeedZ=75;}

else if (dz<300)

{ SpeedZ=75;}

else { SpeedZ=SpeedZ;}

if (dz<0){

digitalWrite(M3,L0OW);
analogWrite(E3, 0); //PWM Speed Control
displacementNotdone=false;}}

// displacementNotdone=true;}
void Home_pos(){

bool Homepos=true;

int homeSpeedX=100;

int homeSpeedY=100;

int homeSpeedZ=150;
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int counter=0;

if (analogRead(ReverselLimitZ)!=0){
while (counter<200){

if (analogRead(ReverseLimitZ)==0){
digitalWrite(M3,L0OW) ;
analogWrite(E3, 0);

Yelse {

digitalWrite(M3,HIGH);
analogWrite(E3, homeSpeedZ); 1}
delay(10);

counter++;}}

while (Homepos){

delay(100);

if (analogRead(ReverseLimitX)==0 and analogRead(ReverseLimitY)==0
and analogRead(ReverseLimitZ)==0 ){
Homepos=false; }

if (analogRead(ReverseLimitX)==0 ){
homeSpeedX=0;

}else {homeSpeedX=150;}

//check Y HomePosition and set speed motor 0
if (analogRead(ReverselLimitY)==0){
homeSpeedY=0;

}telse {homeSpeedY=150;}

if (analogRead(ReverselLimitZ)==0){

homeSpeedZ=0;

130



}else {homeSpeedZ=150;}
digitalWrite(M2,HIGH) ;
analogWrite(E2, homeSpeedY) ;
digitalWrite(M1,HIGH) ;
analogWrite(E1l, homeSpeedX);
digitalWrite(M3,HIGH) ;
analogWrite(E3, homeSpeedZ) ;
void RelativeX(float newx){
float SpeedX=60;

boolean displacementdoneX=true;
float SpeedY=5b0;

float relativespeed=100;
float dx;

float dirx;

float dirmotorx;

newx>= 07dirx=1:dirx=-1;

if (dirx>0){

dirmotorx=L0W;

}else {dirmotorx=HIGH;}
Serial.print("newx=");
Serial.println(newx) ;

while (displacementdoneX){
if ( newx >0) {dx=newx-Xpos;l}else {dx=-newx+Xpos;}
PWMX (SpeedX,dirmotorx) ;

if (analogRead(ReverseLimitY)==0 || analogRead(ReverseLimitX)==0){
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digitalWrite(M2,HIGH) ;
analogWrite(E2, 0);
digitalWrite(M1,HIGH) ;
analogWrite(E1l, 0);
digitalWrite(M3,HIGH) ;
analogWrite(E3, 0);
displacementdoneX=false; }
// Serial.print("dx=");
//Serial.println(dx);

if (dx<75){ SpeedX=50;2}
else if (dx<300)

{ SpeedX=57;}

else { SpeedX=SpeedX;}

if (dx<=0 ){
digitalWrite(M1,HIGH) ;
analogWrite(E1, 0);
Serial.print ("Xpos=");
Serial.println(Xpos);

// digitalWrite(M2,HIGH);
// analogWrite(E2, 0);
displacementdoneX=false;}}
displacementdoneX=true;
Xpos=0; }

void RelativeY(float newy){

boolean displacementdoneY=true;
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float SpeedY=50;

float relativespeed=100;
float dy;

float diry;

float dirmotory;

newy>= 07diry=1:diry=-1;
if (diry>0){
dirmotory=L0OW;

telse {dirmotory=HIGH;?}
while (displacementdoneY){
if ( newy >0) {dy=newy-Ypos;}else {dy=-newy+Ypos;}
PWMY (SpeedY,dirmotory) ;

if (analogRead(ReverselLimitY)==0 || analogRead(ReverseLimitX)==0) {
digitalWrite(M2,HIGH) ;
analogWrite(E2, 0);
digitalWrite(M1,HIGH) ;
analogWrite(El, 0);
digitalWrite(M3,HIGH);
analogWrite(E3, 0);
displacementdoneY=false;}
else {SpeedY=SpeedY;}

if (dy<200){ SpeedY¥=57;}
else if (dy<500)

{ SpeedY=59;}

else { SpeedY=SpeedY;?}
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if (dy<=0 ){

digitalWrite (M2,HIGH) ;

analogWrite(E2, 0);

displacementdoneY=false;}} displacementdoneY=true;
delay (400);

Ypos=0;}

void RelativeZ(float newz){

boolean displacementdoneZ=true;

float SpeedZ=65;

float dz;

float dirz;

float dirmotorz;

newz>= 07dirz=1:dirz=-1;

if (dirz>0){

dirmotorz=L0W;

Yelse {dirmotorz=HIGH;}

while (displacementdoneZ){

if ( newz >0) {dz=newz-Zpos;}else {dz=-newz+Zpos;}
PWMZ (SpeedZ,dirmotorz) ;

if (analogRead(ReverseLimitY)==

| | analogRead(ReverselLimitX)==0 || analogRead(ReverselLimitZ)==0) {
digitalWrite(M2,HIGH);

analogWrite(E2, 0);

digitalWrite(M1,HIGH) ;

analogWrite(E1l, 0);
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digitalWrite(M3,HIGH) ;
analogWrite(E3, 0);
displacementdoneZ=false;?}

if (dz<75){ SpeedZ=75;}

else if (dz<300)

{ SpeedZ=75;}

else { SpeedZ=SpeedZ;?}

if (dz<=0 ){

digitalWrite(M3,HIGH) ;

analogWrite(E3, 0);
displacementdoneZ=false;?}

if (analogRead(ReverselLimitZ)==0){
digitalWrite(M3,L0OW);

analogWrite(E3, 0); }}
displacementdoneZ=true;

delay(400);

Serial.print("Zpos=");
Serial.println(Zpos);

Zpos=0; }

void PWMX(int SpeedX, int dirmotorx){
digitalWrite(M1,dirmotorx);
analogWrite(E1l, SpeedX); //PWM Speed Control }
void PWMY(int SpeedY, int dirmotory){
digitalWrite(M2, dirmotory);

analogWrite(E2, SpeedY); //PWM Speed Control
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void PWMZ(float SpeedZ, float dirmotorz){

digitalWrite(M3, dirmotorz);

analogWrite(E3, SpeedZ); } //PWM Speed Control }

void PWMXY(int SpeedX, int dirmotorx, int SpeedY, int dirmotory ){
digitalWrite(M1,dirmotorx);

analogWrite(El, SpeedX); //PWM Speed Control
digitalWrite(M2,dirmotory) ;

analogWrite(E2, SpeedY); //PWM Speed Control

+}
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