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Abstract

With the rapid progress of science and technology, the concept of the Internet of Things
(IoT) has gained significant prominence. The field of wearable electronics has become
an essential part of the Internet of Things (IoT) and has sparked a great deal of curiosity
and thorough investigation. The basic fabrication technical core of electronic devices
on untraditional flexible and stretchable substrates largely relies on patterning
techniques. Traditional methods of patterning, such as photolithography, electron beam
lithography (EBL), and nanoimprinting lithography (NIL), serve as effective
instruments in creating high-resolution integrated circuits on semiconductor substrates.
However, they are not suitable for the direct patterning process on flexible substrates
due to various problems including rough surfaces with low wettability, poor resistance
to chemical solvents, and unstable to thermal treatment. In just the past few decades,
miscellaneous advanced patterning techniques have been proposed to satisfy the
requirements of fabricating electronic devices with different materials on arbitrary
substrates, including transfer printing, 3D printing, inject printing and so on. However,
there is still no one patterning technique that could satisfy most of the applications while
achieving a great balance in the aspects of resolution, throughput and cost.

Recently, electrochemical replication and transfer (ERT), an advanced patterning
technique had evolved. By combining the traditional patterning methods with the
electroplating process, the high-resolution pattern could be easily replicated and peeled

off by a UV-curable binder. The electrodeposited pattern could be therefore transferred



to various flexible substrates like fibers, papers, and polymers. Furthermore, it could
achieve a great balance between resolution, throughput and cost. However, the
fabrication of nanoscale patterns is still a challenge. The fabrication of stretchable
electronics and the construction of 3D structures have not been demonstrated. Therefore,
to tackle the challenges and enhance the capability of ERT, various modifications to the
template and binder material were proposed in this thesis. The applicability and
potential applications of each template were demonstrated.

Firstly, a thin layer of SiO2 was added to the original Si substrate which has the same
thickness as the Au pattern in the following thermal evaporation process. By combining
the photolithography and drying etching methods, the Au pattern could be embedded
into the SiO2 layer and protected by it. Therefore, during the next electrodeposition
process, the target materials will only be deposited onto the up surface of the Au pattern.
The adhesion force between the Au pattern and the target materials will be greatly
reduced because of the decreasing contact area. This SiOz-protecting template could be
efficient in improving the robustness of the Au template and the resolution limits of
ERT. Nanoscale patterns with various materials reaching sub-100 nm could be
successfully fabricated with this template.

Secondly, the rigid UV-curable binder was replaced by a PVA solution. After drying,
the PVA layer could serve as a strong adhesion layer to peel off and transfer the
electrodeposited pattern. It is still applicable for large-area transfer of various materials

patterns. Additionally, the dissolvability of the PVA layer allows an arbitrary transfer of



the replicated pattern to any substrates including hard surfaces, curved surfaces and
stretchable substrates. The production of diverse stretchable electronic devices was
showcased.

Thirdly, through conducting photolithography and drying etching process on a SiO2/Si
substrate, a 3D patterned Si template with different aspect ratios could be successfully
fabricated. The electroplating process will be directly conducted on the Si substrate
without deposition of the Au pattern. Instead of using PFDT, a silylating reagent will
be used to conduct the surface modification of the template to minimise the interfacial
adhesion force between the template and the electrodeposited substances. Both
continuous and isolated patterns with different aspect ratios could be replicated and
transferred to flexible substrates. Additionally, the growth of the target materials will
be restricted to the 3D groove area, which mitigates the diminution of the resolution of
the replicated pattern attributable to the isotropic deposition inherent in the
electroplating process. This 3D architecture presents a significant advantage in the
production of transparent electrodes.

Finally, we investigated the application prospect of ERT in the field of energy and
biomedical engineering. Taking the fabrication of triboelectric nanogenerator (TENG)
electrodes by ERT as an example, we conceived the idea of setting up the production
line of ERT and characterize the performance of the devices in the view of
electrochemical performance, stability and flexibility. The potential consumption of

energy and money was evaluated using LCA in the aspect of sustainable production.



We also explored the biocompatibility of electrodes fabricated by ERT and showed the
relating application of an electronic bandage in accelerating wound recovery.

In summary, this work focuses on the shortcomings of the original ERT methods, and
proposed target improvements for each challenge through modification of the template
and binder material. The applicability of each modification was detailly studied, and
the related applications were demonstrated. The improved ERT method has great
potential in the large-scale fabrication of diverse wearable electronic apparatuses and

become an indispensable part of patterning techniques in the near future.
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Chapter 1: Introduction
1.1 Background and Challenges

Flexible and stretchable electronics have broadened the horizon for unconventional
applications, presenting a plethora of possibilities, such as wearable electronics[1-3],
biosensors[4, 5], and optical devices[6, 7]. Patterning technology is crucial in the
manufacturing process of the circuits for the devices applied in these areas. Traditional
patterning technologies such as photolithography[8], electron beam lithography[9], and
nanoimprinting lithography[10] have undergone significant improvements over the
years, particularly in the aspect of resolution[11]. However, these technologies are not
only expensive and inefficient in throughput, but also unsuitable for the emerging
applications mentioned above which require conducting of patterning process on
unconventional substrates[12].

Conventional lithography techniques like photolithography are incompatible with the
direct patterning process on flexible substrates due to issues like rough surfaces with
low wettability, poor resistance to chemical solvents, and thermal instability[13]. To
address this, advanced patterning techniques such as transfer printing[14-17], inject
printing[18, 19], 3D printing[20, 21], and soft lithography[22, 23] have been developed.
Yet, achieving patterns possess the characteristics of high-resolution and high-aspect
ratio simultaneous on these flexible substrates using existing technologies remains a

challenge, especially considering commercial requirements for high throughput and



low cost[12, 24, 25].

In our previous work, we introduced a novel additive patterning technology named
electrochemical replication and transfer (ERT), which allows for the repeatable and
parallel fabrication of multi-scale patterns on flexible and stretchable substrates at the
same time[26]. The ERT method uses a gold (Au) patterned template fabricated by
conventional lithography techniques for the electrodeposition of target materials. The
Au template is pre-treated with 1H,1H,2H,2H-perfluorodecanethiol (PFDT) solution to
establish a self-assembled monolayer (SAM) which reduces the adhesion force between
the Au template and the target materials during the following electrodeposition process.
This allows the target materials pattern to be easily transferred to flexible substrates by
a binder layer, without damaging the template. Thus, ERT strikes a great balance
between resolution, throughput, and cost.

However, being a newly developed method, ERT still has several limitations. Firstly,
while the resolution limits of the electro-replicated pattern are, in theory, solely
constrained by the original template, which should be capable of achieving several
nanometers, fabricating nanoscale patterns using ERT remains a challenge in the aspect
of protecting the template. Secondly, the ultraviolet (UV)-curable binder used in ERT
is arigid polymer binder, which is non-stretchable, limiting its application in stretchable
electronics. Thirdly, the replicated pattern is embedded in the binder layer, although
improving the flexibility of the devices, it also restricts its use in some applications

requiring three-dimensional structures such as metasurfaces[27], wearable sensors[28],



tissue engineering[29], and energy harvesting and storage[30]. Lastly, the resolution of
the fabricated pattern may decrease over time due to the isotropic growth of
electroplated materials. Therefore, further research on ERT is needed to address these

issues and expand its application in the fabrication of flexible electronics.

1.2 Research Objectives

To confront the aforementioned challenges associated with ERT, this research project

focuses on the modification of the template structure and the binder material used in

ERT to realize the improvement of ERT and expand its influence in flexible electronics.

The research objectives of this research are delineated in detail as follows:

(1) To design and develop a new structure of the Au patterned template with an
embedded structure for the fabrication of nanoscale patterns.

(2) To replace the rigid binder with another dissolvable material and realize the
manufacturing of stretchable electronic devices.

(3) To design and develop a new structure of the bare Si substrate with a 3D structure
pattern for the fabrication of 3D patterns and study the related applications.

(4) To investigate the potential applications of ERT including designing the production
lines for mass manufacturing of triboelectric nanogenerator electrodes and

evaluating the value of ERT in green production and biomedical engineering.



1.3 Research Originality

The patterning technique is crucial in the fabrication of wearable electronics. ERT, a
potent patterning method, can fabricate diverse material patterns on a variety of flexible
substrates, achieving an excellent balance between resolution, throughput, and cost.
However, it has limitations, including the fabrication of nanoscale patterns, stretchable
electronics, and 3D structure patterns. The potential for mass and green production
remains unexplored. We designed and fabricated templates with varying structures to
address these challenges and replaced binders with different materials. We also
proposed design ideas for production lines of ERT for mass manufacturing and
evaluated its potential in green production.

Initially, we added an extra 30 nm thick layer of SiO2 to the original Si substrate.
Photolithography and dry etching were performed on the SiO2/Si substrate before the
thermal vapour deposition of the Au pattern, which is also 30 nm thick. Consequently,
the Au pattern is embedded into the SiO2 layer, with only the upper surface exposed.
During the subsequent electroplating process, the target materials are deposited solely
on the upper surface of the Au pattern. This SiO2-protecting structure template
significantly enhances the durability of the template and extends the resolution
limitation of ERT to the nanoscale.

Next, we replaced the UV-curable binder NOA 63 used in ERT with a polyvinyl alcohol
(PVA) water solution. The adhesion force of the PVA binder is strong enough to detach

the intended material pattern from the Au template. The dissolvability of PVA also
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facilitates the clean transfer of the replicated pattern to any substrate, including hard
surfaces, curved surfaces, and stretchable substrates. This makes it suitable for various
stretchable electronics, such as stretchable conductors and supercapacitors.
Additionally, we used a 3D structure template for the electroplating process during ERT.
The 3D Si template with a SiO2-protected surface can be fabricated through a simple
photolithography and inductively coupled plasma (ICP) etching process, without
additional Au deposition on the patterned template. The growth of conductive materials
is selectively proceeding on the exposed Si surface during the electrodeposition process,
replicating the 3D structure patterns on the template. Using the photocurable binder
NOA 63, we can quickly peel off the 3D structure patterns of different materials. This
3D template can fabricate both continuous and isolated patterns with different
conductive materials, with the highest aspect ratio reaching 4:1. The resulting 3D
patterns also maintain the flexibility and reliability of ERT-fabricated devices.

Lastly, we conceptualized a production line for ERT, taking the manufacturing of
triboelectric nanogenerator (TENG) electrodes as an example. We characterized the
efficacy of the TENG devices fabricated by ERT including electrochemical
performance, flexibility, and stability. We evaluated the potential energy and cost
consumption in real production through PLC and proved that the ERT fabrication
process is environment-friendly and highly efficient. Furthermore, the potential
application in biomedical engineering of ERT has also been proved through the

evaluation of an implantable electrical stimulation device.



1.4 Outline of the Thesis

The thesis is structured as follows:

Chapter 1 provides a succinct introduction to the background of the patterning
technique and the evolution of ERT, outlining its challenges. It then presents the
objectives and originality of this research project.

Chapter 2 offers a review of the progression of various patterning methods,
encompassing both traditional and recently proposed advanced techniques. It includes
a thorough comparison of these methods with ERT, focusing on resolution, throughput,
and cost.

Chapter 3 encapsulates the methodologies employed in this research, detailing the
materials, fabrication processes, and characterization equipment used.

Chapter 4 details the fabrication process of the SiO2-protecting template for ERT,
demonstrating its applicability in creating nanoscale patterns with different materials
and substrates, and its potential for large-scale fabrication.

Chapter 5 explores the function of substituting UV-curable binders with water-
dissolvable PVA binders, demonstrating its applicability to various materials and
substrates, including stretchable substrates. It also proposes the fabrication of various
stretchable electronics.

Chapter 6 investigates the fabrication of a 3D structure of Si substrates for creating 3D



patterns using ERT. It showcases the advantages of 3D-ERT in maintaining resolution
and constructing 3D structure electrodes, as evidenced by the application of flexible
transparent electrodes and pressure sensors.

Chapter 7 proposes the idea of establishing an ERT production line for fabricating
TENG devices and assesses the potential energy consumption and cost in the context
of sustainable ERT production. The application prospect in the field of biomedical
engineering has also been proven.

Chapter 8 concludes the research and discusses future research directions for ERT and

other advanced patterning techniques, offering insights and suggestions.



Chapter 2 Literature Review of Patterning Techniques

for Flexible Electronic Devices

In this era of technological explosion, we are heavily reliant on the utilization of
electronic instruments and the Internet. The rise of the Internet of Things (IoT), which
integrates physical objects into network platforms to help humans sense the world,
reflects our evolving relationship with digital technology[31]. This shift has sparked
intense debate about wearable electronic devices, which is a key component of [oT. The
implementation of IoT requires the collection and exchange of diverse signals and data
via the Internet. Wearable electronic devices play a vital role in monitoring and
collecting data between physical objects and the human body[1, 3, 32-34].

Unlike traditional rigid electronics, wearable devices must be flexible or even
stretchable, conforming to human skin or clothing. The deformation of the human body
can range from 5% to 30% across different body regions, which also represents the limit
of human skin[35]. This necessitates additional requirements for circuits, devices, and
substrates that carry electrical components[36]. While it is feasible to find flexible,
stretchable, and biocompatible materials for substrates, the real challenge lies in
achieving the flexibility and stretchability of integrated circuits (ICs) and electrical
components, while maintaining superior performance and long-term stability, to realize
the integration of devices and substrates[37].

The fabrication of wearable electronics primarily involves the creation of ICs, which

connect various electronic components and enable different functions. Patterning
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techniques are crucial in this process, as they can create and fabricate different circuit
patterns onto target substrates. In the traditional semiconductor industry, commercial
products are produced via a sequence of procedures encompassing photolithography,
etching, deposition, cleaning, encapsulation, and testing, typically conducted on a
silicon wafer[38]. This process is complex, costly, and potentially harmful due to the
use of various chemicals[31]. While silicon wafers and metals could withstand the
corrosion caused by these chemicals, things may be greatly different for flexible and
stretchable substrates. These substrates, usually composed of polymers or fibers, can
easily corrode or dissolve during the fabrication process[39]. The uneven surface of
these substrates also brings tackles in maintaining resolution, negatively impacting
electrical performance[40].

When evaluating the suitability of a patterning method for the fabrication of flexible
electronics, three key factors must be considered: resolution, throughput, and cost[41].
Achieving a balance between these three aspects remains a challenge for all lithography
methods. This chapter will provide a detailed overview of various conventional
patterning methods, including photolithography, and discuss their pros and cons in the
context of flexible electronics. It will also present a comprehensive literature review of
emerging patterning techniques that have significantly improved flexible electronic
devices. Finally, it will introduce a novel patterning method, called electrochemical
replication and transfer (ERT), which can fabricate a range of metal, polymer, and metal

oxide patterns on diverse flexible substrates, providing high throughput and cost-



effectiveness.

2.1 Traditional Patterning Techniques

2.1.1 Photolithography

Photolithography is a famous patterning technology that serves a pivotal function in the
fabrication of Integrated Circuit (IC) chips, the cornerstone of modern electronic
devices such as computers and mobile phones[8]. IC chips comprise numerous
transistors and other vital electronic components integrated into a semiconductor
substrate, primarily silicon. The efficiency of an integrated circuit (IC), gauged by its
computational speed, is directly linked to the count of transistors per unit area[42]. Go
back to 1965, Gordon Moore, one of the founders of Fairchild Semiconductor and Intel,
hypothesized that the count of semiconductors on an IC will increase twofold each year,
a forecast famously known as Moore's Law[43]. This principle was later updated in
1975 to suggest a biennial doubling, a pattern that persists to the present day[44]. The
continuous relevance of Moore's Law is intrinsically connected to the swift progression
of photolithography technology, a crucial method in IC production[45].

Photolithography, a mature patterning technique which has been the subject of scholarly
investigation for more than five decades, operates by using the light sensitivity of a
specific chemical photoresist to transfer pre-designed patterns from a photomask to a
target substrate, such as silicon. The solubility of the photoresist in a particular chemical
solution will change after light exposure, allowing the pattern of target materials to be
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obtained through etching or filling with further chemical or physical treatment[46].
These two fabrication models are detailed in Figure 2.1. The etching model involves
depositing the target materials layer onto the silicon surface, succeeded by the
application and patterning of the photoresist layer via spin-coating on the target
materials' surface[47]. The unpatterned area of the metal layer is then etched away using
dry etching or a specific chemical solvent (wet etching). Finally, the residual photoresist
will be cleaned with acetone or another organic solvent[48]. Dry etching is preferred in
the semiconductor industry thanks to the extreme anisotropy, although it may cause
some damage to the substrate or subbasement layer[49]. Conversely, the lift-off
technique entails depositing the wanted material layer onto the resist surface following
the exposure and development stages. Subsequently, the undesired portion is eliminated
together with the photoresist layer using acetone. This process is preferable when the
target material is difficult to dry etch, but it may also present problems such as

incomplete removal of metals and 'ears' phenomena on sidewalls[50-52].
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Figure 2.1 Two different fabrication models in photolithography including etching and

lift-off processes[53].

The primary development direction of photolithography is improving the resolution
limit to accommodate the increasing number of transistors on ICs[54]. The essence of

lithography is image projection technology, and the minimum feature size, or critical
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dimension (CD), depends on three parameters: the ki factor, the wavelength of the light
(M), and the numerical aperture (NA) of the lens used in the lithography. These three
parameters have a relationship shown in equation (2.1) below.

A
CD=k1X

NA (2.1)

The history of photolithography, summarized in Figure 2.2, shows an increase in
resolution over time. Mercury lamps were the first light sources used in
photolithography, and in the 1990s, the 248 nm Krypton Fluoride (KrF) excimer laser
was introduced as the light source, increasing the resolution to 0.25 pm and 0.18 um|[55,

56]. The NA of the lens was also boosted from 0.60 NA to 0.93 NA[57].
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Figure 2.2 The history and important node for photolithography[55, 56, 58-62].

To enhance the resolution limit further, the Argon Fluoride (ArF) excimer laser was
developed at the start of the 21st century[58]. This development enabled the fabrication
of ICs with 65 nm / 55 nm line width. However, other gas excimer lasers with shorter
wavelengths, such as fluorine (157 nm), are unsuitable for photolithography because
UV light has a wavelength under 193 nm will be absorbed in air, necessitating a vacuum

environment for light propagation. Moreover, only optical glass made from Calcium
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Fluoride (CaF) crystals can transmit 157 nm UV light, which exhibits hygroscopy and
high intrinsic birefringence[63, 64].

As a significant milestone, water-immersion lithography was developed, which
involves filling the space between the optical source and the specimen with water
(Figure 2.3)[65]. This method successfully extends the wavelength of light to 134 nm
due to the refraction of light in water (possessing a refractive index of approximately
1.436 at 193.368 nm), a significant improvement over 157 nm[66-68]. Furthermore, it
eliminates the need for a vacuum environment, making water-immersion lithography a
widely used technique. The NXT1970ci machine developed by ASML can resolve a 38

nm linewidth, 76 nm period, and 2 nm embedding accuracy (3 standard deviations)[69].
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Figure 2.3 Schematic illustration of immersion lithography[65].

In addition to using light refraction to increase resolution, oblique illumination (also
known as ionization illumination) and light diffraction can further increase the limit[70].

However, this may induce an optical proximity effect, necessitating the addition of a
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certain line width bias to the mask for compensation, known as optical proximity
correction (Figure 2.4)[71-73]. This led to the birth of computational lithography, which
uses optical and chemical models to theoretically explore methods of increasing
resolution and process window of lithography, and guide process parameter
optimization[60, 74]. Around 2010, the co-optimization of illumination conditions and
mask graphics, along with inversion lithography, propelled computational lithography
to new heights[75-77]. It is fair to say that computational lithography has become the

core of the photolithography process when the node reaches 32 nm.

Initial Mask (Target) ! Mask after OPC
i OPC k|
Wafer Image Litho | Wafer Image Litho |

Figure 2.4 Comparison of the imaging quality with and without optical proximity

correction[73].

In recent years, the development of another light source, extreme Ultraviolet (EUV),
has significantly increased resolution[78, 79]. EUV lithography uses ultraviolet light

which has a wavelength of 13.4 nm, emitted from the excitation of the K pole of the
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UV tube with an electric current[61]. The optical system of EUV lithography differs
significantly from traditional lithography methods owing to the potent absorption of
extreme ultraviolet light at a wavelength of 13.4 nm by almost all optical materials.
Therefore, the optical system can only use reflectors (Figure 2.5)[80, 81]. The main
technical challenge of EUV is that the energy output of the light source struggles to
meet productivity requirements compared to the 193 nm immersion lithography
machine[82]. The limited energy absorption efficiency of photoresists to extreme
ultraviolet hinders the productivity improvement of lithography machines and causes
significant graphic edge roughness[83]. Additionally, due to the high vacuum system
and complex systems, such as laser-excited isobaric light source, resulting in low
equipment reliability, the utilization rate was only 60%~70% in 2017. In contrast, the
utilization rate of the 193 nm immersion lithography machine is greater than 92%,
generally around 95%. Therefore, extreme ultraviolet lithography is more suitable for
the middle and back section lithography in logic circuits, which does not require high
roughness of the graphic edge such as shear mask graphics, grooves, etc[84-86]. It was
not widely used until 2020 and currently is used for cutting-edge processes below 7

nm[87].
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Figure 2.5 Schematic presentation of the function mechanism of EUV lithography[81].

The industry has shown significant interest in the intrinsic self-assembly of block
copolymers, primarily due to its straightforward process and cost-effectiveness[69, 88-
92]. Periodic pattern structures with characteristic features smaller than 10 nm could be
obtained through self-assembly in thin films. Its low line-width roughness (lower than
EUV and 193 nm immersion lithography) makes it a suitable choice for future logic
circuit front processes[69, 90]. However, due to its high defect rate and graphical
placement deviation, i.e., line edge roughness, it cannot be applied in mass
production[62]. Alongside EUV lithography, block copolymer still has significant

potential for growth.
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Figure 2.6 Various nanostructures constructed by directed self-assembly of block

copolymer[92].

2.1.2 Electron Beam Lithography

Electron Beam Lithography (EBL) is a lithography method that employs an electron
beam to create patterns on a resist layer. In accordance with de Broglie's theory of
matter waves, electrons are perceived as waves possessing exceedingly short
wavelengths[93]. This characteristic enables EBL to achieve high resolution, reaching
up to 5 nm[94].

EBL utilizes two types of patterning models: the direct writing model and project
printing[95]. Figure 2.7 below illustrates these two models. Project printing employs a
modulator to project the pattern onto the substrate in parallel, similar to the mask used
in photolithography. However, challenges such as the fabrication of the mask,
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integration of multi-scale patterns, aberration limitations, and other issues significantly
hinder the development and widespread adoption of this projection model[96].
Conversely, the direct writing model, which is commonly used in practical production,
follows a serial writing approach. This model uses a highly focused Gaussian round
beam to expose each pixel on the substrate individually, creating the final high-
resolution pattern without the need for an expensive mask. However, this characteristic
also restricts its capacity for mass production and makes the process time-consuming.
The cost of the machine and a single template can also be prohibitively high. As a result,
EBL is primarily suitable for mask-making or small-volume high-resolution products

in test and research labs[95].
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Figure 2.7 Sketch map of the direct writing (left) and project printing (right)[95].

EBL research primarily focuses on the study of the resist layer used in the process. The
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resolution of EBL is also significantly influenced by the kind of resist material utilized.
Common resists can be categorized into two types: PMMA-contained resist (both
organic and inorganic) and chemically amplified resists[97]. Different categories of
resistance have varying sensitivities and contrasts, which significantly influence the
developing dynamic. Consequently, the resolution for a particular resist has an upper

limit. Figure 2.8 shows a bar chart of the resolution range of some common resists for

EBL.
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Figure 2.8 Bar chart of the range of resolution of some common resists for EBL[98-

105].

The ability to use different layers of resist also provides the opportunity to fabricate
multilayer nanostructure devices, including T-shaped gates (as shown in Figure

2.9)[106], metallic tunnelling junctions[97], chiral structures[107], and more. This has
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provided valuable insights for the fabrication of other nanodevices.
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Figure 2.9 Example of application for T shape gates using EBL[106].
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The limitations of EBL are similar to those of photolithography, particularly in the
fabrication of flexible electronics. The elevated fabrication expenses and diminished

throughput also curtail its applicability in large-scale production.

2.1.3 Nanoimprint Lithography (NIL)

Nanoimprint Lithography (NIL) differs slightly from the previously mentioned
patterning techniques. While it also uses a resist layer in the lithography process, NIL
generates patterns by combining mechanical force with heat or light. The pattern is
replicated through mechanical contact and 3D material movement between the resist
layer and a prefabricated mould. This process is not constrained by the wavelength of
any kind of light, unlike photolithography or EBL. The crucial aspect of this technique
is the subsequent curing of the resist layer, which is achieved through thermosetting or

photosetting properties[ 108-110]. Figure 2.10 provides a schematic illustration of these
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two types of nanoimprint lithography.

a
Nickel or silicon mask
—— Release layer
— Polymer film
Heat polymer to T > Tg and press
imprint mask into polymer
Y/
/1111117
Cool polymer to below Tg and
remove imprint mask
IS ST

b

1. Orient substrate and Transparent quartz mask

imprint mask

Release layer

— Planarization layer
Substrate

— Inkjet resist

2. Dispense drops of UV- dispenser

curable imprint resist e w5 —— IMprint resist

[% UV blanket expose
(L]

3. Close gap and illuminate
with UV (room temperature,
low pressure)

-
———

4. Separate the imprint — High-resolution pattern
mask from the substrate M\

1| 0 1 1 | F—High-resolution,
5. Etch to break residual layer high-aspect-ratio feature
and transfer pattern through

the planarization layer

Figure 2.10 Comparison of (A) normal thermal NIL and (B) UV-curable NIL[111].

The production of patterns in NIL is similar to photolithography, as it follows the

parallel replication of patterns. Consequently, the throughput of NIL can reach 107-1

m?/h, maintaining a low cost that is even more affordable than photolithography[112].

Since 1995, when Chou and his group proposed a three-structure pattern of sub-25 nm

diameter and 100 nm depth, NIL has emerged as a dependable option for the fabrication

of electronic devices on a scale of 11 to 15 nm[108, 113]. It has been applied in various

industries, including the fabrication of ICs[114], hard disk drives[115], photonics[116],

solar cells[117], and biological research[118]. However, NIL still faces some challenges

in practical application, such as the need for specific production parameters to produce

high-quality and multilayer products. One of the most significant challenges is the
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alignment of the template, especially when the scale is reduced to a few nanometers. It
becomes increasingly difficult for a machine to precisely position the template relative
to other features. This issue may limit the application of NIL only suitable in the
production of single printing or patterns with low alignment requirements[119].

In conclusion, NIL has garnered increasing attention due to its potential to replace
traditional photolithography and electron beam lithography. It presents the potential for

simultaneously attaining high resolution, high efficiency, and cost-effectiveness.

2.1.4 Summary

As wearable electronics continue to evolve, a critical challenge is maintaining the
advantages of traditional lithography techniques when fabricating electronic devices on
flexible substrates. For photolithography, EBL, and NIL, a significant issue is that
flexible substrates, unlike the ultra-flat and pristine rigid substrates employed in
conventional photonic or electronic industries, have characteristics that present
considerable challenges in the patterning process. These characteristics include a
rougher surface, difficulty in wetting, incompatibility with strong solvents (such as

developers and removers), and instability under thermal annealing.

2.2 Printing Techniques

2.2.1 Inject Printing

The applicability of any technique to large-scale manufacturing is a crucial factor in its
23



market viability. Normal printing techniques continue to hold significant
preponderances in the aspect of rapid fabrication and mass production. Among various

printing technologies, Inject Printing distinguishes itself due to its non-contact
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Figure 2.11 Diagram illustration of the creation of ink (left) and formation of the pattern

(right)[121].

Figure 2.11 showcases the entire course of inject printing, including the ink creation
and the subsequent events that occur once the ink droplets land on the substrate.
Droplets are formed and ejected from the chamber, with an electric field or other force
controlling the direction and speed of the droplets. The fundamental mechanism behind
the pattern formation by these droplets is complex and will not be discussed in detail
here. Notably, unlike other patterning techniques, the pattern in inject printing is
composed of numerous droplets that act as pixels in the pattern. The resolution is
typically determined by a parameter known as dots per inch (DPI), and the precise
control of this process significantly influences the maximum resolution

achievable[122]. However, due to its printing mode limitations, its resolution is not as
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impressive as other lithography methods. Typically, the resolution can only reach
micrometres, with only a few researchers exploring its potential in nanoscale patterns,

successfully achieving a scale of hundreds of nanometers[123].
2.2.2 Screen Printing

In contrast to inject printing, screen printing uses a mesh with various patterns as a
mould for ink or dye to pass through (Figure 2.12). A squeegee is used to distribute the
ink evenly. The desired pattern areas allow the ink to pass through and be printed on

the target substrates, while the rest is blocked by the screen[124].

Squeegee

Screen Polymer ink

N\

Patterned ink

| PEN substrate |

Figure 2.12 Schematic of the screen-printing[124].

Originally used for patterning clothes, screen printing is suitable for patterning on
flexible substrates like textiles. However, due to the fluid properties of ink, the

resolution of screen printing is difficult to exceed 50 pum, and the entire pattern has a
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thickness greater than a few micrometres, making it unsuitable for the fabrication of

high-precision electronic devices[125, 126].

2.2.3 Summary

Despite their resolution limitations, printing techniques offer significant advantages in
terms of throughput and production cost. It is common to combine printing techniques
with a roll-to-roll process[127]. Figure 2.13 provides examples of the roll-to-roll
process applied to printing techniques. By sacrificing resolution to a certain extent, this
model can continuously generate patterns with an extremely high throughput of around
10° m*h or even higher. Scholars have also endeavoured to augment throughput by
incorporating many nozzles into a single printer to create microvascular multi-nozzle
arrays[128]. Other printing techniques, such as gravure printing[129], flexographic
printing[130], and rotary screen printing[131], employ similar strategies. These

technologies significantly increase production rates while maintaining low costs.
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technique[132].

2.3 Soft Lithography

2.3.1 Microcontact Printing (uCP)

Microcontact printing, an advanced pattern method, was invented by Whitesides and
his team in 1993. This method made large-scale fabrication of high-resolution patterns

possible[133]. It uses an elastomer, typically poly(dimethyl siloxane) (PDMS), as soft
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stamps derived from a hard Si template fabricated by traditional photolithography[134].
After the PDMS soft stamp is fabricated, ink forms on the surface of the stamp through
immersion or direct casting. The high hydrophobicity of PDMS allows the ink to diffuse
into the PDMS layer, enabling multiple uses of the stamp[135]. The printing process
can be separated into two models: the lift-off and casting process, as revealed in Figure

2.14[136].
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Figure 2.14 Diagram of two patterning models fabricated by PDMS stamps. Left: lift-

off method. Right: Casting method[136].

The key to this printing technique is the self-assembly of ink materials on the surface
of the target substrates. For example, the thiol group selectively forms on the Au

surface[137]. It can also be used for biomedical applications through the self-assembly
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process of DNA molecules[138].

Despite the cost-saving and potential for a roll-to-roll fabrication process on a flexible
substrate, the soft properties of PDMS stamps have several disadvantages. For instance,
stamp deformation is a significant issue. As shown in Figure 2.15, the soft PDMS stamp
can buckle, laterally collapse, and roof collapse under physical pressure, affecting the
resolution and accuracy of the pattern[138]. Other issues like substrate contamination
on the stamp, stamp shrinkage or swelling, and ink mobility can also hinder the

application of pCP in some fields[22].

‘o Lo

(a) Buckling (b) Lateral Collapse  (c¢) Roof Collapse

Figure 2.15 Schematic of the mechanical stamp deformation for PDMS stamps[138].

Over the years, many improvements have been made to uCP to address these issues.
For example, increasing the printing speed can significantly reduce soft stamp
deformation. Combining the printing process with a piezoelectric actuator can automate
the process and increase the speed to milliseconds, improving the uniformity of the

pattern[139]. Using a liquid medium can also enhance stability. Hydrophobic polymers
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can be printed by submerging the stamp in water with a high aspect ratio PDMS stamp
reaching 15:1[140]. Other methods like using new stamp materials with high Young’s
modulus, using a magnetic field or plasma to assist the printing process, and special ink
design have also been proposed to achieve high resolution on various substrates[141-

144].

2.3.2 Nano-Transfer Printing (nTP)

Due to the limitations of traditional lithography methods on flexible substrates, the most
common solution is to fabricate patterns on rigid substrates and then transfer the pattern
onto the desired substrates. This process, known as transfer printing, can achieve high-
resolution transfers reaching nanometer levels compared to uCP, hence it is also called
nano transfer printing (nTP)[145, 146].

Unlike pCP, which uses the self-assembly property of molecules to transfer patterns,
nTP utilizes the difference between the material-stamp and material-substrate interfaces.
Different chemical or physical treatments are conducted to act as a 'release' or 'glue’'

layer[147]. Figure 2.16 illustrates the basic process.
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Figure 2.16 Schematic of nTP process including peeling-off and transfer process[14].

PDMS is also a primary stamp used in the transfer process. The mechanism of nTP is
diverse, including kinetically controlled[14], thermal-assisted[148], water-
assisted[149], surface relief structure-assisted[150], shear stress-assisted[151], and
more.

As shown in Figure 2.17, the adhesion force between the PI tape and the polymer replica
layer (PMMA) decreases as the temperature increases. Therefore, a hot roll is used as
the transfer machine, providing uniform force and heat during the contact process. This

enables large-scale fabrication (8-inch) of high-resolution line arrays (20 nm).
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Figure 2.17 Thermal-assisted nano transfer printing for 20 nm resolution and 8-inch

scale[148].

Since the adhesion force between the PDMS layer and target materials originates from
the vdW force, which is related to the contact area, geometric control can also be used
to facilitate the transfer process. Figure 2.18 showed a PDMS stamp with many
protruding sharp corners is used to conduct the transfer process. During the first
peeling-off process, an external force is exerted to induce deformation on the sharp
corners. The extensive contact surface guarantees the successful execution of the

detachment process. After leaving the surface of the template and retracting the external
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force, the rebound characteristic of PDMS causes a decrease in the contact area between
the PDMS stamp and the target materials. The stamp with the pattern then contacts the

target substrate slowly and gently, leaving the materials on the target substrate.

Stamp ——» initiate contact,
with high preload retract rapldly

QQ
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- < =
Receiver ! . '

Figure 2.18 Illustration of surface relief structure-assisted nano transfer printing[150].

Apart from the PDMS stamp, many other materials can also be used as stamps to
transfer patterns for the fabrication of different flexible electronic devices. PVA is a
suitable choice due to its strong adhesion force, dissolvability, flexibility, and
biocompatibility[152]. Di and his group reported that metals exhibiting either weak
adhesion (such as Cu, Ag, Au) or strong adhesion (such as Pt, Ti, Ni) to the Si substrate
can be effortlessly detached from the Si substrate through the utilization of PVA,
facilitated by the presence of Graphene[153]. The metal dot array was fabricated by
photolithography and electron-beam evaporation. Owing to the high-quality vdW force
within the 3D metals and 2D materials, these metal objectives could be successfully

moved to 2D material receivers like MoS2 on a 4-inch wafer scale[ 154]. The yield could
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be close to 100%. Compared with direct metal deposition on the 2D material substrates,
the transfer process could avoid creating defects caused by high-energy particles during
the evaporation process[155]. Using this method, MoS: transistors with high and

uniform electrical performance could be fabricated (Figure 2.19).

Weak Stong
adhesion adhesion

Cu Ag Au Pt Ti Ni

d PVA dissolution

L

Figure 2.19 Utilizing PVA as glue to transfer various metal patterns with the assistance

of graphene[153].

Ice is also a great candidate for transfer printing due to the nature that the adhesion
force of ice increases as the temperature decreases[156]. By controlling the
environmental temperature and surface wettability, the adhesion force between the
target materials and the ice binder can be adjusted to realize the grab and release process
of materials (Figure 2.20). This method is extremely suitable for the transfer process of
various 2D materials such as MoS2. One of the advantages of this method is that ice
(water) is the only material used in the transfer process, which is highly pure and clean.
Therefore, it also has the potential to clean the contamination during the fabrication

process.

35



- N o

b2 RO
D A A

Ice aided transfer (IAT)

rowth substrate
Flip over

o‘ﬂa—

Target substrate 1

\
!
1
'
1
|
'
1
1
1
'
'
|
'
I

Figure 2.20 Illustration of ice-aided transfer (IAT) and ice-stamp transfer (IST)

process[156].

The composite consisting of sugar and corn syrup can also be suitable for the transfer
process[157]. Other existing materials or methods introduced before could only be
compatible with limited curvatures. Compared with other materials, the sugar mixture
has a unique reflow characteristic, which could converse between solid and liquid states
freely. This offers better conformability to even nanoscale and complex surfaces as
shown in Figure 2.21. It is able to be applied to almost all kinds of substrates including
metals, polymers, papers, hydrogels, and even cells. The transfer precision could reach

sub-10 nm and enable the transfer of multilayer patterns.
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Figure 2.21 (A) Illustration of transfer printing process utilizing sugar mixture. (B-C)

SEM images of nanodots array transferred to various 3D surface[157].

2.3.3 Dip-Pen Nanolithography (DPN)

Dip-pen nanolithography (DPN) is a variant of the normal contact printing technique.
This new patterning technique, proposed by Prof. Chad A. Mirkin in 1999, uses an
atomic force microscope (AFM) tip to write[158]. It utilized the adhesion force from
gold-sulfur bonds to directly 'write' patterns on the gold surface. The molecules
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containing alkanethiol groups were delivered by the capillary force from the AFM tip.
The whole machine and process are illustrated in Figure 2.22. Moreover, different kinds
of molecules and substrates could be applied in this method, including fluorescent dyes,
DNA, and metal salts on substrates of gold, silicon dioxide, gallium arsenide, and
more[23, 158-166].
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Figure 2.22 Diagram illustration of Dip-pen Nanolithography (DPN)[158].

Unlike conventional patterning techniques, the decisive factor of its resolution is
different. The machine or the category of the molecule used will not influence the
resolution. The key point is the control of the behaviors of the 'paper' and the 'ink'. These
include the kind of substrate which has a specific grain size, the diffusion process which
controls the dynamic performance after the contact, the writing and scan speed of the

machine, and the process environment such as relative humidity[158]. To date, the
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resolution of DPN has been successfully improved from the original 30 nm to sub-2
nm, which is no less than photolithography or electron beam lithography[158, 167].

The disadvantages of DPN still lie in the low throughput and high cost. Although high
throughput could be primarily realized by a large-scale cantilever array with more than
50000 pens[ 168], the extremely high cost of the machine still impedes its step to replace

traditional patterning techniques.

2.4 3D Printing

3D printing, alternatively referred to as additive manufacturing, is a sophisticated
technique that fabricates objects by sequentially depositing layers derived from digital
model files. This process employs cohesive substances, such as powdered metal or
plastic, functioning as the 'ink' in the construction of the desired object[169-172]. The
special part of 3D printing that refers to other patterning techniques is its ability to
create spatial, geometric, and complex patterns. As a result, it proves to be a powerful
tool in various fields including architecture[173], aerospace[174], dental and medical
industries[175], and biomedicine[171].

3D printing is able to be divided into several varieties according to the fabrication
model, such as fused deposition modelling, binder jetting, directed energy deposition,
powder bed fusion, and sheet lamination. These models can accommodate many

materials including metals, polymers, alloys, resins, ceramics, etc[176]. Moreover, 3D

39



printing can construct structures on any substrate, which is a significant advantage in

the fabrication of flexible electronics (Figure 2.23).

Figure 2.23 3D printing for flexible electronics[177].

Despite its strengths, 3D printing also has several limitations. The resolution of the
printed object is constrained by the characteristics of the ink materials used, making it
challenging to achieve a high resolution of a few micrometers. Additionally, as 3D
printing is a traditional extrusion process, the printing speed is limited, which can hinder
achieving a factory-level production rate. Material restrictions and high costs also pose

challenges to its development[128, 178-181].
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2.5 Electrochemical Replication and Transfer (ERT)

Based on the preceding introduction, it can be inferred that striking a perfect balance
between resolution, throughput, and cost remains a challenge for existing techniques.
Our team, led by Prof. Zheng Zijian, has proposed a novel patterning technique known
as Electrochemical Replication and Transfer (ERT). This technique aims to enhance

resolution and throughput while maintaining low costs[26].
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Figure 2.24 (A) Diagram of the manufacturing process of the ERT method. (B-D)

Profile display of the process[26].

Figure 2.24 details the entire ERT process. Initially, a silicon template with a gold
pattern is manufactured using traditional patterning techniques such as

photolithography or electron beam lithography. The pattern on the template consists of
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a bilayer of Cr (5 nm) and Au (25 nm). The Cr layer serves as a bonding layer,
connecting the silicon template and Au pattern, and also functions as a semiconductor
layer to facilitate subsequent steps[182]. This template is then immersed in a PFDT
solution to form a SAM on the pattern template. The formation process is conducted by
the bonding process of the thiol groups at the chain terminals of PFDT and the gold
pattern, creating gold-sulfur bonds on the Au surface[183, 184].

Next, the target material, such as Cu, Au, or Ag, is electrodeposited on the pattern area.
Since the silicon template is a semiconductor, the target material will not be deposited
on the area without patterns. At this point, the target material will not directly adhere to
the gold template but will be separated by the monolayer PFDT. Finally, a UV-curable
binder (e.g., NOA 63) is cast and cured on the Si surface. The binder layer is
approximately 100 pm thick. After peeling off the NOA binder layer, the target
materials pattern can be easily removed. Simultaneously, the PFDT layer protects the
Au pattern template from being peeled off. This function was validated through a series

of experiments, the achievements of which are listed in Figure 2.25.
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Figure 2.25 Experiments to prove the function of PFDT[26].

Figure 2.25 demonstrates the functionality of PFDT. In Figure 2.25 A, the change in
hydrophobicity was tested by the contact angle (CA) of the interface between the
template and water droplets. With the successful modification of PFDT, the Au template
becomes hydrophobic due to the F terminals at the other side of the monolayer[185,
186]. Figure 2.25 B-G compare the template with and without PFDT modification,
including differences in peeling force, the extent of damage to the Au pattern, and the
integrity of the target materials pattern. Figure 2.25 H confirms that the template used

in this method can be reused more than 100 times without any damage to the gold
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pattern.

This method is highly versatile for different patterns and materials, provided they can
be fabricated by electroplating. Figures 2.26 and 2.27 display various geometric
patterns and materials, respectively. The patterns range from a few micrometers, and

the materials include metals, metal oxides, polymers, and more.
- . 3 :
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Figure 2.26 Different kinds of patterns fabricated by ERT method[26].
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Figure 2.27 Different kinds of materials are deposited and transferred by ERT

method[26].

Based on prior research, ERT has been successfully applied to various flexible
electronics areas, including flexible transparent electrodes, touch screens, OLEDs, and

micro-supercapacitors.
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Figure 2.28 Applications enabled by ERT[26].

In conclusion, the unique aspect of the ERT method is the use of PFDT molecules to
modify the template. Since the resolution of this method is theoretically determined by
the original template fabricated by traditional patterning techniques, it can achieve
extremely high resolution. Furthermore, PFDT helps protect the template, and the
electrodeposition process is simple and quick. Therefore, the throughput of this method
is also very high, reaching 10'-10?> m?/h, and the cost is low due to the reusability of
the template.

However, as a novel patterning technique, ERT still has some limitations. First,
although various electronic devices, including OLEDs and touch screens, have been
successfully fabricated using this method, it remains challenging to apply them to the
fabrication of stretchable electronics because of the rigid characteristic of the UV-

curable binder NOA used in the transfer process. Second, although theoretically, ERT
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could fabricate a high-resolution pattern determined by the original template, it is still
impossible to increase the resolution to a few nanometers. This is because when the
resolution reaches nanometers, the thickness parallel to the plate direction of the Au
template will be smaller than the thickness in the vertical direction, which is 30 nm (5
nm Cr and 25 nm Au). This value cannot be reduced due to conductivity restrictions. If
the thickness is thinner, it will hinder the electroplating process. Therefore, although
PFDT can significantly protect the template, the Au pattern can still be easily damaged
during the ERT process when the resolution reaches nanometers. Third, the entire as-
deposited pattern is embedded into the binder layer. While this may be advantageous in
specific applications that require low surface roughness and can improve the flexibility
of electronic devices, it is impossible to construct a 3D structure on flexible substrates
for certain applications such as meta-surface, pressure sensors, etc. Lastly, the specific
advantages in terms of cost, energy consumption, and other aspects need to be clarified

for specific applications.

2.6 Conclusions

The patterning technique plays an important role in the fabrication of flexible
electronics. Some typical patterning methods have been proven to be powerful and
efficient tools in the fabrication of integrated circuits such as photolithography, electron

beam lithography and nanoimprint lithography. However, these patterning techniques
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are only powerful when fabricating patterns on rigid substrates like silicon wafers
because of the rigorous requirements of the environment and substrate. The substrate
should be ultra-flat, smooth and clean. It is difficult to fabricate patterns directly on
flexible substrates because flexible substrates are often much rougher. They also have
some characteristics like being difficult to wet, incompatible with strong solvents, and
unstable to thermal annealing, which are indispensable steps in the classic lithography
process. Therefore, traditional patterning methods are not preferable for the fabrication
of flexible electronics, especially in the aspect of resolution and substrate requirements.
Apart from that, the cost is also a problem.

Another big category of patterning techniques, printing methods, have been proven to
be efficient in the fabrication of flexible electronics because they are cheap, user-
friendly and most importantly, they are easy to fabricate patterns directly on the flexible
substrates. Printing methods also have a good compatibility with the roll-to-roll
fabrication process which means a high throughput. But they are still not perfect
because the resolution of the printing methods is normally in the order of tens of
micrometers, which cannot satisfy the needs for making micro- and nano-devices. This
is an important problem regarding the miniaturization of the devices.

For newly developed soft lithography like transfer printing and micro-contact printing,
although these techniques are advanced and powerful in some situations, they still exist
problems such as the stamps are normally soft, which may be easily deformation during

the printing process. The diffusion of ink may influence the resolution of the pattern.
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Other problems like the capillary pressure of nanofluidic may influence the fluency of
printing and it is difficult to control the contact uniformity over a large distance which
influences the throughput.

In conclusion, there is still a lack of cost-effective techniques for high-throughput and
high-resolution patterning of a wide variety of materials on flexible substrates to date.
The proposed ERT method has the great potential to solve this balance problem after

overcoming existing technical bottlenecks.
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Chapter 3: Methodology
3.1 Materials

Pure gold (Au, 99.999%, China New Metal), pure chromium (Cr, 99.9%, China New
Metal, China), doped silicon wafer (Si, <100>, Suzhou Crystal Silicon Electronic &
Technology CO., Ltd, China), Si wafer with silicon oxide layer (SiO2, 30/300/500 nm,
Suzhou Crystal Silicon Electronic & Technology CO., Ltd, China), positive photoresist
(AZ 5214E, Microchemicals GmbH, Germany), developer for AZ 5214E (AZ 300 MIF,
Microchemicals GmbH, Germany), negative photoresist (NR9-1500P, Futurrex, Inc.,
USA), developer for NR9-1500P (DR6, Futurrex, Inc., USA), Au etchant (Transene
Company, Inc.), Cr etchant (Sigma-Aldrich), methyl isobutyl ketone (99.5%, Sigma-
Aldrich), acetone (99.9%, Sigma-Aldrich), ethanol (99.5%, Sigma-Aldrich),
isopropanol (99.5%, Sigma-Aldrich), 1H,1H,2H,2H-Perfluorodecanethiol (PFDT, 97%,
Sigma-Aldrich), commercial copper /gold/nickel/zinc plating solutions (Plug N Plate
Cu Solution, Plug N Plate Au Solution, Plug N Plate Ni Solution, Plug N Plate Zn
Solution, Caswell Inc., USA), sodium thiosulfate pentahydrate (Na2S203-5H20, 99.5%,
Sigma-Aldrich), hydrochloric acid (HCI, >37%, Sigma-Aldrich), manganese(II) acetate
tetrahydrate (Mn(CH3COOQO)2-4H20, 99%, Sigma-Aldrich), sodium sulfate (Na2SOx,
99%, Acros), pyrrole (98%, Sigma-Aldrich), potassium nitrate (KNO3, 99%, Uni-
chem), aniline (99.5%, Acros), sulfuric acid (H2SOs, 99%, Sigma-Aldrich), Norland

Optical Adhesive 63 (NOA 63, Norland Products Inc., USA) , polyethylene
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terephthalate (PET, Suzhou Dawan Plastic Electronics Co. Ltd., China), polyvinyl
alcohol (PVA, Mw 89,000-8,000, 99+% hydrolyzed, Sigma-Aldrich), hydrogen
peroxide 30% (H202 30%, VWR International, Belgium), ammonium hydroxide
solution, (NH3-H20, 28% NH3 in H20, > 99.99% trace metals basis, Sigma-Aldrich).
dodecyl triethoxy silane (CisH4003Si, Nanjing UP Chemical Co. Ltd., China),
commercial PDMS membrane (200 pym, 1 mm, BALD advanced materials, China),
Ecoflex 00-30 Soft platinum silicone liquid rubber (Bentley Advanced Materials, UK),
soda-lime Glass (Kaivo Optoelectronic Technology Co. Ltd., China), glass sample
bottle (KAISHIDE, China), poly(vinyl alcohol) 0588 low-viscosity (PVA-205,

alcoholysis degree 87.0~89.0 mol/mol, Sigma-Aldrich)

3.2 Fabrication of Templates

3.2.1 Etching Process.

A thin adhesive layer of Cr, measuring 5 nm, and a 25 nm layer of Au were thermally
evaporated onto a Si or SiO2 substrate. The substrate, now layered with Au, was
subsequently processed with a positive photoresist AZ 5214, spin-coated at a speed of
4000 revolutions per minute for a duration of 30 seconds, and pre-heated at a
temperature of 110 °C for 3 minutes. The photoresist was then exposed to Ultraviolet
light through a photomask with a dosage of 40 mJ/cm?, utilizing a mask aligner (MAG,
SUSS MicroTec, Germany), post-baked at 90 d°C for 1 minute, and developed in the
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AZ 300 MIF developer for a period of 70-80 seconds. The exposed Au was
subsequently etched away in a solution composed of pristine Au etchant and water in a
1:5 ratio for a duration of 60-120 seconds. Following the rinsing of the photoresist in
acetone and ethanol and drying with compressed N2, an Au-pattern template was

successfully obtained.

3.2.2 Lift-off Process.

The uncoated Si or SiO2 substrate was subjected to spin-coating with negative
photoresist NR9-1500P at a speed of 4000 revolutions per minute for a duration of 40
seconds, pre-baked at a temperature of 155 °C for 1 minute, exposed to ultraviolet light
with a dosage of 170 mJ/cm? using the mask aligner MA6, post-baked at 105 °C for 3
minutes, and developed in the DR6 developer for a period of 10-15 seconds. Following
the cleaning of the wafer in deionized water and drying it with flowing N2, a thin
adhesive Cr layer of 5 nm and a 25 nm Au layer were thermally evaporated onto either
a Si or SiO: substrate on the photoresist-patterned substrate. The photoresist and any

superfluous deposited metals were subsequently removed with acetone and ethanol.

3.2.3 Interference Lithography (IL).

A Silicon wafer, featuring a SiO2 substrate of 30 nm thickness, underwent a treatment
process using oxygen plasma (Harrick Plasma Cleaner, USA) for a duration of five
minutes. Subsequently, the substrate was subjected to spin-coating with an 800-nm-

thick layer of positive photoresist AZ MiR 701 at a speed of 3000 revolutions per
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minute, followed by a pre-baking process at 90 °C for 60 seconds. The sample was then
exposed to a homemade interference lithography system (HIL-1000, InterLitho
Technology Limited, Hong Kong SAR) utilizing a 405-nm laser. After a post-heating
process at 110 °C for 60 seconds, the photoresist was developed in the AZ 726 MIF
developer for 60 seconds and thoroughly cleaned with deionized water, resulting in
gratings with a 700 nm period and a 200 nm linewidth. Utilizing the photoresist pattern
as the etching mask, the underlying SiO2 layer was directly etched using inductively
coupled plasma reactive ion etching (ICP-RIE, Trion Phantom III, USA) with CF4 gas
at a flow rate of 40 sccm, an ICP power of 1500W, an RIE power of 32W, and an etching
time of 30 seconds. Following the application of a thin adhesive Cr layer of 5 nm and
a 25 nm Au layer to either a Si or SiO2 substrate via thermal evaporation, a lift-off
process was conducted with ultrasonic cleaning in RCA-1 solution (NH3-H20: H20z:
H20 = 1:1:5) at 80 °C for 3 minutes, resulting in a substrate with a periodic SiO2/Au

pattern.

3.2.4 3D-ERT Template.

To create patterns, the photolithography process was initially implemented on a bare
Si02/Si substrate, adhering to the procedures outlined in sections 3.2.1 and 3.2.2.
Subsequently, a 50-nm-thick Cr layer was deposited onto the photoresist-patterned
substrate via thermal evaporation. The photoresist and any superfluous deposited metals
were eliminated using acetone and ethanol, leaving the Cr pattern to serve as the mask

for the dry etching process. The SiO2 and Si layers were sequentially etched using ICP-
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RIE, with CF4 gas employed for SiO2 and SFe gas for Si. Following the dry etching
process, the residual Cr mask was removed using a Cr etching solution, and the 3D-
ERT template was obtained after rinsing with deionized water and drying with

compressed Na.

3.3 Modified ERT Process

3.3.1 ERT with NOA Binder.

The freshly fabricated Au-patterned template was submerged in a 5 mM PFDT ethanol
solution for a duration of 10-15 minutes to facilitate the formation of a SAM on the Au
surface. The electrodeposition process was conducted using either a two-electrode setup
on a source meter (Keithley 2400, Tektronix, Inc., USA) or a three-electrode setup on
an electrochemical workstation (CHI 600e, CH Instruments, Inc., China). The SAM-
modified Au-patterned template served as the working electrode in the electrochemical
deposition, with the counter electrode being either a dissolvable pure target material or
noble Pt foil. Following deposition, Norland Optical Adhesive 63 was cast on the
template and cured under 365 nm Ultraviolet light with a dosage exceeding 4,500
mJ/cm?. A transparent Polyethylene Terephthalate (PET) layer was applied on top
before curing to assist in the removal of the target material pattern from the template.
After transfer, the Au-patterned template was rinsed with deionized water and ethanol
for reuse.
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3.3.2 2D ERT with PVA Binder.

After electrodeposition, a PVA solution was poured onto the template surface and dried
at 80 °C for 20 min. The PVA binder layer with metal pattern embedded into it was then
detached from the template and attached to the receiver substrate immediately. At last,
the PVA layer was dissolved by being immersed in deionized water for at least two

hours to leave the pattern on the surface of the receiver substrate.

3.3.3 3D ERT with NOA Binder.

The freshly fabricated 3D-ERT template was submerged in a 20% dodecyl
triethoxysilane solution for around ten to twelve minutes to create a molecular surface
on the exposed Si surface. The Si template was then heated at 120 °C for 15 min and
washed with ethanol before being used in the electroplating process, which followed

the same steps as in 2D ERT.

3.4 Fabrication of Devices

Fabrication of stretchable micro-supercapacitors. To fabricate stretchable micro-
supercapacitors, an interdigital electrode pattern was fabricated by consecutively
depositing Au for 10 minutes and Cu for 5 minutes using a current density of 1 mA cm’
2. The Au layer served as a current collector. The whole device was transferred to a pre-
stretched PDMS substrate together, which formed buckles on the PDMS surface after

releasing the pre-strain. The device was then treated with oxygen plasma for five
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minutes. The Cu was oxidized to CuOx, which served as active material. Finally, the
electrolyte (20 wt.% LiCl and 10% wt.% PVA in H20) was cast on the surface of the
interdigital electrode directly for an electrochemical test.

Fabrication of flexible transparent heater. For the fabrication of a flexible
transparent heater, a 3D Cu mesh pattern was fabricated by the 3D-ERT method and
served as the heating electrodes. The line width was 10 pm and the line gap was 200
um. The height of the mesh pattern was 10 um. Both sides of the transparent electrode
were affixed with conductive copper tape as the two electrodes of the transparent heater.
Then the whole transparent electrode was encapsulated by another layer of NOA 63
binder and cured with UV emission.

Fabrication of flexible TENG-based pressure sensors. To fabricate flexible TENG-
based pressure sensors, a Cu-PDMS-Cu sandwich construction was used. The bottom
layer of Cu consisted of a 3D circle dots array with different resolutions and heights
fabricated by the 3D-ERT method and served as both an electrode and a friction material
that encountered the middle PDMS layer. The top layer of Cu functioned as an electrode.
The middle layer of PDMS was spin-coated on the surface of the top Cu layer with a
rotating speed of 2000 rpm. The thickness of the PDMS is around 50 pm.

Fabrication of electronic bandage. The electronic bandage composed of three parts
including the TENG power source, the interdigital electrode and the encapsulation layer.
For the TENG layer, 8 g PEO is mixed with 92 mL deionized water and stirred at room

temperature for 12 hours to form an 8%W/w PEO solution. Then 10mL PEO solution
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is poured onto a silicon wafer and spin-coated at 300 rpm for 1min. The silicon wafer
is then baked at 80 °C for 10 min to form the PEO membrane. 5 g EC is mixed with 95
mL ethanol and stirred at room temperature for 12 hours to form a 5%W/w EC solution.
Then 10mL EC solution is poured onto a silicon wafer and spin-coated at 300 rpm for
Imin. The silicon wafer is then baked at 40 °C for 10 min to form the EC membrane.
The conductive Cu layer was thermal evaporated on the PEO and EC membrane. Then,
these two TENG electrodes were separated and connected by a PDMS framework. The
Au interdigital electrode was fabricated by ERT while the encapsulation layer was

fabricated by electrospinning.

3.5 Characterization Methods

Optical microscopic (OM): Optical pictures were captured using an optical
microscope (Eclipse 80i, Nikon, Japan) with magnifications from 50x to 1000x.

Scanning electron microscopy (SEM): SEM images were acquired on a Field
Emission Scanning Electron Microscope (FE-SEM, MAIA3, TESCAN, Czech
Republic), Scanning Electron Microscope (SEM, VEGA3, TESCAN, Czech Republic)
and Field Emission Scanning Electron Microscope (FE-SEM, MIRA, TESCAN, Czech
Republic) with an Energy Dispersive Spectrometer (EDS, Oxford Instruments).

Atom force microscope (AFM): AFM images were obtained through AFM (XE-100,

Park Systems, Korea) and characterized the topography (line width, thickness, 3D view
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morphology, and surface roughness) of patterns.

X-ray diffraction (XRD): XRD patterns were obtained using an X-ray diffractometer
(Rigaku SmartLab 9 kW, Japan) with a Cu Ka X-ray source.

Surface Profiler: The surface topography of the samples was tested by a Surface
Profiler machine (Bruker DektakXT).

Optical Surface Profiler: The optical surface topography of the samples was tested by
an Optical 3D surface Profiler (TopMap Metro. Lab).

Contact angle (CA): CA images were obtained through an optical contact angle
measuring device (SDC-350, Dynetech, Inc., China) using a DI water droplet.

Sheet resistance (Rs): Rs was measured by the four-probe method with a source meter
(Keithley 2400 SourceMeter, Tektronix, Inc., USA).

Optical transmittance (T): Transparency was recorded on a UV-vis spectrometer
(Cary 300, Varian, USA) with a wavelength from 340 nm to 800 nm.

Bending Tests: The flexibility of the devices was conducted on a stepper motor linear
stage (TSAS50-C, Zolix, China).

Infrared (IR): The IR images were mapped by an IR camera (E4, FLIR, USA).
Electrochemical Performance: The electrochemical performance of the micro-
supercapacitor was characterized on an electrochemical workstation (CHI 600e, CH
Instruments, Inc., China).

Electrocardiogram (ECG): The ECG results were recorded by replacing one of the

electrodes of a commercial ECG device (BMD101, SICHIRAY, China).
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Resistance of the conductors: The change of resistance was tested by a source meter
(Keithley 2400 SourceMeter, Tektronix, Inc., USA).

Performance of TENG-based pressure sensors: The output of voltage and current
were characterized by a source meter (Keithley 2400 SourceMeter, Tektronix, Inc.,
USA).

Digital images: Photos were taken with a commercialized single-lens reflex camera

(D7200, Nikon, Japan).
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Chapter 4: SiO:-Protecting Structure Template for
Nanoscale Pattern in ERT

This chapter proposes a template that uses SiO2 as a protecting layer based on the
original ERT template. This protecting layer almost eliminates the adhesion force on
the Au template and the electrodeposited materials interface, preventing the Au
template from being damaged during the creation of nanoscale patterns. Various
patterns with sizes ranging from sub-100 nm to several cm are presented to demonstrate
the feasibility of this SiOz-protecting structure template for both micro and nano-scale
patterns. The adaptability of isolated patterns, various materials including metals,

oxides, and polymers, and large-scale fabrication are also proven.
4.1 Introduction

Fabrication of patterns and structures with a high resolution reaching sub-100 nm or
even a few nanometers are an essential part of nanotechnology. For traditional chip
fabrication, the reduction in the feature scale of the electronics could greatly improve
the performance of device. Higher resolution often means more electronic components
per unit area which could enhance the performance of the whole electronic devices[187].
It could also be applied to various emerging nanotechnologies including
biosensors[188], plasmonic areas[189], nanoelectronics[190], nano energy[191],
metasurface[192], and so on.

For the original template used in ERT, the protection of PFDT is efficient for the
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fabrication of microscale patterns based on previous experimental results. This
conclusion could be expressed by a simple equation (4.1) as shown below:
Fp < Fy (4.1)
Fr is the peeling force which is the force between the Au template and the
electrodeposited target materials while Fa represents the adhesion force which relates
to the interface between the Au template and the Si wafer.
Since the peeling force is great smaller than the adhesion force for microscale pattern
fabrication, the electrodeposited pattern could be peeled off without damaging the Au
template. These two forces could be further explained by equations (4.2) and (4.3):
Fp = Fy X (Sup + Ssiqe) (4.2)
Fy = F; X Sgown (4.3)
Fo: Peeling force per unit area, Fi: Adhesion force per unit area, Sup: Upper surface area
of the Au template, Sside: Lateral area of the Au template, Saown: Down surface area of
the Au template, Sup = Sdown.
As shown in Figure 4.1 (A), the electrodeposited materials will cover the top and lateral
cover of the Au template. Since the area of the up surface is the same as the down
surface, the contact interface of the peeling force is bigger than that of the adhesion
force. Consequently, we could derive that:
Fy <F (4.4)
For the fabrication of the microscale pattern, since the Au template is only 30 nm, the

area of the upper surface is far larger than the lateral part as drawn in Figure 4.1 (B). In
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this situation, the factor of the force per unit area will count more compared to equation
(4.2) with (4.3). Therefore, the peeling force is smaller than the adhesion force based
on experiment results. However, when the pattern goes down to the nanoscale, that is,
smaller than 30 nm, the acreage of the upper area will be far less than the lateral area
as drawn in Figure 4.1 (C). For this situation, the area factor in equations (4.2) and (4.3)
will count more. Therefore, the peeling force may exceed the adhesion force based on

previous experiment results, which causes damage to the Au template.

A B C 30 nm
Low resolution (um) High resolution (nm)
[ FosFi ! [ Sw>SueFesFal [ Sw<SSwwFe2Fa |

Figure 4.1 Illustration of the research gap for the original structure template. (A)
Ilustration of the template after electrodeposition of target materials. (B) Microscale

Au template. (C) Nanoscale Au template.

One of the advantages of ERT is the reuse of a template for the electroplating process,
which reduces the total cost of fabrication. The protection of templates is the key point
for this technology. Therefore, it is crucial to solve the problem of damaging the Au
template for the fabrication of nanoscale patterns.

Furthermore, another problem for the original ERT template is the poor selectivity of
the electrodeposition of target materials on the Au pattern and Si substrate. Since Si is

a semiconductor, it is still conductive, especially under high current density and long
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deposition time. The unpatterned area, which is the Si wafer without the Au layer, may

also appear in some target materials which causes the failure of pattern replication.

4.2 Illustration of SiO:-Protecting Structure Template

Based on the comparison between peeling force and adhesion force, reducing the lateral
area of the Au template can be effective in decreasing the peeling force between the
target materials and the Au template. By making Fo smaller than F1, the adhesion force
can be made larger than the peeling force, since the connection area remains the same.
To achieve this, a new template has been designed with an additional insulating SiO2
protecting layer. The entire fabrication process is illustrated in Figure 4.2. Instead of
using a normal Si wafer, a Si wafer covered by a 30 nm SiO: layer is used for the
replication template. Conventional patterning technologies are used to generate patterns
on the Si02/Si wafer. The patterned area of SiO2 was then etched by the drying etch
method such as inductively coupled plasma reactive ion etching (ICP-RIE). The ICP
power is 1500W while the RIE power is 32 W, and the etching time is 30 seconds.

After that, aa thin adhesive layer of Cr, measuring 5 nm, and a 25 nm layer of Au were
thermally evaporated. The photoresist layer and extra Au can be lifted off using various
organic solvents such as acetone. Through this process, the Au pattern is embedded in
the SiO2 layer. During the following ERT process, the target materials will only be

electroplated onto the upper area of the Au pattern. The SiOz layer greatly reduces the
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contact interface between the target materials and the Au template. The connection area
remains the same in this situation, and the adhesion force will always be larger than the

peeling force, regardless of resolution.

EBLI/IL Etching by Deposition of Au and
_ m ICP-RIE removal of resist
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Figure 4.2 Illustration for the manufacturing process of target materials patterns using

SiO2-protecting structure template.

4.3 Characterization of the Template

The surface of an Au template with a SiO2-protecting structure was characterized by
AFM testing. The Au pattern is composed of parallel lines with a width of around 550
nm and a gap of 150 nm (Figure 4.3 A). As shown in Figure 4.3 (B), the surface of the
Au template was almost flat, with only a slight difference in height of around 1-2 nm
observed between the Au pattern and SiO2 substrate. This difference can be attributed
to errors during the thermal evaporation process and is unavoidable.

The Au template was almost entirely embedded into the SiO2 layer, resulting in a great

64



reduction in the exposed areas. For the original structure, the surface roughness of the

template was also reduced, reaching a root mean square roughness (Rq) of only 1.616

nm according to the AFM results. Additional data related to surface roughness can be

found in Table 4.1 below.
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Figure 4.3 Characterization of SiO2-protecting structure template. (A) AFM result of

the Au template of lines pattern with around 550 nm width and 150 nm gap. (B) Surface

profiler results of the red line in Figure 4.3 A.

Table 4.1 The surface roughness of the nano grating template characterized by AFM.

Rpv (Nnm)

Rq (nm)

Ra(nm) | R;(hm) | Rsk (nm) | Rku (nm)
Nano
lines 11.259 1.616 1.283 10.468 0.031 2.973
pattern

Rpv: Peak-to-valley roughness; Rq: Root means square roughness; Ra: Average

roughness; Rz: Maximum height of profile; Rs: Skewness; Rku: Kurtosis.
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4.4 Fabrication of Micro-scale Pattern

4.4.1 Fabrication of Various Kinds of Patterns

The SiO2-protecting structure template remains suitable for the application of micro-
scale patterns. The entire process of the template fabrication is well-suited for scale-up
production, as the dry etching process and thermal evaporation process are consistent
and uniform. As shown in Figure 4.4, a large-scale Cu pattern up to a 4-inch scale was
successfully fabricated using a single template. The deposition time was 5 minutes, and
the current density was 1 mA cm™. The entire pattern was replicated without any breaks.
Since the Au template is directly connected to the Si wafer, the conductivity of the entire
template is not affected by the insulating Si0O: layer. Therefore, it remains suitable for
the fabrication of both continuous and isolated patterns. Figure 4.5 displays optical
images of various patterns, including angular (A), lines (B-D), dots (E), connections
(F-G), and arcs (H-I), ranging from 1 um to several mm. These patterns correspond to

the areas marked in Figure 4.4.
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Figure 4.4 Photo of a 4-inch scale pattern fabricated using a SiO2-protecting structure

template at one time.
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Figure 4.5 Optical images of various Cu patterns fabricated using SiO:-protecting

structure template.

4.4.2 Fabrication of Various Materials

The SiOz-protecting structure template is also suitable for the fabrication of patterns
with different materials. Here we demonstrated the fabrication of Cu, Au and Ni square
dot patterns. The deposition time is 5 minutes, and the current density is 1 mA cm™.
The whole pattern was unbroken as shown in the optical image no matter what kind of
material it is (Figure 4.6 A-C). The relative XRD results also prove the successful
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deposition of these materials (Figure 4.6 D-F).
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Figure 4.6 Fabrication of micro-scale patterns using various materials. Optical images
of (A) Cu, (B) Au, (C) Ni square dots array. Corresponding XRD characterization

results of (D) Cu, (E) Au, (F) Ni.

4.5 Fabrication of Nano-scale Pattern

For traditional nanolithography methods such as EBL, the throughput is very low due
to the direct writing model. This problem could be fixed by ERT. ERT can replicate an
extensive nanoscale pattern in a brief period. Here a large-scale (1.2 cm x 2 ¢cm) nano-
grating pattern was fabricated by interference lithography (IL) (Figure 4.7 A). The SEM

pictures of the Au pattern is depicted in Figure 4.7 (B). The Cu grating pattern could be
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fabricated using this template. In a normal environment, it shows the color of the metal.
Upon the irradiation of white light, the grating pattern shows various colors which

proves the successful fabrication of the grating pattern.

Figure 4.7 Fabrication of a nanoscale grating pattern with large-area (2 cm X 1.2 cm).
(A) Photo of the nano-template and the Cu pattern transferred to PER substrate. Up:
Normal environment. Down: Under white light irradiation. Scale bar: 1cm. (B) SEM

image of the Au template. Scale bar: 2 um.

Figure 4.8 reveals the optical images and SEM pictures with different magnifications
of the Au template (Column A) and the Cu pattern (Column B) replicated from it. The
line width of the grating pattern is around 550 nm, and the gap is around 150 nm. After
the electrochemical deposition process, the line width of the Cu line pattern is around
600 nm. The deposition time is 30 seconds, and the current density is 1 mA cm™. The
alteration in the line width can be ascribed to the isotropic expansion inherent in the

electroplating process. No matter whether at low or high magnification, both the Au
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template and the Cu pattern do not show any defect. It proves the successful fabrication
and transfer of using the SiO2-protecting ERT template. The related EDX mapping are
showcased in Figure 4.9 (Column A: The Au template; Column B: The Cu pattern). For
the EDX result of the Cu pattern, the Au element came from the Au sputtered during
the test process. The transfer process itself did not damage the Au template. The Au
element for the template and the Cu element for the fabricated pattern show high

conformity with the pattern. The S element came from the NOA binder layer.
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Figure 4.8 Optical images and SEM pictures under different magnifications of (A) the
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Au template with nano grating pattern, and (B) the Cu pattern transferred to a PET

substrate.

Figure 4.9 EDX results of (A) the Au template. Elements: Si, Au and Cu. (B) the Cu

pattern on PET. Elements: S, Au and Cu.

To prove the successful fabrication process without damaging the Au template, the
electrodeposition and transfer process was repeated over 50 times using the same Au
template (Figure 4.10). The deposition time is 30 seconds, and the current density is 1
mA cm?. All of these samples show various colors under the emission of light. Only
around 15 minutes were needed for the fabrication of each sample. Therefore, this
replication model in ERT saves a lot of time and cost for the fabrication of nanoscale

patterns.
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Figure 4.10 Optical images of 50 replica samples of the Cu grating pattern fabricated

by the same Au template under the emission of light.

Under the observation of SEM, it could be found that the Au template remains intact
without any damage (Figure 4.11). The template was also characterized by AFM and
the data relating to the surface roughness was shown in Table 4.2. The root means
square roughness is only 1.571 nm which is almost unchanged compared to the original

data (1.616 nm) before 50 times of fabrication.

After 50
copies

Figure 4.11 Optical image of the nanograting pattern Au template after 50 times
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fabrication. Scale bar: 1 cm. Insert: The SEM images of the Au template. Scale bar: 1

pm.

Table 4.2 The surface roughness data characterized by AFM of the nano grating

template after 50 times of replication.

Rpv (nM) | Rq (nm) Ra (nm) Rz (nm) | Rsk (hm) | Ry (nmM)

Nano
lines 10.573 1571 1.255 9.942 0.092 2.896

pattern

Rpv: Peak-to-valley roughness; Rq: Root means square roughness; Ra: Average

roughness; Rz: Maximum height of profile; Rs: Skewness; Rky: Kurtosis.

Apart from the traditional metal materials mentioned before, the SiOz-protecting ERT
is also suitable for the fabrication of nanoscale patterns with other kinds of materials
including metal oxide, conductive polymer and any other material which could be
fabricated using electroplating. Here we took MnO2 and PPy as representatives for each
category. The deposition time is 30 seconds, and the current density is 1 mA cm?. SEM
images and EDX results of the corresponding elements (Column A: O, M for MnOz;
Column B: C, N for PPy) were shown in Figure 4.12. They prove the successful

fabrication of these two kinds of materials.
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Figure 4.12 Fabrication of nanoscale manganese oxide (MnO2) and polypyrrole (PPy)
pattern through electrodeposition. (A) SEM image of MnO2 grating pattern and the
corresponding EDX result of Mn and O. (B) SEM image of PPy grating pattern and the

corresponding EDX result of C and N.

The SiO2-protecting structure template is still applicable for the fabrication of isolated
nanoscale patterns such as nanodots. Figure 4.13 is the SEM pictures under different
magnifications of the Au dots pattern with 150 nm diameter (Figure 4.13 A) and the Cu
dots pattern (Figure 4.13 B) replicated from it. The deposition time is 30 seconds, and
the current density is 1 mA cm™. The Au dots were embedded into the SiO2 layer and

the whole replicated pattern shows no damage.

76



%
P
%
i
%
@
2

Figure 4.13 Fabrication of nanoscale dots pattern using SiO2-protecting structure
template. SEM images of (A-B) the Au dots pattern and (C-D) the Cu dots pattern

replicated from the pattern.

4.6 Conclusions

The original template structure used in electrochemical replication and transfer (ERT)
is not applicable to the creation of nanoscale patterns. This is because the adhesion force
of the deposited materials and the Au template interface is higher than that force in the

Au template and the Si substrate interface. As a result, the Au template is easily
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damaged during the transfer process, which is counterproductive to the goal of reducing
cost and improving throughput.

To address this issue, a new template structure was proposed in this chapter. A thin Si02
layer, which has the same thickness as the Au template, was added to the surrounding
Au pattern as a protective layer during the electrodeposition and transfer process. This
new structure enables the fabrication of sub-100 nm patterns using ERT, including both
continuous and isolated patterns, due to the direct connection between the Au pattern
and the Si substrate. The nanoscale template can be used more than 50 times, reducing
costs and providing an efficient way to fabricate large-area nanoscale patterns in a short
amount of time.

Importantly, this new structure has no side effects on the fabrication of large-area
microscale patterns or electrodeposition of various materials, including metals, metal
oxides, conductive polymers, and more.

Using our SiO»-protecting template, it should be able to fabricate a much higher
resolution theoretically. However, due to the special structure and fabrication process
of the template, it is still challenging to fabricate a higher-resolution template,
especially at the step of Au deposition. It is difficult to deposit the Au into a hole or
groove structure. In the future, a detailed study of the fabrication parameters could be
conducted and try to fabricate a higher resolution pattern. Apart from that, nanoscale
patterning is essential for many characteristics such as miniaturizing electronic

components, enhancing material properties, and creating devices with tailored
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functionalities. Further studies could be conducted on specific applications spanning

electronics, photonics, biotechnology, and energy in the future.
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Chapter 5: Universal Transfer Printing in ERT Using
PVA Binder for Stretchable Electronic Devices

In this chapter, a polyvinyl alcohol (PVA) solution was utilized to replace the original
photocurable binder (NOA 63) in ERT. The dissolvability of PVA allows for the
arbitrary transfer of electrodeposited patterns to a wide range of substrates, including
hard surfaces, curved surfaces, stretchable substrates, and even human skin.
Furthermore, stretchable devices can be created by transferring a pattern to a pre-
stretched substrate. Several applications were demonstrated, including ECG electrodes,
LED light conductors, stretchable heaters, and stretchable micro-supercapacitors.
Importantly, the superiorities of ERT were well-retained with the use of a PVA binder.
The PVA binder is compatible with various materials such as copper (Cu), gold (Au),
and silver (Ag) with resolutions ranging from 100 nm to several hundreds of
micrometres. It also enables large-scale fabrication in both micro and nanoscale at one

time with a high transfer yield of 99.6%.

5.1 Introduction of Stretchable Electronics

The advent of stretchable electronics has broadened the horizon for a plethora of
unconventional applications, including wearable electronics[1], biosensors[4], and
optical devices[6]. Over several years of study, numerous strategies have been designed
to achieve stretchability in traditional electronic devices.

One approach involves the employ of materials with inherently low Young's modulus,
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which exhibit high flexibility and resistance to breakage. One such material is
polydimethylsiloxane (PDMS) elastomer, along with other rubbery polymer materials.
These materials can be utilized to creat stretchable devices, often incorporating

structures such as membranes, nets, and flex circuits, as depicted in Figure 5.1.
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Figure 5.1 Various kinds of structures of elastomer and polymer as the substrate for

stretchable devices[193].

One fundamental problem with elastomers and polymers is that they are non-conductive
or have poor conductivity. However, this issue can be addressed by doping conductive
materials into these stretchable substrates. For example, single-walled carbon
nanotubes (SWNTs) have been successfully doped into PDMS, resulting in a
conductivity of up to 57 S cm™ while maintaining the original flexibility of the material.
Additionally, an active matrix that combined this material with organic transistors was
fabricated and maintained its performance even under 70% strain[ 194]. Other additives,
such as Ni powder[195], silver nanowires[196], and liquid alloy EGaln[197], have also
demonstrated satisfactory performance in the field of stretchable electronics. By
combining liquid metal and fiber mat fabricated by electrostatic spinning, a highly

stretchable and biocompatible membrane could achieve omnidirectional stretching over
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1,800% strain[2].

Despite the many ways to increase the conductivity of elastomers and polymer
materials, their performance still falls short of traditional active materials like metals
and semiconductors. Another approach involves constructing special structures using

these active materials, such as the 'wavy' structure.
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9 YA YA VAR

Figure 5.2 Two general types of ‘Wavy’ structures. Buckled structure of target materials

(A) fully attached (B) partly attached to stretchable substrate[198].

There are generally two types of 'Wavy' structures, as depicted in Figure 5.2. In 2007,
the wavy structure was first proposed by J.A. Rogers and his group[199]. They achieved
this by transferring a silicon thin film membrane onto a pre-stretched PDMS substrate,
which deformed in both transverse and longitudinal directions on a two-dimensional
plane. This thin film exhibits an edge effect, where the edge of the film forms a one-
dimensional wavy geometry. This wavy thin film holds potential for applications in
integrated electronic devices. Similar structures have also been proven effective for
other materials, including carbon monolayers[200] and carbon nanotubes[201].

By pre-treating the elastomer substrate, bonds can be formed between the rigid material

and specific areas. For instance, as shown in Figure 5.2 (b), GaAs ribbons with silicon
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ribbons on the surface were fabricated on a UV-treated pre-stretched PDMS substrate.
Upon exposure to UV light, the exposed area forms strong siloxane linkages (-O-Si-O-)
with the GaAs ribbons. After releasing the pre-strain on the PDMS substrate, the
unconnected area lifts and forms a "Wavy' structure on the up area of the PDMS
substrate instead of being embedded within it. Compared to the first buckled structure,
this 'partly attached' structure can endure much higher strain (up to around 100%)
without breaking the ribbons[202]. This method can be used for creating integrated
circuits such as complementary metal-oxide-semiconductor (CMOS) or
amplifiers[203].

Apart from these special buckles formed by pre-stretched substrates, there are also
special patterns based on physics and mechanics that can achieve stretch properties.
The mesh structure is one of the earliest examples explored by researchers[204] (Figure

5.3 below).
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Figure 5.3 Mesh structure for stretchable pressure sensors[204].

Figure 5.3 illustrates how, despite using rigid and non-stretchable basic materials, a thin
film can undergo a 25% transformation due to quadrilateral instability in mechanics.
Another special structure that can deform without breaking or rupturing is the horseshoe
shape. By transferring the 3D wavy structure onto a 2D plane, a unique wave shape can
be achieved on the stretchable substrate. The deformation of the metal pattern on the
substrate can be separated into two steps.

The first involves plastic deformation, which occurs in conjunction with the stretchable
substrate. Since the size of the substrate is much bigger than that of the pattern, the
metal pattern experiences uniform force from all directions. However, for the typical
zigzag shape, the plastic strain at the connection turning point significantly increases
(Figure 5.4). In contrast, the horseshoe shape offers a significant advantage by reducing
strain from nearly 20% to around 7%. The second step is the delamination of the metal
and substrate interface when the shear stress exceeds its limit. In this scenario, the metal
pattern deforms freely and randomly[205].

(a) (b)

Figure 5.4 Comparison of plastic strain between (A) zigzag and (B) horseshoe
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structure[205].

There are also many other structures such as microcracks. The sketch map is shown in
Figure 5.5 below. It has been reported that a gold thin film with original cracks was
fabricated on a PDMS substrate. The conductivity of the thin film electrode could
remain unchanged even at 120% strain. The performance could be improved by

electrical and thermal treatment adjustment[206].

Figure 5.5 (A) SEM image of Au thin film electrode with microcracks (B) image

analysis method to calculate the percentage of the microcracks[206].

The technology of patterning is integral to the process of fabricating circuits. Traditional
patterning technologies, such as photolithography, electron beam lithography, and
nanoimprinting lithography, have made significant advancements over the years,
particularly in terms of resolution. However, these traditional methods have drawbacks
including high cost, low throughput, and limited suitability for emerging special
applications mentioned earlier. For instance, photolithography struggles to achieve a
uniform layer of photoresist on curved surfaces or flexible substrates through spin

coating. The resolution of the fabricated pattern is also compromised when other
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methods like dip coating are employed[207].

An emerging category of patterning technology called transfer printing offers precise
and arbitrary transfer for nano- or micro-fabrication[16, 148, 153]. It demonstrates
versatility across various receiver substrates, high throughput, and relatively low cost.
However, achieving high fidelity of transferred patterns, especially at the nanoscale,
and maintaining a high transfer yield remains challenging. Additionally, the chemical
binders used for transfer or adhesion may have adverse effects on device performance
and pose environmental or biological risks. Developing a biocompatible or binder-free
transfer printing method suitable for arbitrary substrates continues to be a challenge.
Electrochemical release transfer (ERT), as a transfer printing method, addresses many
of the aforementioned issues and meets the requirements for flexible device fabrication.
However, the original binder used for pattern transfer (photocurable binder NOA 63) is
not suitable for certain surfaces such as hard and curved substrates. The rigid nature of
the binder makes it difficult for hard target substrates to conformably attach to or
separate from the electrodeposited substrate. Moreover, applying ERT to human skin
for emerging biomedical applications is impractical. Furthermore, the rigidity of the

binder limits its application in fabricating stretchable devices.

5.2 Fabrication Process Using PVA as Binder in ERT

Therefore, an alternative polymer binder, a polyvinyl alcohol (PVA) solution, was used
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for the transfer process to replace the NOA binder in ERT. The whole fabrication
process is illustrated below in Figure 5.6. Additionally, Figure 5.7 shows a photo of the
transference of a Cu mesh pattern onto a substrate of a glass sheet. The design of the
Au template was based on the research output in Chapter 4. The Au pattern was
embedded into the SiOz layer (Figure 5.7 A). The first step is the same as the original
method in which the target materials (e.g., Cu) are electrodeposited on the Au template
with PFDT modification. The deposition time is 3 hours, and the current density is 1
mA cm™. The template was further immersed in 20% dodecyl triethoxy silane ethanol
solution for 10 min and heated at 120 °C for 15 min to change from hydrophilic to
hydrophobic of the SiO:2 surface (Figure 5.7 B)[208]. Then, 10% PVA solution is cast
on the template by drop casting and dried at 50 °C for 3 hours. In the photo, the cyan
pigment was added to the transparent PVA solution for a clear illustration (Figure 5.7
C). After that, the target materials pattern could be easily detached with the PVA layer
thanks to the pre-modification of Au and SiO: (Figure 5.7 D). The template could then
be used for the next fabrication. For the transfer process, the PVA layer, bearing the
pattern, is directly affixed to the intended substrate. The receiver substrate could be pre-
treated by plasma or other methods which the enhancement of adhesive force between
the target materials and the receiver substrates is contingent upon the types of the
substrate. Here we attached the PVA layer with a mesh pattern to a glass sheet with 5
minutes of plasma treatment as a demonstration (Figure 5.7 E). Owing to the

pronounced hydrophilicity and pliability of the PVA film, achieving conformal
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adhesion to the intended substrate was readily accomplished. Finally, the PVA layer will
be dissolved by deionized water at room temperature. No cyan colour was shown in the
last picture. The Cu grid pattern could remain on the glass sheet by various adhesion

forces like electrostatic force and Van der Waals’ force[209-212].

Electrodeposition of Cast and Dry of
Target Materials PVA Solution
||
e — St — SRS
i
Peel off PVA
Layer Attach to Target Dissolve PVA
Substrate Layer with water
[0 siwafer [l sio, Au | Targetmaterial [ PVA Target Substrate

Figure 5.6 Illustration of the fabrication process of ERT using PVA as transfer binder.

Figure 5.7 Photo of the fabrication of Cu mesh pattern and transferred to a glass sheet
using PVA binder. (A) The Au mesh pattern template. (B) The template after

electrodeposition of Cu. (C) The template after casting a thin layer of PVA and drying
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at 50 °C. (D) Cu mesh pattern peeled off by PVA layer. (E) A PVA layer with a Cu mesh
pattern was attached to the glass sheet. (F) The glass sheet with Cu pattern after

dissolving the PVA layer with deionized water.

5.3 Characterization of the Transfer Process

The related optical images are depicted in Figure 5.8. The electrodeposited Cu pattern
remains intact during the whole transfer process. The only problem is that the Cu may
be oxidized during the drying and dissolving process using water. As showcased in
Figure 5.8 (D), the color of Cu mesh is heterogeneous corresponding to the oxidation
of Cu. This problem could be fixed by further treatment such as chemical etching. PVA

binder may be not suitable for those water-sensitive materials.
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Au template

j

Figure 5.8 Optical image of the Cu mesh pattern fabricated and transferred to the glass

sheet. (A) The Au template. (B) The Au template after electrodeposition of Cu. (C) The
Cu pattern was peeled off by PVA binder. (D) The Cu pattern was transferred to a glass

sheet substrate.

The transfer process was further characterized by AFM. For an efficient transfer
printing technique, it is significant to make sure the pattern is unchanged after the
transfer process. Compare the AFM images of the Cu pattern before (on the Au template,
Figure 5.9 A) and after (on the glass sheet, Figure 5.9 B) the transfer process, there is
no obvious change in the aspect of line width (~15 pm) and height (~3.5 pm). Details

data were presented in Figure 5.9 (C-D) which reveals the profile change of the
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corresponding red line shown in the AFM images. It proves that the electrodeposited
Cu pattern could be peeled off without residual on the Au pattern. Meanwhile, the
deionized water used in the dissolving process will not damage the pattern and ensure

transfer efficiency.
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Figure 5.9 AFM test of the Cu pattern prior to and subsequent to the transfer process.
(A) AFM image of the Au template after electrodeposition of Cu. (B) AFM image of
the Cu pattern transferred to the glass sheet. (C) The surface profile data of the red line

is in A. (D) The surface profile data of the red line is in B.

5.4 Applicability of PVA Binder

5.4.1 Various Materials and Receiving Substrates
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Due to the dissolvability of PVA binder, it allows a universal transfer process for various
materials and more categories of receiving substrates. Figure 5.10 shows the sensibility
of Ag and Au transferred by PVA. Ag was finally transferred to a glass bottle which is
a curved surface and Au was transferred to a stretchable Ecoflex film (Figure 5.10 D
and H). From the optical images taken during the whole transfer process, it could be
found that the whole Ag and Au pattern remained intact, and no side effects happened.
The XRD result was used to further confirm the successful electrodeposition of these
materials including Cu, Ag and Au (Figure 5.11). The XRD test was conducted before
the dissolving process, wherein the metal patterns were incorporated into the PVA

binder layer.

Figure 5.10 Transfer of pattern with different materials to various kinds of receiving
substrates. (A) Optical image of the Au template after electrodeposition of Ag. (B)
Optical image of Ag mesh pattern peeled off by PVA. (C) Optical image of Ag mesh
pattern transferred to a glass bottle. (D) Photo of Ag mesh pattern transferred to a glass

bottle. (E) Optical image of the Au template after electrodeposition of Au. (F) Optical
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image of Au mesh pattern peeled off by PVA. (G) Optical image of Au mesh pattern
transferred to a glass bottle. (H) Photo of Ag mesh pattern transferred to an Ecoflex

film.

A |Cu B |Ag C [Au

111) @)

(111)

(200) (200)
220 (311) (220)
(220) (200) \

30 35 40 45 50 55 60 65 30 40 50 60 70 80 30 35 40 45 50 s 60 65
2 theta (deg.) 2 theta (deg.) 2 theta (deg.)

Figure 5.11 XRD result of the as-fabricated metal mesh pattern. (A) Cu. (B) Ag. (C)
Au. The XRD test was conducted on the metal pattern embedded in the PVA layer

before dissolving.

5.4.2 Various Patterns Reaching Nanoscale

The transfer of target materials pattern by PVA is also applicable to isolated patterns
with different resolutions reaching even nanoscale. As shown in Figure 5.12 (A-B),
isolated Cu dots array patterns with a size range from 3 pm to 20 pum were fabricated
and replicated to PET film. The morphology of the Cu dots and the distance between
each dot remained unchanged. The resolution can even reach 100 nm (gaps between

the lines in Figure 5.12 D).
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Figure 5.12 Various patterns transferred to PET film. (A) Microscale Cu dots pattern
with around 5~20 um diameter. (B) Dots pattern with 3 um diameter. (C) Hole mesh

pattern with 300 nm diameter. (D) Lines pattern with 900 nm width and 100 nm gap.

Transfer yield serves as a significant parameter in assessing the efficacy of the transfer
printing methodology. The Cu nano lines pattern was fabricated and transferred to PET
film by the same template in Figure 5.12 (A). The total area of the pattern is around 3
cm?. By randomly picking up 16 areas under the observation of SEM images, the
transfer yield of the nano-lines pattern could be up to 99.6% with only 2 broken lines

in a total of 464 lines (Figure 5.13).
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Figure 5.13 SEM images of 16 randomly picked areas in the nanoscale lines Cu pattern.

Broken lines were highlighted by red circles. Scale bar: 10 um.

Throughput constitutes another crucial element in the assessment of a lithography
method's performance. ERT has been proven to be able to fabricate large-scale patterns
up to a 4-inch area using NOA binder. It is also possible to realize large-scale transfer
using a PVA binder. As shown in Fig. 5.14 (A-B), a 4-inch-scale Cu grid pattern could

be peeled off integrally by a PVA binder. The line width is 5 um and the gap is 100 um.



There are 36,0000 square lattices in total for this 6 x 6 cm? pattern. Then, the grid
pattern was transferred to a PET membrane (Figure 5.14 C-D). By detailly counting the
number under the optical microscopy, only 2952 square lattices were broken. Therefore,

the yield of the whole large-scale transfer process could reach 99.18%.

Figure 5.14 Transfer of a large-scale pattern reaching 4 inches. (A) Photo of the Cu
mesh pattern peeled off by PVA binder. (B) Optical image of the Cu mesh pattern on
the PVA layer. (C) Photo of the Cu mesh pattern transferred to a PET film. (D) Optical

image of the Cu mesh pattern on PET film. Scale bar: 1 cm.

The corresponding SEM images of the large-scale transfer Cu grid are shown in Figure
5.15. The morphology of the Cu grid pattern was almost unchanged between the

electrodeposited pattern and the transferred pattern. The pattern was embedded into the
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PVA layer during the peel-off process which offers a high binding force between the Cu
and PVA and increases the success rate of peeling off. After dissolving and transfer, it

formed a simple three-dimensional (3D) structure on the receiver substrate (PET).

Figure 5.15 SEM images of the large-scale Cu mesh pattern during the whole
fabrication process. (A) Photo of the Cu mesh pattern transferred to a PET film. Scale
bar: 1 cm. (B-D) SEM images of the Cu mesh pattern during the whole fabrication
process including after electrodeposition on the template, Cu pattern peeled off by PVA

layer and after transferred to PET film.

5.5 Applications for Stretchable Devices
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Stretchable conductors are essential constituents of stretchable electronic devices. It
offers the connection between rigid and soft electronic parts to realize different
functions. A stretchable conductor should be able to suffer from mechanical
deformation including elongation and compression. The resistance should remain stable
during the deformation process[213]. Based on the previous introduction, the buckled
structure and specific pattern design such as horseshoe could be combined with the ERT

process to obtain the fabrication of stretchable conductors.

5.5.1 Stretchable Conductors

Stretchable conductors form the foundational structures of stretchable devices. As the
most widely used conductive material, Cu itself cannot be stretched any more.
Therefore, based on the previous introduction, a specific design is necessary for the
stretchability of Cu and other rigid materials.

For the classic buckled structures, the dissolvability of the PVA binder makes it easily
realized by ERT. Figure 5.16 shows the fabrication process of the Cu buckled structure
transferred to a stretchable polydimethylsiloxane (PDMS) substrate. First, the PDMS
substrate will be pre-stretched under a certain strain (AL, e.g., 50%). The PDMS
substrate will be treated with oxygen plasma for 5 minutes under this status to clean the
surface and form polar functional groups like silanol[214]. Following the plasma
treatment, the surface of PDMS transitions from hydrophobic to hydrophilic. As
depicted in Figure 5.17, the contact angle of water diminishes from 111° to 15°, thereby

enhancing the adhesive force between the Cu and PDMS substrates. After the surface
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treatment, the PVA layer with a Cu pattern will be directly attached to the pre-stretched
PDMS surface. Then, the PVA layer will be dissolved in deionized water gently. After
the PVA layer is dissolved, the PDMS substrate will be dried, and the strain will be
released uniformly and slowly. The Cu conductors will form buckles naturally on the
surface. This buckled structure enables the stretchability of Cu conductors with a

maximum strain of AL.
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Figure 5.16 Illustration of the fabrication process of stretchable buckled conductors on

PDMS.
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Figure 5.17 Contact angle of the PDMS substrate with/without 5 minutes of oxygen

plasma treatment.

This strategy is also suitable for the normal flexible conductors by direct transfer of the
pattern without pre-strain. The flexibility and stretchability of the Cu conductor
fabricated by PVA binder were tested using a stepper motor linear stage as shown in
Figure 5.18. The deposition time is one hour and the current density is 1 mA cm™. For
both tests, the width is 2 mm, and the length is 2.5 cm for the transferred Cu conductors.
For the flexibility test, the Cu conductor was bent for 3000 cycles under a bending
radius of 5 mm. The resistance only increases from 1.25 Q to 1.32 Q with a slight
change rate of 5.6%. For the stretchability test, the Cu conductor was stretched for 5000
cycles under a strain of 50%. The resistance changes from 0.21 Q to 0.22 Q with a small

change rate of 4.8%. It proves the potential of applying ERT using a PVA binder to
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flexible and stretchable devices.
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Figure 5.18 Bending and stretching tests of the Cu conductors. (A) Resistance of the
Cu conductor is bent for 3000 cycles under a bending radius of 5 mm. (B) Resistance

of the Cu conductor stretched for 5000 cycles under the strain of 50%. Scale bar: 1 cm.

Apart from the buckled structure, stretchability could also be realized by the intrinsic
design of stretchable patterns such as horseshoe patterns. As shown in Figure 5.19 (A),
an Ag horseshoe pattern was conveyed onto a PDMS substrate. It could be attached to
human skin. It can also be stretched or twisted. The resistance only increases from 1.5
Q to 3. Q under the strain of 30%. After 100 cycles, the resistance under the stretching

state was almost unchanged which proves the excellent stability.
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Figure 5.19 Stretchability of an Ag horseshoe pattern transferred to PDMS by ERT
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using PVA binder. (A) Photo of the Ag horseshoe pattern on PDMS. Up: Attached to
the human wrist. Down: Under twisting and stretching state. (B) Resistance during the
stretching under a 30% strain. (C) Resistance of the Ag horseshoe pattern stretched for

1000 cycles under the strain of 30%.

5.5.2 Stretchable Devices on the Human Body

The dissolvability of PVA binder enables the arbitrary transfer even on the human body.
Few amounts of PVA residue will remain on the human skin to enable the binding
between the metal pattern and human skin. Combining the strategies for the fabrication
of stretchable conductors, LED lights could be integrated with human fingers. The
conductors form buckled structures on the finger surface (Figure 5.20 A). The light
intensity will not be affected by the bending and straightening of a human finger. For
the horseshoe pattern, it could be applied as stretchable electrodes for human
monitoring such as ECG. Compared with the commercial electrodes, the Au horseshoe
pattern transferred to the human wrist by PVA shows the same stability even after 6

hours of free motion.

A

——— Commercial
~——— Transferred pattern by PVA
——— Transferred pattern after 6 hours of motion

A
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Figure 5.20 Stretchable conductors on human skin. (A) Cu conductors for LED lights
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on the finger. (B) Au horseshoe pattern on the human wrist as electrodes for ECG test.
(C) Comparison of ECG singles of commercial electrodes and stretchable Au horseshoe

electrodes before and after free motion.

5.5.3 Stretchable Micro-Supercapacitors

To make electronic devices wearable, it is crucial not only to integrate the function
groups but also the power supply components such as batteries and micro-
supercapacitors (MSCs) with the human body[215]. MSCs are composed of two
conductors and a separated non-conductive dielectric layer. Normally it forms a
sandwich structure. It could store charge when a voltage is applied between the two
plates[216]. To reduce the weight and volume of the devices on the human body, the
in-plane design of interdigital electrodes was proposed[217]. The substantial energy
density of MSCs presents considerable potential within the realm of wearable
electronics[218]. Here stretchable MSCs with interdigital electrodes were designed and
fabricated by the ERT method.

The structure is shown in Figure 5.21. The whole MSCs interdigital electrode pattern
was fabricated by 10 minutes of Au deposition and 5 minutes of Cu deposition
consecutively. The current density is 1 mA cm™. The Au layer serves as a current
collector. The entire device will be collectively transferred to a pre-stretched PDMS
substrate. Subsequent to the release of the pre-strain, the whole device will form buckles
on the PDMS surface. Then, the device will be treated with oxygen plasma for 5

minutes. The Cu will be oxidized to CuOx, which will serve as active materials.
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Ultimately, the electrolyte, composed of 20-weight percent LiCl and 10-weight percent
PVA in H20, will be directly applied to the surface of the interdigital electrode for the

purpose of an electrochemical examination.

PDMS

Au

B cuo,

Electrolyte

Figure 5.21 Illustration of the structure of stretchable micro-supercapacitors on PDMS

substrate.

The electrochemical performance of these MSCs is shown in Figure 5.22. The cyclic
voltammetry (CV) curves, which is the basic electrochemical performance, was tested
under different scanning rate from 10 mV to 200 mV (Figure 5.22 A). The areal
capacitances at different scanning rates were calculated according to the CV curves and
shown in Figure 5.22 (B). The areal capacitance is around 0.75 under a scanning rate
of 10 mV. The mechanical stretchability of the MSC was also studied (Figure 5.22 C).
The whole device was stretched more than 50 times at 50 % strain. The CV curves
tested before and after the stretching test were almost the same which indicated the

stability of the stretchable MSC devices.
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Figure 5.22 Performance of the stretchable micro-supercapacitors. (A) CV curves with
different scanning rates. (B) Areal capacitance under different scanning rates. (C)

Comparison of CV performance after stretching with the pristine sample. Scanning rate:

100 mV/s.

5.6 Conclusions

The ERT method has demonstrated its efficacy as a highly efficient technique for the
fabrication of high-resolution patterns on flexible substrates, providing both high
throughput and cost-effectiveness. To enhance the applicability of ERT, a PVA
(Polyvinyl Alcohol) solution was introduced as a replacement for the original
photocurable binder NOA 63. The dried PVA binder effectively peels off the
electrodeposited materials from the template without causing any damage. With a
success rate of up to 99.6%, large-scale transfers of patterns at both micro and nanoscale
can be achieved. The versatility of ERT is demonstrated by its ability to transfer various

materials, including Cu, Ag, and Au, onto different surfaces. It is applicable to hard
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surfaces including glass sheets, curved surfaces like glass bottles, and even stretchable
substrates like Ecoflex. Other flexible substrates such as PET, PDMS, and even human
skin can also be utilized. By employing a pre-strain strategy and specific pattern designs,
stretchable devices can be fabricated. The flexibility and stretchability of the transferred
patterns remain stable even after thousands of repetitions. The applications of ERT are
wide-ranging. It has been successfully employed in the fabrication of ECG electrodes,
LED lights, stretchable heaters, and stretchable micro-supercapacitors, all of which
exhibit excellent stability under stretching conditions.

Despite a comprehensive investigation into the applicability of PVA as a binder in this
project, the performance of stretchable electronic devices fabricated using this binder
remains unsatisfactory. In future research, one direction could be to explore and
compare different materials as binder layers to investigate their mechanical properties,
adhesion strength, and transfer efficiency. Alternatively, the ERT method using PVA as
a binder could be fine-tuned based on specific application scenarios of stretchable
electronics to fabricate flexible electronic devices with outstanding performance,
thereby identifying the most suitable application scenarios for devices prepared using

ERT.
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Chapter 6: Resolution-Confined 3D Structure Pattern
and Applications Thereof in ERT

In this chapter, a modification was made to the template used for ERT to realize the
fabrication of a 3D structure pattern on the flexible substrate. The 3D structure template
could also restrict the decrease in resolution caused by the isotropic deposition of the
electroplating process. The intended materials will be directly deposited onto the
surface of Si substrates, which could also improve the reusability of the template since
Si is much harder than the Au pattern and is difficult to destroy during the transfer
process. The aspect ratio of the 3D structure pattern fabricated by this template could
reach a maximum of 1:4, while the resolution of the pattern could reach 2 pm. The
template is suitable for the fabrication of both isolated dot array patterns and
interconnected patterns, including lines and meshes. To demonstrate the advantage of
keeping the pattern resolution, 3D structure mesh patterns with different line widths,
gaps, and heights were fabricated to chase for a high Figure of Merit which could serve
as the electrodes for flexible transparent heaters. To demonstrate the specific application
of 3D structures, a self-powered pressure sensor based on a triboelectric nanogenerator

(TENG) was fabricated with high sensitivity, serving as the human voice monitor.
6.1 Introduction

For the original ERT method, the target materials are electrodeposited on the surface of

the template. Since electroplating is an isotropic process, the resolution of the target
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materials pattern will decrease as the increase of deposition time. Since the resistance,
which is an essential electrical parameter, will increase as the decreasing of deposition
time, attaining equilibrium between the resolution and electrical performance of
flexible devices presents a significant challenge. This phenomenon has been studied
before, and the result is shown in Figure 6.1[26]. When the electroplating time was
extended to 1.5 hours, the thickness of the electrodeposited material was around 4 pm,
and the width of the line increased from 1pum to 12um. The replication error is around
1200%. It will have serious side effects on the fabrication of high-resolution electronic

devices.
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Figure 6.1 The deposition time versus pattern thickness and resolution of a Cu line

pattern[26].

Another problem with the original template is that, after casting and peeling off of the

binder layer, the target materials will be embedded into the binder layer[26]. AFM test
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was conducted on the surface of a Cu@NOA 63 sample to prove the embedded structure,
as shown in Figure 6.2. Although this structure could be beneficial for most flexible
electronic devices in the view of improving flexibility, it also restricts its application in

some special areas such as meta-surface, pressure sensors, and so on. The ERT method

should be further improved to offer more applicability for more applications.
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Figure 6.2 AFM test of the Cu pattern on NOA binder layer.

6.2 Iustration of 3D Structure Template for ERT
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The structure of the template was modified for the purpose of fabricating a 3D structure
pattern. The schematic representation of the entire fabrication process of the template,
followed by the 3D pattern transfer process is shown in Figure 6.3 below. First, a
conventional photolithography process was conducted on a SiO2/Si wafer. The
thickness of the SiOz2 layer could be changed for different requirements. Here a 500 nm
SiO2 was used as the demonstration. A 100 nm Cr layer was then deposited on the
template by e-beam evaporation to serve as the mask during the following drying
etching process. The SiO2 and Si of the patterned area will be etched away by CF4 and
SFe gas, respectively. The etching depth will be the height of the 3D pattern. The
fabrication of the 3D structure template will be finished after removing the residue Cr
layer with a Cr etching solution. Instead of using PFDT, a silylating reagent will be
used to form a SAM on the Si substrate for the pattern replication process. The template
will be immersed in the 20% silylating solution for 10 minutes and then baked at 120 °C
for 15 minutes. This hydrophobic layer could reduce the adhesion force between Si and
the target materials fabricated during the following electrodeposition process. After the
modification, the Si template will be used for the electroplating process directly. Since
Si is a semiconductor while SiO: is an insulator, the target materials will only be
electrodeposited onto the Si surface, including both the base and lateral areas of the
groove. Therefore, the growth of the target materials will not change the resolution of
the pattern. Finally, UV-curable binder NOA 63 will be cast onto the surface, filling the

groove. The target materials will be peeled off with NOA, which is the same as the
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original ERT process.

Photo

Deposition
-lithography of Cr
—)
Removal
of resist
Removal ICP by CF,
of Cr and SFg
= =
Electro- Reuse of template
d iti
SRR Cast of Peel off

Ly = [y = LT

Wsi [P Resist ] sio, i cr [ Toroet Binder

material

Figure 6.3 Schematic of the whole fabrication process of the template and the following

3D pattern transfer process.

6.3 Fabrication of Various 3D Patterns

6.3.1 Parallel Lines Pattern

First, a 3D template with a parallel line pattern (20 um width and 20 pm depth) was
fabricated as a demonstration. From the SEM images of the lateral sight of the template
after the electrodeposition of Cu, it can be found that Cu grows along all the exposed
Si surfaces, including the bottom and side walls of the groove. As the increasing of
deposition time, the thickness of Cu also increases to around 1 pm when the deposition
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time reaches 3 hours. This structure could confine the growth of Cu in the groove area
instead of increasing the line width. Although the Cu will still climb along the side wall
and cause the deposition of material on the SiO:z surface, as shown in Figure 6.4 C, this
could be circumvented by augmenting the thickness of the SiO: layer, contingent on

specific requisites.

Figure 6.4 The lateral SEM images of 3D lines pattern template after different

electrodeposition times. Deposition time: (A) 30 min. (B) 1 h. (C) 3 h.
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fabrication process, including template, template after deposition, peeled off by NOA

binder. (A) 20 um. (B) 10 pum. (C) 5 pum.
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Lines patterns with different resolutions (20 pm, 10 um, 5 pm) were fabricated
successfully by this 3D template. Figure 6.5 shows the optical images taken during the
whole process, including the pure template, the template after electrodeposition for 30
minutes and the Cu lines pattern peeled off by NOA binder with different deposition
times. There is no discernible alteration in the line width after different
electrodeposition times for all the resolution ranges.

The whole fabrication process is also characterized by the EDX test. The Si and O
elements in Figure 6.6 A represent the SiO2 layer, while the Cu covers the patterned
area. After the transfer process, the Cu was transferred to a PET substrate using NOA

as the binder. There are no Si elements, while the S represents the NOA layer.

Figure 6.6 EDX results during the fabrication of lines pattern. (A) The template after

electrodeposition of Cu. Elements: Si, Cu, and O. (B) Cu pattern on the NOA substate.

Elements: Si, Cu, and S.

The dry-etching of Si is a mature technology. It is easy to obtain vertical 3D structures
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with different aspect ratios on Si substrate with a high resolution reaching the
nanoscale[219, 220]. Considering the high surface energy during the peeling-off
process, 3D line patterns with different aspect ratios were designed ranging from 1:1 to
1:4. The heights are all 20 um for the line patterns with different resolutions. Figure 6.7
shows the cross-section SEM images of these Cu line patterns transferred by the NOA
binder layer. The Cu (light area) covers the patterned area and the side wall of the 3D
lines. As the increasing of the electrodeposition time, the thickness of the Cu layer will

also increase, which corresponds to the change shown in Figure 6.4.
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Figure 6.7 Cross-section SEM images of the line patterns with different resolutions and
aspect ratios after different deposition times (30 min, 1h, and 3h). (A) Line width: 20
um; Height: 20 um; Aspect ratio: 1:1. (B) Line width: 10 pm; Height: 20 pm; Aspect

ratio: 1:2. (C) Line width: 5 um; Height: 20 um; Aspect ratio: 1:4.
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The resolution could be increased to 2 pm, which is also the limit of the
photolithography at the lab level. As shown in Figure 6.8, the SEM images prove the
successful fabrication of the 3D line pattern with 2 pum and 3 pum. The height of the

pattern is around 2 pm. There are no cracks on the surface of the lines.

Figure 6.8 SEM images of the high-resolution line pattern. (A) 2 um lines pattern. (B)

Cross-section image. Height: 2 pum. (C) 3 um lines pattern. (D) Cross-section image.

Height: 2 um. Deposition time: 30 minutes.

6.3.2 Fabrication of Various Materials

Apart from Cu, other materials such as Au, Ag and Ni could also be applicable, as
shown in Figure 6.9. The optical images and the corresponding XRD results proved the

successful fabrication of the 3D 10 um lines pattern.
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Figure 6.9 Fabrication of lines pattern with different materials and the corresponding

XRD results. (A) Cu. (B) Au. (C) Ag. (D) Ni.

6.3.3 Fabrication of Isolated Patterns

Although the Si0O: layer is an insulator, the Si layer is continuous, which is apt for the
creation of isolated patterns, such as an array of dots. Figure 6.10 illustrates the
fabrication of a 3D circle dots array. The optical pictures of the 3D template are
showcased in Figure 6.10 A. The diameter of the circle dots is 50 pm. After different
deposition times ranging from 30 min to 3 h, there is no increase in the diameter of the
transferred Cu dots pattern on the PET substrate. There are also no obvious cracks
shown on the transferred dot patterns, which are proven by both optical and SEM
images. The cross-section SEM image shows that the thickness of the dots is around 20

um, which means that the aspect ratio is 5:2.
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Figure 6.10 Fabrication of 3D circle dots array. (A) Template of 50 um circle dots array
pattern. (B-D) Optical images of the 3D Cu circle dots array pattern transferred to PET
substrate by NOA binder. Electrodeposition time: B: 30 min; C: 1 h; D: 3 h. (E) Cross-
section SEM image of the circle dots array pattern. Height: 20 um. (F-H) SEM images
of the 3D Cu circle dots array pattern transferred to PET substrate by NOA binder.

Electrodeposition time: B: 30 min; C: 1 h; D: 3 h.

Apart from the circle dots array, the square dots array is also applicable. The optical
images of the template and 3D Cu pattern are shown in Figure 6.11. The side length is
50 um. There is still no change in the side length, no matter how long the deposition
time is. However, different from the circle dots array, there are some cracks on the
surface of the square dots. This can be ascribed to the concentration of stress at the four
corners of the square pattern[221]. It is hard to avoid the shear stress during the peeling-
off process. The cross-section SEM image shows that the thickness of the dots is around

20 pm, which means that the aspect ratio is 5:2.
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Figure 6.11 Fabrication of 3D square dots array. (A) Template of 50 um square dots
array pattern. (B-D) Optical images of the 3D Cu square dots array pattern transferred
to PET substrate by NOA binder. Electrodeposition time: B: 30 min; C: 1 h; D: 3 h. (E)
Cross-section SEM image of the square dots array pattern. Height: 20 um. (F-H) SEM
images of the 3D Cu square dots array pattern transferred to PET substrate by NOA

binder. Electrodeposition time: B: 30 min; C: 1 h; D: 3 h.

For both the circle and square dots array pattern, the corresponding EDX results also
prove the successful fabrication of a 3D Cu dots array. The Cu element only showed on

the patterned array area. The S element corresponds to the NOA binder layer.
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Figure 6.12 EDX results during the fabrication of dots array pattern. (A) Square dots
array on NOA binder. Elements: Si, Cu, and S. (B) Circle dots array on NOA binder.

Elements: Si, Cu, and S.

6.4 Application for Flexible Transparent Electrodes

6.4.1 Fabrication of 3D Mesh Pattern

Apart from basic shapes like lines and dots, it is also able to fabricate complicated
patterns such as mesh patterns, which have significant potential in the field of
transparent electrodes. The optical images in Figure 6.13 show the successful
fabrication of a 3D Cu mesh pattern with a 10 pm line width and 200 um line gap. As
the increasing of electrodeposition time, the line width of the Cu meshes peeled off by
the PET substrate is almost unchanged from the view of optical images. There are no
obvious broken or cracks on the mesh pattern.
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Figure 6.13 Optical images of 3D mesh pattern with 10 pm line width, 200 um gap and
10 um height. (A) Template. (B-D) The cu pattern on PET. Deposition time: B-30 min,

C-3h,D-6 h.

Figure 6.14 is the optical surface profiler results of the Cu mesh patterns transferred to
the PET substrate with various electroplating times. The height of the mesh pattern is

around 10 pm.
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Figure 6.14 Optical surface profiler test of 3D mesh pattern with 10 um line width, 200
um gap and 10 um height fabricated by different deposition times. (A) 30 min. (B) 3 h.

(C) 6 h.

6.4.2 Comparison with the Original Template

The mesh pattern electrode has great advantages in the field of transparent electrodes
due to the great balance between low sheet resistance and high transparency.

For the metal mesh electrode fabricated by the electroplating process, the sheet
resistance will be greatly reduced as the increasing of electroplating time. However, for
the original ERT template, the growth of materials is isotropic. The line width will be

enlarged as the increase of deposition time as shown in the optical graphics in Figure
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6.15. For the mesh pattern with a 5 um line width and 200 um gap, the line width
increased from 5 pm to 25 um as the deposition time was extended from 5 minutes to

3 hours.

Figure 6.15 Optical images of the mesh pattern fabricated by the original template with
a 5 um line width and 200 um gap. (A) Template. (B-D) Cu mesh pattern transferred to

PET by NOA binder. Deposition time: B-30 min, C-1 h, D-3 h.

Compared with the original ERT template, the 3D structure template has great
advantages in the aspect of maintaining the resolution. As showcased in Figure 6.16,
for the 3D mesh pattern with the same parameters, the line width of the transferred

pattern is almost unchanged even when the deposition time was increased to 6 hours.

A

Template

Figure 6.16 Optical images of 3D mesh pattern with 5 um line width, 200 pm gap and
10 um height. (A) Template. (B-C) The cu pattern on PET. Deposition time: B-3 h, C-

6 h.
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The transmittance of these mesh pattern electrodes could directly reflect the advantages
of the 3D structure pattern (Figure 6.17). For the mesh pattern electrodes fabricated by
the original ERT template, the transmittance at 550 nm wavelength decreased from
91.03% to 82.37% as the electrodeposition time increased from 5 minutes to 3 hours.
For the 3D structure pattern, the transmittance is almost unchanged when the deposition
time increases from 3 hours to 6 hours. The transmittance is around 86%, which is
slightly lower than the mesh pattern electrodes fabricated by 5 minutes of deposition.
It can be explained that the dry etching process may cause a slight growth in the line
width. Furthermore, concomitant with an augmentation in deposition duration, the
electrodeposited materials will still grow out of the groove area and cause a decrease in
transparency. This issue could be partially mitigated by augmenting the thickness of the
insulating SiO2 layer. Predominantly, the reduction in the sheet resistance of the mesh
electrodes tends to plateau when the deposition duration exceeds three hours at a current
density of 1 mA cm?, as illustrated in Figure 6.18. The marginal alteration in
transparency exerts minimal impact on the performance of the mesh pattern transparent

electrodes.
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Figure 6.17 UV-vis spectra of the 5 um mesh pattern transparent electrodes fabricated

by the original template and 3D template with different deposition times.
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Figure 6.18 Resistance versus the electrodeposition time for the mesh electrodes

fabricated by the original and 3D template. Line width: 5 um, line gap: 200 pm.

6.4.3 Adjustment of the Figure of Merit
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The evaluation of transparent electrodes is largely determined by the sheet resistance
and transparency. As it is a common problem to achieve a balance between these two
factors, there is a value called Figure of Merit (FoM), which could be used to evaluate
the performance index of transparent electrodes. The FoM could be calculated by the
equation (6.1) below:

188.5
FoM = ——— (6.1)

R (% - 1)

Rs represents the measured sheet resistance, and T represents the transmittance. A
higher FoM value means a better performance of the transparent electrode.

For the electrodeposited mesh pattern electrodes, it can adjust the performance of the
transparent electrodes by adjusting the line width, line gap, and deposition time. Due to
the advantage of the 3D structure template, the influence of the deposition time could
be eliminated. The deposition time could all be increased to 3 hours at a current density
of 1 mA cm™. Therefore, we tried to adjust the line width and gap to achieve a higher
FoM. As shown in Figure 6.19, the parameter of sample A is 5 um width, 200 um gap
and 20 um height, which was used to compare the influence of the height. The
parameter of sample B is 3 pum width, 200 um gap and 3 um height, which was used to
control the line width and achieve a higher transparency. The parameter of sample C is
5 wm width, 500 um gap and 20 um height, which was used to control the line gap and
achieve a higher transparency. The parameter of sample D is 20 um width, 500 pm gap
and 20 pm height, which was used to achieve a balance between sheet resistance and

transparency.
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Figure 6.19 Optical images of 3D mesh pattern with different parameters. (A) Line
width: 5 pm, gap: 200 pm, height: 20 pm. (B) Line width: 3 um, gap: 200 um, height:
3 um. (C) Line width: 5 um, gap: 500 um, height: 20 pm. (D) Line width: 20 um, gap:

500 um, height: 20 pm.

The UV-vis spectra result of these transparent mesh pattern electrodes is shown in
Figure 6.20 below, including the mesh pattern with a 10 pm line width, 200 um line gap

and 10 pm height.
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Figure 6.20 UV-vis spectra of the 3D mesh pattern with different parameters.

After collecting the sheet resistance of these transparent electrodes, the corresponding
FoM values could be calculated based on equation (6.1), and the results of all the
transparent electrodes fabricated before were listed in Table 6.1 below. It can be found
that the transparent mesh pattern electrode with a 10 um line width, 200 um line gap
and 10 um height achieves the best performance among all the transparent electrodes
fabricated in this project. The transmittance at 550 nm wavelength is 86.89%, and the
sheet resistance is 0.0815 Q/sq. The FoM value could reach a high value of 31774. By
adjusting the parameters of line width, line gap and line height, the transmittance of the
transparent electrodes fabricated by the 3D structure template could be up to 96.39%,

and the lowest sheet resistance could reach 0.0799 Q/sq. The transparent electrodes
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fabricated by the 3D structure template could satisfy various application environments

based on real demands.

Table 6.1 Summary of the parameters, transmittance, sheet resistance and FoM of the

various 3D mesh pattern transparent electrodes fabricated before.

Transmittance ressigfaer:ce
at 550 nm (%) (Q/sq)

OT-5min 91.03 0.7715 5078
OT-1h 5/200 0 83.39 0.2190 9053
OT-3h 82.37 0.0870 21276

3DT-30min 87.48 0.5301 5141
3DT-3h 10/200 10 86.89 0.0815 31774
3DT-6h 85.16 0.0799 28209
3DT-3h 88.81 0.1940 15895

5/200 10
3DT-6h 87.64 0.1550 17834
3DT-3h 5/200 20 86.40 0.1889 13160
3DT-3h 5/500 20 96.39 1.6187 6276
3DT-3h 20/500 20 92.54 1.0210 4670
3DT-3h 3/200 2 94.43 0.8012 8093

Figure 6.21 is the comparison of optoelectronic performance between our 3D Cu mesh-
based flexible transparent electrodes (FTEs) and other typical transparent electrodes
(TEs) published previously, including Indium Tin Oxide (ITO)[222], Ag
nanowires[223], carbon nanotubes[224], graphene[225], Ag nanofibres[226], other
metal meshes[227-233]. Our 3D Cu mesh-based FTEs have better performance with

higher FoM values among all the TEs.
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Figure 6.21 A comparative analysis of the optoelectronic performance between our 3D
Cu mesh-based flexible transparent electrodes and other typical transparent electrodes
previously published, inclusive of Indium Tin Oxide (ITO)[222], Ag nanowires[223],

carbon nanotubes[224], graphene[225], Ag nanofibers[226], other metal meshes[227-

233].

6.4.4 Applied to Flexible Transparent Heaters

The 3D metal mesh pattern could obtain good flexibility after being encapsulated by
another NOA binder layer, which protects the metal from cracks during the bending
process (Figure 6.22 C). The digital images in Figure 6.22 show the testing status of the
encapsulated mesh pattern electrodes utilizing the bending machine at a minimal
bending radius of 2 mm. The resistance change of the transparent electrodes is smaller

than 1.5 even at a minimal bending radius of 2 mm after 1000 cycles.
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Figure 6.22 Flexibility test of the 3D mesh pattern electrode. (A) Side view a digital
image of the sample under testing. (B) Top view a digital image of the sample under
testing. (C) Resistance changes of the 3D mesh pattern electrode under different
bending radii. Insert image: Illustration of the 3D mesh pattern electrode with NOA

encapsulation.

The flexible transparent electrodes encapsulated by the NOA binder layer could be
applied as the electrodes for flexible transparent heaters (FTH) as shown in Figure 6.23
A. The IR image was taken at a constant input voltage of 1.2 V. The highest temperature
degree could reach 114 °C and the distribution of the heat is homogenies. Figure 6.23
B is the temperature profile of the flexible transparent heater over time at different input
voltages. The temperature of the heater could be adjusted by changing the input voltage
with a range from 30 °C to 114 °C with a small voltage from 0.3 V to 1.2 V. The heating
process could finish within 30 seconds and remain in a stable status at the maximum
temperature. The input power density could be calculated based on the maximum
temperature at different input voltages as shown in Figure 6.23 C. The slope of the plot

reveals the high-power efficiency of our FTH reaching 277 °C cm?® W',
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Figure 6.23 3D mesh pattern electrode-based flexible transparent heater. (A) IR image
of the transparent electrode at a constant input voltage (1.2 V). (B) The temperature
profile of the FTH over time, under the application of varying voltages. (C) The graph
depicting the correlation between the FTH temperature at a steady state and the

calculated input power density.

6.5 Application for Flexible Self-Powered Pressure Sensors

As one of the most basic and important components of 10T, flexible pressure sensors
hold a pivotal role in the domain of detecting human body motion and simulating
external pressure[234]. Irrespective of the underlying mechanism or material of the
flexible pressure sensor, the construction of a microstructure is deemed an efficacious
method to improve the compressibility and sensitivity of the sensor[235]. Diverse
microstructures, including pyramids, hemispheres, pillars, and porosity, are typically
fabricated using intricate methods, such as photolithography on the Si mold. However,

these methods are complex and not amenable to large-scale preparation[236]. Therefore,
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3D-ERT is suitable for the fabrication of flexible pressure sensors with complex

microstructures due to its advantages of large-scale replication models.
6.5.1 Illustration and Mechanism

Here we fabricated a triboelectric nanogenerator (TENG) based flexible pressure sensor.
The Cu electrode with microstructure was fabricated by the 3D-ERT method. The
counter electrode was composed of a Cu current collector and a PDMS triboelectric
layer. The structure of the whole device and the working mechanism are showcased in
Figure 6.24. As the increasing of the pressure, the contact area between Cu and PDMS
will increase because of the elastic property of the PDMS. Therefore, the output will
change with the pressure. The deformation of PDMS will also induce a shift in

capacitance, contributing to the alteration in output.

Pressure
instrument
Cu

PDMS —] , -
1 1 1F R paR ;:;-.] ll

Cup
Binder

Press Separate

Figure 6.24 A schematic representation elucidating the operational mechanism of the

self-powered pressure sensor predicated on the TENG.

6.5.2 Performance of Electrodes with Various Patterns

3D-ERT is suitable for the fabrication of various isolated patterns with different shapes
and resolutions. As shown in Figure 6.25, the optical images and optical profiler results
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show the successful fabrication of isolated dots array pattern with 4 um height. The

shape includes a circle and a square while the resolution ranges from 20 pm to 50 pum.

A‘ B‘C‘D‘

Figure 6.25 Fabrication of 3D dots array electrodes with different resolutions and
shapes for pressure sensors. Optical images of the electrodes with (A) 50 um circle, (B)
50 pum square, (C) 20 um circle, and (D) 20 pm square. (E-H) The corresponding optical

surface profiler images. The height of the dots array is around 4 pm.

Applied this microstructure array as electrodes for the TENG-based pressure sensors,
they all show a good sensitivity, especially at a low-pressure range from 0 to 10 kPa
(Figure 6.26 A). For the dots array with larger diameter, the sensitivity is higher which
reaches around 0.6 kPa™! while the sensitivity is only around 0.2 kPa™! for the 20 pm
dots array. The shape of the dots array has almost no influence on the sensitivity. The

response time is very short reaching only 0.109 s (Figure 6.26 B).
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Figure 6.26 (A) The change of voltage output under different pressures for sensors with

different shapes. (B) Response time for the pressure sensor.

Taking 50 pum circle dots as an example, electrodes with different heights (14 pm and
20 um) were also fabricated (Figure 6.27 A and B). The sensitivity is almost unchanged
with the increase in height. However, the higher 3D sensor has a slightly larger

sensitivity range as showcased in Figure 6.27 C.
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Figure 6.27 Optical surface profile images of 50 pm circle dots array with different
heights. (A) 15 pum (B) 20 um. (C) The change of voltage output under different

pressures for sensors with different heights.

To further illustrate the advantage of 3D-ERT in the field of constructing complex 3D
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structures, a multi-step 3D dots array pattern was fabricated. The down layer is 50 um
circle dots, and the up layer is 20 um circle dots as shown in Figure 6.28 A. The
sensitivity could be increased to 2.2 kPa™! at the low-pressure range while the rest part
is the same as the single layer dots array pattern (Figure 6.28 B). The multi-measure

range was realized in one device.
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Figure 6.28 (A) Cross-section SEM image of the double layer 3D dots array electrode.
(B) The comparison of the voltage output change between multi-layer and single-layer

3D dots array electrodes with the same height.

6.5.3 Flexibility and Stability

The stability of the TENG-based pressure sensor with 50 um 3D circle dots array
electrode was tested under 5 kPa pressure for 25000 s (Figure 6.29 A). The output of
the voltage is almost unchanged which proves the great long-term stability. For
flexibility, the electrode was bent at different radii (10 mm and 5 mm) for 1000 cycles.
The resistance change of the electrodes is smaller than 2 and the voltage output at
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different pressures is unchanged (Figure 6.29 B).
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Figure 6.29 Stability of 50 um circle dots array pressure sensor. (A) Long-term output
stability under 5 kPa pressure for 25000 s. (B) Flexibility under different bending ratios

in the view of resistance change and output under different pressures.

This pressure sensor could be applied for the monitoring of the monitoring of carotid
artery pulse. The sensor was attached to the human neck with medical tape. The voltage
output was recorded before and after 3 minutes of exercises. The BPM before exercises
is around 70 while the BPM is 127 after exercises. The result is consistent with the

commercial watches (Figure 6.30).

137



0.10

- Exercise
S

= 0.02} \ \ 4

o 0 0 5 L \“\V /J'\\;\ Jj N m\/‘ L»\M i I\

© 0.00 waway/ Al 2

= . BPM' 127

(@] — ‘o ‘
> 0.00 SN ALY lkl‘,‘iﬂ?ﬁi‘}i@\ JI&LLL"LMJ\QL‘!LL\!U lq\UN BL‘“ LQLL”»}M‘LLA(% L f( ‘I,LLI&L LiJ { \l Hl L”k{

0 10 20 30 40 50 60
0.10
— Restin
S g
0.02}

©0.05 | M

3]

= 0.00} ' BPM: 70

(@) 0 1 2

>

0.00 " ] 1
0 10 20 30 40 50 60

Time (s)
Figure 6.30 Application of the self-powered pressure sensor for monitoring carotid

artery pulse waves before and after exercise.

Due to the advantage of fast replication, a 3%3 sensing array could be easily fabricated
as shown in Figure 6.31 A. The voltage output could reveal the trace of the finger
writing (Figure 6.31 C) and also reflect the different pressure with the same mold

(Figure 6.31 D).
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Figure 6.31 (A) Digital image of a 3x3 sensing array. (B) Digital image of a rectangle
shape mold. (C) The voltage output reveals the trace of the finger writing. (D) The

voltage output of the mold with different pressure.

6.6 Conclusions

Despite its powerful patterning capabilities, ERT (Electrochemical Release Transfer)
still faces challenges in precisely controlling the replicated resolution due to the
isotropic growth of electrodeposition. Additionally, the original ERT method cannot
construct 3D structure patterns for certain applications. To overcome these limitations,
a simple modification was implemented in the ERT template design. In this study, the

Si surface was modified through a pre-fabrication process involving etching to create a
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specific 3D structure. The electroplating process was then directly performed on this
modified surface. This modification allows for the fabrication of various patterns, such
as continuous lines and isolated dots with different materials, using the 3D-ERT
template. The growth of the pattern is restricted to the groove area of the Si substrate,
ensuring a consistent resolution as the electroplating time increases. Moreover, this
modified 3D-ERT method retains the advantages of ERT in terms of balancing
resolution, throughput, and cost. The application of this modified 3D-ERT method in
the fabrication of FTEs (Flexible Transparent Electrodes) demonstrates significant
advantages. By extending the plating time without compromising resolution, the Rs of
the electrodes can be greatly brought down, thereby improving transparency. By
adjusting the parameters of the FTEs, a high FoM (Figure of Merit) value of 31774 can
be achieved. Furthermore, the 3D-ERT method is also suitable for applications that
require the construction of complex 3D structures, such as pressure sensors.

Although the 3D-ERT method is comprehensive and effective, the process of
fabricating templates for 3D-ERT remains relatively complex. Direct electroplating on
silicon substrates also requires further regulation and optimization of plating parameters.
In future research, continuing to optimize and enhance the preparation of 3D patterns
remains a worthwhile endeavour. Additionally, the fabrication of 3D nanopatterns
presents greater challenges, both in terms of template preparation and the subsequent
electroplating transfer process. For 3D patterns with high aspect ratios, the difficulty in

achieving vertical detachment can lead to friction between the pattern and the template
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during transfer, resulting in pattern damage, which is a critical issue that needs to be
addressed. Finally, the performance of the transparent electrodes and pressure sensors
studied in the project has not yet reached its full potential. Future improvements can be

achieved through further parameter adjustments and additional structural design.
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Chapter 7: ERT for Electrode Fabrication:

Application and Evaluation

ERT offers a significant advantage in achieving a balance between resolution,
throughput, and cost, making it highly suitable for the mass production of electrodes in
various applications, as demonstrated in previous chapters. In this chapter, we will
discuss the potential application of ERT in the field of energy and biomedical
engineering. First, we will utilize the fabrication of electrodes for TENG-based devices
as a presentation and propose the concept of an ERT production line. We will compare
ERT with other commonly used manufacturing methods for TENG electrodes,
considering factors such as resolution, throughput, and cost, to further highlight the
advantages of ERT. Additionally, we will calculate the energy consumption associated
with green production. Second, we will apply the high-resolution flexible electrodes
fabricated by ERT to the application of a self-powered electronic bandage. The
biocompatibility of the whole device will be tested and prove the potential of ERT in
the filed of biomedical engineering. The effectiveness of the electronic bandage in

accelerating cell growth will be proved.

7.1 ERT for TENG Electrodes

7.1.1 Conception of ERT Production Line

Triboelectric electronics, capitalizing on the triboelectric effect and electrostatic

induction, have garnered substantial interest in recent years, attributable to their
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extensive range of material options, compact size, cost-effectiveness, and high-power
output[237,238]. These devices possess the capability to transform ambient mechanical
energy into electrical energy, thereby providing power to extant electronic devices.
Additionally, they can operate as self-powered sensors that react to variations in
mechanical energy[239]. With their high-voltage and low-current output, they present
promising prospects in wireless sensing[240], haptic simulation[241], and electrical
stimulation therapy[242].

Despite the promising versatility of triboelectric electronics, the commercialization of
triboelectric-related products faces significant obstacles[243]. To further advance the
performance of triboelectric electronics, standardized, low-cost, high-precision, and
large-scale production processes must be developed. Although various methods have
been explored, such as printed circuit board (PCB) techniques[244], laser and electron
beam etching[245], and advancements in 3D printing[246], these methods have
inherent limitations. Consequently, the creation of a cost-effective, highly precise, and
scalable fabrication process for triboelectric electronics has become an urgent research
objective.

By combining ERT with roll-to-roll manufacturing processes, we have established an
effective and affordable production line for fabricating various triboelectric electronics.
The detailed steps of ERT and the assembly process of triboelectric electronics are
illustrated in Figure 7.1. The left part shows the fabrication of TENG electrodes using

ERT, which are then transferred to PET substrates. As the PET lines move, the PET film
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with electrode patterns is further processed by spraying glue, covering it with
fluorinated ethylene propylene (FEP film), folding, and cutting to obtain the
triboelectric electronics. This process enables the large-scale preparation of flexible,
high-precision triboelectric electronics with diverse structures and working modes at a

low cost and in an eco-friendly manner.
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Figure 7.1 (A) Conception of ERT production line for TENG electrodes. (B) The

illustration of the detailed fabrication process.
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7.1.2 Comparison with Other Fabrication Techniques

A systematic evaluation of a process allows for a comprehensive exploration of its
strengths and weaknesses, providing valuable insights for process optimization,
identifying potential applications, and promoting sustainable development and
innovation. In this section, we will conduct a systematic evaluation of the fabrication
process for flexible transparent contact-separation (CS) triboelectric nanogenerators
(TENGs) using the Electrochemical Release Transfer (ERT) method as an example.
The CS mode TENGs designed for this evaluation consist of Cu mesh electrodes
measuring 2 cm X 2 cm, with a line width of 10 pm and a gap of 100 um, as depicted
in Figure 7.2 A-C. The manufacturing process involves integrating the desired metallic
mesh pattern of transparent electrodes onto a 4-inch silicon wafer, resulting in an Au-
Cr-Si template. To optimize cost-effectiveness, six sets of the desired pattern can be

integrated into a single template, as shown in Figure 7.2 D.
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Figure 7.2 The transparent CS mode TENG composed of Cu mesh. (A) The transparent
electrodes with Cu mesh for fabricating CS mode TENG. (B) The enlarged image of
the transparent electrodes. (C) The assembled CS mode TENG. (D) The Au-Cr-Si

template for manipulating the transparent electrodes for CS mode TENG.

After the electrochemical replication and transfer step, the template can be reused in
subsequent cycles, while the transferred Cu electrodes are cut, glued, and folded to yield
six flexible and transparent CS TENGs. Comprehensive details on the time, material,

energy, and cost associated with each step can be found in Tables 7.1 and 7.2. When
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producing a small number of samples, customizing silicon-based metal templates and

purchasing instrumentation can result in high costs and time requirements. Nonetheless,

as the quantity of processed samples escalates, the cost and average time required to

process a single sample decrease due to the recyclability of the templates, as illustrated

in Figure 7.3.

Table 7.1. The time spent in each step.

Main steps Sub steps Time/min Summary/min
Spin-coated with the resist AZ )
5214E
Prepare Au-Cr- | Prebake 3 131
Si tempalte Develop the photoresist 3
Dry etching and deposition of Cr-Au | 120
Lift-off and cleaning 3
Plasma 5
Immersed in 5SmM PFDT ethanol g
solution
Electrodeposition 10
Electrochemical | Rinsed by DI water 1
replication and | Dried by N2 1 33
transfer Casting NOA63 3
Cover PET film 2
Transfer pattern 1
Rinsed the template by DI water | 1
Rinsed the template by ethanol 1
Adhesive FEP film 0.1
Assembly Folding 0.1 0.4
TENG Cutting 0.1 '
Soldering leads 0.1
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Table 7.2. The cost spent in each step.

Type Sub Cost/HKS | Summary/HKS$
Au-Cr-Si Template 1400
Keithley . 2400 (for 3000
Lump Sum electroplating)
Payment UV lamp (for transfer) 2000 8400
Other equipment (Brackets, Belt
Folding, folding and cut-off | 2000
parts)
Electroplating solution 2
i NOA 30
S:lfsi‘;fgl‘;’; °f DI water 0.25
. Ethanol 10 44.4825
(electroplating)
(Single) PET 1.36
N2 0.8
Electricity 0.0725
Consumption of | FEP 0.113
consumables Soft solder 0.042
(TENG) Cu wire 0.472 0.631375
(Single) Electricity 0.004375
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Figure 7.3 The percentage of time spent on each step for different production scales.

Ultimately, after processing over 1,000 samples, the cost of producing a transparent CS
TENG was approximately HK$ 8.05, with an average processing time of 5.9 minutes
per piece, as depicted in Figure 7.4 A. When compared to the conventional TENG
production process, the ERT-based preparation process exhibits superior overall

performance, as illustrated in Figure 7.4 B and Table 7.3.
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Figure 7.4 (A) Cost and average processing time per sample over the number of samples
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produced. (B) Radar charts illustrating feature size, average processing time, and
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average production cost per square meter metallic pattern achieved through various

fabrication processes.

Table 7.3 The resolution, throughput and cost of different patterning techniques.

Patterning techniques Feature size Throughput | Capital cost of
g 1 (um) (m?/h) equipment ($)

Photolithography 0.003-10 1021 IM-100M
Nanoimprint lithography 5

01-1 10~-1 500k-5M
(NIL) 0.0 0
Inkjet printing 20-100 102-10 10k-50k
Screen printing 30-100 1-10° 1k-1M
Flexible printed circuit
board 10-100 10°-10* 100k-1M
(FPCB)
Laser etching 0.1 10-100 1k-1M
Electron-beam lithography 6 113

.005-0.1 10°-10 IM-5M
(EBL) 0.005-0 0
Electrohydrodynamic
Printing 1 1 50k
(E-jet)
3D printer 10-100 107-10°° 500-50k
Electrochemical
replication and transfer 0.05-100 1071-10? 1k-10k
(ERT)

7.1.3 Performance of the TENG Electrodes

The mechanical and electrical properties of flexible triboelectric electronics are crucial
to satisfy the diverse demands of various application scenarios, serving as key
indicators in evaluating the suitability of the production process. In this regard, we

undertook an exhaustive characterization of the mechanical and electrical properties of
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transparent CS TENGs composed of copper grids (line width: 10 pm; gap: 100 pm;
contact area: 2 cm X 2 cm). The transparency and conductivity of TENGs fabricated
using the roll-to-roll ERT method were found to be influenced by the plating time. As
depicted in Figure 7.5 A, TENGs prepared by roll-to-roll ERT exhibited a conductivity
of approximately 85% when the plating time was less than 90 minutes, which closely
approached that of commercial flexible indium tin oxide (ITO) electrodes (90% = 3%).
In terms of conductivity, all samples, except for the one with a plating time of 5 minutes,
demonstrated superior conductivity (<1 Q sq-1) compared to ITO electrodes (10 Q sg-
1) and ranked second only to copper foil (0.02 Q sq!) (Figure 7.5 B). The working
mechanism of the triboelectric effect demonstrates that the relative motion and
deformation between materials are crucial for generating triboelectric charges[247].
Consequently, the wear and bending resistance of metal electrodes play a critical role.
We tested the changes in resistivity of transparent electrodes fabricated using ERT
subjected to long-term horizontal sliding friction. As depicted in Figure 7.5 C, the
transparent electrode produced by ERT demonstrated remarkable stability during
various wear testing modes. This remarkable stability can be primarily attributed to the
chemically plated metal layer, which exhibits superior adhesion properties and reduced

residual stresses compared to both ITO and vapour-coated metal layers.
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Figure 7.5 (A) The transmittance of TENGs created through roll-to-roll ERT at varying
electroplating times and compared with that of a commercial ITO. (B) The sheet
resistance of TENGs fabricated via roll-to-roll ERT with different electroplating times
and compared with that of a commercial ITO and Cu foil. (C) The resistance changes
of commercial indium tin oxide (ITO) electrodes and metal mesh electrodes produced
using electron-beam physical vapor deposition (EBPVD) and ERT were measured

under long-time horizontal friction.

The flexible and stable electrode structure prepared by ERT enables the design of
TENGs with various structures and working modes. Figure 7.6 A showcases the
utilization of ERT-prepared transparent electrodes in creating TENGs with CS mode,
sliding freestanding (SFT) mode, and bending mode (Figure 7.6 B). This versatility
highlights the potential of ERT in enabling the development of triboelectric devices

with different configurations to suit specific application requirements.
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Figure 7.6 (A) The structural diagrams of TENGs with CS mode, SFT mode, and
bending mode. (B) Open-circuit voltage measurements of TENGs with CS mode, SFT

mode, and bending mode utilizing transparent electrodes prepared by ERT.

The subtlety of the process lies in the ability to produce multiple batches of samples
from a single silicon-based gold-patterned template while ensuring consistent quality
and performance across samples. To this end, we produced fifty consecutive samples
with the mentioned Cu mesh and measured their triboelectric open-circuit voltage (Voc)
for an extended period. The results, as shown in Figure 7.7 A and B, indicate that the
Voc of different batches of TENG remains constant at 90 V. Furthermore, the long-term
operation stability of different batches of TENG is excellent (3h), and the performance
of the TENG electrodes fabricated by ERT with the same template is stable even after
50 times of replication. These findings demonstrate the reproducibility and stability of
the ERT-based fabrication process, highlighting its potential for large-scale production

of triboelectric devices with consistent quality and performance.
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Figure 7.7 (A) The open-circuit voltage of fifty samples fabricated by the roll-to-roll

ERT process. (B) The stability of fifty samples fabricated by roll-to-roll ERT process.

7.1.4 Evaluation of ERT for the Fabrication Process

As society progresses, and environmental awareness grows, there is an increasing
demand for production processes that prioritize cost-effectiveness, efficiency, and
environmental sustainability. To address this, researchers have proposed the concept of
life cycle assessment (LCA), which evaluates the entire value chain of a product,
quantifying carbon emissions resulting from energy consumption and material inputs
at each stage, as illustrated in Figure 7.8[248, 249]. This methodology facilitates the
recognition of potential environmental repercussions and the execution of strategies to
alleviate them, facilitating the development of sustainable production processes for

triboelectric devices.
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Figure 7.8 (A) The diagram of lifecycle assessment. (B) Steps in LCA studies.

Using this approach, we can evaluate the potential lifecycle impacts of triboelectric
electronics manufactured using the roll-to-roll ERT technique. In this study, we focus
on flexible transparent CS TENGs as an illustrative example, with the scale and detailed
information remaining consistent with the aforementioned context. The number of
production CS TENGs is 6E5. In the manufacturing process of a TENG device, a
variety of products are employed, encompassing diverse industrial raw materials and
initial bulk energy. Each of these products has its distinct lifecycle, which can be traced
back. However, comprehensively assessing the entire lifecycle of a TENG device
commencing from its primary raw materials would be complex and impractical. To
address this challenge and mitigate infinite expansion issues, we adopted materials from
the Sima Pro database and established system boundaries. Based on these boundaries,
the inputs of the system were categorized into materials and energy, as shown in Table
7.4. This allows for a more streamlined and manageable evaluation of the potential

lifecycle impacts of the TENG devices.
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Table 7.4. The Materials and electricity spent in each step.

Input Output
Main
Sub steps Materials Electricity/kW.h Materials Mass/g
steps
Name Mass/g Electricity Sum
Plasma Wafer 5.49E-03 0.025 Resist 0.0628
Spin coating
Resist 1.57E-02 0.003333333 None None
photoresist
expose
None None 0.025 None None
405nm light
Prebake None None 0.01 None None
Develop the
None None 0.006666667 None None
photoresist
P . 12.0
fepare Etching CF, 1.24E-01 0.003333333 CF, 0.11166
Au-Cr-Si ) ) 8533
Rinsed in DI
tempalte DI water 1.00E+01 0 333 DI water 9
water
Liquid
Coating Cr- Liquid nitrogen 9.70E+03 8.7
nitrogen
Au 12
Au 4.73E-03 Au 0.0004396
Cr 3.34E-04 Cr 7.05519E-05
NH;.H,O 2.28E-02 NH;.H,O 0.020546772
Ultrasonic
0.012 DI water 0.051366931
cleaning DI water 5.71E-02
Template 1p
Plasma Template 1p 2500
PFDT 4.00E+06 PFDT 19532
Immersed in
Ethanol 0
PFDT le6 Ethanol 87802.65
(Solvent)
CuSOy4 2602.77 CuSO, 45000
Electrodeposi
H,SO4 1000 333.333 H,SO, 67500
tion
CuCl, 1.4 CuCl, 13.5
Electroch | Rinsed by DI
DI water 4e6 0 DI water 900000
emical water
4833
replicatio Dried by N, N, le6 0 333 N, 10485
n and Casting
NOA 63 2e5 1666.6667 NOAG63 41866.66667
transfer NOA63
Cover PET
PET 1.28¢5 0 PET 29240
film
Transfer
None None 333.333 None None
pattern
Rinsed the
template with DI water 4e6 0 DI water 900000
DI water
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Ethanol 900000
Rinsed the Discarded
5.49E-03
template with Ethanol 4e6 0 silicon wafers
ethanol Cu-film by
156107.2
ERT
Adhesive FEP FEP 06.79¢4
12000 FEP 3394.737
film Cu-film by ERT 1.56E+05
Folding None None 12000 None None
Assembl 8810
Cutting None None 12000 None None
y TENG 00
Soft solder 2.53e4 Soft solder 1263.158
Soldering
45000 Cu wire 14147.37
leads Cu wire 2.83e5
TENG 518593.1313
Cargo 200tkm 0
Transport TENG-
None 518593.131 518593.1313
ation TENG 0 transport
3 0
TENG 518593.131 0
None TENG-transport TENG-usage 518593.1313
usage 3 0
0 loss 20%
TENG 518593.131
None TENG-usage 0 0 Recycling 40%
cycling 3
0 Landfill 40%
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To determine the contributions of different input materials, we analyzed the carbon
footprint of each material. As shown in Figure 7.9, ethanol and FEP were identified as
the primary contributors to the carbon emissions of TENGs, accounting for
approximately 25.8% and 25.7%, respectively.

The significant contribution of ethanol stems from its extensive use in many production
processes, serving as a solvent and cleaning solution. The higher carbon emissions of
FEP can be attributed to the energy and mass consumption involved in polymer
production. These findings have prompted us to explore alternative materials to
diminish our dependency on polymers in the production of TENG and research the
recycling processes for organic solvents, intending to mitigate carbon emissions. By
identifying the major contributors to carbon emissions in the TENG manufacturing
process, we can work towards developing more sustainable production processes for

triboelectric devices.

Soft solder

PET
426.6 (8.1%)

PFDT
" 374.3 (7.1%)

Adhesive
308.7 (5.9%)

Wafer
1350.3 (25.7%) ‘/ 257.3 (4.9%)

Copper wire
192.2 (3.7%)

Others
20.5 (0.4%)

Carbon emission (kg CO, )

Figure 7.9 Pie Chart depicting the percentage of carbon emissions attributed to
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materials used in the overall production process.

TENGs serve as environmentally friendly energy harvesting devices, offering a
sustainable alternative to electricity generated from fossil fuels. As a result, the
utilization of TENGs can be considered a carbon-negative process. In Figure 7.10 A, it
is demonstrated that as TENG runtime increases, there is a corresponding escalation in
electricity generation, accompanied by a decline in carbon emissions from the entire
system. Interestingly, after the second year of usage, the carbon emissions transformed
from negative to positive values. To simulate gradual degradation and loss of
functionality in TENG devices, our study incorporates an attrition rate of approximately
10% per year. Ultimately, after a decade of TENG operations, the TENG system is
assumed to be transported to a waste treatment facility, marking the end of its lifespan.
Analyzing the carbon footprint at each step (Figure 7.10 B), it is evident that TENG
assembly contributes significantly to positive carbon emissions due to the extensive use
of commercially prevalent materials such as FEP, Cu wire, and soft solder. However,
despite this contribution, the TENG system as a whole exhibits highly negative carbon
emissions, thanks to its electricity generation capabilities. This highlights the overall

environmental benefit of utilizing TENGs as an energy harvesting solution.
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Figure 7.10 (A) Correlation between the carbon emission of the whole processes and
electricity energy generation of TENGs with TENGs’ runtime. (B) Carbon emission at

each step and total carbon emission over a 10-year TENG usage period.

7.2 ERT for Biomedical Engineering Application

As the biggest organ of the human body, the skin is indispensable considering its
function in immunoprotection, sweating, and sensing[250, 251]. However, due to its
fragility, human skin could be easily damaged in daily life[252]. Depending on the size
and depth of the wound, it often takes few days or even weeks for the self-healing of
human skin[253]. During this period, in addition to different degrees of pain, people
also need to take special care of the wound site to prevent infection caused by external
bacteria, which may cause the extension of the healing time and bring more pain to the
human body[254]. Therefore, it is necessary to seek an effective and practical approach

which could accelerate the healing process, especially for severe trauma that is
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intractable to regular treatment[255].

Electrical stimulation (ES) has emerged as a transformative approach to wound healing
combining electric devices and traditional biomedical treatment[256-259]. It can be
divided into two main forms including current stimulation and electric field
stimulation[260]. In general, electric current stimulation focuses on activating or
inhibiting specific physiological processes[261], while electric field stimulation mainly
influences the behaviour of cells and tissues like proliferation and differentiation[262,
263].

Among the various types of electrical stimulation, pulsed electric field (PEF) is an
indispensable part which involves the application of high voltage pulses for
microseconds to milliseconds to biological tissues or cells[264-266]. The main function
of PEF is to induce an increase in the transmembrane potential, leading to the formation
of pores in cell membranes, a phenomenon known as electroporation[267]. The non-
thermal and non-invasive characteristics make PEF a safe tool in wound therapy[268].
It also has the advantages of high selectivity, short action time and high integration with
continuous processing systems[269]. Short-term or low-intensity PEF can cause slight
or reversible electroporation[270], which is conducive to cell growth, while long-term
and ultra-high-intensity PEF may cause irreversible electroporation and induce cellular
apoptosis[271]. By varying the duration and electric field strength, PEF has been
proven to be a powerful tool in wound healing[268], cancer treatment[272], gene

therapy[273], drug delivery[274] and disinfection[275]. However, expensive and heavy
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equipment is required to achieve precise control of electric fields, which hindering its

application in daily wound care and treatment.

7.2.1 Structure of Electronic Bandage

In this study, we design an electronic bandage (E-bandage) with a controllable hybrid
working model PEF which has a very low cost to meet the requirements for daily wound
healing. The TENG power source electrodes are made of polyethylene oxide (PEO)
(~35 pm) and ethyecellulose (EC) (~20 pm) and two thin layers of copper (Cu) (~100
nm) are deposited on both two electrodes by thermal evaporation which serves as the
conductive layer. A PDMS square frame with 0.5 mm thickness is placed between the
two electrodes as a spacer to realize the contact-separation (CS) mode (Figure 7.11 A).
For the interdigital electrode, the ERT method reported by us before is utilized to realize
the fabrication of a high-resolution gold (Au) electrode on the flexible NOA 63
substrate at a low cost. An additional layer of Al203 (~30 nm) is deposited on the
electrode area by atomic layer deposition to eliminate possible short circuits caused by
skin or tissue fluids. A conductive Cu line is used to connect the TENG power source
and the Au interdigital electrode (Figure 7.11 B). Finally, serves as both the
encapsulation and adhesive layer, a wet-adaptive skin proposed before covers on the
top of the whole electronic device and attached to the damage skin area. This wet-
adaptive skin layer has been proved to be highly comfortable during usage with ultra-
stretchability, wet adhesion, permeability, and waterproof properties. Considering the

low-cost characteristic of the fabrication methods, after calculation, the whole cost for
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an E-bandage with an active area of 1.5 x 1.5 cm? is only $0.227. The detailed

information is listed in Table 7.5.
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TENG Layer 1 (PEO)
Spacer (PDMS)
TENG Layer 2 (EC)
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Figure 7.11 (A) Schematic Illustration of the self-powered electronic bandage structure.

(B) Fabrication process of the high-resolution interdigital electrode by ERT.

Table 7.5 Cost of the E-Bandage

Type Unit Price ($) Amount Actual Price ($)

PEO 0.09 /g 0.014 ¢ 0.001
EC 0.5 /g 8E-04 g AE-4
NOA 63 1.3 /mL 0.0225 mL 0.029
Au 70 /g 0.002 g 0.14

Materials Cu 0.01 /g 8.8E-05¢g 8.8E-07
PDMS 0.07 /mL 0.3 mL 0.021

PAA 0.9E-04 /g 0.009 8.1E-07

SBS 2E-03 /g 0.048 9.6E-05

DMF 6E-04 /g 0.048 2.9E-05
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THF 1.6E-03 /g 0.144 2.3E-04
ERT 200 1E-04 0.02
Fabrication Thermal Evaporation 15 1E-03 0.015
Electrospinning 2E04 1E-08 2E-04
Total: 0.227

In addition to the low price and comfortable wear experience, all the materials used for
this PEF E-bandage are biocompatible. The fluorescence microscope image of
live/dead staining of NIH3Ts cells in Figure 7.12, and cell survival rate results in Figure

7.13 prove the great biocompatibility of the whole PEF E-bandage over 3 days.
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Figure 7.12 Fluorescence microscope image of live/dead staining of NIH3T3 cells for

24 h, 48h and 72h.
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Figure 7.13 The cell survival rate of NIH3T3 cells for 24 h, 48 h and 72 h.

7.2.2 TENG Performance

The intensity and duration time are two key parameters of the PEF, which may cause
different effects on cells at different ranges. For the PEF E-bandage, the intensity is
adjustable, which relates to both the output voltage of the TENG power source and the
parameters of the Au interdigital electrode. The TENG electrode materials, PEO and
EC, have been proven to have the greatness differences of triboelectric polarities
(positive for PEO while negative for EC) among various categories of biodegradable
polymers. These material choices could not only increase the output voltage of the
TENG power source and expand the upper limit of adjustable electric field strength but
also open possibilities for other implantable devices in the future. The results of the
TENG power source performance are shown in Figure 7.14 A-C. Under the small
pressure (~ 4 N cm™), the open-circuit voltages (Voc) could surpass 40 V. The charge

density and current are very low which is beneficial for various biomedical applications
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due to the low heat emission. Unlike the conventional PEF, the TENG-induced PEF
varies with the output voltage and shows a tendency of rapid enhancement following
rapid decay. The duration time of the pulse will slightly decrease as the increase of
contact frequency due to the shorter contact time while maintaining at a period of
millisecond (ms) (Figure 7.14 D). The long-term stability of the TENG power source is

also impressive which could maintain a stable output for over 40 hours (Figure 7.14 E).
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Figure 7.14 Output performance of the TENG power source composed of PEO and EC
under the pressure of 4 N/cm?. (A) The open circuit output voltage. (B) Charge density.
(C) Current. (D) Output voltage under different frequencies tested by oscilloscope. (F)

Long-term stability of the TENG device with a frequency of 1 Hz.

7.2.3 Electric Field Stimulation

The parameters of the interdigital electrode also have impacts on the intensity of the
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electric field, including width, gap and thickness. In this study, we set the width of the
finger equal to the gap, ranging from 2 um to 200 pm, as shown in the optical images
in Figure 7.15. After 1 hour of electrodeposition under the current density of 1 mA cm’

2, the thickness of the Au electrode is around 1 pm.

2 um

50 um

Figure 7.15 Optical images of the Au interdigital electrodes on NOA 63 substrates

fabricated by ERT.

The finite element Method (FEM) is used to conduct the simulation of electric field
intensity by COMSOL. The output voltage is set to be 20 V. It can be seen from the
simulation diagram of the spatial distribution of electric field intensity that with the
decrease of the width of the interdigital electrode, the distribution of the electric field
becomes tighter and more uniform (Figure 7.16), and the maximum intensity also
increases significantly (Figure 7.17). This can be attributed to the shorter decay distance

of the electric field. The electrode thickness also has a remarkable influence on the
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electric field intensity as shown in Figure 7.18. The theoretical limits of the intensity
will sharply decrease as the thickness increases from 1 pm to 50 pum. To prevent
excessive electric fields from causing irreversible damage to cells, the thickness of the

Au electrode is set as 1 um in this study.
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Figure 7.16 The simulation diagram of the spatial distribution of electric field intensity

as the changing of the width of the interdigital electrodes.
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Figure 7.17 The maximum and minimum values of the electric field intensity generated

by the Au interdigital electrodes with different widths under the output voltage of 20 V.
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Figure 7.18 The maximum and minimum value of the electric field intensity generated

by the Au interdigital electrodes with 200 um line width and different thickness.
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7.2.4 In Vitro Cell Tests

To verify the role of our E-bandage in promoting wound recovery, we first test and
evaluate its capabilities for cell proliferation in vitro. An as-fabricated interdigital Au
electrode on NOA substrate is placed in the cell-culture petri dish and the cells attach
to the electrode side (Figure 7.19A). Considering the previous research results on PEF,
the parameters of the PEF are first optimized to be 1Hz frequency, 30 times of pulse
and the width of the Au electrode is 10 um. The output voltage is fixed to be 40 V and
the duration time of one pulse is around 12 ms. Four typical cells are chosen to verify
the efficiency, including embryonic mouse fibroblast cell line (NIH3T3), myoblast cells
(C2C12), cardiac muscle cell line (HL-1), and bone marrow mesenchymal stromal cells
(BMSC). After 24 hours, the number of the four kinds of cells increases significantly.
Compared to the control group without PEF stimulation, the cell proliferation rates of
the four PEF groups increased to around 130~140% (Figure 7.19B). Next, we
investigate the influence of the PEF parameters using cell NIH3T3. For the width of
the electrodes, which influence the intensity of the PEF, we fabricate various electrodes
with the width from 2 um to 200 um. The frequency is 1Hz and the pulse time is 30.
The cell proliferation rate results in Figure 7.19C show that all the electrodes promote
cell proliferation to varying degrees. For the cell NIH3T3, electrodes with 10 um and
100 pm show the best performance with around 40~50% more proliferated cells than
the control group. The pulse time also has a great influence on cell proliferation as
shown in Figure 7.19D. The width of the electrode is 10 um and the frequency is 1Hz.
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The cell proliferation rate increases significantly with the increase of pulse time and
reaches 200% when the pulse time is 200. Compared with the pulse time, the effect of
frequency on cell proliferation rate was relatively small with around 20~50% more

proliferated cells (Figure 7.19E).
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Figure 7.19 In vitro cell tests of the PEF E-bandage. (A) Schematic illustration of the
in vitro tests of PEF on cells. (B) Comparison of the cell proliferation rate after 24 hours
with/without PEF stimulation of NIH3T3, C2C12, HL-1 and BMSC. (C) Comparison
of the cell proliferation rate after 24 hours with different electrode widths. (D)
Comparison of the cell proliferation rate after 24 hours with different pulse times. (E)

Comparison of the cell proliferation rate after 24 hours with different pulse frequencies.
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7.3 Conclusions

This chapter presents the potential application scenarios of ERT in the field of energy
and biomedical engineering. First, the combination of ERT with the roll-to-roll
fabrication technique was proposed to design a process for fabricating flexible
triboelectric electronics. The triboelectric electronic devices fabricated using this
process exhibit excellent mechanical and triboelectric properties, in addition to
enduring stability. The repeated processing of the same template ensures uniformity and
stability in device output. Moreover, the LCA calculation of the entire fabrication
process characterizes the production engineering involved in this process as low-carbon
and environmentally friendly. Compared with other fabrication methods for TENG-
based electronics, ERT shows significant advantages in rapid fabrication, sustainability,
low cost, and high resolution. Second, a high-resolution interdigital electrode was
fabricated by ERT and served as the key component of a self-powered electronic
bandage with a pulsed electric field. The electronic bandage is highly biocompatible
and has a great effect on promoting cell growth.

These findings highlight the potential of ERT in enabling the development of
sustainable and cost-effective flexible devices for various applications. In this section,
we have thoroughly evaluated the potential for large-scale application of ERT in the
fields of energy and biomedical engineering. However, we have not delved deeper into
the device performance and practical effects in specific application scenarios. In the

future, more application scenarios can be explored, and deeper application levels, such
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as preclinical or clinical trials could be conducted to further validate the
biocompatibility and functionality of electrodes fabricated by ERT in real-world

applications.
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Chapter 8: Conclusions and Outlook
8.1 Conclusions

In this thesis, electrochemical replication and transfer (ERT) was deeply studied and
many modifications were conducted to improve the ERT process to expand the
capability of ERT in the field of flexible electronics. The modifications mainly focused
on the structure of the template used for the electrodeposition process and the binder
material used for the transfer process. Through these improvements, the resolution limit
of ERT was increased to sub-100 nm. The applicability of ERT was also expanded to
stretchable electronic devices and 3D electrode-based electronics. The possibility of
constructing an ERT production line was also proposed, and the related energy
consumption and economic cost were also evaluated.

In Chapter 4, an additional layer of SiO2 with 30 nm thickness was added to the original
Si substrate. The Au pattern was deposited into the patterned SiO:2 layer fabricated by
photolithography and dry etching method with the same thickness of SiOa. Therefore,
the template will form an embedded structure with only the upper surface of the Au
pattern exposed to the environment. During the following electroplating process, the
target materials will only be deposited on the upper surface of the Au pattern. The
contact area between the Au pattern and the target materials is greatly reduced while
that between the Au pattern and the substrate is increased. This SiOz-protecting

structure template could greatly increase the durability of the template and increase the
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resolution limitation of ERT to the nanoscale. Large-area nanoscale grating patterns
(1.5 ecm x 2 cm) with different materials were successfully fabricated for more than 50
replicas with only one template.

In Chapter 5, the UV-curable binder NOA 63 used in ERT was replaced by a PVA
solution. The adhesion force of the PVA binder is also strong enough to peel off different
target material patterns including Cu, Au, and Ag from the Au template. The capability
of large-area fabrication and high-resolution replication were also retained. The
dissolvability of PVA also allows the clean transfer of the replicated pattern to arbitrary
substrates including hard surfaces, curved surfaces and stretchable substrates. The
application of various stretchable electronics such as stretchable conductors and
supercapacitors was demonstrated.

In Chapter 6, a 3D template and used for the electroplating process during ERT. The
3D Si template with a SiOz-protected surface can be fabricated through a simple
photolithography and dry etching process without further Au deposition on the
patterned template. The growth of conductive materials is selectively proceeding on the
exposed Si surface during the electrodeposition process, which replicates the 3D
structures of the template conformally. Since the Si substrate is much harder than the
Au pattern deposited on it, the durability of the template in ERT is also increased. The
growth of target materials is confined to the 3D grooves area and prevents the changes
in resolution caused by isotropic growth of target materials during electrodeposition in

the case of a planar template. This 3D template could fabricate both continuous and
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isolated patterns with different conductive materials with various aspect ratios reaching
1:4. The 3D-ERT method has the advantage of fabricating flexible transparent
electrodes which could achieve a great balance between Rs and T. The highest FoM
value could reach more than 30000. Additionally, 3D-ERT is also suitable for the
fabrication of complex 3D structure electrodes for pressure sensors with high sensitivity.
In chapter 7, taking the fabrication of triboelectric nanogenerator (TENG) electrodes
by ERT as an example, we conceived the idea of setting up the production line of ERT
and characterization of the fabricated devices in terms of the electrochemical
performance, flexibility, long-term stability and manufacturing stability. We also
evaluated the potential consumption of energy and money in the aspect of sustainable
fabrication using LCA. The application prospect in the field of biomedical engineering
of ERT has also been proved through the fabrication of an electrical stimulation device
in the aspect of biocompatibility and cell growth stimulation.

In summary, we conducted various modifications to the ERT method in the aspect of
template design and binder choice. These improvements make ERT more applicable for
the area of flexible electronics in the view of material choice, substrate choice, structure
choice and resolution range. The concept of developing ERT into an actual production
line was also presented. Additionally, energy and money consumption generated in the
actual production and the impact on the green environment were evaluated. Finally, we
proved that ERT could serve as a powerful tool in the biomedical engineering area

through the fabrication of a biocompatible electrode in bioelectronic devices.
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8.2 Suggestions for Future Research

After many efforts to improve the ERT, it has evolved into a potent instrument to
produce diverse flexible electronics. It has great potential in the future and deserves to
be explored.

First, the application of nanoscale patterns fabricated by ERT is still unexplored. Due
to the limitation of lab equipment, the resolution limitation also has room for
improvement.

Second, the performance of the stretchable devices (stretchable conductors and
stretchable micro-supercapacitors) and the 3D electrodes (flexible transparent
electrodes and pressure sensors) was still not excellent. Further optimization should be
conducted to improve the performance.

Third, more application scenarios using ERT should be explored. In this thesis, we have
already illustrated the potential of ERT in the fabrication of electrodes for TENG. It has
a superior performance to other existing fabrication techniques including the aspect of
resolution, throughput and cost. Other applications should also be conducted to evaluate
the value of ERT in the field of flexible electronics. Moreover, in this study, we only
test the biocompatibility of the electrodes fabricated by ERT and the basic in vitro
functionality of promoting cell growth. Its functionality on biological tissue as well as

various diseases needs to be further studied. In conclusion, ERT has great potential in
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the application of biomedical and biomaterials area, which deserves great attention in
the future.

Last, the key technique of ERT is the modification of the original template to realize
the reusability of the template and quick replication of the pattern. Inspired by this,
other efficient patterning techniques could be modified or proposed based on this

mechanism such as the modifications in transfer printing.
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