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Abstract

Flexible electronic systems such as wearable devices, sensors and electronic skin require power
sources and sensing units that are mechanically robust, operational at low bending radius, and
environmentally friendly. Recently, there has been an enormous interest in active materials such
as thin film semiconductors, conductive polymers, and ion-electron conductors. These
materials can be deposited with both printing and microfabrication techniques onto the flexible
substrates such as plastics and paper. In addition, paper-based composites with nanofibrillated
cellulose are favorable due to their mechanical strength, porosity, and solution-processability.
Printing of such systems enables mass-production of large area electrochemical devices i.e.,
batteries, supercapacitors and fuel cells. Moreover, designing ultrathin devices for such
concepts are promising for implantable and skin-like conformable electronics.

The aim of this thesis is the development of flexible electronic devices where, both organic and
inorganic materials are explored, and examples of smart packaging and wearable electronics
are demonstrated. Within the thesis, two different fabrication approaches are presented to
achieve flexible electronics: (1) fabrication of porous paper electrodes for printable, wearable
supercapacitor applications, where our efforts towards sustainable solutions for energy storage
and (2) development of ultraflexible devices for electronic skin and implantable electronics to
attain miniaturized, ultrathin device concepts. Overall, high performance electronic devices and
demonstrators shown here have a significant impact on portable hybrid systems and flexible
electronics applications.
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Sammanfattning

Flexibla elektroniska system sdsom kroppsburna enheter, sensorer och elektronisk hud kraver
stromkéllor och sensorenheter som dr mekaniskt robusta, fungerar i bojt tillstind och &r
miljovénliga. P4 senare tid har detta lett till ett enormt intresse for aktiva material som
tunnfilmshalvledare, ledande polymerer och kombinerade jon- och elektronledare. Dessa
material kan deponeras med bade tryck- och mikrotillverkningstekniker pd flexibla substrat
som plast och papper. Vidare dr pappersbaserade kompositer med nanofibrillerad cellulosa
intressanta pa grund av deras mekaniska styrka, porositet och mdjlighet att processa i 19sning.
Tryckning av sddana system mdjliggdr massproduktion av elektrokemiska enheter med stor yta,
dvs batterier, superkondensatorer och brénsleceller. For att ge hudliknande formbarhet och
biokompatibilitet for implanterbara enheter dr ultratunna enheter ett lovande koncept.

Syftet med denna avhandling &r att utveckla flexibla elektroniska enheter dar bade organiska
och oorganiska material utforskas, och att demonstrera exempel pé smarta forpackningar och
kroppsburen elektronik. I avhandlingen presenteras tva olika tillverkningsmetoder for flexibel
elektronik: (1) tillverkning av pordsa papperselektroder for tryckbara, kroppsburna
superkondensatorer, syftande till héllbara 16sningar for energilagring och (2) utveckling av
ultraflexibla enheter for elektronisk hud och implanterbar elektronik for att uppna
miniatyriserade, ultratunna enhetskoncept. Sammantaget kan de hogpresterande elektroniska
enheter och demonstratorer som visas hidr ha stor betydelse for utvecklingen av barbara
hybridsystem och flexibel elektronik.
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PART 1
BACKGROUND



CHAPTER1

1. Introduction
1.1. Research Background

Our society's growing demand for smart and miniaturized systems stimulates the
development of new functional materials and wearable devices. The commercial market for
wearable technologies has projected to expand to $30 billion by 2020 [1]. Efficient energy
supply is one of the biggest challenges supporting such systems. It requires a balance between
maintaining high life quality, accessibility, and low cost. With the Nobel Prize in chemistry in
2000, organic electronics provides an essential set of technologies for flexible electronics
applications such as energy harvesting and storage, biosensing, and bioelectronics[2]. These
technologies allowed the development of complete systems in wearable, implantable and even
ingestible electronics[3]. Softness and flexibility, solution processability and environmentally
friendly synthesis make organic electronic materials (including conducting polymers) excellent
candidates for green flexible devices and systems[4].

Up to now, organic electronics have provided applications in the field of organic light
emitting diodes (OLED), photovoltaics, and thin film transistor (TFT) technologies and
introduced mixed ion-electron conductors, where coupling ions and electrons expand new
applications based on capacitive or redox effects at the electrode/electrolyte interfaces[2][5].
Mixing of electronic properties of conducting polymers with other forest-based scaffolds and
water based materials leads to porous, mechanically robust organic composites for sustainable
paper electronics systems[6]. As a nanoscale unit of paper and the most abundant polymer in
the world, cellulose attracts great attention in composite science, especially in combination with
functional electronic materials[7]. Using printing technologies, such paper composites can
accomplish high capacitance devices with controlled thickness, large area and roll to roll
production capability. Specifically, possible energy storage devices are supercapacitors and
batteries that can supply energy to conformable wearable devices with low cost to maintain the
needs of conventional electronics[8]. High power density supercapacitors are in high demand
in wearable electronics, healthcare, medical technologies, smart packaging, and Internet of
Things (IoT). In addition, supercapacitors take part in self-sufficient wearable power packages
where another application of the wearable organic electronics is ready to be demonstrated in
prototypes.

Another branch of flexible electronics is new concepts of implantable devices. Skin attached
and implantable electronics utilizing organic, inorganic or hybrid materials can find
applications in sensing, signal transduction, and advanced healthcare technologies[9]. The first
and the most significant consideration is power management for the implantable device or
electronic skin[10]. The pacemaker developed in 1958 is the first example of an implanted
system with Ni-Cd battery[11]. Since then, the need for environmentally friendly, thin, planar
and miniaturized energy storage systems inspired material scientists and engineers [12].
Anatomically compliant designs, ultrathin substrates with conformal mechanics and robust
packaging materials are necessary for such systems. Besides developing ultrathin, micro-energy
storage devices is quite crucial to deliver energy to low power, chip scale, miniaturized
transistors that can amplify weak electrophysiological signals when interfaced with body fluids.



Along with the robust encapsulation, such systems are ideal candidates for both in vivo and in
vitro applications as well as skin interfaced, lightweight and wearable electronics.

1.2. The aim of the Thesis

The thesis aims to explore both organic and inorganic materials in terms of flexible device
fabrication and shows use cases in wearable electronics for possible daily life applications. The
focus of the thesis can be divided into two parts: (1) printing/coating of porous paper electrodes
for wearable supercapacitor applications and (2) development of ultrathin capacitance driven
devices for electronic skin and implantable electronics. One way of realizing flexible devices
demonstrated in the thesis is using the concept of paper electronics, which employs sustainable
and green materials and approaches. Investigations of functional paper-based (cellulose)
composites and formulating inks into scalable printing techniques are highly required for
wearable electronics and electronic skin applications. We have contributed to the field by
introducing and processing our mixed ion-electron conductor composite system into the
printable energy storage technologies. We have shown applications in the field of smart
packaging, solar cell/supercapacitor integration for wearables and electronic skin applications.
Besides, implantable, transparent oxide-based transistors to amplify weak electrophysiological
signals and miniaturization of on chip energy storage devices are also an object of interest
within the thesis. It should be noted that all the devices developed here were designed to be all
solid-state, flexible and mechanically stable after thousands of deformation cycle tests. With
that motivation, we have aimed to develop and introduce concepts and device architectures for
wearable, skin compatible and implantable electronics.

1.3. Thesis Outline

The thesis consists of two parts, the first part describes the fundamentals and gives
background information to grasp the thesis’s concept. Chapter 2 summarizes the needs of next
generation flexible electronics, and mechanical considerations to achieve the goal of wearable
and implantable electronics. This chapter is also planned as a commentary for current
technologies and presents a viewpoint on existing material and device concepts for the reader.
Chapter 3 introduces the materials and Chapter 4 gives a theoretical background of the devices,
which were developed. Chapter 5 describes the basics of printed electronics and the
implementation the spray coating method for large area organic electronics. A short review of
the major laboratory scale manufacturing, electrochemical methods and material
characterization techniques is given in Chapter 6. Lastly, a summary of each paper included in
the thesis with a comparison of current state of the art is presented in Chapter 7.

Part II focuses on the scientific papers that were developed during the research projects
conducted throughout the entire PhD thesis. Paper I-IV present the investigation of an organic
composite, which is an amalgamation of nanocellulose and conductive polymer PEDOT: PSS.
Understanding of this composite’s capacitance both theoretically and experimentally was
summarized in Paper 1. Paper II uses this material as an electrode in all printed, flexible
supercapacitor. We have used sequential printing and coating methods to achieve flexible
supercapacitors for smart packaging. Paper Il is a study for the expansion of the manufacturing



method in Paper II, where spray coating is investigated as a scalable manufacturing of large
area, paper-based electrode-making strategy. Collaborations with specialists in synchrotron X-
ray scattering analysis bear fruit as a deep understanding of nanoscale formation of paper
electrode and attaining an exciting platform to combine a fully printed and organic
supercapacitor and a solar cell. This work demonstrates a route to fabricate flexible and large
area supercapacitors to function within the self-powered wearable power packages. Paper IV,
we discuss the ultrathin microsupercapacitors for electronic skin applications. This paper
combines the methods for achieving ultrathin (~10 pm) supercapacitor fabrication both using
printing/coating methods and ultrathin substrate and packaging material Parylene-C. Although
organic electronic materials are the main interest of the thesis, with the Paper V, the focus of
the thesis moves more on implantable electronics. Paper V reports an ultrathin (~2.5 pm),
transparent n-type electrolyte gated field effect transistor (EGFET) based on amorphous indium
tin oxide (ITO) channel material capped with oxides to provide long-term operation capability.
Paper VI demonstrates a method of fabricating micro-energy storage devices (~4.0 um), where
on-chip, polymer interdigitated cathodes or symmetric supercapacitors can be manufactured to
supply short-term power to implanted MEMS or sensors.



CHAPTER II

2. Concept of Wearable Electronics

Since the first demonstration of polymer transistors on flexible sheets in 1994, flexible
electronics has become prominent for the technologies where flexibility and mechanical
robustness is needed during the device operation[13]. For the last two decades, necessity for
flexible device components come forward to realize applications for wearables, energy
storage/harvesting, and implants. Great number of techniques, materials and systems were
investigated in the fields of sensors, microfluidics[14]-[16], 3D bioprinting[17]-[19],
bioelectronics[20], energy harvesting and storage[21], [22]. To be specific, roll up displays[23],
flexible solar cells[24], epidermal electronics[25], hydrogel electronics[26] and stretchable[27]
devices were created/invented throughout the years of development. The performance of such
devices under mechanical deformation, their tolerance towards harsh mechanical tests and the
performance retention are objects of study to achieve fully integrated, robust systems.
Therefore, mechanical considerations became essential to design both wearable and
implantable electronics[28], [29].

2.1. Mechanical Considerations and Bending Mechanics

The mechanical concepts should be discussed to further understand the stress and strain, build
up on the device layers. One key parameter to be explained is the bending mechanics. The
simplest case (assume homogenous sheet) is the thin film on a flexible substrate structure. As
Figure 2.1a shows, the strain is zero at the neutral plane, and critical strain is a main parameter
to be considered since values below &.,;; do not cause cracks or failure. The outer surface
endures tensile strain and inner experiences compressive strain. This is an important parameter
to be considered for flexible electronics. Let’s assume a homogeneous sheet with the same
Young modules of film and substrate, the bending strain is the distance from the neutral plane
(thickness of the film, tr and substrate, ts) divided by radius of curvature, R[30], [31].

(ts +tr)
Eerit = 2.1
crit 2 Rcrit ( )
Using the formula, it can be concluded that the strain linearly decreases with the film and
substrate thickness. Controlling thickness can achieve lower radius of curvature and designing
devices that can operate at millimeter range bending radius (R) can overcome the mechanical
limits in the field of implantable and wearable electronics.

The bending strain € for a random position from the surface of the layered structure can be
given with the formula[28],

(2.2)



Where R is bending radius, r and b denote the arbitrary position from the bottom layer and
neutral mechanical plane, respectively.
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Figure 2.1. a) Schematic illustration of bent structure with substrate and thin film (in a
homogenous sheet, dashed line demonstrates the neutral plane), b) Schematic of multi-layer
system, showing mechanical neutral plane (black dashed line) and device layers.

As can be seen from Figure 2.1b and using eqn. 2.2, degradation (cracking, delamination etc.)
can be minimized with a functional layer, which yields the weakest strain response at the zero-
strain position (neutral mechanical plane). Utilizing ultrathin substrates and encapsulation
succeeds superior bending stability due to the neutral strain-position strategy. Therefore, even
using brittle inorganic materials or stiff organic materials can achieve successful applications
for the conformable electronics.

Flexural rigidity (D) is another parameter, that is needed to be considered to understand
conformable devices[32].

Et3

D=———
12 (1 - v?)

(2.3)

where E, t, and v refer to the Young’s modulus, thickness, and Poisson’s ratio of the film,
respectively. The analysis of this equation simply gives that reducing the thickness is the most
crucial approach to decreasing the flexural rigidity, which provides better conformability for
wearable and implantable electronics.

With this theoretical background, we should note that the mechanical properties are being
investigated with computational solid mechanics by combining experimental methods. Finite
element analysis (FEA) explores and analyzes the strain and stress distribution for the films and
structures under deformation. Bending strain, minimum bending radius and failure point of the
designed device can be predicted with FEA[33]. The combination of FEA with bending tests
gives a complete understanding of the robustness of the flexible device and predicts the
robustness of the system for the application. Together with the numerous of investigations and
demonstrators, the flexible electronics field has evolved and the need for extreme applications



make the field to shift towards skin attachable, ultrathin body integrated concepts to fulfill the
needs for 21* century gadgets, advanced healthcare and robotics.

2.2. Device Concepts

Although there are many electronic devices within the branch of flexible electronics[34], this
thesis circles around the printed paper energy storage devices, ultrathin electrolyte gated
transistors and polymer microsupercapacitors. Therefore, the concepts related with these
devices will be explained and perspective regarding the device performance will be given.
Operation mechanisms of supercapacitors, microsupercapacitors and electrolyte gated
transistors depend on the capacitance of the active material, which plays a crucial role in the
device architecture. Figure 2.2. shows the areal capacitance range of the materials that are used
in the preparation of flexible electronic devices within the thesis.

nF-pF/cm? mF/cm? F/cm?
ITO, TaOx PEDOT:PSS AC/MnO;

Figure 2.2. Areal capacitance range of the flexible (thin film or bulk) materials proposed in the
thesis.

The growth of unconventional microelectronic devices in wearables and implantable
electronics has demanded high-performance energy storage devices or modules that combine
storage and harvesting units [10], [35]-[37]. Among these, skin-interfaced and skin-like devices
are receiving considerable interest to achieve batteries and supercapacitors that are extremely
flexible and endure extreme mechanical scenarios when operated onto skin or bio-surfaces [28],
[29], [38], [39]. Structural requirements, including substrate, layer thickness within the device
sub-sections, encapsulation or preservation of mechanical neutral plane are design
considerations for a successful application[28]. Since these points decide the mechanical
integrity, one field comes forward. Paper electronics finds itself in this highly competitive area
with providing paper as a substrate, cellulose nanofibrils as porous networks, scaffolds, building
blocks or membranes[40]. The use of forest-based materials dates back to centuries ago. Today,
paper-based materials can provide flexibility and solution processability for the fabrication of
next generation electronic devices. Although unique materials (silk, albumin) and well-known
materials (plastics) over the decades were used to construct the flexible electronic devices,
paper-based materials are lower in cost[41], [42]. Paper substrates, cellulose-based binders,
hydrogels and electroactive materials from the wood provide sufficient flexibility and
functionality to achieve wearable electronics[7]. Using such forest-based materials can flourish
the field to achieve sustainable, conformable electronic devices with low cost, scalable
manufacturing.

To introduce printed paper electronics as an manufacturing approach, importance of cellulose
in printing technologies and the question of why we use cellulose is worth to answer to explain
the concepts[6], [43]. Using cellulose in energy storage stems from being low-cost, porous,
light weight and enabling high active mass loadings to achieve high energy and power density
devices. Since cellulose can be manufactured at large quantities, dispersed in water or solvents,



large area device manufacturing is possible, i.e., paper making or roll to roll printing. By
incorporating cellulose fibrils as a scaffold into the device layers (electrode, electrolyte,
separator membranes) mechanical strength and functionality can be provided[6], [44]. A
combination of electroactive materials with cellulosic networks (cellulose fibrils, pulp, and
paper substrates) creates ample opportunities to achieve mechanically robust, lightweight, and
low-cost electrodes for energy systems[6]. Such composite electrodes provide high surface area
electrodes with multiple ionic pathways, all of which are needed for supercapacitors, which
offer millions of cycles, high peak power, exhibit high tolerance towards fluctuating charging
currents and safe operation. With the low equivalent series resistance (ESR), and capability to
provide high power, supercapacitors are being regarded as excellent candidates to sustain the
long-term operation of self-powered systems[45].

Paper supercapacitors are favorable because of

Capacitance can be tuned by active material deposition, highly porous electrodes
High Power (low ESR)

Safe, printable, and scalable

All solid state but mechanically flexible due to the paper properties

Size control and on-chip integration possibility with printing methods

AR

With these advantages as an energy storage device, we have aimed to design printable paper
supercapacitors. The motivation here is to manifest a fabrication route for conformable, large
area supercapacitors with large area manufacturing capability and with desired mechanical
properties for wearables. We have investigated the spray coating technology throughout the
thesis, to fabricate supercapacitors due to providing good adhesion, thickness control and large
area coating properties. Such issues especially thickness control and continuous deposition of
the layers to prevent delamination are the prominent concerns needed to be solved and spray
coating provided good contact with current collectors and low roughness paper electrodes
(Paper II and III).

With the 1D scaffold, the electroactive materials can be hosted in the electrode with high active
material mass. With the motivation of organic electronics, PEDOT: PSS has been selected to
fabricate paper electrodes for large area supercapacitor fabrication. The last decade has been
focused to manufacture PEDOT-based materials, deposited through different techniques such
as vapor-phase (VP), electro-polymerization and or solution processed based methods, for the
fabrication of micro-supercapacitors[46]-[50]. Although electro- or VP-polymerization
methods can provide high capacitance PEDOT, the fabrication processes are limited with
thickness and area control, and therefore scalability is an issue to achieve large areas[46], [47].
Printing of functional inks from water-dispersible PEDOT:PSS inks overcomes these
drawbacks and provide control over the thickness, and extended area coverage, meanwhile
maintain high energy and power density without expensive infrastructure[51]-[53]. Using CNF
as a nanoscale binder and PEDOT as active material, the nanoporous electrode ink becomes
available to investigate using spray-coating for a highly controlled electrode
manufacturing[51], [54].

For energy storage device fabrication, spray coating enables to deposit several hundreds of
nanometers of electroactive films, using carbon-based, inorganic materials and conductive



polymers[55]-[57]. In view of the thickness limitation, spray coating has mostly involved
fabrication of electrodes on thick and solid substrates with nanometer-scale coating, which is
not preferable for high energy density devices with desirable mechanics[56], [58]. These films
were fabricated with gas-driven systems, either using a simple airbrush (Paper II) or an
atomizer[59] (Paper III). One note here is that in case of organic materials for enabling adhesion
and maintaining mechanical integrity, interface engineering is a requirement using processes
such as silanization[60], [61]. With the help of spray coating this issue is quickly solved. Due
to the layer-by-layer approach, thin films of paper electrodes are produced with spray coating.
The good contact motivated us for investigating possibilities for wearable, skin compatible
supercapacitors. This approach may lead to coat active materials for symmetric or asymmetric
supercapacitors, battery cathodes and anodes using functional inks onto readily available PET
substrates. The possibility to roll to roll approach, large area coating with good adhesion
properties steps forward for the fabrication, where screen printing cannot deliver the needs. The
supercapacitors delivered up to 9.1 mF cm™ areal capacitance, a very low ESR (~0.3 Q) due to
the good electrical contact and outstanding mechanical stability (bending radii 6 mm, 5000
cycles, 95 % retention). Flexible paper supercapacitors are combined to power printed organic
electronic devices, such as electrochromic displays, operate during the bending state showing
mechanical robustness and as well as connected with power management circuits to supply 3V
for commercial electronic applications. Additionally, as demonstrated in paper III, paper
supercapacitors can deliver enough energy and be used for solar cell integration to demonstrate
self-sustained power packages.

Besides printing and manufacturing wearable devices with well-known plastic substrates,
ultrathin substrates are performing well under physical deformations and opening up new
avenues for flexible electronics. With that said, the history of flexible energy storage devices
starts with the batteries. Batteries manufactured on bulky substrates with vacuum deposition
methods have recently been investigated; however, the use of complex cathodic materials,
physical vapor deposition-based electrodes and electrolytes, and area-limited fabrication causes
the device structure expensive and complicated [62]-[64]. Thick substrates cause limited
flexibility (high bending radius) and bending cyclability, and require high processing expenses,
which contradict the requirements of the skin-compatible electronics[29], [65]. Thin substrates
such as polyimide[66], parylene C[67], or PET (1.4 or 4.5 um) foil with a carrier support[68]
were used for ultrathin electrochemical energy storage devices.

Among them, parylene C is an excellent material to prepare substrates around 1.0 um thickness.
Due to the good adhesion, low roughness and compatibility with photolithography, it is the
right material for wearable and implantable electronics. In addition, it is a good encapsulation
material (low roughness, low permeability to moisture and chemical barrier) to achieve
mechanically robust devices. Ultrathin devices on parylene C substrates are fabricated
throughout the thesis to provide new concepts to wearable and implantable electronics.
Consecutively, microsupercapacitors fabricated with spray coating, miniaturized, interdigitated
symmetric capacitors with parylene peel-off method and electrolyte gated transistors fabricated
with photolithography are demonstrated for the electronic skin and implantable electronics. The
energy storage devices (printed and on-chip microsupercapacitors) show the example of
ultrathin device architecture to maintain overall thickness of 10 pm and 4.0 pm. Such fully
encapsulated implantable devices showed mechanical robustness (1000 cycles, capacitance



retention of 98%) under extreme bending (rolling) and kept operational at bending radius down
to 2 mm. Finite element method (FEM) simulations were carried out to analyze the mechanical
properties of the device, resulting a volumetric strain and stress lower than 0.05%. Together
with these properties the method of fabrication clears the way for on chip energy storage
modules.

The last flexible device that is capacitance driven and in the configuration of ultrathin is the
flexible electrolyte gated transistors (EGFET). EGFET operation depends on ions forming an
electrical double layer at the electrolyte-electrode interface, uF/cm? value of capacitance
leading to high switching speed; additionally, the high transconductance of EGFETS originates
from the high charge carrier mobility. The materials that can provide such properties are highly
interesting and motivating the implantable electronics. One oxide is deep routed in the solid-
state electronics for display technology and motivated us to provide flexible designs for
implantable devices.

Display technologies are crucial and most interesting market in the consumer electronics area,
transparent and flexible displays are expected to bring revenues of $87.2 billion by 2025[69].
Since Indium Tin Oxide (ITO) is the most well-known and ready to use material, it deserves to
be investigated in depth. Transparent conducting oxide family exhibits high transparency in the
visible part of the electromagnetic spectrum and high electrical conductivity. These properties
are crucial for applications such as active matrices for displays, thin film transistor technology
and field effect biosensor technologies. ITO is widely used in these applications for high
performance transparent conductive layer.

Oxides are typically regarded delicate materials as they are considered due to the brittle nature.
Although this observation may be true for thick films, this concern can be avoided with
engineering layers of thin film amorphous oxides, where deposition takes place onto ultrathin
substrates in which the mechanical neutral plane is preserved. Recent decade showed the
examples of using Indium Oxide, Indium gallium zinc oxide (IGZO) and ITO as a ion sensitive
channel material of FETs in the field of pH sensing and biosensing [70]-[72]. Another use of
these binary and ternary oxides finds application within the neuromorphic devices to achieve
low power electronics[73]-[75].

Last motivating point is optical transparency, which is another need in the field of imaging,
local signal amplification as well as optogenetics, where transparent conductive materials
(Graphene and ITO) find itself in such applications as a transparent electrode[76], [77]. The
efforts towards achieving transparent cathodes or a top contact with ITO shows good
transparency at the current collector component of the devices however, all ITO configuration
is not investigated in depth to achieve transparent devices[78], [79]. The features such as ion
sensitivity, EDL switching, and providing transparency inevitably attracted our attention to
study fully encapsulated, ultrathin (overall ~3 um) ITO EGFETs. The stack of thin film oxide
layers such as tantalum oxide and aluminum nitride (Ta20s /AIN) on top of 35 nm thick ITO
semiconducting layer protected the semiconductive ITO from electrochemical side reactions.
Our ultrathin ITO EGFETs constructed on parylene C substrates, are demonstrating good
flexibility, high transconductance values, fast switching speed, and high on/off current ratios,
shows stable operation at 6.5 mm bending radius. Together with these properties another
application within the ultrathin device technology has been accomplished to supply a device
technology for implantable and body integrated electronics.
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Figure 2.3. Wearable electronic devices, developed in this thesis. Model hand highlights the
skin-attachable devices.

In summary, this thesis shows prototypes, use cases and demonstrators for skin attachable,
wearable devices as shown in Figure 2.3. The devices and concepts were constructed to use
electrical double layers (EDL) that are formed at the electrode electrolyte interfaces. Paper 11
shows sequential coating/printing methods to achieve flexible pouch-cell type supercapacitors.
The devices were connected with flexible circuitry to demonstrate smart packaging application,
where the supercapacitors can conformably cover the packaging material. With Paper III,
upscaling of energy storage devices was achieved with coating/printing methods. Large area,
paper supercapacitors were fabricated to combine with solar cells for the application of self-
sufficient wearable system. All organic power package was demonstrated to be used in wearable
electronics applications. Paper IV investigates the fabrication of ultrathin micro-
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supercapacitors using spray coating for electronic skin applications. We have aimed to keep the
entire device thickness around 10 pm to show low bending radius operation capability, skin-
like devices. The method enables to design power supply systems for printed electrochromic
displays and electronic skin. Paper V investigates fully encapsulated electrolyte gated oxide
FETs for implantable electronics. We have implemented well-known EDL system ITO, as a
channel material and designed EGFETsS to be used in signal amplification of bio-signals and as
a perfect candidate for flexible complementary logic circuits. Lastly, Paper VI demonstrates a
fabrication route to achieve fully encapsulated, ultrathin energy storage devices. The hybrid
fabrication method (microfabrication & lithography) was shown to control the thickness and
interdigitated electrode structure. Overall, we have achieved energy storage and sensor devices
for wearable electronics, which will open ways for the next generation commercial electronics
and healthcare applications. Performance retention more than 90% after thousands of
mechanical bending cycles and operation capability under bending radius of minimum 2 mm
and long-term operation stability were achieved and proven to be highly robust for wearable
and skin compatible flexible electronics applications.
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CHAPTER II1
3. Materials

This chapter explains and gives the details of the materials (substrates, active materials) used
in the fabrication of flexible devices.

3.1. Substrates
Depending on scalability and the type of application, several substrate types and encapsulation
materials were used in the thesis. Polyethylene terephthalate (PET), Parylene-C, and paper-
based substrates were used along with typical encapsulation materials such as
polydimethylsiloxane (PDMS), Polyimide (Kapton) and Parylene-C.

3.1.1. PET

PET is one of the most stable (mechanically and thermally) thermoplastic substrates used in
flexible electronics[80]. It is commercially available in a wide thickness range from 4.5 pm to
200 pm, allows roll to roll printing and coating processes. 18 um PET laminated with
Aluminum coating and carbon adhesion layer has also been used in Paper II and I1I as the main
flexible component of the current collectors (Figure 3.1). The combination allows high
processing conditions up to 150 °C, where in the spray coating of paper electrodes, it performed
well without buckling or cracking at the processing temperature of 90 °C.

OH
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n

PET PET/AI PET/AI/C

Figure 3.1 Substrate material used for printed energy storage devices.

3.1.2. Parylene-C

Parylene C is an excellent substrate for ultrathin, conformable devices for bioelectronics, skin
electronics and wearable technologies [77], [81]. Parylene C can be produced by polymerization
of para-xylylene using a Chemical Vapor Deposition (CVD) system. The chlorinated version
of Parylene has chlorine in the aryl ring (Figure 3.2). This semicrystalline polymer can be grown
by polymerization of monomer, where polymerization depends on dimer weight and CVD
system properties such as pressure and deposition rate. Parylene C can provide a pin hole free,
low roughness, excellent humidity barrier and chemically stable substrate and encapsulation
material[82]. It is biocompatible, transparent, and electrochemically stable. For paper IV, V
and VI, Parylene C was implemented as ultrathin (~ 2 um) substrate and encapsulation material
(1.4 pm).
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Figure 3.2. Parylene-C as a substrate material for ultrathin electronic devices.

3.1.3. Paper & Cellulose

Cellulose is the most abundant polymer and can be found in cell walls of the plants, some
bacteria and even animals such as tunicates[7]. It is an important product for forestry industry
since cellulose is the main component of paper. The main source of the cellulose and its
derivatives is wood; therefore paper and pulp industries are interested with wood processing
(mechanical and chemical) to separate and process wood fibrils. The cell walls consist of these
fibrils with a diameter of 10-100 pm, which can be classified as pulp and with chemical
treatment it can be used as microfibrillated cellulose (MFC). The pulp can further be used in
different types of paper production. For the ‘nano’ cellulose term, there are several
classifications: Cellulose Nanofibrils (CNF), Cellulose Nanocrystals (CNC), and bacterial
Nanocellulose (BCC). Figure 3.3 shows the structure of MFC and CNF. There are important
tools such as spectroscopy and diffraction methods to extract structural details and information
regarding size, shape, crystallinity, and organization[83]. Several chemical modification routes
can be used to modify CNFs, that offer additional functionalities. Typical chemical
functionalization includes TEMPO ((2,2,6,6-tetrame-thylpiperidine-1-oxyl radical) oxidation
and carboxymethylation [84], [85]. The chemical treatment on the nanofibrils (i.e.
carboxymethylated) provides repulsion between the fibrils so that dispersion has stable
colloidal suspension. CNF are nanostructures with 5-10 nm in diameter and up to 10 um in
length, which is the chosen cellulose material to produce paper electrodes in this thesis. We
have implemented water dispersed CNF in our composite electrode to provide paper-like
characteristics of porosity, water dispersibility and mechanical strength.
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Figure 3.3. a) Schematic representation of MFC and b) CNF. ¢) SEM image of MFC, d) AFM
image of cellulose nanofibrils.

3.2. Active Materials

Organic and inorganic active materials have been used in the fabricated devices. For upscaling
printing and coating methods, solution-processable PEDOT:PSS is used to develop flexible
paper based organic supercapacitors. For the EGFET device, ITO (Indium tin oxide) is
sputtered as semiconducting channel material and transparent source/drain electrodes. Several
other active materials such as MnO» and active carbon have also been tested to fabricate energy
storage devices.

3.2.1. PEDOT:PSS

Poly(3,4-ethylenedioxythiophene), abbreviated to PEDOT, is one of the well-known
conductive polymers that belongs to the group of m-conjugated systems. This polymer was
developed in 1988 and has found applications in antistatic coatings and stable packaging
material mainly in Bayer AG and capacitor manufacturers in Japan[52]. Some years later, the
introduction of a polyelectrolyte, Polystyrenesulfonic acid (PSS), in the polymerization process
opened enormous opportunities. Using the PSS polyanion as counterion created a water
dispersible and ionically conductive material, and the mixed ion-electron conductor was
achieved[5].

Figure 3.4a shows the optical image and molecular structure of PEDOT:PSS. In its neutral
form, PEDOT coating (depending on thickness) exhibit light to dark blue color. Polymer films
that are produced from PEDOT: PSS inks have low conductivity (< 1 S/cm), which is attributed
to the excess insulating PSS agglomerations around the PEDOT grains. To overcome this
limitation secondary doping or morphology enhancers were introduced[86], [87]. The process
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includes adding high boiling point solvent such as dimethyl sulfoxide, sorbitol and ethylene
glycol or ionic liquids to the PEDOT: PSS mixture and depositing the ink followed by an
annealing process. After adding secondary dopant material, phase difference leads a
morphology change where, PEDOT rich grains become larger and interconnected. Excess PSS
is reduced, leading to more pathways for electron conduction[88], [89].

PEDOT-based materials have attracted interest in many fields due to high conductivity (~1000
S/cm), high capacitance (from 1 puF/cm? to 2.24 F/cm?), and low impedance; prominent
examples are found in biomedical and energy storage applications [90]-[93].
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Figure 3.4. PEDOT: PSS properties. a) Optical image of PEDOT: PSS film for transparent
cathode, inset shows the patterned PEDOT: PSS coating with spray coating on a paper substrate.
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b) Schematics of polymer structure. ¢) and d) Electrochemical and electrical footprints of
PEDOT: PSS as an active material in a composite system. e€) Applications related the
commercialization of PEDOT: PSS.

Besides conductivity, capacitance and redox activity are two important parameters (Figure 3.4c
and Figure 3d) that define the performance of many electrochemical devices based on PEDOT:
PSS and its composites, such as supercapacitors, electrochromic displays, electrochemical
transistors, and sensors. Electronic and ionic charge transport in PEDOT provides fundamentals
for device physics, and enable functional operation governed by volumetric PEDOT:counterion
double layers. Although numerous data has been reported on the charge-storage mechanism,
there is a debate on the nature of the capacitance in these systems[94], [95].

Conductive polymers, including PEDOT, are often considered as pseudo-capacitors (Chapter
4) in literature [96], [97]. Recent studies explain the charge storage mechanism using
microscopic electrical double layers formed between the counterions and charged polymeric
chains organized at nanoscale.[95], [98]-[100]. Experimentally extracted capacitance values
vary significantly depending on the fabrication, characterization method and ion movements.
In such methods the morphology of films, such as porosity, thickness, specific surface area, and
type of counterions play important role [94], [101].

Another essential property of PEDOT is electrocatalytic activity, where possible oxygen
reduction reactions (ORR) involve oxidation of the polymer through two- or four-electron
reaction pathways [102]-[104] and mass production of peroxide[105], [106] can be selected as
examples of the direct ORR influence.

Upon oxidation and reduction of PEDOT, a phenomenon known as electrochromism is also
observed in PEDOT, which finds application in printed electrochromic displays and smart
windows. Upon electrochemical reduction, PEDOT switches from a light blue (depending on
the thickness) state to dark blue color.

3.2.2.1ITO

Transparent electronics has gained a great deal of attention during the last decades and has
played a pivotal role in the development of flat panel displays, active matrix for organic light
emitting diodes (AMOLED), thin film transistors (TFTs), and solar cells[107]-[110].
Transparent conductive oxides (TCO) and Transparent semiconductive oxides (TSO) are the
main investigated materials to attain such devices[69]. Indium tin oxide (ITO), or tin doped
indium oxide, is one of the most well-known transparent, conductive materials, where the
conduction mechanism is scientifically interesting and this oxide has been widely used for a
variety of applications (photovoltaics, biomedical devices) over other transparent conductors
[111],]112].

The prominent aim of TCOs is to bridge sufficient transparency with a moderate conductivity.
Several other materials such as Indium (III) oxide (In203), Tin (IV) oxide (SnO2), and Zinc
oxide (ZnO) can fulfil these needs but in their undoped stoichiometric state, these oxides are
insulators. Substitutional doping (n-type) and oxygen vacancies play important roles in the
conductivity of such oxides[111]. In an n-type TCO, lattice defects in the crystal, substitutional
defects, and oxygen vacancies can create excess of electrons.
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Figure 3.5. Indium oxide structure a) and b), ¢) Sn doping sites in In2O;3 lattice. d) Band
structure and effect of tin doping. ) Oxygen stoichiometry).

For the special case of ITO, impurity doping controls the conductivity of the material. Firstly,
Sn" atoms are introduced and they replace In" atoms in the lattice (Figure 3.5¢) and each
replacement donates an electron to increase the carrier concentration and therefore the
conductivity[113], [114]. The best performing ratio then becomes 10% SnOz to 90% In2O;3 by
weight. With the addition of Sn dopants, donor density increases, and the electronic states at
conduction band are filled. This leads to widening of the optical bandgap (Moss-Burstein shift),
[110], see Figure 3.5d.

Additional to the impurity doping, resistivity of ITO can be tuned by the stoichiometry. Lack
of stoichiometry due to the oxygen vacancies is observed during the material deposition. An
absent oxygen atom leaves two electrons which contributes to overall conductivity, see Figure
3.5e. For the most transparent oxides, the conductivity is primarily the result of oxygen
vacancies. This provides an opportunity to precisely control the conductivity by varying the
oxygen partial pressure during the deposition and manufacturing of amorphous structures.
Using ITO as a transparent semiconducting oxide holds potential as a transistor channel
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material. By controlling the oxygen partial pressure during deposition (higher oxygen content)
oxygen vacancies are depleted and low electron density and high resistivity are provided,
desired parameters to construct an accumulation mode semiconducting transistor channel [111].
This conductivity tunability allow to construct functional (capacitive sensing, transparency etc.)
electronic devices. One device structure that can use ITO as a functional material is electrolyte
gated field effect transistor (EGFET). ITO’s properties such as transparency, high charge carrier
mobility and low electrolytic capacitance make ITO an excellent candidate for transistors and
electronic circuits.

To attain fully transparent EGFETs, ITO is used as the source and drain electrodes (conductive
state) as well as for the channel material (semiconductor) in our device designs. During the
sputter deposition by controlling the oxygen partial pressure we have achieved semiconducting
(resistive) ITO and current collector (low sheet resistance) ITO in Paper V.

3.2.3. Other active materials

During the development of the thesis, several active materials are also investigated. To boost
the areal capacitance, materials that possess high gravimetric capacitance can be introduced
within the electrode structure. One of the most studied and commercially available materials
are activated carbon and MnO3, which allow for solution processing manufacturing. Activated
carbon is mostly used in commercial devices due to the high electrical double layer capacitance,
stability, and possibility of being produced from the biomass. It is water dispersible and can
provide F/cm? capacitance[115]. Metal oxides, specifically Ruthenium oxide, is another
promising material for high capacitance; however, the cost of ruthenium makes the cheaper
manganese oxide one of the promising candidates. It has high theoretical capacitance (1000
F/g) and solution processability, where it can find itself within the symmetric supercapacitors
and battery cathodes[116].

3.3. Electrolytes

Electrolytes are important components of the electrochemical devices, as they contain ions that
can be mobilized with an electrical impulse. It can be an acid, base or salt dissolved in a solvent
or solid network. These disassociated structures turn into ions, which can act as an ionic
conductor under electric field. Electrolytes can be classified as aqueous, solid state and gel
electrolytes[117]. Electrolytes have different operating voltage window or the cell voltage.
Aqueous electrolytes can provide a safe window of 1 V, as the decomposition of water occurs
at 1.23V. Organic solvents, nonaqueous electrolytes can provide operation voltage up to 2.7 V,
however, they have lower ionic conductivity compared to aqueous ones. lonic liquids, on the
other hand are organic salts at low temperatures (<100 °C) and can be operated up to 6V [118].
Ionic liquids are molten salts, possessing high ionic conductivity and have been used in energy
storage systems in the last two decades. The liquid electrolytes that are water-based salt
electrolytes, remain the ultimate choice for green technologies. Aqueous NaCl, KCI etc.
between 0.01 M and 1 M concentrations have been used in Paper 1. A gel electrolyte can be
described as polymer (binder) mixed with salt. Poly (ethylene oxide) (PEO), Polyvinyl alcohol
(PVA), Ethyl Cellulose, starch, polyvinylidene difluoride (PVDF) etc. mixed with different
salts can provide good ionic conductivity with flexibility and stretchability. Depending on the
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viscosity of the resulting gel electrolytes, they offer various coating possibilities including
doctor blade, screen printing and spray coating [119]-[121]. Hydroxyethyl cellulose (HEC) is
blended with imidazolium based ionic liquid, 1-Ethyl-3-methylimidazolium ethyl sulfate
(EMIM-ES) to achieve printable gel electrolyte for paper IL, III, I'V and VI.
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Figure 3.6. Types of electrolytes.
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CHAPTER 1V

4. Device Concepts Developed in the Thesis

This chapter summarizes the theoretical background regarding the devices that were designed
and fabricated. Governing equations for material and device characterization and analysis,
typical classification of electronic devices can be found in this chapter.

4.1. Ion Processes and Charge Transport
There are three processes in case of ion transport, originated from the movement of ions:

migration, diffusion and convection[122]. Migration can be explained as ion movement driven
by electric field. Ions diffuse from high concentration to low concentration in case of
concentration gradient. Fick’s first law, where the flux of particles if proportional to the
concentration gradient[117].

J=-D% (4.1)
where, J is the diffusion flux, D is the diffusion coefficient and c is the concentration.
In case of two or more dimensions,

J =-DVc 4.2)
Fick’s second law states how diffusion affects the concentration change in time.

ac _ 9%
at —  ax?

(4.3)

For the case of migration, the movement of charged species under an applied electric field[123],
the total flux density can be expressed with Nernst-Planck equation (one dimensional case with
absence of drift velocity)[124]:

a F a
]:—Dé—%ucf (4.4)

where J is the flux (mol s cm™), D is the diffusion coefficient (cm?/s), z is the charge, F is the
Faraday constant, R is gas constant, T is the temperature, ¢ is the electric potential, ¢ is the
concentration (mol/cm?).

In paper 2, the model system is described by the Nernst-Planck-Poisson (NPP) equations for
charge carriers (ions and holes)[100]. Hole concentration p is located in the electrode material.
Ions with concentrations c¢; are located in both electrode and electrolyte fractions. The
governing equations for ions expressed as:

% -V (Dci(Vci + ZifCiVVci)) =0 (45)

V3V,
e

=P+ g+ — Coim — Crix (4.6)
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where V. is an electrostatic potential in ionic phase, csx is the concentrations of fixed PSS-
anions, /= F/RT, and i is anion and cation.

Equations for holes are modified to capture effects of a Gaussian-like density of states

@_ <%(m+fm(%+%»>=o (4.7)

2 .

e e R (AR AT (4.8)
where A is an electrostatic potential of holes, Up the chemical potential of holes, ;g," is the
intrinsic volumetric capacitance of PEDOT:PSS that originates from the double layer between
charge carriers and counter-anions in PEDOT:PSS[98], [125].

The Nernst-Planck-Poisson model described above allows to calculate charge and discharge of
the electrode using electrostatic interaction and calculate charge carrier concentrations (holes
and ions), charging currents and potentials.

Convection can be defined as hydrodynamic transport, where ions can move because of the

solvent motion such as laminar flow and gravity-induced flow.

4.2. Capacitor Principles

Capacitors for energy applications predate the invention of the battery. Alessandro Volta is the
inventor of Voltaic pile in 1800, where he used Zn and Cu plates separated by paper soaked in
vinegar[97]. However, before this invention, at the University of Leyden, the Leyden jar was
developed in 1745 as a static energy source, which can be referred as a capacitor[117]. Today’s
capacitors are mostly used to store, and quick release of electrical energy and these components
found applications in modern integrated circuit systems. One of the biggest technological
advantages of capacitors is that they can provide high power density compared to batteries or
fuel cells. However, the amount of stored charge is the limiting factor for high energy
density[126].

A capacitor is a component that stores energy electrostatically. When two parallel plates are
separated by a dielectric, a typical capacitor can be constructed. The capacitor is charged with
an applied potential difference across the electrodes. The positive and negative charges migrate
towards the electrodes of opposite polarity. For the case of a charged capacitor, this device can
work as a voltage source for a relatively short time. The geometry of a capacitor is shown in
Figure 4.1a. Inside of the dielectric material there are electrical dipoles, which can be aligned
by an external electric field. After the charge distribution, the charge density p can be defined.
The capacitance has the unit Farad (F) and is equal to ratio between stored charge, Q and the
potential difference, V. Equation 4.9 defines the capacitance for the parallel plate capacitor,
where A is the area, ¢ if the permittivity and d is the distance between the plate or the thickness
of the dielectric.

c=2=¢2 (4.9)
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Figure 4.1. Capacitor Principles. a) Schematic of parallel plate capacitor. b) Schematics of
electrical double layer.

The concept of double layer is an important principle, which has found many applications in
our daily life electronics. It was first developed by Helmholtz in nineteenth century[117]. The
non-Faradaic charge storage (electrostatics) concept is explained using an interface between the
electrode and electrolyte (no electron transfer). The model states that two oppositely charged
electrodes are separated by an Angstrém level distance (typically 0.1 nm). The double layer is
composed of Inner Helmholtz Plane (IHP), Outer Helmholtz plane (OHP), and the diffuse layer
(Figure 4.1Db). At the electrode electrolyte interface (Stern Layer), solvated ions are adsorbed
by the electrode and at the diffuse layer, there is a gradient of ions. Therefore, two capacitances
in series should be considered. The relation between capacitance of the interface, CepL the
compact double layer capacitance (Cn) and diffuse layer capacitance (Cp) is given as equation
4.10.

e e (4.10)

Cepr. Cu  Cp

There are many factors that determine the EDL capacitance such as conductivity of the
electrode, area, porosity and electrolyte[97]. In EDL capacitors, the electrode material is highly
porous, so the high surface area enables enhanced double layer capacitance, which brings
attention to study this phenomenon in this thesis.
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Commercial capacitors are highly used in our daily life. Ceramic chip capacitors and
electrolytic capacitors are mostly used in integrated circuits, high power systems and AC
applications (Figure 4.2). EDL supercapacitors are in use for high energy requiring applications
and research towards their development is rapidly growing[117], [127].
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Figure 4.2. Capacitance and operation voltage for commercially available capacitors.

Several types of capacitors are available and can be classified by the mechanism or the material
used (Figure 4.3). Each class has different application areas and provides different capacitance
retention on cycle life and energy efficiency[117].
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Figure 4.3. Classification of Capacitors.

Two parameters of a capacitor can define the performance, namely energy and power density,
which can be expressed as per active material mass, unit area or unit volume[97]. The energy
E (Joule) stored is dependent on the capacitance and square of the operation voltage:

Energy Density = E = %CV2 4.11)

Power (Watts) can be defined as the rate of energy per time (discharge time).

Power Density = P = & (4.12)

In case of a capacitor device, the resistance of each component (current collectors, electrode
conductivity, electrolyte, and separator) should be included within the overall resistance. The
sum of these, referred as equivalent series resistance (ESR). To calculate the maximum power
density, ESR should be considered[126].

v2

Bnax = 4Rpsn (4.13)

C is the capacitance; V is the operating voltage, t is time. The m (active material mass) for
gravimetric (kg), 4 (area), for areal (cm?) and ¥ (volume) for volumetric (cm®) should be placed
to the denominators of the equations 4.11, 4.12 and 4.13 to define the energy and power density.
The overall performance can be represented by the power and energy density, and those
numbers (energy storage device metrics) can be plotted in a graph called, Ragone plot[120]
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(Figure 4.4). Supercapacitors are bridging the gap between high power density capacitors and
high energy density batteries.
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Figure 4.4. Energy and Power density comparison for energy storage devices (Ragone plot).
4.3. Supercapacitors and Batteries

In electrical energy storage systems, the energy can be stored in two different ways[97]. The
first one is the chemical energy dependent Faradaic reactions as in the case of batteries. This
indirect way is based on oxidation and reduction of the electrodes having opposite electrode
potentials. The second one is the direct energy storage using electrostatic way, which is known
as non-Faradaic process, i.e capacitors. To clarify the differences between electrochemical
capacitor and batteries, the mechanisms should be explained[117]. For the double layer
capacitor, the process is non-faradaic, meaning ideally no electron transfer takes place across
the electrode interface and electrostatic charge storage is present. In batteries, the main Faradaic
process is based on electron transfer, where change in the oxidation state of the electrodes occur.
There is one intermediate process, where Faradaic charge transfer occurs due to the special
thermodynamic conditions. This principle originated from the work called ‘RuO2: a new
interesting electrode material’, where upon an electrode potential there is a dependence on
charge that pass Faradaically, typically the material changes its oxidation state due to a redox
reaction [97]. This corresponds to the term called pseudocapacitance[128].

The huge capacitances (F/g) of carbon systems and metal oxides led to the term supercapacitor
or ultracapacitor. This device can allow high capacitances in a small volume using porous
materials. Several attractive application areas have been developed due to the high capacitance
values and high-power density during the past decades.
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The differences between a battery and a supercapacitor can be explained by studying the
charging and discharging curves (Figure 4.5).

a)  gpic Pseudo Battery
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=
v
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=
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Porous Electrode
Double Layer Pseudocapacitive Battery type charge
Charge Storage charge storage storage

Figure 4.5. Galvanostatic charging and discharging (GCD) curves for different types of
electrode systems. a) GCD curves of electrode materials, b) Electrode processes for charge
storage mechanisms.

At the most fundamental level, because of the charge storage mechanism, there is a linear
. . . . . d
relationship between the charge and voltage, where the simple equation C = i d—‘: can be used

to calculate capacitance (F). Hence, EDLC resembles the same output curve as the typical
electrolytic and dielectric capacitors. Pseudocapacitors can store charge through redox

reactions, where these reactions can cause deviations from the ideal shape[126]. The equation
1
V()
information about insertion and extraction potentials about the electrode materials. Such GCD
curves show clear redox peaks during charging and discharging. For the battery case, instead
of capacitance, the capacity should be calculated (mAh g). It should be noted that to
understand the potential charge storage capability, a theoretical comparison of stored charges

for the capacitance can be derived as C = i [(——=)dt. Reporting GCD curves of batteries give

for supercapacitors and batteries should be given. For an EDLC, up to 2.0 electrons per atom,
for pesudocapacitance 2.5 electrons per atom and for battery up to 3 electrons per atom or
molecule of accessible surface can be accessible [97].
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Supercapacitor Battery

Charge discharge Curves are mirror output of Not reversible
one another
Behavior is capacitive Not capacitive, redox dominant
High degree of reversibility Irreversibility (materials and kinetics)
High power density Poorer power density due to the kinetics
Low energy density High energy density
High number of cycles Less cycle numbers
Less temperature dependent Temperature dependent activation

Table 4.1 Comparison of electrochemical capacitors and battery systems [97].

4.3.1. EDLC & Pseudocapacitors

The most well-known capacitor types for high energy density are EDLC and Pseudocapacitors.
The double layer formation and electrostatics are the main charge storage mechanism for the
EDL capacitors[129] and carbon is the most well-known and widely used material for the
construction [117]. In EDLC, the active material is highly porous, and it creates high surface
area. The double layer capacitance is enhanced due to the overlapped diffused layers in the very
fine pores. The high surface area of the electrodes can supply more energy than a conventional
capacitor due to the extended area for the ion penetration. The construction of EDLC is quite
simple: two electrodes separated with an ion permeable separator to prevent any short circuit.
Both electrode-electrolyte interfaces are considered as a capacitor, so that a complete cell is two
capacitors in series. The specific capacitance generally is derived from the three-electrode
measurement setup, where active material mass is considered. The cell capacitance is the
overall measured capacitance from the two- electrode measurement. The specific (gravimetric)
capacitance of an electrode, C is given by

2xCeell
m

C(F/g) = (4.14)

Where m is the mass of active material.

High surface area carbons (m? g™'), carbon nanotubes, acrogels and graphene have been
processed as EDL electrodes[130]. Specific capacitances up to 400 F/g have been
reported[130], [131]. Commercial EDLC are in the real-life applications due to the low cost,
chemical stability.

Pseudocapacitor working mechanism is based on fast and reversible redox reactions, where
these reactions contribute to the double layer capacitance[36]. A charge transfer process takes
place at the active material and the surface. The most common pseudocapacitive materials are
transition metal oxides (RuO2, MnO3) and conductive polymers. As demonstrated in Figure 4.6,
pseudocapacitive material undergo a reversible redox reaction, an electron transfer process
occurs between oxidized and reduced species, thus pseudocapacitance arises with a dependence
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on voltage. There are three types of pseudocapacitance: redox system, intercalation system and
underpotential deposition[128].
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Figure 4.6. Charge storage mechanism in EDLC and Pseudocapacitors.

Conductive polymers (Polyaniline-PANI, Polypyrrole-PPy, PEDOT) are well known
pseudocapacitive materials[96]. Using electrochemical oxidation and reduction reactions,
introducing positive or negative charges into the conjugated polymer chains has given interest
to these materials as supercapacitors[132]. Conducting polymers store electrochemical energy
through their redox processes. Two main features of electrochemical property make these
materials suitable for supercapacitor applications, first continuous range of oxidation with
increasing electrode potential and secondly the reversibility of the redox reaction, i.e injection
and reinjection of the charges[97]. The polymer electrode takes up ions in the process of p-
doing and an ion inserted increases the electrical conductivity. Conductive polymers are p-
doped with anions when oxidized and n-doped with cations when in the reduced state.
Conductive polymers store charge within the entire volume and fast doping and de-doping of
the ions. These materials are cheaper than the metal oxides and provide higher capacitances.
However, the long-term stability and degradation are the main concern for this
pseudocapacitive materials. The most common configuration is the symmetric; uses the same
p-doped polymer for both electrodes, where the positive electrode is fully oxidized, and the
negative is neutral. Because of its metal like signatures, in their conductive states of these
polymers, it can be treated as if capacitance arises from the double layer. Paper I investigates
the double layer capacitance of the PEDOT based composites using both experimental and
theoretical methods.

Polyaniline (PANI) and Polypyrrole (PPy) are two of the most studied conductive polymers for
supercapacitor applications. PANI shows high specific capacitance (1500 F/g), PPy has a
capacity to deliver 500 F/g. These materials are based on electro-polymerization methods,
where paper-based electrodes can be achieved for flexible conductive polymer-based
supercapacitors[133], [134].

PEDOT (Poly(3,4-ethylenedioxythiophene)), due to its high conductivity, solution
processability makes it an ideal candidate for engineering flexible supercapacitors. In particular,
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one of the most studied conductive polymers, PEDOT exhibits efficient charge transport, low
impedance, and high stability as cathode [50], [52], [135], [136]. In energy storage applications,
PEDOT can be used as a capacitive coating material for Li-battery cathode and as an electrode
material for supercapacitors, where the material can be produced with both physical deposition
techniques and polymerization methods such as oCVD (oxidative chemical vapor deposition)
and electro-polymerization[93], [137], [138]. The focus over the last decade has been dedicated
to utilizing PEDOT-based materials, deposited through both electro-polymerization and vapor-
phase (VP) methods or solution processed based methods[46]-[50]. It is reported that the
Electro- and VP-polymerization methods can deliver high capacitance (up to 206 F/g) PEDOT
electrodes[46], [47], [93]. In addition to that printing of water-dispersible PEDOT:PSS
(PEDOT: polystyrene sulfonate) provide control over the thickness, large area coverage while
maintaining sufficient energy density [51]-[53]. PEDOT:PSS has been incorporated into
printing processes with paper-based materials to achieve fully printed paper energy storage
systems, demonstrated in use cases and flexible electronics applications[51], [121].

4.3.2. Performance Parameters for Supercapacitors

The overall performance of a supercapacitor is influenced by several parameters, active
material, which defines the capacitance (active material mass, porosity) and the operation
voltage (electrolyte) and the internal resistance (ESR)[97], [126]. ESR is quite dependent on
the intrinsic electronic resistance of the electrode, interfacial resistance between the electrode
and the current collector, electrolyte’s ionic resistance (in case of solid-state electrolyte, gel
electrolyte and separator additional interface resistances should be included) and diffusion
resistance. A high ESR is big issue and will limit the power density, where high power peaks
can hardly achieve. One of the biggest advantages of using supercapacitors is delivering high
power in short amount of time. In this thesis, it is aimed that the ESR can be lowered down by
providing high conductivity electrodes and good adhesion between the supercapacitor
components using printing methods.

The fabrication of energy storage devices is dependent on the processes, layer geometry and
the architecture. Figure 4.7 shows the cell designs for the supercapacitors, micro-
supercapacitors and batteries[139]. The good contact between high conductivity electrode and
the current collectors will achieve the best performing device out of the selected materials and
the manufacturing techniques.
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Figure 4.7. Device configurations for energy storage devices.

In general, the half-cell structure consists of electrode and the current collector. The full cell is
the real device with anode and cathode for battery case and identical electrodes in a symmetric
supercapacitor device structure. Micro-batteries or micro-supercapacitors can be constructed as
interdigitated electrodes, where finger electrodes can be constructed as anode or cathode[140],
[141]. This strategy allows to construct planar devices with less volume, therefore facilitates to
save area for series and parallel connections to increase the operation voltage.

4.4. Electrolyte Gated Transistors (EGT)

Among all kinds of transistors, electrolyte gated transistors (EGT)s use an electrolyte between
the channel and gate[142], whereas the traditional FET utilizes a solid state dielectric.
Electrolyte gated field effect transistors (EGFET) and organic electrochemical transistors
(OECT) are thin film transistors that fall under the category of EGT. In EGTs, the electrolyte
is a liquid or a solid-state ionic conductor, where once an external electric field is applied, ions
of opposite charge move toward the gate electrode and semiconductor electrolyte interface. In
an EGT, the channel current can be modulated by the gate voltage via capacitive mechanism at
the interface [143]. When it is compared to organic FETs, this electrolyte gating has a much
larger capacitance, which allow operation at low voltages. An electrical double layer is formed
at the impermeable semiconductor/electrolyte interface for the case of EGFETS, or a volumetric
capacitance of the channel material plays a role in permeable semiconductors. In each case the
electrolyte/semiconductor interaction play a part in the main switching mechanism for EGTs
[144].

31



The two different mechanisms for the operation of EGTs are portrayed in Figure 4.8. For the
case of an impermeable semiconductor channel, the applied voltage to the gate causes
accumulation of ions at the semiconductor/electrolyte interface. An electrical double layers is
formed, which cause gating, as in the FET working mechanism, that result in charge carrier
accumulation or depletion [142]. Ultrathin electrical double layers formed at the interface result
in high capacitance, which names these devices as electric double layer transistors (EDLT). In
case of permeable semiconductor having EGTs, ions penetrate into the semiconducting film
under the bias of Vg, changing the doping state of the semiconductor. The capacitance formed
here is not EDL based but volumetric due to the redox activity.

Ag/AgCl
Gate

Permeable Impermeable
Semiconductor Semiconductor

@ Anion

p-type EGT n- type EGT

Figure 4.8. Schematics for EGT with an ion permeable (/eff) and an ion impermeable (right)
semiconductor.

As a result of the EDL formed at the interface for the ion impermeable EGFET, this structure
can be treated as a capacitor with Debye screening length (A). These EDL capacitors can achieve
up to 1-10 pF/cm? where the applied gate potential drops at the formed EDL interface[144].
For the linear regime, the channel current is given by the equation 4.15 when V, < (V; — Vi)

w v
Ios = 7 uC [(Ve = Ver)Vp — 2] (“.15)
When V, > (V; — V) in the saturation regime,

w
Ips = pC 5 (Vg = Ven)? (4.16)
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where W and L are the channel width and length, respectively, p is the charge carrier mobility,
C is the capacitance of EDL formed at the interface, Vrn is the threshold voltage, Vp is the drain
voltage, and Vg is the gate bias.

The typical transfer and output plots for n-type EGT are shown in Figure 4.9. It should be noted
that for the case of an accumulation mode n-channel device, it is normally (at V=0) in the off-
state, a positive gate bias is applied for the drain current flow [145].
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Figure 4.9. EGTs operating with n-type semiconductor. a) Output characteristics for an n-type
EGT indicating the saturation and linear regimes, b) transfer characteristics.

Another key parameter for EGTs is the switching speed between OFF and ON states. The
switching speed for FETs depends on the channel geometry, charge carrier mobility. For EGTs
this relates to the polarization speed and EDL formation time, which define the switching speed
and therefore the operation frequency[142].

The RC time constant describes the polarization time, where a small RC is desired for device

operation,

ic
RC ==, (4.17)

where [ is the electrolyte layer thickness, C is the double layer capacitance, and ¢ is the ionic
conductivity.

Additionally, another reported parameter to evaluate the performance of an EGT is the
transconductance (gm), which defines the amplification by the equation,

_ Alp
Im =3y,

(4.18)

OECTs (having permeable semiconductor) are well known for employing a conductive polymer
that is ion permeable and can undergo redox reaction during operation. For a permeable
semiconductor, for example PEDOT: PSS, the ions can penetrate through the semiconductor
film, modulating its conductivity within an electrochemical process[144], [146]. A redox
process occurs where PEDOT can undergo oxidation and reduction reactions. The ON and OFF
mechanism can switch between oxidized PEDOT and neutral (insulating) PEDOT states. This
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redox process occurs throughout the film volume and OECTs take advantage of high volumetric
capacitance and therefore, in the case of an electrochemical transistor, the resulting steady state
current equation is:

Wed oy 175
Ins =2 uC” [V = Ven)Vp — 2] (4.19)

where W, L, and d are the channel width, length, and thickness, respectively, p is the charge
carrier mobility, C" is the capacitance per unit volume, Vrn is the threshold voltage, Vp is the
drain voltage, and Vg is the gate bias.

In summary, there are many types of EGTs such as OECTs, EGFETs, ion-sensitive field effect
transistors (ISFETs), and electrical double layer transistors (EDLTSs) that utilize different active
materials. Conductive polymers, semiconductive oxides, and 2D materials are the main
materials for the advancement of future sensing and low power electronic applications[5],
[147]-[149].
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CHAPTER V

5. Upscaling Energy Storage Devices with Printing Technologies

Printing methods are widely used in flexible electronics, and depending on the viscosity of the
conducting ink, several methods can be selected for device fabrication. Roll to roll and sheet
by sheet methods are preferred for mass production at low cost. By engineering the ink
properties, devices including FETs, batteries and interconnects can be printed. For organic
electronic device fabrication, printing methods such as inkjet printing, screen printing and spray
coating were compatible with the inks developed in this thesis.

5.1. Ink Preparation and Theory

Inks are the mixtures of solute (powders or liquids) that are dispersed in a solvent to form dilute
dispersions or pastes. Additives, binders, active materials and the nature of solvent define the
properties of the ink[150]. For successful printing, the ink undergoes an optimization process
with ink viscosity and surface tension being two important parameters to consider. Besides
controlling ink properties, choosing a compatible substrate and choice of printing technique are
equally important in process optimization. Understanding the ink-substrate interaction and
finding the suitable printing method will increase the throughput of the manufacturing processes
(Figure 5.1).

Ink
Properties

< >

OPTIMIZATION
PROCESS

Figure 5.1. Methodology to optimize printing processes.

Rheology is the research field of understanding flow and deformation of matter. Rheology helps
to understand ink or paste properties and defines their compatibility with a particular printing
technology. Viscosity is a measure of the resistance of a liquid to flow [151], [152]. This
concept can be studied by examining an ideal system, called parallel plate experiment (Figure
5.2).
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Figure 5.2. a) Geometry defined to understand the shear flow and governing equations, and b)
viscosity vs shear rate graph to understand the behavior of fluids.

Shear stress is force (F) divided per unit area (A) can be given with:
F
T=- (5.1)

For Newtonian liquid (ideal viscous behavior), shear strain is:
d
V=3 (5.2)
In response to the force, the upper layer moves a distance of d and h is defined gap between
plates.

Shear rate is given as velocity gradient:

y=5 ™ (53)
Shearing stress then becomes, newtons/m? or Pascal (Pa):

=7y 5.4)
Viscosity can be given as, 1 = ]1/ = Ps—a , where 1 Pa s = 10 poise and 1 m Pa s = 1 centipoise
(cp).

Film formation during deposition depends on the ink; content of solute and solvent or the
properties such as viscosity and surface tension. After describing fluid motion to characterize
the systems, two parameters are introduced, Reynolds and Weber number. The Reynolds
number (R.) represents the ratio of inertial forces to viscous forces, and

R, = ”‘f}ﬂ (5.5)

Weber number (W.) is ratio between inertia and surface tension:
d 2
w, == (5.6)

where v, is the impact velocity, p, d, n and y are density, droplet diameter, viscosity, and
surface tension, respectively.
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These nondimensional numbers are Reynolds and Weber numbers can be described for the
liquid phase and predict the behavior of the liquid systems.

Water can be used as an example, which has viscosity of 1.0 mPa.s, R,of 50 and W, of 69.16.
These numbers can be used to understand mechanisms of jet breakup (droplet size and
form)[153].

To optimize film formation in spray coating and screen printing, these parameters are important
and together with the knowledge of wettability and surface roughness, optimum printing results
can be achieved.

5.2. Spray Coating

Spraying or atomization is a technique, where a liquid is pushed (by gas or air) through a nozzle
that produces droplets which are directed towards a surface[154]. Spray coating uses formation
of small droplets from an ink solution with the air pressure and the droplets forming a thin layer
that subsequently dries on a solid substrate. Briefly, with the gas pressure the liquid passes
through a reservoir, a mixed liquid-gas flow is created. Due to the expansion a cone develops
at the tip, where regions (dilute to very dilute) with a decreased density are developed[155].
Via the stream, the droplets (mist) are deposited to the sample surface. The shape and size of
droplets can affect the deposited film morphology which, directly affect the film roughness and
uniformity. Droplet size (defined by gas flow rate, viscosity), solvent evaporation speed
(dictated by nozzle to sample distance), and nozzle types are the parameters to control
homogeneous deposition. Figure 5.3a. shows the steps of a spray deposition. After the
formation of small droplets (1-5 um), they are transported to the substrate, where solvent
evaporation occurs, and the dry particles form the film.

The deposition rate can be defined by the formula[155]:

pS
n= CM_US Vgr (5.6)
where, p is film density, S is the area, c is the concentration of the solution, M is the molecular
mass of the solute, vs is the spray rate, and v, is the film growth rate.
Liquid drop on the substrate is another sub-section of the deposition process (Splashing and
deposition can occur during the deposition), that needs to be optimized[59]. The wetting plays
an important role in the deposition, where surface tension is the parameter that defines the
contact angle. As shown in Figure 5.3b, large contact angle (0) represents hydrophobic surface,
and small contact angle means hydrophilic surface. Choosing an appropriate substrate, control
of the wettability (through additives), substrate morphology (with micro or nanostructured

patterns) are the parameters to control the roughness and homogeneity of the deposited film[60].
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Figure 5.3. Film formation during the spray coating process. a) Film formation process with
spray coating, (i) atomization process, mist of particles generated, at the process (ii) solvents
evaporates and film islands are formed, (iii) with the cycles of spraying, small islands are
interconnected, and thin- film starts to form. b) Liquid drop on a substrate.

Spray coating has been the method of choice for manufacturing thin coatings of nanomaterials
or conformal deposition for the healthcare and food industry, as well as conductive composites
[60], [153]. The handheld airbrush spray-coating allows for simple manufacturing, however the
droplet volume is high, leading to bigger droplet size, with the drawbacks of less control over
the thickness and clogging of nozzle[156]. Spray coating can generate small droplets by two
different mechanism, namely ultrasonic spray coating and gas driven, pressurized systems. To
achieve high quality yields in manufacturing, industrial air atomizing and ultrasonic spray
technology can be used, where ultrafine droplets with narrow size distribution are formed,
resulting in smooth films for large area applications, and offers roll to roll possibility as well
due to the computerized, automatized systems[156]-[158]. In the case of ultrasonic systems,
the spray head uses ultrasonic vibrations to form separated tiny droplets, causing quite low
roughness and smoother films.

The well-known methods such as drop-casting and spin coating can deliver lab scale devices,
however they are not compatible with roll-to-roll processes as area coverage is limited. Spray
coating is an interesting method for organic electronics since several decades and promises to
deliver unique properties to the fabrication. Spray coating is fast, low cost and compatible with
large area, roll to roll system. During the development of the thesis, both the airbrush based,
and automized spray coating systems were used. Figure 5.4 shows photos of the spray coating
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setups that were used to manufacture paper electrode. These setups were used in Paper 11, 11
and IV.

. Atomizer

Automated Setup

Figure 5.4. Typical setups for both airbrush and automated spray coating systems.

For the airbrush-based setup, the substrates were placed on a hot plate at 90 °C prior to spraying.
The ink was spray-coated with an airbrush (CoCraft, 35 mm nozzle) using 2.0 to 3.0 bar on a
substrate (having adhesion layer) through shadow mask (stainless steel, Kapton tape, paper).
The airbrush was placed 7-15 cm above the substrate (nozzle to sample distance), and spraying
protocol was followed (several seconds of spraying, several seconds of waiting). This spraying
and waiting protocol was created to provide enough time for solvent evaporation and prevent
accumulation of droplets at specific area onto the substrate.

For the automated setup, the experiments were performed using an industrial style atomizer-
based spray setup. The nozzle was Compact JAU D555000 (Spray Systems Inc.), which was
electronically controlled to open (spraying) and close (waiting) in every spray cycle. The
sampling liquid was placed in a container at the spray nozzle and Nz pressure was fixed at 1 bar
with a flow of 30 I/min. The nozzle to substrate distance was set to be 20 cm. A vacuum hot
plate (EMS 1000 series, Electronic Micro Systems) was used for quick evaporation of the
solvent. To show large area electrode (18 cm by 20 cm), motorized linear stage (LTS300/M,
Thorlabs Inc.) was used to move the spray nozzle across the sample surface. The range was
selected 220 mm with a speed of 20 mm/s and an acceleration of 20 mm/s? for one pass. The
spray deposition was performed while the head was crossing the sample surface with a pulsed
operation mode. The ink was sprayed for 50 ms and the nozzle was closed for 950 ms for one
cycle of operation. The automized setup was achieved to deposit up to 300 layers, which
corresponds to 30 um paper electrode.

39



To scale up energy devices, PEDOT:PSS based inks were developed to be used in spray
deposition[159]. For the electrodes, spray coating allows for relatively thin semi-transparent
PEDOT electrodes (<1 pm), which can provide moderate capacitances for the energy storage
applications [135], [160], [161] In the thesis, spray coating is employed as the main electrode
making technique to achieve thick yet flexible electrodes for wearable electronics.

5.3. Screen Printing

Screen printing uses stencil principle to push ink through the stencil (mask) on to a substrate
using rubber squeegee. It has been used for decades for printing electronics and optoelectronic
devices. During printing, the frame (reservoir) is filled with the ink, then a squeegee is drawn
across the mesh. Forcing ink towards the opening of the screen results with a printed patterns
on the substrate[152]. Typical schematics can be seen in Figure 5.5. Metal, stainless steel or
nylon mesh can be for the printing of electronic materials, and through the dimensions of the
threads of the mesh, the thickness of printed structure can be tuned. Additionally, the thickness
can be controlled by the applied pressure, angle of the squeegee and the viscosity of the ink.
Screen printing inks are designed as thick (paste-like), high viscosity inks, where binders
(particles) with big dimensions are used and therefore minimum line with of 10-50 um which
results in high roughness of the printed structures with this technique[150], [162].

/Squeegee

Figure 5.5. Schematics for screen printing. a) Side view of the process, showing the components
of screen printing. b) 3D illustration of stencil printing.

There are several advantages of screen printing such as providing high aspect ratio and thick
functional films (important for energy storage applications). It is cheap, versatile and provides
roll to roll and sheet by sheet manufacturing compatibility. In the thesis, screen and stencil
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printing are used for the printing of carbon adhesion layer and gel electrolyte for paper Il and
III. Dupont Carbon 7102 ink was printed on Al/PET current collector with two steps of
printing, resulting in 20 um thick adhesion layer (between the current collector Al and paper
electrode). Silver paste for interconnects were also printed with stencil printing for series
connection of supercapacitors. Gel electrolyte inks were developed to be printed by using screen
mesh and paper stencil masks to pattern the gel electrolytes on top of the paper electrodes to
fabricate all printed supercapacitors[163], [164].

5.4. Summary

During the development of the thesis work and the papers, several printing techniques are used
and compared. Figure 5.6 summarizes the printing methods that have been employed to print
device components. Screen printing and bar coating (Chapter 6) were the main techniques to
print gel electrolytes, where high viscosity inks are required. Spray coating is well-known for
depositing thin film organic materials (P3HT or hole transport layer) for transistors and
photovoltaics for almost two decades [165]-[167]. Even though it has lost its popularity for
years, recently it has gained lots of attention. Additionally, spray coating allows to prepare thin
cellulose coatings, where it can open a way for new paper making methods[168]. In this thesis,
it has been utilized as the main fabrication technique to achieve paper electrodes with wide
range of thickness values from of 0.9 um to 30 pm. The technique uses low viscosity inks with
cellulose nanofibril binders and provides large area coverage. With the automated setup
constructed, we have demonstrated large area, roll to roll manufacturing capability for energy
storage devices. Spray coating provides solutions to the problems such as limited thickness,
roughness control and delamination[163], [169]. It has been demonstrated as a competitive
manufacturing method to achieve thick electrodes (high energy density) over large area to
maintain up-scalable manufacturing. With these properties, it finds itself in a competition
between screen printing and paper machine[170].
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Figure 5.6. Comparison of printing methods, film thickness and scalability range.

Summary of electrode thickness of nanomaterials and conductive polymers vs. areal
capacitance is given in Figure 5.7a. Screen printing provides electrode with thickness of more
than 10 pm and up to now spray coating was used to fabricate nanometer thick functional
coatings. With this work, we have bridged the gap between the capabilities of both techniques.
Figure 5.7b, ¢ shows the optical images of spray coated or screen-printed supercapacitor
devices, which were all printed and ready to scale up for commercial use.

42



Q
N—
-t
o
N

Areal Capacitance (mF/cm?)

N
°.
-

-

o
-
1

-
o
©
1

Spray-Coating
( ............................................... )

AC
. i
Mn/
Carbon/MnO, s

* PEDOT:PSS]

Poly(RufFe) RBPTT-BTD .

Graph%‘ > I ;\Axene/PEDOT:PSS
RUOZIPEDOT‘PSS PEDOT:PSS * *

—————— »
* Screen Printing

10 10° 10’ 102

Electrode Thickness (um)

Figure 5.7. Comparison of spray coating and screen-printing for capacitive material. a) Plot for
comparing areal capacitance with electrode thickness using different fabrication methods. Red
stars show the thickness range of spray coated electrodes. Our work enables to cover a wide
range of thicknesses, which can be achieved using both screen printing and spray coating. b)
and c¢) Optical images for the large area devices developed with spray coating and screen

printing.
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CHAPTER VI

6. Methods and Characterizations

In addition to the printing methods that are presented in Chapter 5, several methods for material
preparation, morphology characterization as well as electrochemical and electrical methods are
described in this chapter.

6.1. Laboratory Scale Manufacturing
6.1.1. Drop casting

There are multiple ways of preparing polymer thin or thick film electrodes[171]. In this thesis,
drop casting method is used for the paper electrode fabrication with different thicknesses in
paper I. Figure 6.1a shows the typical polymer film preparation methods. In the drop-
casting/solution-casting, the solution is casted in a petri dish with a certain volume and the
solvent is evaporated in a controlled environment (i.e., in fume hood, on a hot plate). The
thickness of the casted film is controlled with the volume of the ink or the dimensions of the
host substrate. Solution casting is a useful method for simple fabrication of nanomaterials to
achieve thick films of more than 10 pm (in case of drop-casting thin films are possible <100
nm). Usually, this method results in high roughness for the prepared films, however, there are
other methods to prepare low roughness, high quality films such as spray coating and spin
coating.

6.1.2. Spin coating and Bar coating

Spin coating is one of the most common methods to deposit uniform thin films that is either
used in cleanroom processes i.e lithography, patterning of photoresist or to achieve lab scale
fabrication of nanomaterials or polymeric materials. The material is dissolved in a solvent and
casted on the substrate (glass or Si wafer), which is placed on to the rotating chuck. The
centrifugal force distributes the solution with a defined rotation speed. The rotational speed
(spread and spin) of the system is in between 100 — 5000 rpm, where it defines the thickness of
the thin film after the solvent evaporates (Figure 6.1b). In addition to the spinning speed, the
viscosity and material concentration also influence the film thickness. This technique provides
quite low roughness when the recipe (spin speed and time) is well optimized, and the solution
is homogenous. In this thesis, this method is integrated into the manufacturing process of thin
paper electrodes and to deposit negative photoresist for photolithography process in paper I and
V, respectively.
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Figure 6.1. Schematic representation of solution processed, lab scale manufacturing methods.
a) Drop casting, b) Spin coating, ¢) Bar coating.

Bar coating (Meyer Rod) is another useful method to achieve uniform coatings for the organic
and nanoelectronics materials [50], [172]. The solution is placed on the substrate, and it spread
across by a bar which has defined gaps, where the ink stays in between bar and substrate and
the solvent evaporates after the coating. These gaps allow certain volume of the ink and
therefore determines the thickness. This method is relatively low cost and easily scalable. The
deposition of the film can be controlled by using additional heating mechanism and allows large
area application. In this thesis, bar coating is used for gel electrolyte deposition in paper II.

6.1.3. Sputter Deposition

Physical vapor deposition (PVD) is a thin film deposition technique, where solid materials
(metals) are transferred into vapor phase, then accumulates onto a substrate as a functional
coating. This process is carried out in a vacuum chamber, where phase transition can be done
using resistive heating, ion bombardment (sputtering) or electron-beam. The methods used in
this thesis include thermal evaporation and sputtering.

The metal current collectors or contacts deposited onto flexible substrates are fabricated by
thermal evaporation. In thermal evaporation, the energy to provide vapor phase transition, is
delivered by heating. Metals including Cr, Ti, and Au were deposited during the development
of the devices that are presented in the thesis.

Sputtering is a PVD method to deposit thin films by ejecting material from the target onto a
substrate[173]. In a typical system, argon atoms are ionized by the plasma and accelerated
towards the source material and eject atoms from the target. Figure 6.2 summarizes the
sputtering process. Sputtering systems mostly involve magnetrons that use strong electric and
magnetic fields to produce high density plasma. Conductive materials can be deposited by DC
sputtering, however, to deposit conductive oxides or insulating material an RF power is
needed[174]. Charge build-up can be avoided by using alternating potential, but it results in
low deposition rates. Sputtering causes less radiative heating and therefore is a method of choice
for temperature sensitive materials or substrates. The thin film properties can be defined by gas
flow (Argon and oxygen rate), power, chamber pressure etc.
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Figure 6.2. Schematic representation of magnetron sputtering for functional coatings.

This method is utilized to deposit both semiconducting and conducting ITO films for electrolyte
gated FETs in paper V.

6.2. Photolithography

Other than the shadow masking (micromachined sheet that has openings and patterned
features), which is the most common method to have patterned PVD deposition or organic
materials on a substrate, photolithography has been used to define thin film structures with
micron scale dimensions.

Photolithography is typically an ultraviolet (UV) light technique to transfer a geometric design
onto a thin film or a substrate. This is the main patterning technique for integrated circuits and
microelectromechanical systems. The method requires several steps to achieve desired
structures (Figure 6.3). Typically, a photoresist is applied by spin coating or spray coating.
Positive resists are solubilized by UV light therefore the pattern on the photomask is directly
transferred on to the substrate. In negative one, photoresists are crosslinked by UV light and the
negative image of the photomask is transferred to the substrate. After this step, the soluble
(unwanted) part of the resist is removed by the developers. For the next step (after metal
deposition or printing of polymers) either etching or lift off processes can be used to achieve
the final structure, as demonstrated in Figure 6.3b.

To briefly explain the main micropatterning technique, Parylene peel off technique can be
described as a fine shadow masking process using parylene as a sacrificial layer. In a typical
process, the substrate is coated with an antiadhesion layer and a parylene C with a defined
thickness (for thin film processes, around 1-2 pm thick)[82]. This coating becomes a mask for
the patterning of active materials[175]. The openings and mask structure are designed by
lithography and etching, thereby the shadow mask becomes in direct contact with the substrate.
Afterwards, the deposition material (penetrated through the holes of Parylene C mask) is
applied, and the parylene layer is peeled off using a tape or tweezer (dry peel off). Figure 6.3¢
shows the optical image of parylene peel-off, after the deposition of PEDOT:PSS to define
interdigitated electrodes of symmetrical micro-supercapacitors. Photolithography has been used
in the experiments of Paper V and Paper VI.
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Figure 6.3. Photolithography steps. a) Mask design, Photoresist type selection and light
exposure. b) Etching or lift off processes after metallization. ¢) Summary of parylene peel-off
technique. After patterning of sacrificial parylene layer, which can be described as a shadow
mask, the active material is deposited with coating or printing methods. Then, the sacrificial
layer is peeled off from the substrate to achieve the desired, patterned active material.

6.3. Electrochemistry

Electrochemical characterization of the materials and devices are the main investigation method
for the concepts presented in the thesis. Electrochemistry studies the relation between chemical
reactions and the electrical current that passes through the system. It is a valuable method to
investigate Faradaic and non-faradaic reactions, energy storage devices and to analyze the
stability (corrosion) of the electronic devices[176]. Typical electrochemical setup consists of
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electrochemical cell (three electrode setup) or a two terminal device connected to a potentiostat
[177]. For a comprehensive introduction of the setups, the reader is referred to references [100],
[176] and paper 1. Several methods to study the electrode reactions and interfacial properties
are presented in this chapter.

6.3.1. Cyclic Voltammetry

Cyclic voltammetry is the most widely used technique to gather information about
electrochemical processes. CV is a voltage scanning method towards a time scale, where a
triangular waveform between Er(final potential) and E; (initial potential) is used. The working
electrode is swept at a constant scan rate and the potentiostat measures the current resulted from
applied potential[176]. Figure 6.4a illustrates the typical CV voltage sweep. Typical CV curve
for a basic redox process O + ne” = R can be extracted when the applied potential reaches the
oxidation peak potential, and a cathodic current becomes prominent. After changing the
polarity, a reduction current begins to increase. Cyclic voltammetry can be used for analyzing
reversible processes, double layer formation, electron transfer reactions and extract the
electroactive materials properties[178]. In the case of capacitive processes (non-faradaic,
double layer, EDLC) a typical box shaped CV should be expected. However, in the case of
pseudocapacitance, H>O» formation and water splitting (faradaic processes), a duck shaped CV
(anodic and cathodic peaks) is typically observed during the experimental processes as shown
in Figure 6.4a [126], [177]. In summary, CV gives information about the capacitive or redox
nature of the electroactive materials. Capacitance of a device can be calculated using the CV
curve, however, in general these values are higher than the actual capacitance with
electrode/electrolyte interface or overall volume of the electroactive film. Therefore, a constant
current method is employed to extract the capacitance.
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Figure 6.4. Most common electrochemical methods to understand electrode kinetics and
device characteristics. a) Cyclic voltammetry, b) Galvanostatic test and self-discharge, ¢)
Impedance spectroscopy.

6.3.2. Galvanostatic Charge-Discharge Test

Chronopotentiometry or Galvanostatic charge discharge technique (GCD) is an important
electrochemical method to investigate charge capacity of energy storage devices[179]. This
constant current method is useful to extract the capacitance, as it gives information about redox
processes during charging and discharging. This method uses a constant current while
measuring the potential. A GCD output for a capacitive system is shown in Figure 6.4b (left),
where a constant current is applied to reach a defined final potential. The differences between
the GCD curves for different types of capacitive and redox processes are given in Chapter 4.3.
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Chronopotentiometry is mostly served to extract capacitance and equivalent series resistance of
supercapacitors and batteries[126].

_do _aext
=== 6.1)

The equation 6.1 defines the capacitance in a certain potential range (V) and time, At.

Another useful information extracted from the GCD system is the resistance (DC) of entire
system. Equivalent series resistance (ESR) evaluation by a voltage drop during the onset of
discharging is the strongest aspects of this technique. It is calculated by dividing voltage drop
(Vq) with the applied constant current (I) [126].

ESR (R) = 2 (6.2)

It is worth noting that the self-discharge (Figure 6.4b, right) is another method that includes
Galvanostatic charging. It is typically used to evaluate the supercapacitors charge holding
capacity under the condition of open-circuit potential for a certain amount of time. Self-
discharge performance depends on electrochemical interface processes within the device layers,
packaging (encapsulation) and device fabrication.

6.3.3. Impedance Spectroscopy

Understanding frequency dependent characteristics of an electrochemical system can be
possible by electrochemical impedance spectroscopy (EIS) [97]. A small sinusoidal voltage (5-
10 mV) is applied to measure the impedance of a cell as a function of frequency. Impedance
data recording starts from high frequency region to low frequency region. Typical values for
frequency are in between 100 kHz to 10 mHz. The resulting data is represented as Nyquist plot,
where x-axis defines the real impedance and y-axis is the imaginary part of impedance (Z =
|Z]e’?). Figure 6.4c shows the Nyquist plot representations for EDLC, pseudocapacitive and
battery behavior[179]. The point intersecting the x-axis at high frequency region gives the ESR.
The signatures of pseudocapacitive or battery-like materials can be found as subsequent
semicircles. In an EDLC, 45° line should start after the ESR point and be followed by a vertical
line. For pseudocapacitive and battery materials, a semicircle can be identified, and the second
intersection of the x-axis gives the charge transfer resistance (Rct). Rer is associated with the
electrochemical reactions within the cell system[126].

In this thesis, EIS determines the ESR of the printed supercapacitors and is used to investigate
the thickness dependent ESR change for the paper micro-supercapacitors for the papers III and
Iv.

6.4. Materials Characterizations
6.4.1. Scanning Electron Microscopy (SEM)

SEM is a strong method to investigate the morphology of a specimen. The specimen is scanned
by an electron beam, where a high vacuum is necessary[180]. SEM offers resolution down to 1
nm with typical energy of electrons ranging from 0.5 to 20 keV. These electrons interact with
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the atoms in the sample and produces various of signals. These signals come from the different
parts of the specimen-electron interaction namely secondary electrons, Auger, back scattered
electrons and X-Rays (Figure 6.5a). The most common SEM mode is the secondary electron
imaging mode, where surface morphology imaging can be performed due to the limited escape
space. For SEM imaging, the specimens should be electrically conductive to prevent charging.
Thin film organic semiconductors, conductive fibrils and metal films morphology can be
investigated with SEM.
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Figure 6.5. a) SEM system components and sample electron interaction, b) An SEM image
showing activated carbon particles inside a rayon felt fiber matrix, ¢) Cross-section image of a
paper electrode and carbon adhesion layer to measure the thickness of each layer.

In the thesis, the morphology of composites, and the cross-section of the organic energy storage
devices is investigated with SEM. Figure 6.5b shows a carbon felt loaded with activated carbon
particles, where 10 keV give enough energy to investigate the fibril and particle size. Thickness
of the films is measured either by a surface profilometer (Dektak), or with fine cross-section
image analysis with SEM. Figure 6.5c shows the printed layers of paper supercapacitors. By
simply separating the carbon adhesion layer from the paper electrode, the thickness of each
layer can be determined using SEM.
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6.4.2. Advanced X-Ray Characterization

To understand material properties, small angle X-Ray and neutron scattering have been used to
understand mesoscale structures, and wide angle X-Ray and neutron scattering for the
understanding of the material down to molecular scale. X-ray diffraction and scattering methods
provide wide range of information about the nano- or microstructure of both organic and
inorganic materials.

For grazing incidents (GI) methods such as grazing incident small angle X-Ray scattering
(GISAXS) and grazing incident wide angle X-Ray scattering (GIWAXS), a beam of x-rays
travels to the substrate of interests at a grazing incidence angle (a;). The scattered intensity is
measured with 2D detectors with the angles of arand lateral angle 26 (in plane), see Figure 6.6
[181]. For the grazing incidence geometry, the wave vector is defined as,

=== cosaysin20 (6.2)
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Figure 6.6. Schematic representation of x-ray grazing incident technique for GIWAXS and
GISAXS measurements.

For practical applications, the interface morphology is often the limiting factor of the device
performance[182]. The synchrotron-based characterization techniques with in situ and in
operando capabilities are powerful tools to reveal nanoscale morphology at the interfaces and
the surface analysis of the device layers/components for solar cells, supercapacitors and
batteries [45], [183]-[185]. Another prominent example is to investigate changes in crystallinity
of polymeric systems manufactured with different printing techniques. These investigations aim
to achieve optimum performance by understanding morphology as well as kinetics, especially
in conductive polymers[183], [186]. Considerable attention has been given to thin PEDOT films
that have been investigated using GIWAXS to understand structural kinetics better during
drying and film formation[187]. The morphology change and observing the changes of n- &
stacking distance, as well as changes in the device performance metrics, i.e., conductivity and
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mobility, have been reported by investigating the effect of additives (co-solvents, surfactants)
and choice of printing [5], [186], [188]-[191].

For the interest of paper-based composites systems, several attempts have been made to
characterize the effects of environmental changes on the crystallization of PEDOT during film
formation and self-assembly around a cellulose nanofibrils [192],[54]. Here, we constructed an
experimental setup to compare the morphology and structural changes when PEDOT/paper
electrode is manufactured with spray coating and drop casting. It helped to understanding the
morphology in relation to the manufacturing methods (lab-scale or printing/coating) to explain
conductivity differences and n- 7 stacking distance of such organic composite system. Typical
experimental configuration is demonstrated in Figure 6.7. The sample-to-detector distance SDD
was maintained at SDDgisaxs = (2644 = 1) mm and SDDgwaxs = (128.5 £ 0.2) mm for
GISAXS and GIWAXS, respectively. The scattered intensity was recorded using a Pilatus 1M
([172 x 172] pm?, Dectris Ltd., Switzerland) for GISAXS and a Pilatus 300k ([172 x 172] pm?)
for GIWAXS experiments. The spray deposition was performed by spraying 60 times for 0.1 s
and intermittence drying and the samples were measured for 100 ms at 10 positions to check
for homogeneity. Paper III describes the use of X-Ray scattering characterization for the
combination of an industrial scale, fast spray deposition process and compare drop-casted paper
electrodes. The investigation of large-scale homogeneity is assisted with advanced surface
mapping. In particular, the microstructure, morphology, and crystallinity of spray-coated paper
electrodes were analyzed and the differences between the drop casted samples were presented.
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Figure 6.7. Spray coating setup constructed at the beamline to characterize paper electrode
during spraying or after annealing.
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6.4.3. Electrical Characterizations

In this thesis, several electrical and electrochemical methods were used to analyze the device
properties. Figure 6.8 shows the images of the experimental setups during measurements and
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the instrumentation for the development of the scientific articles. The electrical characterization
of thin films, paper electrodes and composites were obtained by the four-point probe method.
A schematic (Figure 6.8a) representation with two outer electrodes being responsible for current
and two inner ones for the voltage measurements. Either Ossila four-point probe system is used
to determine the conductivity and resistivity of the thin films directly or samples placed onto
gold coated four-lines and a Keithley source meter is used to extract the resistivity. All
electrochemical characterizations are performed by using Biologic potentiostat/galvanostat.
Self-discharge performance was recorded by Keithley source meter with a custom made
Labview software. As shown in the Figure 6.8b, while the solar cell is producing energy by the
ambient light, the supercapacitor is getting charged, and the potentiostat records the open circuit
voltage. Source measurement units (SMUSs) are widely used to provide current and voltage to
understanding the threshold voltage for electrochromic displays (Figure 6.8c). Additionally, the
Keithley source meters were used to extract IV curves and transconductance of the electrolyte
gated oxide transistors. Semiconductor parameter analyzer (Keithley 4200 SCS) was used to
extract the output and transfer curves of EGFETSs during bending test.
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l

Potentiosta

Figure 6.8. Summary of electrical and electrochemical setups. a) four-point probe method,
optical image shows the Ossila conductivity measurement system. b) Experimental setup for
electrochemical characterization of solarcell-supercapacitor integration with potentiostat and
source measure unit. ¢) A Keithley source meter provides set current and voltage. d) Optical
image shows the experimental setup to characterize EGFET output and transfer characteristics
under bending conditions.
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CHAPTER VII

7.1 Summary of the Papers

Paper 1

Volumetric Double-Layer Charge Storage in Composites Based on Conducting Polymer
PEDOT and Cellulose

In this paper, we have developed methods to describe PEDOT capacitance within a composite
system, using both theoretical modelling and experimental techniques. The gravimetric
capacitance of paper composites in a wide range of electrode thicknesses was calculated from
GCD tests. The DFT method was used to extract intrinsic capacitance, which originates from
the electrostatic interaction between PEDOT and negative counterion. Next, Nernst-Planck-
Poisson equations were utilized to model the specific capacitance of the device system. To
distinguish the effect of faradaic side reactions from the double layer capacitance, we have
eliminated the current from H>O: generation and confirmed electrical double layer (EDL)
characteristics. Overall, the demonstrated methods have explained EDLs systems in PEDOT
electroactive material embedded in a 1D host network cellulose nanofibrils (CNF) guide
fundamental understanding of the capacitance, which is a step towards efficient sustainable
electrodes for sustainable energy storage technology.

Paper I1
Spray Coated Paper Supercapacitors

This work opens a new path for printing/coating of paper supercapacitor electrodes. Our first
initiative in the spray coating of paper electrodes is successfully performed in this paper. Up to
7 pm thick paper electrodes were deposited on flexible plastic/aluminum current collectors
using simple airbrush-assisted spray coating. In summary, we have implemented screen printing
of adhesion layer for the current collector, spray coating of electrode and bar coating of gel
electrolyte to achieve 140 pum thick flexible supercapacitors. This combination of printing
methods enabled us to achieve low ESR values (0.22 Q), which motivated us to further
investigate these results in paper III. The optimum voltage range of such devices is investigated
and a hybridization of two serially connected supercapacitors with flexible DC-DC converter
is demonstrated. This paper demonstrates an example of flexible hybrid electronics to be used
in smart packaging, which can target a wide range of applications such as internet of things and
low power sensor networks.

Paper 111
Upscaling Paper Supercapacitors for Printed Wearable Electronics

In this paper, we demonstrate a route to move from proof of concept to fast, scalable fabrication
protocols using printing/coating methods. We improve the thickness control on the spray
coating process of the paper electrodes, which steer towards 30 um thick electrodes for organic
symmetrical supercapacitors — a higher thickness rarely tested using spraying. The importance
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of this work is in showing a facile route for the deposition of supercapacitor and battery
electrodes using spray coating. We have implemented nanoscale surface investigation methods
(GIWAXS/GISAXS) to understand the effect of the fabrication method on electrode
morphology, device characteristics and especially ESR. We have achieved large area
supercapacitors using coating and printing and demonstrated flexible wearable power
packaging by combining a large area paper supercapacitor with a photovoltaic system that can
harvest waste indoor light. Table 7.1 summarizes and compares the method of fabrication and
achieved electrode thickness vs. capacitance values for other PEDOT based supercapacitors.

Electrode Method of Electrode  Capacitance ESR Reference
Fabrication Thickness
PEDOT:PSS /Al Casting 220 nm 51 uF <1Q [136]
PEDOT:PSS/Ag Inkjet <1l pm 7.36 - [193]
Grid mF/cm?
PEDOT:PSS Fiber Wet spinning ~ d=60 um 119 mF/cm? 100 [194]
Q/cm
PEDOT:PSS/AgNF  Spin coating 90 nm 0.91 33.1Q [195]
mF/cm?
PEDOT coated Polymerization - 0.64 1<R<10 [196]
Fabric mF/cm?
PEDOT:PSS Spin coating <1 pm 4.72 - [197]
mF/cm?
PEDOT:PSS/Aramid Vacuum 14.8 um 111.5F/g 73Q [198]
Fibers filtration
PEDOT:PSS Spin coating 300 nm 994 uF/cm? 0.09 [92]
Q/cm?
PEDOT:PSS/H2SO4 Vacuum 278 um  50.1 F/em? 57Q [199]
filtration
PEDOT:PSS coated  Drop casting - 10 mF/cm? 6.3Q [200]
textile
PEDOT Paper Polymerization 8 um 115 mF/cm?  6.5Q [201]
PEDOT Paper Polymerization 200 um 920 mF/cm? 1.7Q [202]
PEDOT:PSS/Pulp Screen 100 um 9.2 mF/em?>  0.61 Q [121]
Printing

PEDOT:PSS /CNF  Spray coating 30 pm 10 mF/cm? 0.3Q  This work

Table 7.1. Comparison of for PEDOT based supercapacitors (for flexible devices with two-
electrode configuration).

Paper IV

Ultrathin Paper Micro-supercapacitors for Electronic Skin Applications

In this paper, to expand the use of sequential spray coating and printing, we have designed skin
compatible, ultrathin paper microsupercapacitors (P-uSc). Devices are fabricated on 2.0 um
parylene-C substrates, using a shadow mask current collector pattern followed by spray coated
cellulose based electrode and gel electrolyte layers. Using this technique allows the control of
total device thickness to around 10 um. We have demonstrated three pSc connected in series
as an on-chip demonstrator and designed an all printed, wearable energy storage package that
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can power an ultrathin electrochromic display, for the first time. We have investigated
mechanical stability of the 10 pm thick device system using finite element analysis to simulate
strain and stress in the device layers. The P-uSc is operational at small bending radius (3 mm)
and exhibits high capacitance retention (98%) after 10° bending cycles. The vision for next
generation solar cell technology drives the motivation of having ultrathin energy storage, where
our proposed route can assist the new device architectures for solution processed device
technology. Table 7.2 summarizes and compares the method of fabrication and electrode
thickness vs. capacitance values for microsupercapacitors.

Electrode Electrode = Capacitance Fab. Method Reference
Thickness
PEDOT 2 um 6 mF/cm’ Electropolymerization [47]
ZnO/TiN 0.3 um 1.24 mF/cm? Sputtering [203]
MnO/CNT 2 um 7.43 mF/cm? Spray coating [204]
Nanocarbon 7 um 1.7 mF/cm? Synthesis [205]
CNT 10 um 1.42 mF/cm? Synthesis [206]
CNT 1 pm 0.51 mF/cm? Spray coating [207]
PEDOT/MoO;3 0.56 um  2.99 mF/cm? Spray/Laser [208]
rGO 10 pm 3.4 mF/cm? Screen printing [209]
PEDOT: PSS/Si 2.78 um 3.4 mF/cm? ALD/drop-casting [210]
NW
Graphene 0.7 um 0.7 mF/cm? Inkjet [211]
Graphene/PANI 2.5 um 3.31mF/cm?®  Synthesis/Spin coating [212]
Graphene/PANI 0.5 pm 1.5 mF/cm?  Synthesis/Polymerization [213]
PEDOT: 16 pm 6.8 mF/cm? Spray Coating This Work
PSS/CNF

Table 7.2. A comparison table for microsupercapacitors fabricated with different methods.
Adopted from [120].

Paper V

Ultrathin Indium tin oxide accumulation mode electrolyte-gated transistors for
bioelectronics

With this paper, the trajectory of the thesis work moves to another active material, which is one
of the most studied inorganic semiconductor materials, ITO. We have designed ultrathin,
implantable n-type electrolyte gated transistors for electrophysiology applications. We also
aimed to cancel out all faradaic reactions within the operation voltage using capping oxide
layers i.e., tantalum oxide and aluminum nitride. The results are promising for implantable
technology, which aims to operate more than 1000 cycles at the implanted area, without leaving
any electrochemical footprint, especially peroxide and corrosion. The devices show mechanical
robustness under bending tests and operate at small bending radius (6.5 mm), proving that it
can be used to stimulate/amplify the Vagus nerve as well as other bioelectronics applications.
Table 7.3 summarizes and compares the method of fabrication and On/Off ratio of our devices
compared to other electrolyte gated transistors (EGT)s.
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Active Transparency ON/OFF Fabrication Method Substrate Reference
Material

PEDOT:PSS - 10* Inkjet Printing PET [214]

N1400 - 10° Inkjet Printing PET [214]

WO; - 10° Sputtering PEN [215]

SWCNT 83% 10° Aerosol Jet Glass [216]

GO 75% 3.8 Spin coating PET [217]

PEDOT:PSS 60% 10? Photolithography Parylene- [77]

C

In203/ Al,O3 - 10° Precursor, DLP Silicon [71]

In203 - 10° Sputtering PET [70]

ITO 10° Sputtering Glass [72]

1GZO - 10° Precursor/ PI [218]
Photolithography

1GZ0 - 107 Precursor/ Quartz [219]
Photolithography

P3HT - 104 Photolithography PEN [220]

ITO 75% 10* Sputtering/ Parylene- This

Photolithography C work

ITO - 10 Sputtering/ Parylene- This

Photolithography C work

Table 7.3. A comparison table for EGFETs fabricated with different methods and materials.

Paper VI

Ultrathin polymer micro-capacitors for on-chip, flexible electronics

This work shows a route for fabrication of organic electroactive materials using interdigitated
electrodes to be integrated with chips, bio-MEMS and implantable electronics. We have aimed
to combine the best performing organic cathode materials to achieve fully encapsulated, thin,
implantable battery cathodes and symmetric supercapacitors. PEDOT: PSS and polythiophene
functionalized with tetracthylene glycol side chains P(gs2T-T) have been utilized to
demonstrate ultra-flexible polymer supercapacitors using parylene peel-off technique. We have
sandwiched polymer electrodes with printable gel electrolytes in between ultrathin substrates
and encapsulation material to attain implantable organic supercapacitors with an overall
thickness of 4 pm. With the help of micropatterning, interdigitated electrodes with 180 pm
electrode width and 50 um interspacing and up to 20 fingers were fabricated. Table 7.4
summarizes micro-energy storage device fabrication methods for different electroactive
materials. The demonstrated devices show excellent electrochemical performance under
extreme mechanical conditions, which holds a great promise for tissue or skin compliant
implantable devices.
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Micro
Device Type

(W
Battery

Supercapacit
or
Supercapacit
or
Supercapacit
or
Battery

Battery
Battery
Battery
Battery

Supercapacit
or
Supercapacit
or
Supercapacit
or
Supercapacit
or
Supercapacit
or

Electrode

NiSn/LMO
Graphene
PANI/PED
oT
Mxene
Zn/MnQO;
Co/Zn
Graphite
NaxVTi(PO
4)3
Zn/MnQO;
MoTe:
Carbon
CNT
Graphene
PEDOT:PS

S
P(g42T-T)

Electrode
Width,
Spacing
30 pm

10 pm
500 pm
200 um
500 pm
500 pm
500 pm
450 pm
300 pm
150 pm

1500 pm
500 um
30 um
0.3 pm
100 pm

1000 pm
1000 um
0.1 pm
0.1 pm
250 pm
100 pm
300 pm
40 pm
400 pm
100 pm
100 um
20 pm

Fabrication
Method

Electrodepositio
n
Inkjet Printing
Electropolymeriz
ation
Laser Engraving
Laser Engraving
Laser Engraving
Laser Engraving
Laser Engraving
Screen Printing
FIB
Photolithography
Photolithography

Laser Scribing

Photolithography

Substrate

Glass
Kapton
PEN
Paper
PET
Textile
PET
Hydrogel
PET
Silicon

Silicon

Total
Thickn
ess
>100
pum
>100
pum
>125
pm
>100
um
74 pm

>] mm

>125
pm
>100
pum
200 pm

>100
pm

>100
pm

Polyimide >10 pm

Kapton

Parylene-
C

7.6 pum

4 um

Refere
nce

[221]
[211]
[48]
[222]
[223]
[224]
[225]
[226]
[227]
[228]
[205]
[66]
[229]

This
Work

Table 7.4. A comparison table for microbattery and microsupercapacitor devices fabricated

with different methods to achieve minimum dimensions.

60



7.2. Conclusion

In this thesis, I have demonstrated various organic/inorganic electronic devices for wearable
and implantable electronics. Understanding the double layer capacitance and using it in the real-
life applications is one of the major steps in the developed technologies. Processing methods
for both organic and inorganic materials are developed for applications, where the field
demands a big step forward to achieve next generation flexible electronics devices. The thesis
is built around applications of wearable electronics and electronic skin using various printing
and microfabrication methods.

The devices and concepts presented in the thesis are the products of my passionate interest in
flexible electronics and its applications. Since my master’s degree on polymer electronics and
personal initiatives in industry to implement printing technologies for life sciences, this interest
has directed me to the collaborations and projects at LOE. The hybridization of
organic/inorganic materials and the fabrication methods (printing and microfabrication) are the
outcomes of five years of research at LOE. We have designed composite inks and experiments
to fabricate functional devices as well as to understand capacitive behavior of the organic
materials. The presented devices are not only planned as proof-of-concept demonstrators, but
we have also inserted long-term operational and mechanical cycle tests to support their use in
the proposed applications. Since the transition from academia to industry needs more profound
concepts to realize commercial applications, collaborations with theoretical groups in both
LOE, Sweden and with research facilities in Europe have been pursued. With these planning
and collaborations, examples of new device concepts, nanoscale characterizations and
fundamental electrochemical investigations were included.

Flexible electronics is a growing field with new materials, processing techniques and new
application areas. Since decades, flexible materials such as PET, PEN, paper (thickness>100
um) have been used as substrate, a great deal of printing techniques and manufacturing methods
were investigated. There are lots of opportunities as the research field switches to ultrathin
substrates (parylene-C, polyimide) because of advantages such as small bending radius
operation, mechanical strength and sufficient volume for constructing thicker active layers.
These properties provide not only an alternative but a route to fabricate next generation of
wearables, electronic skin and biomedical devices. Skin compatibility and operation capability
when it is wrapped or rolled provide the best device architectures for the future devices.
Constructing functional electronics on such substrates and encapsulation layers will pave the
way especially for developing batteries, sensors, hybrid CMOS circuits for implants, wearable
health trackers, and robotics.

For the case of active materials, the field is full of functional organic and inorganic materials
that can provide sufficient capacitance, high mobility and conductivity. Up to now inorganic
semiconductors, functional oxides, polymer coatings and composites reveal functionalities to
invent smart phones, watches and implants. I have no doubt that transferring these technologies
on to flexible substrates will bring consumer-oriented applications. Providing roll to roll
compatibility, supplying green methods, lowering down the cost and reaching more application
areas will attract investment and attention from both industry and academia. I believe that small
steps such as demonstrators, use cases and industry collaborations from research facilities will
boost the flexible electronics field and enable a variety of commercial applications.
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To sum up, with Paper I, II and III, we have investigated a green composite system as an
electroactive material for energy storage. The printing methods, especially spray coating are
utilized to deposit electrodes onto flexible commercial substrates to demonstrate scalability and
the manufacturing of wearable energy storage devices. With these methods of fabrication,
electrochemical approaches and demonstrators, the projects point to a sustainable route towards
organic wearable concepts. Paper IV, V and VI expand the traditional flexible electronics by
introducing ultrathin, encapsulated device architecture. Both energy storage devices and
sensory systems were developed to achieve conformable electronics for skin-compliant and
implantable electronics. Tools for mechanical analysis, long-term device testing and
performance under harsh mechanical conditions were investigated for better understanding of
dynamics during device operation. Addition of such studies played a role to figure out the needs
of the field in order to shift from the scientific investigation and prototype development to
commercial concepts with high-ranking technology readiness level and well-suited for clinical
trials.
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