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Abstract

Humans are at a critical point in history where our decisions now will have dramatic impact
in the future, one of which is our effort in reducing the amount of electronic waste generated
every year. For this reason, implementation of biodegradable materials and eco-friendly
manufacturing methods into the development of electronics is paramount. This is achievable
using low impact and low waste techniques such as inkjet printing that can deposit any ink
material onto any chosen substrate. This coupled with a host of low temperature sintering
techniques such as plasma, chemical, and photonic sintering can generate conductive thin metal
films thus facilitating the development of a wide range of electronic components.

Therefore, the focus of this thesis is on the development of transient electronics through
replacement of different layers with known biodegradable materials and adapting them to
processing techniques. Starting at its core, a materials selection process was conducted to choose
an appropriate substrate based on their respective material properties achieving surface
roughness < 10 nm with good thermal stability. From this, silk fibroin and CNF were deemed
compatible while PVA was utilized as the primary substrate throughout the thesis.
Simultaneously, two different types of inks were formulated, and inkjet printed onto these
respective substrates to verify their suitability. Here, the formulation of biodegradable Zn and
Mo metal inks were established based on their reactivity towards a large range of solvents and
stabilizers until good stability was achieved. Due to their respective nanoparticle melting point
depression, photonic curing was pursued as the primary sintering method achieving films with
conductivities as high as 1 x 10* S-m™! for Zn and resistances in the range of hundreds of ohm for
Mo as oxidation remained a problem for these materials.

Alternatively, metal salt decomposition (MSD) inks concentrated mainly on the
development of noble metal thin films by oxygen plasma sintering, namely Au and Pt, producing
films with good conductivity as high as 3 x 10° and 4 x 10* S-m™! respectively. Film conductivity
was maximized by adjusting both printing and sintering parameters accordingly showing that
sintering temperatures never exceeded 37°C. Here, Au films were formed on wide range of non-
conventional substrates such as polymers, papers, and textiles demonstrating that such films
showed excellent conformity, durability, and flexibility. These characteristics are particularly
advantageous in the development of wearable electronics which saw excellent tensile strain
resistance beyond 10% never exhibiting a complete failure. Additionally, Au nanoparticle (NP)
films were used as both the working and counter electrode in the development of a fully inkjet
printed glucose biosensor. Here, the non-enzymatic detection of glucose was achieved through
electrooxidation showing detection in the mM range.

Additionally, an innovative approach to the development of room temperature Au NP film
formation was discovered when combining the Au MSD ink with PVA as the reducing substrate.



Here the reduction mechanism was identified to be a pairing between chemical sintering
responsible for Au NP synthesis and light sintering where Au NPs aggregated forming a
conductive film. Each film was then subjected to thin film analysis validating the formation of a
polycrystalline Au film via XRD and EDS and morphology via SEM and confocal microscopy
confirming a uniform and continuous film explaining its excellent electrical conductivity up to
1.09 x 10° S-m!. This then allowed for the development of conductive tracks, strain sensors, and
antennas. The very same reducing mechanism was then further exploited in the development of
PV A-based ion gel combining PVA-PEMA as the polymer matrix and a choline-malate ionic
liquid to ensure biodegradability. The versatile gel itself was found to maintain its reducing
ability to form Au films while exhibiting ionic conductivity and capacitance of 0.28 uS-cm™ and
0.16 pF-cm™ respectively.

Lastly, an in-plane EGOFET was demonstrated combining all previously discussed and
characterized layers where PVA was used as the substrate/dielectric layer, Au NP film as the
gate/source/drain electrodes, and TMTES pentacene as the semiconductor layer. These results
support that low temperature processed transistor based on biodegradable materials is feasible
thus contributing to the realization of fully printed and biodegradable devices rarely reported in
literature.
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Resum

Els humans estem en un moment critic de la historia on les nostres decisions actuals tindran
un gran impacte en el futur. Una d’elles és el nostre esfor¢ per reduir la quantitat de residus
electronics que es generen cada any. Per aquest motiu, la implementacid de materials
biodegradables i 1I’Gs de metodes de fabricacid sostenibles en el desenvolupament de 1'electronica
¢s primordial. Aquest objectiu es pot aconseguir mitjangant técniques de baix impacte ambiental
1 baix residu, com ara la impressié d'injeccié de tinta, que pot dipositar qualsevol tinta sobre un
substrat seleccionat. Juntament amb una série de técniques de sinteritzacio a baixa temperatura
com ara la sinteritzacio de plasma, quimica i fotOnica, es poden generar pel-licules fines
metal-liques 1 conductores facilitant aixi el desenvolupament d'una amplia gamma de
components electronics.

Aquesta tesi planteja el desenvolupament de I'electronica transitoria mitjancant la
substitucio de diferents capes per materials biodegradables coneguts i I'adaptacio a les técniques
de processament. En una primera fase es va dur a terme un procés de seleccié de materials per
triar un substrat adequat en funci6 de les respectives propietats aconseguint una rugositat
superficial inferior a 10 nm amb una bona estabilitat térmica. En base a aix0, la fibroina de seda i
el CNF es van considerar compatibles tot i que finalment va ser el PVA el que es va utilitzar com
a substrat principal durant tota la tesi. Simultaniament, es van formular dos tipus diferents de
tintes 1 es van imprimir amb injecci6 de tinta sobre aquests substrats per verificar-ne la idoneitat.
La formulacio de tintes metal-liques biodegradables de Zn i Mo es va establir en funci6 de la
seva reactivitat enfront a una amplia gamma de dissolvents i estabilitzadors fins a aconseguir una
bona estabilitat. A causa de la respectiva depressio del punt de fusid6 de nanoparticules, es va
emprar el curat fotonic com a metode de sinteritzacio principal per aconseguir pel-licules amb
conductivitats elevades com 1 x 10* S-m™! per a Zn i resisténcies baixes en el rang de centenars
d’ohms per a Mo, ja que 'oxidacid continuava sent un problema per a aquests materials.

Alternativament, es van emprar tintes de descomposicio de sal metal-lica (MSD) per al
desenvolupament de pel-licules primes de metalls nobles per sinteritzacié de plasma d'oxigen, ¢s
a dir, Au i Pt, produint pel-licules amb una bona conductivitat de fins a 3 x 10° i 4 x 10* S'm’!
respectivament. La conductivitat de la pel-licula es va maximitzar ajustant tant els parametres
d'impressio com de sinteritzat i demostrant que les temperatures de sinteritzacid mai van superar
els 37 °C. Les pel-licules d’Au es van formar sobre una amplia gamma de substrats no
convencionals, com ara polimers, papers i textils, demostrant que aquestes pel-licules mostraven
una excel-lent conformitat, durabilitat 1 flexibilitat. Aquestes caracteristiques son particularment
avantatjoses en el desenvolupament d'electronica portatil amb una excel-lent resisténcia a la
tensid per sobre del 10% 1 sense arribar a presentar una fallada completa. A més, les pel-licules



d’Au NP es van utilitzar com a eléctrode de treball i com a contra-eléctrode en el
desenvolupament d'un biosensor de glucosa totalment impres per injeccid de tinta. La deteccid
no enzimatica de glucosa es va aconseguir mitjangant electrooxidacio amb un rang de deteccid
de mM.

En paral-lel es va descobrir un enfocament innovador per al desenvolupament de la formacié
de pel-licules Au NP a temperatura ambient en combinar la tinta Au MSD amb PVA com a
substrat reductor. Es va identificar que el mecanisme de reduccid era un aparellament entre la
sinteritzacid quimica responsable de la sintesi d’Au NP i la sinteritzacié lleugera on les
nanoparticules d’Au s'agregaven formant una pel-licula conductora. Cada pel-licula es va
sotmetre a una analisi de pel-licula fina validant la formacié d'una pel-licula Au policristal-lina
mitjancant XRD 1 EDS, la morfologia mitjangant SEM 1 microscopia confocal 1 demostrant una
pel-licula uniforme i continua que explica la seva excel-lent conductivitat electrica fins a 1,09 x
10° S'm™. Aixd va permetre el desenvolupament de pistes conductores, sensors de tensié i
antenes. El mateix mecanisme de reduccid es va aprofitar encara més en el desenvolupament de
gel i0nic basat en PVA que combina PVA-PEMA com a matriu de polimer i un liquid ionic de
choline-malate per garantir la biodegradabilitat. Es va trobar que el gel mantenia la seva
capacitat reductora de formar pel-licules Au mentre presentava una conductivitat idnica i una
capacitat de 0,28 uS-cm™ i 0,16 pF-cm™, respectivament.

Finalment, es va demostrar un EGOFET combinant totes les capes esmentades i
caracteritzades anteriorment on es va utilitzar PVA com a capa de substrat 1 dielectric, la
pel-licula de nanoparticlues d’Au com a eléctrodes de porta, font i drenatge, i el TMTES-
pentacene com a capa semiconductora. Aquests resultats confirmen que el transistor processat a
baixa temperatura basat en materials biodegradables €s factible, contribuint aixi a la realitzacio
de dispositius totalment impresos 1 biodegradables, poc presents a la literatura.
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Dissertation overview

Since the invention of the transistor in 1947, there have been significant technological
advances in electronics and computing. This all maybe thanks to Moore’s Law which states that
the number of transistors on an integrated circuit predictably doubles every two years. However,
to achieve such immense growth requires heavy reliance on semiconductor device fabrication
techniques performed in a cleanroom setting. However traditional fabrication processes are
established around inorganic and rigid materials. This then severely restricts the development of
novel electronics to conventional silicon substrates as other non-conventional substrates are
incompatible with these techniques.

As a response, flexible electronics bridges this technological gap where the same electrical
components can be directly fabricated onto a flexible polymer substrate. Thus, new
manufacturing processes such as inkjet, screen, and gravure printing were introduced as a result.
This then allowed for the facile development of low cost, disposable equivalents as they no
longer relied on costly semiconductor fabrication techniques. Additionally, the incorporation of a
flexible form factor introduced additional properties such as bending, folding, twisting, and
stretchability impossible with standard electronics.! The growing interest in flexible electronics
provides an opportunity to develop new applications such as wearable electronics and sensors,
robotics, display technologies, and flexible lighting for the consumer.? In fact, the flexible
organic and printed electronics market is predicted to grow to US $300 billion by 2028 thus
iterating its place in the electronics market.?

More recently, next generation electronics known as transient electronics was first pioneered
by John Rogers in 2012 with the discovery of dissolvable silicon thin films.* This further evolved
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into the development of biodegradable and bioresorable electronics both of which are meant to
dissolve after usage. Such applications for this include environmental sensors and food
monitoring, medical implants, and bioelectronics. Since its inception, transient electronics
highlights the move towards green or eco-friendly electronics.

1.1| MOTIVATION AND OBJECTIVES

Our heavy and increasing reliance on disposable electronics has brought us to the precipice
where electronic waste generates approximately 40 million tons per year.” The ever-growing
pollution produced from electronic waste is driving factor for how electronics will be made in
the future which requires an fundamental study of viable materials and their respective
processing methods. For this reason, transient electronics has grown remarkably, mostly
targeting the electronics and biomedical field. Unfortunately, zero-impact standards have not yet
been realized for this new generation due to the reliance on conventional fabrication techniques.
Because of this, there is a very limited number of papers found in literature that address this issue
showing great potential for the development of biodegradable printed electronics.

Therefore, the main goal of this thesis was to build electronic components and ultimately
transistors using completely biodegradable and transient materials. Inkjet printing will be used as
the principal device to deposit thin films while low temperature sintering techniques were
explored due to temperature restrictions dependent on the chosen substrate below. Here, a layer-
by-layer approach was followed where each layer was thoroughly characterized and optimized
before implementation into the target application.

Phase 1: Substrate Investigation

The materials selection process first considered a wide range of biodegradable materials
from inorganic to natural and synthetic polymers. Once reliably synthesized and fabricated, if
necessary, each material was tested for its inherent materials properties including its respective
glass transition, melting temperature, roughness, surface tension, and dissolvability. Only those
materials which obtained the highest glass transition temperature with low surface roughness
would be considered for the next phase of testing.

Phase 1l: Conductive metal films

Multiple novel inks were prepared and investigated for their ability to produce conductive
and biodegradable films. To achieve this, low temperature sintering methods such as plasma and
photonic sintering must be considered on account of the glass transition temperature of the
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substrate. Here, deposition of Metal Salt Decomposition (MSD) inks is preferred over
nanoparticle inks as they are known to be notoriously difficult to deposit via inkjet printing.

» Metal Salt Decomposition (MSD) inks

Both noble and biodegradable metals were considered for their potential reducibility via
plasma sintering. The development of metal films is fully dependent on the reduction potential of
each metal salt where a highly positively value is more prone to reduce to its elemental state. If
successfully formed, materials characterization of the surface morphology as well as the
chemical composition should be defined. However out of all these factors, optimization of both
printing and sintering parameters is the most important as it must be adjusted to maximize its
film conductivity.

> Biodegradation nanoparticle inks

Both Zn and Mo nanoparticle inks were targeted for their high theoretical conductivity
compared to other biodegradable metals. Additionally, the proclivity of biodegradable metals to
oxidize is a problem that must be addressed either in solution or during the post treatment
process which in this case is photonic curing. An in-depth study should be performed on
nanoparticle compatibility and stability in different solvents and stabilizers to formulate an ink. If
achieved, ink printability will be tested to determine which combination creates a reliable and
uniform layer. Simultaneously, thin film analysis will be performed on each treated film to
determine if the oxide layer was removed during the photonic curing process effectively
increasing film conductivity.

Phase 1l1: Dielectric Development

PVA itself is considered a dielectric however must be utilized as a thick film in order to
ensure low leakage and display low capacitance value.*’ Thus different thickness should be
deposited to determine the optimal thickness using the previously mentioned properties.
However, this can be proven difficult to work with when fabricating a transistor, thus a second
strategy was adopted with the development of a PVA-based ion gel. To maintain its
biodegradability, a biodegradable ionic liquid will be synthesized and incorporated into the gel.
To be deemed successful, it is essential that this ion gel fulfill two requirements, that is 1)
produce conductive Au thin films while 2) exhibiting high capacitance and ionic conductivity.
Achieving both characteristics at the same time will be challenging as the development of the ion
gel is reliant on the elimination of hydroxyl groups, the exact same mechanism used to develop
the conductive films.
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Phase 1V: Applications

Different electronic components were considered utilizing the previously developed layers
developed from Metal Salt Decomposition (MSD) and biodegradable nanoparticle inks as either
interconnects or electrodes. As flexible substrates will be used for the entirety of this thesis,
deformation resistance should be conducted to verify its durability. These results will then
influence which applications can be achieved and/or adapted for the development of each
component. Afterwards, they must each be characterized accordingly to their respective function.
In the case of transistors, multiple architectures were considered to achieve the best results with
such inks. It is expected that electrolyte gated transistors (EGT) and electrolyte-gated organic
field-effect transistors (EGOFETs) would see a significantly lower operational voltage than the
bottom gate bottom contact (BGBC) thin film transistors (TFT) however a functional transistor
would be enough as a proof-of-concept.

1.2| MAIN CONTRIBUTION

As previously stated, the main goals of this thesis were to determine the feasibility of
incorporating biodegradable materials into everyday electrical components. Therefore, the main
emphasis was placed on materials development and thin film characterization of every layer,
especially those that play an active role in the functionality of any electronic component, namely
the conductive metal layers.

The first technological development in this dissertation is the in-depth characterization of
novel metal salt decomposition (MSD) inks. This is the first instance where oxygen plasma was
used as the primary sintering device which provided a clear limitation on its reducing ability.
Although previously reported in literature, the results were lacking in a detailed morphological
study of the reduced thin films and were limited to conventional, planar polymers substrates. Our
study further expands on this base of knowledge by demonstrating its compatibility with non-
conventional, non-planar, and temperature sensitive substrates providing a full investigation in
the different types of developed films and their respective electrical characteristics. This was
achieved at ultra-low sintering temperatures never reaching above 37°C, one of the lowest ever
reported to date especially for Pt NP films. Specifically, the direct printing and sintering onto a
porous substrate (i.e. paper and textile) without an intermediary coating has not been previously
reported, giving an opportunity to facilitate the development of wearable electronics. Lastly, this
study yielded an alternative Au ink at 1/3™ the cost of commercially available Au NP inks
thereby significantly reducing the manufacturing costs to produce biosensors and other
components.
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Secondly, the most important contribution reported relates to the discovery of room
temperature sintered Au NP films by chemical-light sintering. As previous studies with MSD
inks are limited, their reactivity to reducing substrates is an unexplored and new topic to printed
electronics in general. This thesis identifies concrete examples where multiple green
polysaccharide substrates were tested for their reaction to the Au MSD inks resulting in different
films and resistances. Although reactive inkjet printing provides a relatively similar reaction, its
reliance on light in response to nanoparticle formation sets this apart. This reduction mechanism
of the ink and film formation is well documented achieving excellent conductivity beyond those
found in commercially available inks up to 10® S‘m™. The advantage here is that nanoparticles
are grown in situ where the conductive layer resembles a CVD grown film where the
nanoparticles are tightly packed minimizing any gaps instead of displaying a stacked a porous
structure as typically seen with nanoparticle inks. This provides an avenue for the development
of low or room temperature sintered devices at low cost and impact including but not limited to
conductive tracks, strain sensors, antennas, and transistors. Specifically, the fabrication of a low
temperature processed EGOFET was demonstrated, however must be further refined in terms of
electrical performance.

Additionally, these very same PVA reduction mechanisms were further tested with the
development of a PVA-PEMA ion gel. Although there have been previous reports developing a
fully biodegradable ion gel, this is the first demonstration combining PVA-based gel with a
biodegradable ionic liquid both of which have been documented separately. However, the
versatility of PVA was explored highlighting its reducing abilities while enhancing its dielectric
properties simultaneously. The results discussed in this thesis are promising, especially in the
development of electrolyte gated transistors (EGTs).

Lastly, please note that the pandemic took place for the entire duration of the thesis
meaning that previously available equipment and institutes were no longer accessible to external
users severely slowing the research process. In the end this added extra complexity that delayed
progress with certain experiments up to 1 year unfortunately limiting the scope of this thesis.
However, it is believed that the contributions presented here provide enough evidence for its
quality.

13| OUTLINE
This thesis follows the organization of a total of 8 chapters where:
Chapter 2, titled Printing and Sintering Techniques, gives a summary of different additive

thin film deposition methods including solution processing and printing techniques. Particular
emphasis will be placed onto inkjet printing, reviewing the droplet formation during the jetting
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process and film formation on the substrate surface. However, in order to form a functional layer,
the deposited film must be sintered. Here, as temperature sensitive substrates will be
implemented, alternative sintering techniques will be compared and discussed.

Chapter 3, titled Introduction to inks and formulation, focuses on inkjet printed inks, that is
those mainly composed of nanoparticles and metal organic decomposition (MOD) inks. Ink
properties and behavior can be adjusted using different components to meet the strict printing
and stability requirements. A comparison between the different types of inks is made
highlighting the advantages and disadvantages of each ink with respect to their ink properties,
film development, and conductivity.

Chapter 4, titled Substrate Investigation, investigates known biodegradable substrates and
classified them according to their respective material properties. First, several materials were
chosen based on their temperature stability and synthesized accordingly if necessary. Second, a
material selection process was reported where each fabricated substrate was subjected to testing
for their respective properties including surface roughness, surface tension, dissolvability, and
glass transition and melting temperatures.

Chapter 5, titled Ink formulation and development, introduces biodegradable metals and a
state-of-the-art discussion about biodegradable inks and pastes already demonstrated in
literature. Specifically novel Zn and Mo nanoparticle (NP) inks were explored in terms of their
respective formulation, stability, and printability. The resulting thin films were then tested for
their electrical properties in response to different sintering methods on both conventional and
biodegradable, flexible substrates.

Chapter 6, titled Inkjet printed plasma reduced metal films, delves into the development of
Au, Pt, and Ag metal salt decomposition (MSD) inks and formation of metal thin films by
oxygen plasma sintering on a variety of substrates from conventional polymers, papers, and
textile. Optimal printing and sintering parameters were defined for each ink. Next, each of the
resulting films were subjected to materials and electrical characterization including morphology,
chemical composition, surface roughness, durability, and conductivity measurements. From this,
different applications such as printed conductive tracks on textile and fully printed biosensor on
polymer substrates were explored for their implementation into wearable and biomedical
applications.

Chapter 7, titled Self sintered Au nanoparticle films, introduces a new sintering technique
combining the reducing ability of green polysaccharide substrates with the MSD inks.
Specifically, the Au MSD ink coupled with PVA showed the most consistent results producing
films with high conductivity achieved at room temperature. Here the possible reduction process
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is defined as well as microstructural analysis of the films. These same films were then used to
explore applications such as electrodes, strain sensors, antennas, and transistors, each with their
own requirements.

Finally, Chapter 8 concludes with a summary of all work performed during the PhD as well
as a discussion about future work to be explored.

14| FRAMEWORK

Much of this thesis was performed at the Institut de Microelectronica de Barcelona (IMB-
CNM) associated with the Consejo Superior de Investigaciones Cientificas (CSIC). Specifically,
research was carried out under the Integrated Circuits and Systems (ICAS) group led by Dr.
Lluis Terés with a concentration in printed electronics at the Printe-eLab run by Dr. Eloi Ramon.

All PhD work was supported under the following projects:

» ECOTRONIC: “Disposable Paper Electronic Devices for Sustainable Eco-friendly
Platforms”, MCIU/AEI/FEDER Funding agency (RTI2018-102070-B-C21). Partners:
IMB-CNM and Universitat de Girona. Funding dates: 01/03/2019-31/12/2021.

» SensiFlexTag: “Advanced platform for IoT applications with printed electronics for
traceability solutions, monitoring and locating people or products in risk environment”,
Ministry of Science, Innovation and Universities (RTC-2017-6679-7). Funding dates:
01/03/2019-31/12/2020.

» AUTEN-TIC: “Authentication and identification system based on chipless RFID tags
» recyclable and biodegradable”, Ministry of Science and Innovation (RTC2019-007226-
7). Funding dates: 01/04/2020-31/12/2022.

Additionally, a 3-month research stay at Karlsruhe Institute of Technology (KIT) in
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Introduction to Inks and Formulation

This chapter serves as a review of different types of inks: nanoparticle and metal organic
decomposition inks with respect to their formulation along with concrete examples found in
literature. In addition, direct comparison of both inks will highlight their respective advantages
and disadvantages thus affecting their overall film conductivity.

2.1 | OVERVIEW OF INKS

Figure 2.1 below compares standard microfabrication vacuum processing such as chemical
vapor deposition (CVD) and physical vapor deposition (PVD) techniques against printable metal
inks and their respective achievable conductivites. A wider range of conductivites can be
achieved with the introduction of conductive polymers such as PEDOT and silver nanowires
therefore providing more materials to choose from to produce transparent conductors.’
Additionally, relatively new materials such carbon derivates and metal oxides can be easily
incorporated into inks and deposited using deposition techniques described in Chapter 3. Even
thin metal film conductivites achievable by evaporation match those found in metal NP inks
displaying the superiority of printable conductors which are still in development compared to
well established vaccuum processing methods. This shows the great potential of printable
conductive inks as new materials which continue to be developed and explored.
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Figure 2.1. Comparison between vacuum processed and printed conductive thin films?

Ink formulation requires a good understanding of both chemistry as well as material
properties which ultimately dictate the respective electric and mechanical properties of the
deposited and processed films. Such films may never surpass its bulk equivalent in terms of
conductivity nor achieve lower melting temperature dues to a wide range of factors such as
particle size, metal and solvent content, nanoparticle dependent morphology, and post treatment
options. However, some factors are controllable more than others such as the particle size, and
metal and solvent content which distinguishes the two principal classes of inks in existence:
those containing nanoparticles (colloidal inks) and particle free or metalorganic decomposition
(MOD) inks.

2.2 | NANOPARTICLE/COLLODIAL INKS

2.2.1 | MELTING POINT DEPRESSION

The disproportionate amount of Ag metals inks currently on the market and reported in
research has to do with the lower melting point of the nanoparticles with respect to their bulk
equivalents called melting point depression. This is due to the increased surface area that lowers
the melting point making these inks usable under reasonable conditions. The temperature
changes depending on both the shape and size of the nanoparticle. That is, as the nanoparticle
size increases, so does the melting temperature eventually reach the same temperature as its bulk
equivalent as is the case for Au NPs as shown in Figure 2.2. This specifically occurs in smaller
crystals whereby taking the surface area to volume ratio into account in which the bonds between
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the atoms are significantly starved and manifests itself in a decrease in energy needed to melt the
material lowering the overall melting point.> Additionally, pre-melting of the outer skin layer of
the nanoparticle has been shown to occur due to the loss of solid ordering of surface atoms also
lowering its melting temperature *. Once reaching this point, neck formation then occurs between
particles generating percolation paths allowing for conduction.” However, depending on the
sintering process used, partial melting occurs dependent on the temperature thus resulting in a
porous structured film with lower conductivity compared to its bulk. Essentially voids are
developed reducing the overall conductivity of the film. Therefore, appropriate and effective
sintering techniques must be chosen to achieve optimal results.
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Figure 2.2. Size dependent melting point depression of a Au NPs nanoparticle as reproduced from Yang et al.®

2.2.2 | INK FORMULATION AND COMPONENTS

Colloidal inks are complicated to develop as they often consist of not only nanomaterial
fillers but also other components in order to provide stable and functional inks. There are three
very important characteristics for any suspension to ensure stability: low particle size, low
density, and have uniform distribution.” Ink loading levels should never exceed 30% in order to
ensure that a non-Newtonian liquid is developed and can be printable which also means lower
conductivity of the film in the case of conductive inks. Nanoparticles synthesized by liquid-phase
techniques are composed of a metallic core and encapsulant material surrounding the particle
which may include capping agents or surfactants. The encapsulant helps to prevent both
aggregation and precipitation but also prevents a continuous film from forming. Additionally, a
large amount of surfactants are needed to monodisperse the nanoparticles in a stable suspension
to avoid formation of aggregates or sediments and improve the solubility in the chosen solvent.®
Such examples are sodium dodecylbenzene sulfonate (SDS) and sodium polymethacrylate
(NaPMA) as they were shown to be effective in the reduction of oxidation of Si NPs in solution.’
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However, it maybe through the use of surfactants that nanoparticles begin to cluster leading to
nozzle clogging.'®

Figure 2.3 shows that ink formulation consists of many different components include fillers,
binders, additives, and solvents all of which have their own separate purpose. The main active
component is the filler which can be organic, metallic, or ceramic in various nanomaterial
forms.!! This then must be combined with a binder to create a homogenous dispersion. As the
name itself suggests, the binder is used to hold ink components together following solvent
evaporation, uniformly disperses the fillers in the ink, and improves adhesion of the ink to the
substrate. Typically, polymeric materials chosen such as PVP, acrylic, silicone, styrene, epoxy,
vinyl, fluoroelastomers, and urethane serve as the binder.!! Finding a suitable binder is
dependent on the surface chemistry of the filler particles as well as the overall application. For
example, acrylic, silicone, and vinyl have been used to develop CNT/graphene inks as they have
shown to prevent strong van der Waals interactions between the particles while additives allow
inks to achieve rheological, wetting, stretching, or even healing properties.!! Both binders and
additives play an important role in the overall flexibility of the inks. In the case of the binder, a
uniform distribution is essential as it allows for uniform strain when flexed therefore having little
effect on the filler material. However, if this is not effective enough, adhesion promoters can be
applied to reduce the shear stress generated between the substrate and ink when bent, one of
which is triazine thiol which has been shown to improve adhesion of both conductive and
semiconductor particles to the substrate.!! Although the addition of these components serve to
prevent interparticle agglomeration, they simultaneously impede electron flow between particles
making non-conductive films.! Lastly, the overall ink properties of the ink is defined by the
solvent. The solvent affects the flow of the ink itself, defining the viscosity, surface tension,
homogeneity, and sintering behavior depending on its boiling point. Typical solvents such as
water and ethylene glycol (EG) are used for inkjet printed inks as this helps to lower and increase
the viscosity respectively. This is especially important when considering the use of low
temperature polymeric substrates that cannot withstand temperatures greater than 200°C.

All these components were important in determining the overall stability of the ink where if
not properly formulated leads to sedimentation. The stabilization of inks ultimately determines
the shelf life as the Brownian motion of nanoparticles in solvent tends to exhibit two behaviors:
attraction due to van der Waals forces and an electrostatic repulsion.'? Nanoparticle ink stability
can be determined by the surface charge of NPs in a solution, known as its zeta potential. A zeta
potential value of > £25mV is defined as the electrostatic stabilization of colloids.!® Lower
values indicate that NPs exhibit van der Waal interactions thus resulting in agglomeration,
flocculation, or coagulation.'* Commercially available inks exhibit chemical stability and
significantly higher loading as compared to others.!* This is the case for Ag and Au inks which
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are well studied, well developed, and are commercial available in comparison to other inks due
to their aversion to oxidation meaning the development of such inks is relatively easy.
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Figure 2.3. Various ink components used to develop conductive inks'!

The development of nanoparticles inks is a complex process that may begin with the
chemical synthesis of nanoparticles that must be further stabilized with organic capping agents,
additives, and other co-solvents as shown in Figure 2.4 below. Nanoparticle inks are prone to
agglomeration due to their higher particle densities and surface energy of the nanoparticles.!®
This in turn further increases the sintering temperature in order to reach reasonable
conductivities thus limiting the use of thermosensitive substrates. This treatment results in
stacked and porous films where only slight necking of the nanoparticles appears while overall,
crack formation can also occur. One effective way to reduce crack formation is by performing a
two-step gradual curing process at a lower temperature followed by the target sintering
temperature depending on the ink.!”
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Figure 2.4. Different components needed to formulate NP inks

When developing NP inks, the material composition, particle size and shape as well as
concentration must be considered. Inkjet printable inks are composed of NP sizes ranging from 1
— 100 nm suspended in liquid mediums.! However with the addition of stabilizing agents, the NP
size can grow beyond 100 nm in size potentially causing nozzle blockage. Due to the stringent
restrictions of inkjet printing, customized and optimized inks are necessary for the successful
printing of targeted structures. This includes the adaption of its rheological properties to the
standards stated below in Table 2.1. Additionally, the material properties of the conductive filler
such as oxidation stability ultimately defines the conductivity of the deposited film. Although
there are a large number of metals in existences, ink development has centered around Au and
Ag NPs for their oxidation stability as well as their high conductivity. One exception here is Cu
NPs ink development which is considerably cheaper with respect to Au and Ag NPs however
forms oxide quickly and therefore exhibits significantly low conductivity. Ag NP inks have the
widest commercial availability of all metal inks that require sintering from 100 to 300°C with
reported resistivities between 3 — 50 pQ-cm.! Limited commercially availability of Au NP inks
ranged from sintering temperatures as little as 120°C to 200°C with varying sintering times and
exhibited excellent resistivity from 10* Q-cm to 10 Q-cm range.'® However, the development
of low temperature Au NP inks is still lagging behind Ag NP ink research due to its higher
melting point depression temperature (~1000K for ~I nm Au NP vs. (~700K for ~1 nm Ag
NP)', high ink instability due to its affinity for agglomeration, and its prohibitive material costs.

Table 2.1. Ink formulation Recommendations?°
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Parameter Standard
Viscosity 10—-12 cPs
Surface Tension 32 — 42 dynes
Volatility (Boiling point) >100°C
Specific gravity >1

pH 4-9

Once the NP ink film was successfully deposited onto the target substrate, it then must be
subjected to a multistep process which includes both drying and sintering steps to produce
conductive films as shown in Figure 2.5 below. This sintering step is necessary to remove any
organic stabilizers and/or additives surrounding the NPs to begin necking and eventual full
coalescence if possible. The decomposition temperature of most solvents are typically > 100°C
meaning that the overall sintering temperature is greater than 150°C limiting the use of even
some polymer substrates and any temperature sensitive substrates. Often, organic compounds
decompose at temperatures between 150 — 200°C.*! In this case, both the stabilizing ligand
adsorption energy as well as its decomposition temperature should be considered.?! This
combination would ideally lessen any effects of ligand desorption which drives the development
of Ostwald ripening agglomeration.?! Therefore, a ligand must be chosen based on its strong
interaction with the metal NP core preventing agglomeration while simultaneously desorbing
and/or decomposing below its respective sintering temperature.”! A good example of this was
implemented by Grouchko et al. whom utilized a chloride based destabilizer --- polyacrylic acid
sodium salt (PAANa), that triggers polymer desorption of the stabilizer from the Ag NP when
exposed to HCI vapor or NaCl. This resulted in sintered patterns that exhibited 41% conductivity
as compared to bulk silver. In comparison, similar conductivities were found only after heating
the dispersion to 320°C for 30 minutes.’> Additionally, it was discovered that gas trapping
further complicates NP ink printing on flexible substrates according to Jung et al.>* This can lead
to crack formation which is known to reduce conductivity by lengthening and impeding

established percolation pathways.?*?°
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Figure 2.5. NP sintering process

A comprehensive study was performed by Wolf et al. whom utilized the commercial
available Agfa-Gevaert N. V. Ag NP ink containing 14—17 wt% metal content gave more insight
on the sintering behavior of Ag NPs at different sintering temperatures as shown in Figure 2.6
below. At 100°C the NP appeared to be densified with a higher number of grain boundaries and
separate NPs as shown in Figure 2.6a. Necking formation was observed at 150°C (Figure 2.6b)
while at 200°C showed porous structures reaching the final conductivity 40% of bulk Ag.*°
Although the number of grain boundaries reduced, exposure to higher temperatures also resulted
in larger pores (Figure 2.6c and 2.6d). This shows the limitations plaguing even commercially
available inks that may never match characteristics found using typical thin film deposition
techniques.

200 °C

Figure 2.6. Ag NP ink under various sintering conditions a) 100°C, b) 150°C, ¢) 200°C, and d) enhanced view
of agglomerated NPs
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2.3| METAL ORGANIC DECOMPOSITION (MOD) INKS

Metal Organic decomposition (MOD) inks are particle-free inks based on metal precursors,
complexes, or metal salts. In terms of microfabrication processing, the use of such inks
resembles Metal-Organic Chemical Vapor Deposition (MOCVD) processing which employs the
same precursors to develop thin films.?’ Instead of a gas phase reaction which requires
transportation and adsorption of the precursor to the substrate surface, the direct deposition of the
ink concentrates only on the surface reactions which lead to nucleation and thin film growth.
Keeping this in mind, this opens a wide large range of types of thin films which can be
developed not typically possible with NP inks such as bimetallic thin films.

Unlike NP inks, the metal precursors are readily dissolved in solvents or organic complexing
agents such as water, ethanol, ethylene glycol, butanol, xylene, or toluene.®?! The introduction of
solvents are often used to either disperse or dissolve the precursor in order to adjust rheological
properties such as ink viscosity and surface tension. In fact the use of low molecular weight
alcohols are highly valued as they contain hydroxyl groups that may contribute to its reducing
ability, are less toxic compared to other solvents, and evaporate easily.?® The application of
glycol ether solvents into such inks facilitates in the development of inkjet printable inks®
therefore the inks can be catered to whichever printed technique through the addition of organic
solvents. It is the simplicity of such inks that removes any difficulties pertaining to condensation,
agglomeration, and clogging typically associated with printing NP inks. Additionally, as these
metal precursor inks exist in a ionic form in the absence of stabilizing agents, neither aggregation
nor sedimentation is found after long term storage (> 6 months).!®2®

Figure 2.7 below highlights the most common metal precursors used for MOD ink
development where the appropriate precursor must first be chosen as it dictates the overall
thermal and electrical properties of the resulting metal film. For example, it is known that metal
aliphatic carboxylates degrade via decarboxylation reaction®® at decomposition temperatures
lower than 200 °C, the lowest of the silver precursors.?® Depending on the type of precursor
(metal vs semiconductor), annealing temperatures can vary widely from 150°C to 580°C?” where
for metal precursors normally sees lower sintering temperatures from 90°C to 200°C.*® Because
these inks are known for their chemical and thermal stability for temperatures over 150°C, it is
necessary to force a decomposition reaction of the printed precursor to develop conductive
structures. Heating is used to initiate decomposition leading to the release of organic groups
which then allows for nucleation and growth.>! As a result of the process, side or unreacted
products produced at the surface must be removed by a post-treatment washing step in order to
achieve conductive patterns. Ideally, precursors containing at least 10 — 40 wt% metal is a good
balance between ink printability and overall film conductivity.?8
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Figure 2.7 MOD ink formulation listing the most common metal precursors

However, the simplified ink formulation comes with some disadvantages leading to overall
lower conductivity compared to thin films deposited with NP inks. First, the solubility of the
organometallic compound in any solvent automatically limits the amount of solid metallic
content which is further compounded by the fact that is there is only a molecular fraction of the
metal within the compound itself thereby affecting the overall loading.®*' This means that
because they tend to have lower metal loading, they exhibit low viscosities resulting in higher
contact resistances and mechanically unstable films.®?! Second, the resulting film maybe
chemically impure leaving contaminants such as salt on the surface which can cause
deterioration of adjacent materials.?! This behavior maybe partially due to solvent evaporation
from the use of low temperature solvents which can causes salt precipitation instead of
decomposition. Lastly, films from such inks see an 80% volume loss that often appears as voids
or disconnected patterns resulting in poor conductivity.® However, this can be mitigated by
printing the layer using multiple passes thereby increasing the thickness and conductivity.

Similarly to NP inks, research has mainly focused on the development of metal conductive
inks such as Ag and Cu inks both due to their relative cost and excellent conductivity. The first
known MOD ink was introduced in 1988 by Teng and West whom combined silver
neodecanoate with xylene to produce a silver metal grid thermally reduced at 300°C.** Almost 2
decades later, Walker and Lewis achieved significantly lower sintering temperature at 90°C from
a silver acetate, ammonia, and formic acid composed ink.** Cu MOD inks are also heavily
studied concentrating mostly on the use of copper formate (CuF) which is known to self-reduce
reporting decomposition temperatures near 200°C.>®% Farraj et al. took advantage of this
property by combining CuF with 2-amino-2-methyl-1-propanol (AMP) demonstrating that
metallic Cu reduces under nitrogen at 140°C.2° A similar study was conducted by Mrig et al.
whom tailored coordinate Cu complexes to achieve Cu interconnects with resistivity between
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4.7-5.3 x 1077 Q'm on PI and 3.83 x 107® Q-m on paper.*® If combined with plasma and intense
pulsed light (IPL) sintering methods, even lower sintering temperatures could be achieved as
they both provide the ability to remove organic compounds and sinter any deposited patterns at
the same time. However, both Ag and Cu films are prone to oxidation paving the way for the
development of metal oxide layers as a promising line of research which is still very much in
development. For example, Singaraju et al. demonstrated inkjet printable In,O3 precursor to
develop densely packed semiconductor layer when heated to 350°C.%7 Research pertaining to
metal oxides are still in an infancy however MOD inks provides the vehicle to produce
stoichiometrically controlled thin films.

2.4| METALLIC NP INKS VS MOD INKS

Table 2.2 below reviews the main differences between NP and MOD inks showing an
overall evolution in inks where both the complexity of the formulation and sintering temperature
is being reduced as the introduction of thermosensitive substrates becomes more important for
the development of flexible electronics. However, the majority of sintering temperatures is still
beyond 100°C once again limiting the use of biodegradable substrates with even lower glass
transition temperatures. In terms of film morphology, two films deposited by a commercially Au
NP ink and Au MOD ink are displayed below in Figure 2.8. The NP sintered ink exhibited a
stacked and porous film with a surface roughness of 43.1 nm as shown in Figure 2.8a. This
increased roughness is most certainly due to the use of NPs and their inability to coalesce even
when exposed to high temperatures. On the other hand, the film deposited by MOD inks
indicates a much smoother film seen in Figure 2.8b with a more continuous layer, almost devoid
of any voids. However, contamination from the Au metal salt precursor is found across the entire
film surface. However, the film morphology does not always dictate the overall conductivity as
this is driven by the metal content, in this case, where NP ink is significantly greater. Therefore,
conductivity of NP ink on average tends to be higher than those found with MOD inks.
Simultaneously, the cost of the ink is lowered with every generation as NP inks require a precise
combination of NP synthesis and solvents thereby driving the costs of a commercial Au ink to
above 100€/mL while MOD inks can be easily formulated and are only limited by the starting
costs of the precursor itself. Lastly, another advantage that MOD inks has over NP ink is its
ability to deposit a wide range of metallic films. This once again stems from the instability of NP
inks limiting the range of materials to Ag and Au NP inks thus far.
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Table 2.2. Comparison between nanoparticle and MOD inks

Nanoparticle (NP) inks Metalloorganic
decomposition (MOD) inks

Formulation Complex Moderate

Metal content Moderate to high Low

Printability Clogging None

Post treatment >150°C >100°C
Thermosensitive substrates No Yes

Film morphology Stacked and porous Porous

Conductivity Good to excellent Good

Costs Expensive Low

Others Limited to Ag NPs Ag, Cu, Au, Al, Ni, films




Figure 2.8. SEM micrographs of a) Au NP ink (C-ink’s DryCure J1010B) thin film heated treated at 150°C and b)
Plasma treated Au MOD ink thin film
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Introduction to Printed Electronics:
Deposition Methods and Sintering
Techniques

3.1| OVERVIEW OF PRINTED ELECTRONICS

Traditionally, everyday electronics are built using semiconductor device fabrication which is
a multistep and subtractive process that relies heavily on rigid Si wafer as the substrate.
Fabrication typically begins with thermal oxidation to grow a SiO2 layer which then can be
patterned using photolithography or etched removing any unwanted layers during processing.
Additional processing steps include thin film deposition that allows for the development of a
wide range of films with tailored stoichiometries of which can be further manipulated with
doping with the help of ion implantation. Films such as metals, dielectrics/insulators, and
semiconductors are the basis of any electronic device from a simple resistor to a more complex
transistor. All these processes can occur on the micrometer scale producing large well-defined
features with exorbitant costs. Unfortunately, large volumes of chemical waste are produced
during this process from toxic contaminants such as acids, arsenic, solvents, nanoparticulates,
and organic and inorganic compounds making it an unsustainable process.’

Printed electronics is a response to these deficiencies which instead utilizes an additive
approach to build electronic circuits and microelectromechanical systems (MEMS) on flexible
and temperature sensitive substrates such as natural and synthetic polymers and textile which
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was previously incompatible with microfabrication processes. Additionally, the low development
costs which are not achievable using standard methods are highly attractive in reaching
sustainability goals. These techniques allow any type of film to be directly deposited once
formulated into an ink. Once deposited onto the target substrate, it then must be heat treated in
order to remove any ink solvents and develop functional layers, the basic building blocks of any
electronic device.

Applications

Early adoption of printed electronics saw the incorporation of printed silver conductors to
develop RFID tags, sensors, printed circuit boards (PCBs), touch screens, electroluminescent
lighting, and flat panel displays eliminating the need for lithography and vacuum processing
techniques.*® Entire electrical components and systems such as strain gauge’, capacitors®, diode
and memristors’, energy generation and harvesting!®'2, transistors!®>, and radio frequency
electronics'# !¢ were fabricated. These components are the basis of any electrical device, that
thanks to a consumer driven society has seen a massive rise in electronic waste. This then drove
the development of transient electronics, which can be divided into two major categories:
biodegradable and bioresorbable (and biocompatible) electronics spanning agricultural and
medical industries. In terms of biosensors alone, this brought about innovations in environmental
sensors®, food monitoring'”!®, and health monitoring'®?? through seamless wireless

communication electronics integration.
Electrical components

More basic structures such as strain gauges, radio circuits, triboelectric generators, and
memristors have been demonstrated combining both biodegradable materials and printing
techniques while more complex structures such as PCB, transistors, and batteries still heavily
rely on the use of evaporation methods and the incorporation of non-biodegradable material.
However, the cases described below are rare examples that exemplify the future of electronics.
Shou et al. fabricated mechanically stable and biodegradable resistive strain gauges based on Zn
NP ink deposited onto a Na-CMC substrate by bar coating and laser sintering (Figure 3.1a and
3.1b). Figure 3.1c showed that it exhibited good strain resistance which only increased by 0.1-
0.2% under linear strain of 0.15%.” Using a similar ink composition, Li et al. presented screen
printed radio circuit comprised of a meander antenna, voltage regulator, and an oscillator
connected by Zn conductive tracks as shown in Figure 3.1d. The antenna itself generated radio
frequency (RF) signal at 414 MHz frequency with an average amplitude of -35.22 dBm.!*> By
replacing the resistor with a thermistor in the circuit, a wireless temperature monitoring system
displayed an output signal as a function of the temperature (Figure 3.1e). The entire circuit was
shown to dissolve within 30 minutes leaving small traces of Zn NPs behind. Additionally, the
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cytotoxicity of the ink was tested with different assays displaying only 1% of cell necrosis and
the effect on cell proliferation was found to be that 83.48 and 78.05% of the cells were viable
when tested with the Zn/PVA bilayer.!>
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Figure 3.1. Flexible Zn printed components a) laser sintering process of Zn NP ink onto a Na-CMC susbtrate’, b)
strain gauge array’, and c) strain testing’, d) screen printed radio circuit and its components'® and its €) temperature
output signal'3

Even more complex structures were introduced by Yang et al. and Molina-Lopez et al.
taking advantage of different printing and sintering techniques. Yang et al.® developed functional
diodes and memristors combining the use of inkjet printing to deposit MOD inks and the
sintering power of femtosecond and green continuous-wave lasers to form Ag, Pt, and ZnO films
respectively (Figure 3.2a). This demonstrated the wide range of applications possible when
combining techniques together in the development of diodes (Figure 3.2b).
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Figure 3.2. Laser printed structures a) Layer-by-layer printing of a memristor and b) single diode and characteristics

Molina-Lopez et al. demonstrated fully inkjet printed flexible, stretchable synaptic FETs
array consisting of stacked layers of poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate)
(PEDOT:PSS) as the source/drain/gate electrodes and interconnects, SWCNTs for
semiconductor layer, and poly(vinylidene fluorideco-hexafluoropropylene) (PVDF-HFP) as the
gate dielectric on an elastomeric styrene-ethylene-butadiene-styrene (SEBS) substrate (Figure
3.3a and 3.3b). Thanks to the PVDF-HFP dielectric, the transistors displayed mobilities as high
as 30 cm? V! s7! with operation voltages as low as 1 V, Ion/Iogr > 10* (Figure 3.3¢) with an Ion/Iofr
> 10*, maximum transconductance of 47 + 9 pS (Figure 3.3d), and excellent stretching strain up
to 20% (Figure 3.3e).!> This work displays the versatility of the inkjet printing technique
allowing entire components to be fabricated due to its simultaneous deposition, alignment, and
patterning abilities.'?
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Figure 3.3. Fully inkjet printed synaptic transistor a) multilayer inkjet printing b) profile view of the FET structure,
¢) actual representation of the printed transistor array, d) transfer output curves of the FET, and ¢) transistor output
when subjected to strain applied in the perpendicular direction'?

Food monitoring

Edible sensors serve a dual purpose that not only monitors the safety of the food but also is
non-intrusive and non-hazardous to the human body if consumed as well-known food products
themselves are used to fabricate these sensors. Tao et al. presented edible food sensors that can
monitor fruit ripening (Figure 3.4a) and dairy product spoilage (Figure 3.4b — 3.4c) using
wireless passive inkjet printed antennas through continuous resonant response. Such sensors can
even provide extra protection for the consumer by effectively killing any disease-causing
bacteria.!” This was achieved by Wang et al. whom developed edible supercapacitors that could
even power an endoscope camera through a manual layer by layer fabrication process using

cheese, gold leaf, activated charcoal, seaweed, Gatorade, and gelatin as shown in Figure 3.4e
below.'®
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Figure 3.4. Food monitoring sensors a-d) edible silk-based sensor!” and ¢) edible supercapacitors'®

Environmental monitoring

Compared to other sensors, environmental sensors require stability and reliability over an
extended period. In this case, incorporation of biodegradable materials can be detrimental to its
functionality however can still be made onto flexible substrates. Molina-Lopez et al. fabricated
interdigitated capacitors on polymeric foil PET (Figure 3.5a) comprised of inkjet printed Ag
conductive tracks coated with electrodeposited Ni followed by an inkjet printed cellulose acetate
butyrate (CAB) to act as a temperature and humidity sensor (Figure 3.5b). In comparison, to a
commercially available sensor, higher differential values in relative humidity and greater
variation in capacitance were reported suggesting that the sensor lacked stability as shown in
Figure 3.5¢.8
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Figure 3.5. Humidity sensor a) photo of the interdigitated capacitive sensors b) schematic representation of the

sensor and working principle, and ¢) comparison between the Ni coated and non-coated sensor in terms of humidi‘ty8
Health monitoring

The introduction of a flexible substrate saw an explosion in individual patient health
monitoring devices for wireless blood flow monitoring!®, electrocardiographic recording?’,
orthopedic?!, and neuroregenerative therapy.”> However each of these required some
microfabrication reliant processing steps such as evaporation of electrodes, conductive tracks, or
patterning of 3D structures therefore such devices have not yet been fully printed requiring more
innovation on behalf of printed technologies.

This chapter seeks to identify and provide the reader with a general background of the most
commonly used deposition methods including both solution processing and printing techniques
as well as alternative sintering techniques needed to achieve the same or similar results typically
found with microfabrication processing.
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3.2 | DEPOSITION TECHNIQUES

There is a myriad of deposition techniques that can be used to deposit a film from the simple
solution processing techniques to the more complex printing techniques. All techniques
discussed in this section below can be found in Figure 3.6 where all solution processing
techniques were ordered in terms of increasing complexity. Drop casting and spin coating require
a holder or planar and rigid substrates respectively to correctly form the film which limits the
available substrates that can be used. In contrast, meniscus-guided coating techniques such as dip
coating, doctor blading, bar coating, and slot die coating do not have these restrictions. However,
none of these techniques mentioned above permitted patterning until the introduction of printing
technologies such as screen and inkjet printing. Printing techniques will be discussed in the
starting from screen printing, aerosol jet printing, gravure printing, and ending with an in-depth
discussion of inkjet printing.

Printing
Techniques

Solution
Processing

Figure 3.6. Schematic representation of solution processing and printing techniques

3.2.1 | SOLUTION PROCESSING TECHNIQUES
3.2.1.1| DROP CASTING

Drop casting is considered the easiest out of all the solution processing techniques for thin
film deposition where the target solution is simply casted into a mold using a pipette. As long as
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the solution is viscous enough, a specified amount can be placed into a receptacle and spread by
itself coating the bottom of the container (Figure 3.7a). Here the thickness is dependent on the
volume of the receptacle and the amount of solution used.?* Flatness is another variation that
may arise simply due to the inclination of where the receptacle was placed during the
evaporation phase. Additionally, the roughness of the receptacle also plays a role in the resulting
roughness of the film which must be considered with a glass or polystyrene substrate being ideal
for planar substrates. This is then left to dry through solvent evaporation at room temperature or
can be accelerated using an oven to create the film (Figure 3.2b). Unfortunately, this technique is
not repeatable due to varying factors if not controlled precisely. However it does provide a quick
insight into the behavior of the solution, however more precise control can be achieved with the
next following techniques.

a) b)

Figure 3.7. Drop casting process a) solution is placed into a petri dish where evaporation begins until b) a
dried film is developed

3.2.1.2| SPIN COATING

Spin coating is a 4-step process which is first initiated by depositing a set amount of liquid
(Figure 3.8a) onto either a spinning or static substrate using a pipette. Once the substrate reaches
the targeted speed, any excess solution is removed from the substrate (Figure 3.8b). The fluid
becomes level when both the solution and substrate match in speed. During the spin-off stage,
the solution has completely thinned on the substrate and is dominated by viscous forces. This is
also the stage at which the film begins to dry due to the rotational speed. Next, evaporation of
any solvent in the fluid occurs and can cause non-uniformities in the film simply due to the
solvent chosen (Figure 3.8c). With the help of centripetal force, the solution deposited at the
center of the substrate is evenly spread and coats the substrate resulting in an ordered structure
(Figure 3.8d).% Here, the thickness is determined by the speed of the rotation used or the sheer
force applied.
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Figure 3.8. Stages of spin coating where a) solution is deposited onto the target substrate, b) the centripetal
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force evenly spreads across the surface, and c) begins evaporation until d) an ordered structure is developed as
adapted from Ossila®*

This simple technique allows for a wide range of viscosities to be deposited onto any
substrate with large area deposition and is normally followed by a drying technique either on a
hot plate or in the oven. Specifically, it has been optimized for small, flat circular surfaces with
often quick drying times due to rotation achieving films thickness ranging from nm to um.
Generally, film thickness increases with increasing solution concentration, decreasing spin
speed, and with the use of high vapor pressure solvents.”> However, the residual waste from
unused material (in excess of > 90%) and uneven coverage occurs if the substrate is not circular
in shape nor placed equidistant to the center, uncontrollable thickness, and the inability to pattern
the surface, and slow and individual processing times are major disadvantages when using this
technique.”> Additionally, a slow spinning speed is used to give more time for self-assembly
often leads to uneven coating of the surface creating a coffee ring effect. Therefore, in order to
create reproducible films, deposition must always be performed under the same parameters and
in a controlled environment such as a cleanroom.

3.2.1.3| DIP COATING

Dip coating is a facile method that takes advantage of capillary forces to deposit thin films.?
This is a 4 step process where upon immersion the substrate is fully immersed in the solution
(Figure 3.9a) for a determined amount of time called the dwelling time which is proceeded by
the withdrawal (Figure 3.9b) where a thin layer of the liquid film is attached to the substrate
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surface, and followed by drying where any solvents in the solution begin to evaporate and thus
form a dry film (Figure 3.9c). The resulting thickness is dependent on the control of the
withdraw and drying stages where multiple passes after drying the film previously result in
thicker coatings.

Advantages of using this method include uniform coatings with surface roughness in nm and
the ability to create gradient coatings by adjusting the withdrawal speed which is optimized for
flat rigid substrates. However, there is also very little control over the amount of coating which
often results in deposition along the entire surface of the substrate making localized deposition
impossible.”* Additionally, if the surface is curved or flexible, this will result in uneven coating.
The drying phase can also be temperamental to external environmental factors that need to be
well controlled. Simply due to the nature of this deposition technique, a large amount of waste is
produced as a large volume of solution is needed to achieve a uniform coating.

a) b) ' <
. H

Figure 3.9. Dip coating procedure a) a rigid substrate is immersed in the target solution and then b) removed
after a set time period leaving c) a thin film on the substrate surface

3.2.1.4| DOCTOR BLADING

Doctor blading is a technique that either uses a blade held over the substrate which runs
along the surface or moves the substrate where the blade is held stationary as shown in Figure
3.10. The small gap between the surfaces determines the overall thickness and controls how
much liquid can pass through allowing for spreading of the liquid across the surface.”® A large
range of viscosities can also be used in this case and coat both flexible and rigid substrates. Here,
the thickness of the film is determined by the viscoelastic properties of the solution and the
coating speed.”> Good uniformity of the film is achieved with good wetting where the surface
tension of the ink is lower than that of the substrate.>> The solute concentration also influences
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the overall uniformity. This technique is best used to create uniform thin films over large surface
areas. As compared to dip or spin coating, the deposition of the solution is controlled using a
reservoir meaning less waste.?> However, limitations include the fact that only film thicknesses
down to 10s of microns can be produced. Because of the nature of the technique, patterning is
not possible along with poor reproducibility. Also, when compared to spin coating, the
processing speed is much slower.
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Figure 3.10. Graphical representation of the doctor blading process

3.2.1.5| BAR COATING

This technique is technically very similar to the doctor blading technique mentioned
previously where solution is placed on the substrate and flattened with a bar dragged across the
surface as shown in Figure 3.11. The bar is essentially a long, flat cylindrical bar with or without
an intertwined spiraled wire surrounding the body. Similar to the function of the blade in doctor
blading, the amount of liquid is controlled by the gap between the bar and the substrate defining
the overall film thickness.?* This technique is relatively easy and inexpensive form of deposition
for developing consistently uniform films. The ability to create a film over large surface areas on
both rigid and flexible substrates with a controllable drying time is highly advantageous
compared to other coating techniques. However, similarly, the minimum thickness possible is
around 10 pm with no option to pattern the films. Due to the slow coating speed dictated by how
quickly gaps are filled by capillary force, contamination is another affecting factor that can form
streaks creating non-uniform films.

i | \

Figure 3.11. Graphical representation of the bar coating technique with spiraled wire

3.2.1.6 | SLOT DIE COATING

The most industrialized yet technically more complicated out of all the solution processing
techniques discussed is slot die coating. The basic system consists of a solution reservoir and



51

pump that directly connects to the slot die head which ejects the solution onto the moving
substrate by a roller (Figure 3.12). Where the head is positioned with respect to the substrate has
a great effect on the film quality. Because the uniformity and thickness of the coating is
dependent on the dispense rate of the solution, solution metering is necessary through the means
of either peristaltic or rotary pumps.>* Here, there are only two factors controlling the wet-film
thickness: the speed of the substrate in respect to the head and the flow rate of the solution. A
range of film thicknesses can be achieved from a few nm to microns. For this reason, this
technique is widely adopted as it can produce uniform layers on an industrial scale.?’ This
technique offers advantages over spin- and dip-coating techniques as it can be easily scaled and
integrated into roll-to-roll coating and sheet-to-sheet deposition systems.?

/

Figure 3.12. Schematic representation of slot die coating

3.2.2 | PRINTING TECHNIQUES

Printing techniques were developed not only as an alternative to the wasteful, expensive,
exclusive nature of microfabrication techniques but also encompassed the ease of solution
processing techniques with the ability to pattern films. Not only this but flexible and temperature
sensitive substrates could be incorporated into the process. One heavily utilized printing or
“inking” technique not explored in this thesis is micro transfer printing which utilizes an
elastomeric stamp that can essentially “pick and place” microstructures from a donor to a
receiver substrate, the latter of which is typically made of a non-conventional material with
temperature sensitivity.?® This technique has mainly been used for the development of
biodegradable electronics however will not be address here as it conflicts with the motivation of
this thesis and requires the use of microfabrication techniques prior to printing.

3.2.2.1| SCREEN PRINTING

Screen printing is a technique that typically uses paste with a wide range of viscosities (10-
300 Pa-s) that when passed through a mesh/screen/stencil defines the desired pattern as shown in
Figure 3.13a below.?’ This is done using a metal or rubber squeegee to force a highly viscous
fluid through that undergoes sheer thinning.*® The different phases of printing are shown below
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in Figure 3.13b where at Stage I, the ink is gently pushed through the mesh after application with
the squeegee, staying in between the openings of the mesh. Stage II displays that when pressure
is applied, the mesh and substrate come into contact while the pseudoplastic ink becomes thin.!
The ink is then attached to both the mesh and substrate (Stage III) whereby as the printing
continues downwards the mesh pulling the upper part of the mesh upwards causing the ink to rise
at Stage IV.3? From this, filaments begin to form just underneath the raised mesh wires at Stage
V where finally by Stage VI, the deposition thickness is defined following the breaking filaments
and print levels.?! Critical factors in determining the print quality are the distance between the
mesh and substrate and the mesh geometry.*?

a)

Figure 3.13. a) Schematic representation of the screen printing process and b) the six phase printing reaction’!

The limiting factor for this technique stems from the mesh quality itself where nanoparticles
up to micron sizes can be used with high loading from 50 up to 90% which often advantageous
for conductive inks.>'** These inks are comprised of slow drying solvents (boiling point >
190°C) which must dried and sintered at temperatures higher than 120°C making them
incompatible with temperature sensitive substrates.>* These inks exhibit higher viscosity (due to
the high loading factor) resulting in reproducibly thicker layers with high aspect ratio
structures.®® For this reason, screen printing has been used for the fabrication of larger structures
such as electrochemical sensors and photovoltaics where accurate dimensions are not needed. As
there are little restrictions in terms of ink properties, there is a wide range of commercially
available inks including ink pastes where curing occurs from RT to hundreds of degrees
depending on the type of material.>>*® Minimum printing resolution for this technique is
approximately 70 pum when using 140 threads/cm mesh count.’'*7 However with the
implementation of fine-scale silicon stencils, silver ink lines as small as 22 pm could be
achieved.’” However this stencil required additional microfabrication processing thereby
defeating the purpose of using screen printing as a technique altogether.
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However, the simplicity of the technique may not outweigh its numerous disadvantages
including ink waste, limited resolution, and excessive cleaning. Due to the nature of screen
printing itself, a large amount of ink is first needed to force the ink through the openings while
the rest is wasted in the process. A unique screen is needed for every new pattern making the
cost associated with this technique is both high and inflexible. Dimension sizes are limited to the
patterned mesh where poor resolution (> 75 um) is apparent when creating large features and
large thickness. For example, printing of drain and source contacts can be challenging as the
resolution is too low further limiting its potential applications.*® Additionally, if an ink dries too
quickly, openings can be blocked and thereby change the print quality. Due to this, the screen
can only be used for a certain period before cleaning needs to be done. On top of this, manual
cleaning of the screens is extremely time consuming as they must be properly cleaned without
the use of harsh chemicals as they may damage the screen. In terms of manufacturing,
metallization by screen printing may cause a bottleneck in production of solar cells as the
throughput is limited to 0.9 seconds per solar cell and line questioning its compatibility with
large scale processing.> However, when compared to inkjet printing and 3D dispensing, its
speed is almost 70 times faster.*

3.2.2.2| AEROSOL JET PRINTING

Electrohydrodynamic deposition, also known as aerosol jet printing, is a coating technique
that is typically used to make large area coatings and films through electrified ink fluid ejected
through a nozzle onto a substrate. The substrate is placed onto an electrically grounded metal
plate support at a static and defined distance away from the printhead. Movement of the stage is
controlled in the x- and y- axis are controlled by servomotors while the z-axis is by a stepper
motor. A power supply provides DC voltage applied between the nozzle and the metal plate to
generate an electric field. This causes the “mobile ions in the ink to accumulate near the surface
of the pendent meniscus at the nozzle”.*> Due to the intrinsic coulombic repulsion between ions,
a deformed meniscus in the form of a conical shape is induced called a Taylor cone.*' This
occurs as a tangential stress is forced onto the liquid surface creating a cone shape. When a
sufficiently high electric field is applied, charged fluid droplets eject from the apex of the liquid
cone as the electrostatic stress is greater than the capillary tension as seen in Figure 3.14.%! These
droplets can be categorized into different jetting modes that fall under dripping or jet modes. In
the dipping mode, only a partial part of the liquid is ejected from the nozzle forming either fine
droplets, large regular drops, or elongated spindles that coalesce into spherical droplets when
they reach the substrate.*' Similarly, jetting mode which allows for an elongated and fine jet can
be jetted in a regular, rotated, or oscillated way that also disintegrates into droplets.*! This type
of deposition can be utilized for complex chemistry of thin films as in the case of solar cell
development however a number of researchers has also shown an alternative application for this
technique developing biodegradable polymer nanoparticles for drug delivery applications. Nath
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et al. utilized the electrospraying technique to prepare PLGA microspheres** while Guarino and
Wu et al. developed chitosan nanoparticles dependent on the voltage and flow rate of the
technique and PCL microspheres dependent on the concentration used.***

Out of the techniques discussed; this technique has the widest range of viscosities acceptable
allowing for the control of the droplet sizes down to nanometers by adjusting the applied flow
rate and voltage.* Reproducible resolution for this technique for printing coarse lines is
generally 20 — 30 um which is the direct result from droplets with diameters ranging from 10-20
um.* However, a simple modification of the nozzle to a smaller inner diameter of the capillary
leads to smaller resolution. Other advantages include is its deposition efficiency up to 80% and
direct transport of droplets by electrical forces thereby reducing any additional processing
steps.*” However, drawbacks of such a technique include the limited jet stability due to capillary
break-up and varicose and whipping instabilities.*® The quality of the film is dependent on many
factors including the spray parameters, rheological and material properties of the ink, and
physical parameters such as nozzle diameter and distance between the nozzle and grounded
substrate, all of which need to be controlled for reproducible films.
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Figure 3.14. Schematic representation of aerosol jet printing

3.2.23| GRAVURE AND FLEXOGRAPHIC PRINTING

Gravure and flexographic printing are considered roll-to-roll (R2R) processing techniques
implemented in manufacturing due to its high throughput, substrate independent, and tolerance
of various inks especially when compared to inkjet printing.*’ Here, printing rolls are fed into an
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ink bath wetting the engraved cells on the surface where then a doctor blade removes excess ink
from the cells.*’ The remaining ink is then printed onto the target substrate found between the
printing and impression roll as shown in Figure 3.15 below. A successful transfer is dependent
on the substrate surface energy, ink viscosity, ink surface tension, and evaporation rate of the
solvent in the ink. Both the surface energy and wetting behavior of the substrate must be greater
than that on printing plate so that the ink is released.*’ Additionally, the printing speed and ink
shear behavior must be adjusted so that the ink will be attracted and attached to the substrate.*’
Additionally, the ink viscosity should be well controlled as those with low viscosity (10 cP)
result in poor ink transfer leading to film breakup while those with higher viscosities of 100 cP
produce optimal films with defined edges lacking any pinholes.*® This technique has many
advantageous over standard printing as it can produce large batches and be scaled up to an
industrial level. These well-established techniques can reach resolution sizes down to 10 um at
high printing speeds up to 15 m/s with low ink waste.* Even smaller feature sizes can be
achieved using advanced femtoliter-scale microgravure printing (WGRavure) that can execute
high resolution from several nanometers to 10s of pum at speeds up to 1 m/s.*® High speed is
necessary in order to guarantee well form dots. However, in this case, the entire process must be
well standardized before implementation as smaller experimental batches cannot be effectively
incorporated into the process.

Figure 3.15. Schematic representation of gravure printing
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3.2.2.4| INKJET PRINTING

Introduction

Conception of the first known inkjet printer was introduced by Elmqvist in 1951 paving the
way for other variations such as the continuous inkjet printing in the 1960s, followed by the
invention of the drop-on-demand (DOD) inkjet printing system in the 1970s.>* This technique
operates with the help of liquid phase materials such as inks that vary in the number of
components based on their respective functionality.’! The continuous method ejects ink in the
form of a jet whereby surface tension breaks the stream into regular, uniform sized drops. On the
other hand, DOD printing is governed by two actuation mechanisms: thermal or piezoelectric
actuation to generate drops through a nozzle from a reservoir. With thermal actuation, there is a
heating element that is activated when a drop is ejected. Heating causes partially evaporation of
the ink and formation of a gas bubble in the reservoir.> The pressure generated forces the liquid
through the nozzle creating droplets. Then the heating element is then switched off generating a
vacuum drawing ink into the reservoir where then the process begins all over again. On the other
hand, piezoelectric DOD uses specific crystal materials that convert voltage into mechanical
movement. A drop is created when a voltage pulse is sent to the reservoir walls which become
contracted creating a pressure increase causing the ejection of the of the ink through the nozzle.>?
Once the droplet hits the substrate, the ink spreads under momentum and dictated by the
interfacial behavior between the liquid and solid substrate often characterized as its surface
tension either with the help of an external heating source or naturally.’>® Next, the droplet dries
under solvent evaporation dependent on the boiling point of the solvent.’* The ink parameters
such as viscosity play an important role on the overall printed shape of the desired pattern.>

As shown in Figure 3.16 below, inkjet printing is comprised of different systems beginning
with the electrical elements controlled by the input waveform that signals the piezoelectric
actuator to mechanically deform building localized pressure in the ink chamber causing it to
acoustically generate a wave that forces the ink to be ejected from the nozzles governed by its
fluid dynamic behavior. The droplet then lands onto the substrate, where with enough sequential
droplets, begins to coalesce together and form a film. The following sections here will review
each of these elements of the inkjet printing process in detail below.
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Figure 3.16. General overview of the different components that comprise the inkjet printing process>®

Printer Components

The inkjet printing mainly used for the majority of this work was a Fujifilm Dimatix DMP-
2831 Materials DOD inkjet printer based on piezoelectric technology as shown below in Figure
3.17a. The printer itself consists of many components such as the vacuum platen (heating up to
60°C) with a large print area up to 210 mm x 315 mm. Alignment, precise positioning, and
inspection of the printed pattern are adjustable with the use of a fiducial camera which allows for
the facile development of multilayer devices. Additional protection from dust during the printing
process is provided for by the plastic lid. Once the print cartridge and substrate are loaded into
the cartridge holder and set to the right drop spacing (DS), a connected computer pre-installed
with the software can be used for pattern development and manual control of the printer. This
includes the drop watcher and blotting pad which are used in conjunction when investigating if
the desired ink is jettable under set conditions and if not, can be cleaned with the help of the
blotting pad. The print carriage gives the printer the freedom to move in the x-, y-, and z-
directions while the printing direction is confined in the x-direction, important to consider when
depositing a film onto the substrate surface. Lastly, one of the most important components in the
printer is the print cartridge (Figure 3.17b). The printhead itself contains a piezoelectric jetting
element with a fillable reservoir up to 1.5 mL. Two different printheads may be used with a
difference only in volume. DMC-11601 and DMC-11610 printheads eject 1 and 10 pL drop
volumes respectively, each containing 16 nozzles with a 254 um spacing in a single row. The
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freedom and ease in using this system allows for facile deposition of any material onto planar
substrates, in direct competition to standard microfabrication techniques down to tens of
microns.
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Figure 3.17. Inkjet printing equipment a) FUJIFILM DIMATIX DMP-2831 inkjet printer’’ and b) print
cartridge’®

Waveform control and manipulation

It is through the manipulation of the waveform that controls the ink ejection through the
printhead nozzle. This process occurs in 3 phases noted here as fill, ejection, and recovery as
shown in Figure 3.18 below. Initially, the pumping chamber containing a refill inlet and exit
nozzle is under compression by a bias voltage applied to the piezoacoustic actuators.>®>° Phase 1
is initiated following the application of a negative voltage placing the piezo component in a
neutral state whereby the ink is drawn into the chamber from the inlet creating fluid flow thus
further pulling on the meniscus created at the nozzle. Phase 2 provides a firing pulse which
depending on the slope, provides energy for the ejection of the droplet. At this stage, the
chamber once again is under compression due to the increased voltage forcing fluid flow in
opposite directions out of both the inlet and outlet. By this point, the droplet should be full
ejected and heading towards the target substrate. Recovery to the initial state begins at Phase 3
where the piezoelectric transducer (PZT) is brough back to its null state to the bias level. The
compression occurs partially which prevents any air displacement into the printhead and then
fully to introduce fluid flow back into the chamber to start the process over again.
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Figure 3.18. Different phases of droplet ejection through waveform control as adapted from*’ and Dimatix tutorial

The ideal droplet ejection and formation is displayed below in Figure 3.19a which exhibits a
long tail ejected from the nozzle and culminating into a single droplet before reaching the
substrate. However, there are also a wide range of failure mechanisms that can be seen during
this process mostly depending on the ink properties such as viscosity from the solvents used to
prepare the inks. There are a total of 5 different failure modes: no jetting, production of satellite
drops, and ejections of multiple drops, misdirected droplet, and uneven droplet velocities as
appears below in Figure 3.19.°° No jetting is a result of failure to from a droplet due to high
viscosity and/or low perturbation energy.®® Conversely, high viscosity inks combined with high
drop velocity are likely to form satellite drops. A combination of both aspects of low viscosity
coupled with high drop velocity result in multiple drop formation as reported in Figure 3.19b. If
either of these failure mechanisms are observed, its respective waveform, ink viscosity, or
heating of the ink should be adjusted accordingly. Figure 3.19¢ displays nozzle contamination
from debris or trapped air in the nozzle descender are the main causes for misdirected nozzles.®!
This failure mechanism may be resolved by introducing a cleaning cycle, replacing a used
cleaning pad, or by filtering the ink further.! Lastly, uneven velocities between the adjacent
drops (Figure 3.19d) may simply be seen however this maybe the result of a misaligned view
which can easily be adjust through the Dimatix software.5!
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Figure 3.19. Different Jettability modes where a) displays good jettability as captured by Jang® and b) shows
different failure modes as reproduced and modified from Sadie®, c¢) misdirected nozzles®', and d) uneven
velocities®!

Defining jettability

Although there are a wide variety of factors that can describe fluids, the four most pertinent
to inkjet printing are Reynold number (Re), Ohnesorge number (Oh), capillary number (Ca), and
Weber number (We).

Reynold number (Re) is defined in Equation 3.1 below:

Re=UR /v 3.1

where U represents the droplet velocity as a result of pressure growth in the ink reservoir, R
is the droplet radius, and v is defined as the kinematic ink viscosity.

Ohnesorge (Oh) as seen in Equation 3.2 below

Oh =1 /vpoR =vp /VpoR (3.2)

where 1 represents the dynamic ink viscosity, p is the liquid density, and o is defined as the
surface tension.
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Physically ink behavior can be predicted as shown in Figure 3.20 below defining the optimal
operating mode based on Ok and Re numbers which represent ink material properties and inkjet
velocity respectively. Only a narrow window of intermediate Re and intermediate Ok values are
deemed reliable operating parameters for successful jettability. A smaller Re results in weak
actuation that does not allow jetting while a larger Re indicates splashing because of rapid
droplet impact onto the substrate.’® Similarly a small Ok exhibits strong surface tension leading
to the formation of random satellite drops while a large Oh notes that the ink is too viscous
impeding jetting.*
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Figure 3.20. Operating regime for DOD inkjet printing in terms of Ohnesorge and Reynolds numbers as reported by
Detlef Lohse®®

This precise window can also be further defined using Capillary number (Ca) and Weber
number (We) as stated below in Equations 3.3 and 3.4.

Capillary number (Ca) represents the ratio of viscous to capillary forces where

Ca=nU/o=vpU /o (3.3)

showing a dependency on 7, the dynamic viscosity.
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Weber number (We) is defined as

We = (pU”2R) /o 3.4

both of which have a clear reliance on surface tension (o). Figure 3.21 presents a jettability
window that is defined by Ca-We numbers that were studied for a wide range of common
solvents. Every plotted point represents the specific velocity of the target ink which was
achieved by manipulating the pulse voltage. With respect to drop velocity, Ca exhibits a linear
dependency while We displays a quadratic dependence.®® The functional jettability range was
defined by the plotted lines outside of which indicated jetting instability which was shown as the
case for both higher and lower drop velocities. In this respect, Ca represents both the minimum
and maximum limits tolerable for inkjet printing. This graph provides a quantitative insight on
why certain jettability failure modes result as shown in Figure 3.13b.
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Figure 3.21. Ca-We Jettability window on a log scale as defined by Jake Sadie®
Droplet impact fluid dynamics

Just as important is the interaction of the droplets onto the dry target (non-porous) surface
which can create various flow patterns.® Its behavior can be affect by one of many factors
including the liquid properties which vary greatly depending on the density, viscosity, surface
tension, and elasticity, and the target substrate surface which can range from being the ideal
hydrophilic, planar, and smooth to hydrophobic, rough, and non-planar surfaces.’® For
simplification, mainly an ideal surface will be discussed for the rest of this section. The droplet
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before impact (Figure 3.22a) appears with a deformed shape due to the pressure buildup as an air
cushion appears just above the receiving substrate.® Once the droplet lands on the substrate, it
begins to spread radially forming a rim at the edges where then it may recoil or further wet the
substrate as shown in Figure 3.22b.
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Figure 3.22. Impact dynamics of a droplet a) before and d) after hitting the substrate’®

Figure 3.23 below shows a wide range of impact modes that can occur where from these 6
cases, the most desired is the one noted as “deposition” creating a perfectly circular shape which
is expected for inkjet printing standards, otherwise a film would not be formed. The prompt
splash is a result of ink introduction to rough surfaces while impact on liquid films result in a
corona splash where additional droplets are formed at the later stage of impact with the substrate.
The receding breakup is characterized by a droplet at its maximum spreading radius that begins
to retract partially leaving some smaller droplets behind.®* Lastly both rebound modes can occur
because of highly energetic impacts followed by a receding phase where the difference is
characterized by the static receding contact angle.®* All other impact modes will result in an
incomplete and inhomogeneous film which can be manipulated by adjusting the ink properties.
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Figure 3.23. Different droplet impact modes on a dry surface®

However, often times, the challenges in optimizing the fluid dynamics relies on both the ink
behavior when ejected from the printhead as well as the target substrate properties. These include
the flow of the ink inside the printhead, jet formation, and meniscus dynamics while on the
substrate side includes droplet impact, substrate wetting, and droplet/solvent evaporation
amongst others.>® For non-conventional substrates outside of polymer materials, this can be even
more challenging as the requirements maybe conflicting making optimization far more difficult.

Spreading

Ink droplet spreads on account of the Marangoni effect, the principle which explains the
movement of a liquid drop on a surface which often creates surface tension driven fluid flow in
the direction towards the higher surface energy.®® Tangential stress at the solid-liquid surface is
caused either by temperature or spatial variations (i.e. liquid composition) that causes interfacial
fluid motion which is then further transmitted to the bulk fluid.®® The action of the droplet
spreading on the surface can be characterized into 5 phases starting with the kinematic,
spreading, relaxation, wetting, and finally equilibrium.%® The spreading phase sees the radial
droplet expansion where the initial kinetic energy of the drop prior to contact is used. Here, the
drop behavior is dependent on the drop speed, wettability with the surface, and ink properties. A
larger drop size or higher impact speed is characterized by faster spreading while inks with
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higher viscosity or surface tension retards expansion. Following this stage, the drop can either
exhibit relaxation or shape oscillation through retraction. Droplet rebound or receding is often
seen on hydrophobic surfaces while those on a hydrophilic surface can display oscillation
followed by more spreading on account of capillary effects until an equilibrium state is
reached.®

Film formation

Once a larger number of droplets were sequentially printed, they can begin to interact
through capillary effects.’® An important factor that must be defined in this case is the optimal
DS, the distance between two centers of the drop as shown in Figure 3.24a. An internal standard
for defining this parameter was created by a former PhD student at the Technical University of
Chemnitz (TUC), Enrico Sowade, referred to as a line pattern test (Figure 3.24b) which consists
of uniformly spaced drops from 5 up to 140 um. Once printed for a particular ink and substrate,
the optimal DS can be defined by seeing which DS develops a well-defined line. In the case
provided by Figure 3.24c, the top row with the highest DS showed isolated drops undesirable for
film development. The line just below formed a scalloped appearance showing that the drops
coalesced but still maintained their shape. This morphology can appear as a result of too large of
DS deposited at the appropriate temperature.®’ Following this, a continuous and straight line was
seen further verifying that this DS was optimal for printing patterns. Afterwards, as the DS
further decreased, the deposited line appeared to be bloated or bulging as the droplets began to
overlap and accumulate past the desired pattern. This behavior is deemed unacceptable as using
this DS may distort the desired pattern. This is often caused by smaller drop spacing which may
or may not be due to slow drying rate.®’
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Figure 3.24. Line pattern is defined by a) DS which is the distance between the centers of two successive drops, b)
containing DS from 5 - 140 um, and c) actual printed line pattern showing different behaviors as the DS decreases
as adapted from Enrico Sowade®®

It is then by the series and number of droplets that must be first defined to generate a pattern.
This is achieved through measuring the drops per inch (dpi), that is how many drops are printed
within 1 inch which also helps define the final resolution. Figure 3.25 below shows the relation
between DS and resolution where isolated drops (with high DS) are synonymous with low
resolution while those with high resolution tend to have a low DS and thus creating well defined
patterns.®” This behavior is essential in the development of a continuous film and must be
predefined when generating in equivalent BMP digital file that can be read and printed by the
Dimatix Printer. The digital file containing the pattern to be printed is rendered as pixels
representing a single droplet as it hits the substrate surface. The complete pattern is then printed
by the movement of the head as it rasters about the substrate.

Increasing resolution [dpi]

Decreasing drop spacing

Figure 3.25. Relationship between dpi and DS as acquired from Petr Krémai®
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Solvent evaporation effects

Once the desired film surface is printed, solvent evaporation occurs in different modes
according to its ink composition. The evaporation rate of colloidal drops displayed below in
Figure 3.26 is indicated by the length of the arrow and controlled by the vapor diffusion.’® Figure
3.26a displays the evaporation mode for a colloidal droplet singular solvent system where the
evaporation rate is highest in the rim region. As the rim region becomes more dry, more liquid is
constantly replenished from the solvent at the center of the droplet and dried accumulating
solutes along the edges of the droplet creating a ring-like deposit as seen in Figure 3.26b.567°
This mode was observed during the evaporation of a water droplet in the absence of circulating
flow. 37 This effect can be reduced through the optimization of rheological properties thereby
controlling liquid drop formation and behavior at the ink-substrate interface. Another effective
way in avoiding this effect is through the counteracting ability of what is known as the
Marangoni flow which naturally occurs due to surface tension gradients. *-%7%"! Figure 3.26¢
and 26e represent different evaporation modes in a binary solvent system where the volatile
liquid in this system either contains higher or lower surface tension respectively. In the case of
the regulated Marangoni flow as seen in Figure 3.26¢, the flow pulls particles from the free
liquid surface towards the top inwards portion of the droplet forcing it further downward where
the solute can either settle onto the substrate center or continue to the edge of the droplet and
become recirculated back to the free surface at the top of the droplet.”” This movement is first
initiated through evaporative cooling which occurs during the droplet evaporation phase
producing nonuniform cooling where the temperature at the top center of the droplet is lower
indicating high surface tension in that region creating the inward flow generating a surface
tension gradient. °¢7® Majumder et al. reported that nanoparticle dispersion a mixture of ethanol
and water created a regulated Marangoni flow that served to homogenize the solute deposition
creating an homogenous film reducing the coffee ring effect (Figure 3.26d).”" Additionally, this
reducing effect was also seen with the use of other solvents such as octane and other alkanes.”
This morphological defect can negatively affect the overall conductivity of the film.* Conversely,
for binary ink solvents containing a lower surface tension shows an internal flow that goes
outwards to the rim of the droplet as dictated again by the surface tension gradient as seen in
Figure 3.26e. In this case, the Marangoni flow governs the entire system to the point where
solutes tend to concentrate mostly at the center of the of the droplet-substrate interface creating a
smaller disk then what initially deposited (Figure 3.26f).
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Figure 3.26. Sessile droplet evaporation modes where for a) a singular solvent system with little flow, results in b)
the coffee ring effect. For dual solvent systems with c¢) a higher surface tension volatile solvent with recirculating
Marangoni flow results in d) a homogenous film, and e) a lower surface tension volatile solvent dominated by
Marangoni flow concluded in f) as adapted from Lohse® and Pavlos Giannakou®’

Advantages and disadvantages

As compared to microfabrication processing, the appeal of inkjet printing is due to its low
cost and low material waste all while having the ability to create a wide range of thin films
including metals, semiconductors, and dielectrics.’! This has allowed inkjet printing to become
an important industry standard for printed electronics in the development of sensors®:’2,
transistors?”’?, LEDs’®"* and photovoltaics.**® In contrast to the subtractive nature of the
microfabrication techniques to create similar films, this additive technique allows for patterns
from 10s of microns. This maskless and non-contact approach operates based on a digital file
where on-the-fly design allows for easily changeable designs. Once an inkjet printing process is

defined, it can be rapidly scaled up for production equally onto both small and large substrates.
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However, the success of this technique is dependent on many factors including the
optimization of process parameters, ink concentration, and solvent or solute parameters.>> Here,
it is necessary to use low viscosity inks to maintain stable flow through the nozzles and minimize
the risk of clogging often associated with this technique.*® If the ink itself is not fully optimized,
variability in both the drop size and the resulting layer during a single print can occur challenge
the reliability of this technique. This is often the case when nozzles are blocked causing
intermittent printing. Agglomeration or accumulation of nanoparticles ink can easily block the
nozzles entirely making it impossible to print. Additionally, some nanomaterial architectures like
nanoflakes and nanowires are simply too large to print due to their large surface area and
surface-to-volume ratio. Because of this, extremely low viscosity inks containing nanoparticles
with sizes up to 100 nm are essential for successful printing. Low viscosity inks (between 2-25
mPa-s) are necessary however, a larger range of viscosities can be printed when heating the
printhead. To achieve this, often inks are made with low filler loading < 20% to help prevent
issues such as agglomeration but result in an overall low conductivity of the film.”®> This can be
overcome with multiple printing passes creating multiple conductive layers. Additionally, both
the layer thickness and pattern resolution are dependent on nozzle diameter (typically 10 - 150
um for commercial piezoelectric inkjet printers) achieving sub-nanoliter volumes.’>’® The
droplet diameter often dictated by the drop volume ejected from the printhead severely restricts
the lateral resolution to approx. 30 pm.>? This means that inkjet printing is unable to compete in
the realm of nanofabrication techniques, however with the introduction, super fine inkjet
printing, this resolution can be improved down to 1 um although it is not yet a widely
implemented technique.

Unfortunately, printability on curved surfaces is nearly impossible as this requires flat
substrates with low surface roughness to print well defined patterns. This again is partially due to
the low viscosities inks necessary to print. It is also for this reason why inks are more readily
available for both screen and aerosol jet printing as opposed to inkjet printing. When compared
to other techniques such as gravure printing, the throughput speed is relatively slow and offers
minimal substrate contamination. All such factors discussed here must be taken into
consideration when choosing the correct printing method for device fabrication.

3.3 | SINTERING TECHNIQUES

The adaption of temperature sensitive polymeric substrates to biodegradable electronics
relies heavily on the post-treatment sintering techniques to treat the deposited ink layers.
Standard techniques such as thermal annealing have been implemented due to ease and
controllability using rigid substrates such as Si and glass which is well known to withstand
temperatures as high as 1700°C. As the materials discussed here may require up to 3000°C, this
limits the scope of substrates that can be used. Therefore, other strategies that have little to no
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effect on the underlying substrate below are necessary to provide localized heat to the printed
patterns. Additionally, a common issue facing printable inks is the inability to completely
remove these capping and stabilizing agents and organic compounds. Large amounts of organic
residuals left can adversely affect the conductivity therefore techniques that can also provide
enough energy for solvent evaporation is indispensable. Alternative technologies such as
chemical, plasma, intense pulsed light, laser, and microwave sintering can be used to sinter
conductive tracks on top of temperature sensitive substrates with minimal effects and have
shown increased conductivity. The success of these potential techniques must fulfill two
conditions: 1) that the majority of any organic or stabilizer components be removed to initiate
sintering while the 2) heating or conduction of the substrate should be minimized.

3.3.1| THERMAL ANNEALING

The most widely used heat treatment for developing deposited films can be done using an
oven, hot plate, or furnace simply due to the convenience and good temperature control allowing
uniform sintering. This is especially important for colloidal inks that require elevated sintering
temperatures which can be easily and quickly reached using these instruments. Thermal
treatment serves to remove the organic stabilizer or components as they reach their boiling points
which is found for both MOD and NP inks. However, it must be noted that multiple
sintering/curing steps maybe necessary as crack formation can occur in a single sintering step
thereby reducing the overall conductivity.”” Sudden evaporation can also generate defects such
as pores or cracks in the film, therefore a pre-annealing is suggested.”® However, if high enough
temperatures are not reached, the deposited nanoparticles do not melt completely but are instead
bridged with another in a liquid state. Because of this behavior, these films exhibit high porosity
which results in low conductivity. Often times, the surface topography of the film is highly
dependent on the evaporation conditions. Although this standard has been typically used for
processing, it is incompatible with temperature sensitive substrates which see the same
temperatures as the ink thereby limiting substrates to temperature stable substrates. In order to
incorporate thermo-sensitive substrates other alternatives must be considered which are
discussed below.

3.3.2 | CHEMICAL SINTERING

Regarded as a direct alternative to thermal sintering, chemical sintering is an approach
intended for laboratory research as opposed to manufacturing purposes as high throughput is not
possible. This technique involves the exposure to or addition of chemicals to deposited ink or
direct ink formulation onto the substrate surface which can be achieved at room temperature.
Different approaches to chemical sintering are considered in colloidal vs. MOD inks. For
colloidal solutions, this chemical reaction causes a destabilization of the metal particles/stabilizer
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system by dissolving or detachment to the organic molecules therefore allowing direct access to
the particle surface to initiate sintering on the surface. Such examples include the use of reducing
agents in a gaseous form such as anhydride, acetic acid, HCI, hydrazine, NaCl, and MgCl,
gases.!>¥7 Exposure to reducing vapors and agents such as ethylene glycol and ascorbic acid
have also been reported to initiate the thermal decomposition of silver MOD inks.** Similarly,
this effect can be achieved by immersing structures into an alcohol solution such as methanol,
ethanol, or isoproponal.”” For MOD inks, printed metal precursors (metal cations) need to be
chemically reduced and converted into a zerovalent metal.3! This has been carried out in the form
of what is called reactive inkjet printing where the reducing chemical reaction occurs directly on
the substrate. Abulikemu et al. demonstrated the development of Au NP films using this
technique by first printing a mixture of oleylamine and 1,2-dichlorobenzene as the capping and
reducing agents respectively followed by a gold(Ill) chloride trihydrate (HAuCls-3H20)
precursor onto a substrate.®? Similarly, Li et al. successfully employed a copper citrate solution
and nickel sulfate (NiSOg4) as the metal salts and sodium borohydride (NaBH4) as the reducing
agent to deposited both Cu and Ni lines onto paper using sequential printing. This quick and
effective technique has mostly been demonstrated in the development of metals but can extended
to other materials such as polymers to be used as dielectrics. However, it must be noted that
etching of the developed film may occur if not precisely controlled.

3.3.3] LASER SINTERING

Laser sintering allows for direct concentrated energy on small targeted areas at high power
densities thus allowing for high spatial resolution.®® Here, fast localized heating occurs as the
wavelength of the irradiation is absorbed directly into the ink. Laser melting occurs when the
phonon emission from the light source excites the atoms enough increasing the mobility in the
lattice up to or beyond the melting point of the material without increasing its thermal energy.®*
Heating induced by the laser propagates throughout the film allowing the microparticles to form
interconnected networks with a good adherence to the substrate making it highly resistant during
solvent rinsing as shown in Figure 3.27.To achieve the most efficient energy absorption, the laser
wavelength is tuned around the strong absorption peak for metals (400 — 700 nm).* To reach this
range, a spectrum of lasers can be considered that include gas or solid state lasers such as Ar ion
and yttrium aluminium garnet (Nd:YAG) lasers respectively. A high laser power is required in
order to promote interparticular grain growth thus resulting in ablation effects. Thus far, laser
sintering has mainly been successfully demonstrated with Au or Ag particles as they display high
resistance to oxidation. Moreover, it can be used to initiate both the sintering and reduction of
nanoparticles, especially in terms of thermally unstable oxides.®® The particle surface begins to
melt as the lattice temperature approaches the melting point. However, to reach this temperature,
it may be necessary to expose the particles to multiple pulses as it was reported that melting of
Cu nanoparticles did not occur until the third pass as residual thermal energy accumulates with
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each pass.’’” In doing so, the temperature of the ink must also be regulated to avoid heat
dissipation into the substrate past its glass transition temperature making the use of glass
substrates more ubiquitous for this technique. If tailored to the ink properly, processing
temperatures can reach as low as 150°C, which is still somewhat limiting for temperature
sensitive polymeric substrates.”” Unfortunately, temperature sensitive substrates limit the
resulting conductivity to 20% that of the bulk equivalent compared to 40% on heat resistive
substrates such as Si and glass.”’ Recently, an article demonstrated laser sintering of Pt MOD,
Ag MOD and ZnO semiconductor precursor inks achieved a minimum feature size of 1 pm lines
onto a glass substrate showing that laser sintering was even effective for stacked layers and
compatible with different types of inks.’
— l

Figure 3.27. Schematic of laser sintering of metal nanoparticles

Sintering such substrates requires the optimization of parameters such as power, wavelength,
operation mode, and writing velocity.” It is a well-established method for digital fabrication
however; resolution is limited to micrometer features due to limitations on heat diffusion and
light diffraction.®® For this reason, an ultrashort pulsed laser is necessary to achieve
submicrometer features which can overcome these limitations.** The sintering resolution is
defined by the laser spot size in the nm to pm range meaning this tool can produce high
resolution comparable to inkjet printing and lithography. Writing speeds up to 100 mm/s are
possible meaning that this technique is compatible for R2ZR manufacturing purposes. However,
the efficiency of this technique is also a drawback where rastering effects such as increased
roughness or an uneven surface can result due to the fast volume reduction and volatilization of
the organic matter in the ink. Additionally, high localized temperatures can create effects such as
the coffee stain effect. Thus, to avoid these effects, an optimized process which defines in the
pulse repetition and writing velocity are necessary.” Other parameter such as number of
treatment cycles and the overall target material also define the sintering process. High absorbing
laser such as green laser showed fast metallization of the ink on its surface leading to the
development of a dense skin layer riddled with defects as volatile compounds such as solvents
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and stabilizers see fast evaporation thus resulting in poor adhesion to the substrate as the bottom
layers were not sintered.”” However, lasers in the NIR region penetrate through the ink layer
down to the substrate/film interface, changing sintering from a bottom to top process resulting in
a homogenous and smoother film.

3.34| MICROWAVE SINTERING

Unlike, plasma and laser sintering, microwave sintering is rapid flash technique that
provides volumetric heating of structures within seconds to minutes of exposure. This technique
is more commonly used for dielectric and conductive materials as well as synthetic chemistry
purposes.””®” Microwave radiation is only effective in micrometer sized metal particles as
absorbance occurs at a greater rate than in its bulk form which is known as the antenna effect.®
Perelaer et al. studied this effect and found that as the surface area of the electrodes increased, a
decrease in resistance was seen due to an improved absorption limited to 30s of microwave
exposure. They reported that following microwave flash exposure, most organic material is
removed allowing the particles to form large agglomerates. Rapid heating can occur within the
first 5 to 40 seconds of initially heating the sample because of rapid interparticle necking and
agglomeration as exposed nanoparticles are superheated.” This means that the sintering time is
20 times less than conventional heating methods while achieving the same conductivities.®
Even, selective sintering is possible through microwave radiation of conductive particles which
readily absorb these waves while the polymeric substrates below absorb a negligible amount of
energy making this technique perfect for temperature sensitive polymer substrates.

However, microwave sintering is complicated and is not a very well understood technique.
Its function is believed to be based on Maxwell-Wagner polarization resulting from “the
accumulation of charge at the material interface, electric conduction, and eddy currents”.” In
order for this treatment to be successful, the dimension of the object perpendicular to the plane of
incidence of the waves must be on the same order as the penetration depth.” Additionally,
during the operation, multiple hot spots can appear uncontrollability making the sintering
homogeneity difficult to achieve. Uniform heating can be enhanced by increasing the frequency
which results in the loss of penetration depth. In order to shorten the sintering time, antenna
structures or silicon substrates acting as a susceptor should be introduced.®® Thus far, this
technique has only been demonstrated in a laboratory setting which means that up-scaling to
sinter larger samples is not possible due to issues involving inhomogeneous heating and local
overheating.
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3.3.5] PLASMA SINTERING

Plasma, also known as the 4th state of matter, is generated when enough energy is applied to
ionized gas species. Figure 3.28a displays the system where plasma is generated when a carrier
gas in introduced between to charge plates (stainless steel electrodes) exciting the input gas
particles by high frequency. The particles collide knocking out electrons from the outer electron
shells surrounding the atoms that creates free electron and positively charged ions (Figure
3.28b).”° The dielectric layer prevents arc transition and facilitates plasma generation at non-
equilibrium conditions.”! Depending on the gas used, the plasma can have an inert (noble gases
or N), oxidizing (O), or reducing effect (Hz).”” A wide range of films spanning from organic to

inorganic films with a few nm to 10s of um thickness can be achieved.’!
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Figure 3.28. Parallel plate plasma system a) schematic overview of the equipment setup and components and
b) how plasma is generated. This figure was adapted and combined from references®*!,

In particular, this tool is indispensable for thin film development from the dry synthesis of
metal nanoparticles for inks, surface modification of substrates (cleaning and/or improving
adhesion), and sintering of deposited layers to developing conductive structures, all while
observing little to no heating of the substrate.’?!°2 Plasma generates excited species such as
ions, radical, and UV irradiation, all of which play a role in the decomposition of stabilizing
agents in inks, allowing direct contact between metal particles that form a dense network of
conducting material by densification and grain boundary diffusion.”® Depending on the type of
ink, plasma sintering is utilized in two different ways: as a vehicle to decompose and remove any
organic stabilizers in the case of NP inks or as a technique to reduce of ionic metals to its
metallic form in the case of MOD inks. In the former, low pressure plasma treatment allows for
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the use of temperature sensitive substrates to be processed at low operating temperatures. Here,
both Ar and O» gases have been shown to increase the conductivity of printed structures.®*®! For
the latter case, both inert and reductive plasmas have been shown to convert metal salt ink
precursors to their conductive zerovalent form.®!

However, it must be noted that this technique is a top-down approach where only the top
layers are exposed while the bottom layers require significantly more time. This phenomenon is
known as the skin effect and means that only a few 100 nm layers can be processed at a time.
Here, the outcome is highly dependent on the power and flow rate of gas applied. Increasing the
plasma power increases incident ion energy and flux which translates into deeper ion penetration
and enhanced volatility of the non-metallic species.®’ This effectively leads to thicker and denser
layers that in turn reduces the ion penetration depth and hinders the release of volatile species
from the bulk.” Due to this, it was shown that processing times of 30 minutes or more are
necessary to fully sinter printed patterns.®! Therefore, this technique can suffer from long
processing times which is highly dependent on the stability of the precursor ink.** Detrimental
effects of prolonged exposure can lead to oxidation thus reducing the conductivity or overall
etching of the material. For commonly used polymeric substrates such as PI, PET, and PMMA,

2% Extended use

etching rates of 0.087, 0.32, 0.26 um/hr respectively must be taken into account
can also lead to substrate heating where a maximum temperature of 77 and 138°C was found for
plasma powers of 150 and 300W respectively, the latter of which can exceed the glass transition
temperature of many polymeric substrates.®! Additionally, plasma sintering is only effective
under targeted ink formulation taking both the particle size and stabilizer used into account as
well as the dimensions of the pattern. For this reason, this technique cannot be used in scaled-up
manufacturing processes due to the lack of compatible equipment for R2R applications and long

processing times.

3.3.6]  INTENSE PULSED LIGHT SINTERING (PHOTONIC
CURING)

Intense pulsed light sintering (IPL) also commercially known as photonic curing is a rapid
sintering technique capable of sintering any target material within a few ps to several ms. This is
achieved using a Xenon stroboscope lamp that can generate radiation in a range from 200 — 1200
nm.”® As the light hits the surface, a fair amount of radiation is reflected from the surface of the
sample while the rest is absorbed and dissipated as heat as shown in Figure 3.29 below. The
chosen wavelength is often completely transparent to the substrate materials causing localized
heating of the deposited ink making this technique ideal for temperature sensitive substrates. In
terms of colloidal inks, non-conductive nanoparticles are locally heated which help to eliminate
the any organics or additives surround the particles and initiate sintering between the particles
forming a conductive film. This then allows for neck formation and grain growth of the adjacent
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particles. In general, this technique is highly dependent on the spectral absorption and reflection
of the materials for example metals respond to the UV visible and IR regions as well as light
sensitive polymers.”” As opposed to laser sintering, IPL sintering is an energy efficient
technology where 30% of the input electrical power is converted to radiation, a magnitude
greater than that of a laser.” This technique provides high-throughput processing for large area
fabrication even for materials with sensitives to oxidation. Additionally, processing speeds of up
to 10 m/min have been reported meaning this technique can be applicable for R2R
equipment.’
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Figure 3.29. Schematic representation of PulseForge photonic curing system acquired from Novacentrix®’

Optimization of this process relies on many factors such as operational parameters and
material properties of the substate and ink. The former includes parameters such as energy
(intensity of the lamp), number of pulses, and pulse length in order to find the correct recipe.®
Homogenous sintering throughout the layer must be optimized where the entire ink volume sees
high peak temperatures.” Essentially this can be done by making sure that the pulse length is
greater than the time the ink/substrate reaches thermal equilibrium.” This requires temperature
distribution control which can be calculated using parameters such as pulse duration, pulse
shape, intensity, and frequency. As the pulse energy increases, larger grains (and thus higher
roughness) and higher conductivities result due to faster sintering.”” Smoother morphologies can
be achieved if using a greater number of shorter pulses reducing the chances for excessive
vaporization or interruptions in the conductive network formed.”® However, at the same time, the
deposited layer tends to shrink due to solvent evaporation and stabilizer removal meaning heat
conduction can occur faster. If both high energy density and high flashing frequency is applied,
the sample will experience overheating and damage. High intensities may cause the formation of
explosive decomposition gases resulting in highly porous layers.”” Therefore, in order to avoid
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this effect, increasing the number of pulses prevented the sample from damage and allowed the
sample to reach its final conductivity. If it is radiated multiple times, it is best to cool the
substrate to room temperature.” As reported by Schroder et al., the optimal irradiation period is
20 us — 10 ms as sintering would not be successful if shorter than 5 us but if longer than 1
second would result in photo degradation and heat deterioration. For multiple passes, the optimal
irradiation interval is 2000 us — 2 s with a wavelength between 200 — 300 nm is preferable.!%

In terms of ink and substrate material properties, optimization is dependent on evaporation
enthalpies of the solvents and thermal stability of organic components in the ink, temperature
sensitivity of the substrate, and the sintering properties of the materials used to formulate the ink.
Requirements for the success of this technique includes that the film thickness must be
considerably thinner than the substrate thickness.”” Although the substrate itself will not be
affected as much as the film above, heat will still accumulate on top meaning that a substantial
enough substrate should be used to in order to compensate for this. If too much energy is applied,
it can result in shattering the substrate below. Other such failure modes such as clean film
ablation, delamination, and substrate warpage can result. >%° Such a wide range of adjustable
factors means that with every ink/substrate combination requires individualized optimization
which may be time consuming and tedious as compared to the previously mentioned sintering
techniques.

A wide range of films can be developed using this method from metal and semiconductor
nanoparticles ink to dielectric nanoparticles.'®! For the purposes of this thesis, photonic curing of
metal nanoparticles will be discussed. The most widely studied material are Ag nanoparticle inks
on temperature sensitive substrates'® including Cronin et al. whom reported that microsized Ag
flake ink deposited onto a PET substrate reportedly saw interparticle necking between the flakes
achieving an average conductivity of 60 puQ-cm, 40% less than those treated with thermal
sintering.'® Garlapati et al. demonstrated the use of UV-photonic curing to achieve curing of
indium oxide (InO3) semiconductor nanoparticle ink through ligand removal.!®* Even 2D
material synthesis of a transition metal dichalcogenides (TMDCs) was reported by Kim et al.
where localized heating of the film induced crystallization from amorphous MoS2 to
polycrytalline 2H-MoS; films.!% Additionally, this technique has not only been shown to help
sinter nanoparticles but can also assist in the reduction of metal oxides to its elemental form.?’
Kang et al. showed the potential in this technique to reduce inkjet printed or spray coated CuO to
conductive Cu.?’**> They successfully achieved a low resistivity of 55.4 nQm (or 30% of bulk
Cu). It was proposed that the reduction of the CuO shell to Cu occurs due to reactive sintering
where the photoactive polymers in the ink act like reductants or alcohol due to the IPL process.®’
Under SEM analysis, grain size increases proportionally with increasing irradiation energy,
showing more agglomerated NPs and better conductive network through neck formation with
small pore sizes.
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3.3.7 | COMPARING AND COMBINING SINTERING METHODS

The resulting film may vary wildly depending on the chosen sintering technique affecting
not only the film morphology but also its electrical properties. Figure 3.30 below displays both
Ag and Cu MOD inks treated by thermal, microwave, and plasma sintering techniques. Here,
thermal sintering serves to decompose MOD inks into stacked Ag NPs leaving a highly porous
film with high roughness as result (Figure 3.30a). The NPs appear to be isolated from another
seeing at most point contacts between NPs. In contrast, application of more advanced sintering
techniques such as microwave and plasma (Figure 3.30b and 3.30c) sintering both exhibit
necking to complete coalescence between nanoparticles. Because of this, the resulting film has
reduced surface roughness albeit accompanied by voids in the film. Ultimately this discontinuity
in the film affects the conductivity of the film which can be further enhanced when combining
sintering techniques together.

Thermal Microwave

Figure 3.30. The resulting NP film heated annealed by a) thermal'*®, b) microwave!®® of Ag MOD ink, and c)
plasma sintering'®’ of Cu precursor ink

If certain techniques are not effective on their own, different techniques can be combined
together fulfilling different roles in the sintering process therefore that effectively reduce the
overall sintering time. Perelaer et al. demonstrated the use of plasma and microwave sintering
together in order to improve the conductivity.!?® The use of plasma gave the printed features low
conductivity which plateaued in effectiveness and presented the film as a continuous but porous
layer while microwave sintering allowed for better conductivities reaching up to 60% that of
bulk Ag. Additionally, microwave sintering can be combined with IPL in order to shorten the
sintering time necessary where both drying and sintering occur at the same time.!” The skin
depth, defined as the distance where the incident power is reduced to half of its initial value. In
terms of microwaves with a frequency of 2.45 GHz can penetrate metals with a skin depth of 2
um which for Ag and Cu is 1.3 and 1.6 um respectively.”?” This small penetration depth is due
to the high conductivity of metals. Here they used photonic curing as the thermal heating step to
significantly reduce the sintering time for the following step and microwave for the sintering.
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This combination resulted in highly conductive silver films where they achieved a conductivity
up to 40% of bulk silver which was sintered within 15 seconds. Other combinations such as low-
pressure Ar plasma treatment combined with microwave sintering has also been reported
achieving conductivities up to 60% for bulk silver.!® Additionally, Cronin et al. compared the
separate and combined abilities of both thermal and photonic curing together where just thermal
treatment saw 1000 pQ-cm, just photonic saw 150 pQ-cm, and together saw 100 pQ-cm for
conductive silver flake films albeit with superior yield of 100% for the latter combination.
Lastly, although not formally communicated in this thesis, experimental work with a commercial
Au nanoparticle ink for inkjet printing was subjected to both thermal and plasma sintering
thereby reducing the initial resistance value by at least 90% for all deposited films. This is
believed to occur as the thermal sintering serves to remove the organic solvents while plasma
sintering helps to develop percolating network of nanoparticles.
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Substrate Investigation

As the substrate accounts for 90% of any electronic component, one of the easiest ways to
improve sustainability is by replacing the substrate with a biodegradable alternative. However,
unlike conventional polymer substrates, biodegradable substrates are known to have low glass
transition temperatures making them notoriously difficult to integrate with printed electronics
and sintering techniques. For this reason, substrate selection must be carefully considered with
respect to each of these limitations as it will affect the overall electrical properties of the thin
film deposited above.

4.1 | SUBSTRATE REQUIREMENTS AND SELECTION PROCESS

A wide range of biodegradable materials were considered for the substrate selection
including a large variety of natural and synthetic polymers, cellulose-based papers amongst
others. Each substrate and their respective glass transition temperature (Tg) was tabulated below
in Table 4.1 below. One by one, substrates were eliminated based on strict criteria related to the
post treatment of typically deposited inks which require high curing temperatures above 130°C as
indicated in the Legend.
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Table 4.1. Select biodegradable substrates and their respective theoretical glass transition temperatures

Type of Material Tg (°C
Poly(lactic-co-glycolic acid) (PLGA) 40 -55
1 Polyvinyl alcohol (PVA) | 85
Polylactic acid (PLA) 45 - 65
Polycaprolactone (PCL) -65 to -60
Synthetic Poly(glycolic acid) (PGA) 40
Polymers Poly(L-lactide) (PLLA) 55 - 65
Polyhydroxyalkanoates (PHA/PHB/PHV) Ambient temperature
Poly(4-hydroxybutyrate) (P4HB) < 60
Poly Octanediol-Co-Citrate (POC) 0.29 - 996
Biodegradable hydrogels <90 Legend
Poly(trimethylene carbonate) (PTMC) =75 < 70°C
Poly(glycerol sebacate) (PGS) <10
Cellophane (regenerated cellulose) < 70 -130°C
Biocellulose 57
R e g acceptable
Papers e e o
Cellulose nanofibril (CNF) N/A
Sodium carboxymethuyl cellulose (Na- 185.65
EMC)
Shellac 422
Natural Gt ) B0 - 12C
Collagen 55
Silk fibrolin 178
i i N/A
Bthers Thin metal foils (Fe, Mo, W, Zn)
PDMS N/A

Any materials highlighted in red exhibit glass transition temperatures below 70°C are
deemed unacceptable for use as this is at least 2 times less than typical sintering temperatures for
nanoparticle inks. Those highlighted in yellow indicate slightly greater glass transition
temperatures that could be considered however still may cause problems during the sintering
process as such substrates tend to soften, loose their shape, shrink, or decompose as a result of
long periods of exposure. Next, those substrates in green were deemed acceptable as their
respective glass transition temperatures were high. Although SiO: is considered to be
biodegradable, its viability as a substrate is tenuous as it cannot handled without a carrier and
must be grown using microfabrication techniques therefore, this substrate was eliminated. In the
end, the majority of the substrates shown here were eliminated except for some cellulose
derivates, silk fibroin, PDMS, and metal foils. Additionally, polyvinyl alcohol or PVA was
chosen as it showed the highest glass transition temperature of all synthetic polymers and could
be utilized in situations where the glass transition temperature was not reached by using UV or
room temperature curable inks. Out of all materials considered here, silk fibroin is an excellent
contender as it offers the best combination in terms of both processing temperature and
biodegradability.
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4.2 | FABRICATION

As a planar substrate was necessary for inkjet printing, different coating techniques such as
solution casting and spin coating were explored as shown below in Figure 4.1. If the substrate
itself was not provided, it was chemically synthesized or extracted in the case of natural
materials such as silk. Due to their availability, a total of 4 substrates were fabricated while the 3
remaining were either purchased or acquired from a collaboration with an external university as
noted.

Drop casting

Spin coating

Na-CMC

Figure 4.1 Schematic of experimental procedure and fabrication methods such as drop casting and spin coating
used to develop PVA and Na-CMC films

The PDMS substrate was prepared using Sylgard® 184 Silicone Elastomer Base and
Elastomer Curing Agent purchased from Farnell Components SL which was combined at a 10:1
by weight ratio and mixed. Degassing was performed by placing the bubble ridden PDMS
solution into a 50 mL falcon tube and centrifuged for 2 minutes at 3200 rpm eliminating all
bubbles. Once prepared, it was transferred into a plastic petri dish and left to cure overnight on a
leveled table or at 80°C for 1 hr in an oven. Alternatively, the solution itself could also be spin
coated onto a glass slide at 1000 rpm for 60 seconds and placed into a 100°C oven for 15 minutes
for rapid curing.

A 4 wt% PVA solution was synthesized using 1g of PVA (MW 31,000-50,000) powder
acquired from Sigma-Aldrich that was heated on a hot plate with temperatures > 100°C, stirred
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at 300 rpm, and combined with 10 mL of deionized (DI) water and 15 mL of ethanol and scaled
up or increased/decreased in concentration whenever necessary. The solution itself was
transparent and did not need any filtering. The use of ethanol here is essential as this solvent is
optimal for creating spin coated films. Depending on the characterization technique, the solution
could be drop casted into a petri dish and left overnight to dry on a flat surface in air or spin
coated onto glass slides at 500 or 1000 rpm for 30s or 60s depending on the substrate size and
film thickness desired. Following the coating, it was dried at 60°C for 15 minutes on a hot plate.
For 1 layer, the thickness was found to be approximately 1.5 pm.

Na-CMC powder (MW 90,000) obtained from Sigma-Aldrich was used to synthesize a 2%
wt solution containing 20 mg/mL dissolved in DI water at 50°C at 600 rpm for at least 2 hrs or
until clear. As some powder remained undissolved, the solution was passed through a 0.45 pm
PTFE filter. The solution was then either drop casted into a petri dish and air dried for 6 days or
dried on a hot plate for 2.5 hrs at 50°C to create a usable substrate.

The silk fibroin extraction process is an extensive process that takes place over multiple
days which was well documented by Rockwood et al.! but for this thesis will be summarized as
shown in Figure 4.2a. A 0.02M solution of sodium carbonate (Na,CO3) powder (Purity >99.5%,
ACS reagent) purchased from Sigma Aldrich was dissolved in 2 liters of Milli-Q water (p = 18.2
MQ:-cm @ 25 °C) until boiling point. At the same time, silk cocoons purchased from a farm in
La Adrada, Spain were divided into small pieces weighing approximately 5 g and added to the
boiling solution for exactly 30 minutes to maintain reproducibility as the fibroin will start to
degrade under longer times. This particular step is used to remove the sericin or degum the silk
as seen in Figure 4.2b.! Next, the silk fibroin was placed in 1 L of Milli-Q water to be gently
rinsed and stirred at 300 rpm which was repeated for a total of 3 times. After the final washing
step, all water excess was removed from the fibroin and placed overnight to dry as shown in
Figure 4.2b. A 9.3 M lithium bromide (LiBr) solution was calculated based on the weight of the
dried silk multiplied by 4 in order to account for the 20% (wt/v) desired solution. The dried silk
fibroin was dissolved in the prepared LiBr solution in an oven at 60°C for 4h which should result
in a highly viscous and transparent amber colored solution. Next, the solution was subjected to
purification using SLIDE-A LYZER 3.5KD dialysis cassettes purchased from Fischer Scientific
-Thermofischer that could hold between 3 — 12 mL of liquid. Every disc was placed into 1 L of
Mili-Q water which was stirred at 450 rpm and replaced at least 6 times in 48 hrs. The dialysis
was extended if there was incomplete removal of the LiBr which occurred within 10 filtering
steps. The silk was then carefully removed from the disks and placed into 50 mL falcon tube in
centrifuged at 6000 rpm for 30 minutes at 4°C to remove any remaining impurities which were
evacuated after separating and transferring to another falcon. This step was repeated a minimum
of 3 times in order to remove any white flocculent or brown matter left behind as displayed in
Figure 4.2c.! The resulting silk fibroin solution (Figure 4.2d) was highly viscous with a milky
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whitish amber transparent color indicating its purity. Depending on the amount of silk extracted,
the concentration can vary between 8 — 12% m/v but was always calculated by placing 0.5 mL to
dry in a petri dish at 60°C. The solution itself could be stored at 4°C for approximately 1 month
before complete gelation occurred. To create silk films, the solution can be placed directly into a
glass petri dish and dried overnight. However, to achieve planar films, the highly viscous nature
of the silk solution must first be diluted to a 6% concentration to be spin coated onto a glass
wafer. Approximately 6 — 7 mL of the silk solution was needed to cover the 4-inch quartz wafers
and spin coated at 1000 rpm for 60 seconds for good coverage. The film itself was then fully
dried on a hot plate at 60°C for 20 minutes followed by an oven bake at 65°C for 4 hrs. Lastly,
the silk film was subjected to water annealing, that is placed into a desiccator with water under
vacuum for 1 day. Water annealing utilizes controlled water vapor to increase the crystallization
of amorphous silk by inducing B-sheets showing crystallinity up to 30.3% thus preventing quick
dissolution in water.?

a)

| Centrifuge

Drying Dialysis Silk fibroin

Figure 4.2. Silk fibroin extraction procedure at different stages where a) is a schematic representation of the entire
procedure beginning cleaning the raw silk cocoons with sodium carbonate to a usable material that when combined
with lithium bromide breaks down into silk fibroin. Multiple dialysis steps were needed to separate and purify the
silk fibroin from the lithium bromide solution that following multiple centrifuging steps resulted in 8 wt% silk
solution. Actual photos taken during the process where b) is the dry and degummed silk fibroin, c) is a dialysis
cassette with remaining white flocculent and brown matter following the last purification step and removal, and d) is
the resulting silk solution

CNF was provided by the University of Girona (UdG) where previous iterations resulted in
an optimized flat surface with excellent printing properties. Cellulose pulp (wood-derived fiber)
provided by Domsjo (Sweden) was used as the starting cellulose raw material and processed into
CNF papers following the procedure described by Conti et al. and Lay et al.>* but will be briefly
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summarized here. 2,2,6,6-tetramethylpiperidine-1-oxyl radical (TEMPO)-mediated oxidation
preparation of all materials were performed using 5/10/15 mM of NaClO until constant pH of 10
was reached. The resulting cellulose suspension went through 5 filtering and distilled water
washing steps to remove free ions and any remaining unreacted reagents. Once a 1 wt%
concentration was achieved, the suspension was subjected to a high-pressure homogenizer
sequentially at pressures of 300, 600, and 900 bars. Lastly, the nanopapers were dried using a
Rapid Kothen sheet dryer at a pressure of 0.5 — 0.6 bar for 20 minutes at 85°C. Individual sheets
with varying sizes were made dependent on the diameter used. One of the as received substrates
is shown below which many vary in composition as noted by the white patches seen in Figure
4.3.

Figure 4.3. Image of CNF nanocellulose paper as delivered

The Zn metal foil was purchased from Cymit Quimica under the Puratronic® brand with a
0.25 mm thickness and a 50 x 50 mm area. Mg foil was also purchased at the same time however
due to its volatility to air exposure, proper testing could not be done without complications.

Bacterial cellulose (Biocellulose) was provided for in collaboration with Professor Henrique
L. Gomes at Universidade do Algarve, Faculdade de Ciéncias e Tecnologia.’ The experimental
procedure was reported by Inécio et al. but will be summarized here. Gluconacetobacter sacchari
bacteria was cultivated in Hestrin and Schramm (HS) medium with glucose as the nutrient source
under static conditions at 30 °C for 96 h producing cellulose membranes. Afterwards, the
membranes were treated with 0.5M sodium hydroxide NaOH at 90 °C for 30 min 3 times,
followed by purification using distilled water. Next, the membranes were dried at 40 °C.
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4.3 | MATERIALS CHARACTERIZATION

Different materials properties were taken into consideration and tested for in terms of their
printability, temperature sensitivity, and their degradability. Each of these characteristics were
defined using a range of techniques such as an Atomic Force Microscope (AFM), optical
tensiometer, and Differential scanning calorimetry (DSC). Substrate requirements for each
technique is as follows:

e Minimize surface roughness as much as possible but at least must be <1 pm (AFM)
e High surface tension value (Tensiometer)

e Glass transition temperature must be below at least 120°C (DSC)

e Degradation must occur within a reasonable period (Dissolvability)

Two different factors were determined in measuring their respective potential printability of
the ink: the overall surface roughness of the substrate and how it interacts with the ink during the
printing process. It is imperative that the roughness be as low as possible as inkjet printing as a
technique requires planar surfaces to define a pattern. Topographical imaging for a large 5 x 5
um area was measured by Keysight 5500 AFM and Leica DCM 3D Confocal Microscope with
various sample areas such as biocellulose, CNF paper, Zn foil, PVA, PDMS, silk fibroin, and
Na-CMC can be seen in Figure 4.4 below. As expected, all polymer substrates exhibited the
lowest root mean square (Rsq) roughness (< 5 nm) while all papers showed the highest (> 20 nm).
The Zn foil was determined to be directly in between at 9.77 nm which is expected for a metal
substrate. Not only did AFM analysis provide information relating to the roughness but also
information regarding their respective microstructures. In terms of both the biocellulose and
CNF, the higher roughness can be explained in terms of the material itself which is composed of
nanometer sized fibers which gives the substrates both some roughness as well as porosity. The
Zn foil appeared to have elongated grains either as a result from the cold working process to
make thinner sheets or foils or could simply be due to the rough grinding and/or polishing
process. Both PVA and PDMS were comprised of small grains as previously reported by Xi et
al.® and Chen et al.” which explains the low roughness which is ideal for inkjet printing. Lastly,
both silk and Na-CMC substrates were measured by confocal microscopy as AFM was no longer
available for external use. For this, an even larger sample area (250 x 200 pm) was taken with a
50x objective which indicated an RMS roughness of 0.21 nm, the lowest value obtained for all
substrates. As silk is known as a natural polymer, this result is not a surprise as its roughness will
mimic whatever surface it adheres to. Na-CMC, on the other hand, was measured with a 10x
objective with a large sample size of 1300 x 1000 um showing a significantly greater surface
roughness at 2.45 um. Based on surface roughness alone, all substrates remained viable
candidates for further testing although it is noted that due to the higher roughness of both
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cellulose derivatives indicates that any conductive structures deposited on top may have greater

resistances than desired.
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Figure 4.4. AFM and confocal microscopy images of each substrate and their respective roughness values a)
biocellulose, b) CNF, c) Zn foil, d) PVA, e) PDMS, f) silk fibroin, and g) Na-CMC

Sessile drop method conducted using the Sigma 701 force tensiometer (Biolin Scientific)
was used to determine interfacial tension between the solid substrate and liquid ink and their
wettability. This test is used as a first indicator of the interfacial behavior between the ink and the
target substrate to determine its overall success for printability. In this case, as mostly water-
based inks were utilized, contact angle testing was performed with a 5 uLL drop of DI water. The
contact angle between the substrate and the ink was measured and used to estimate the substrate
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surface energy (¥,) using Equations 4.1 and 4.2 below as there is no direct measurement possible
for solid polymers.

(1 + cosB?)
Vs =Vi\= gz (4.1

WUANES

N (]/.51/3 + 1/21/3)2

(4.2)

Where ¥, is the surface tension of the liquid which in this case is 72.8 mJ/m? for H>0, 6 is
the measured contact angle, Vs is the calculated volume of the solid polymer, and V is the
volume of water which is 18 cm?/mol.

All results are presented below in Figure 4.5 which showed a variety of behaviors based on
their respective angles. The 3 highest (Zn foil, PDMS, and CNF) were at 90° or greater
indicating poor wettability and low surface tension, and thus, poor printability. It must be noted
that this angle can be manipulated if the substrate is treated with solvents such as acetone,
isopropanol, or oxygen plasma treatments however for simplification, each substrate was used as
is. PVA, biocellulose, and silk showed good to excellent results as their contact angle is low
making their respective surface tension higher. Overall this means excellent printability however
if the contact angle is too low, the droplet is prone to spreading leading to separation or retreating
the desired shape.® Both PVA and silk are known to be hydrophilic films meaning that a droplet
of water will initiate the dissolution process making the contact angle lower. This process did not
occur rapidly therefore changes in the contact angle were not seen during testing. However, Na-
CMC did exhibited this behavior to the extreme as a single droplet of water instantaneously
initiated dissolution preventing any accurate measurement from occurring. TEMPO-oxidized
celluloses not only serves to disperse individual nanofibrils but also introduces carboxyl groups
typically producing hydrophilic substrates.” The result seen in Figure 4.5¢ indicates that the
TEMPO treatment performed on these substrates were insufficient for inkjet printing which were
later on mitigated. Due to these results, both Zn foil and PDMS were excluded from further
testing. It must be noted that substrate roughness has an influence on the resulting contact angle
however this parameter was not accounted for as the roughness for most of the substrates was
under 1 micron with the exception of Na-CMC. Additionally, silk fibroin was tested, however
due to the inconsistent molecular weight measurements depending on the batch, the surface
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tension reported by Zhang et al.'® was predicted to be between 43 — 52 mJ/m? which is consistent
when taking into account the previous calculations of all other substrates seen here.

a) Zn ve=16.6 mi/m2| b) PDMS v.=23.2m)/m?| ¢) CNF Vv, =25.1 m)/m? |

high ©, low y, poor wettability high @, low y, poor wettability high 0, low y, poor wettability

d) PVA V. =42.6 mJ/m?| e) Biocellulose y.= 80.1 mJ/m2| f) WAsilk Ve = ---—-ml/m? |

low ©, low y, good wettability low @, high y, excellent low @, high y, excellent
wettability wettability

Figure 4.5. Contact angle measurement for all substrates except Na-CMC

DSC analysis of the remaining substrates (PVA, Silk/ WA, Na-CMC, biocellulose, and CNF)
as stated by Figure 4.6 were performed using the Perkin Elmer DSC8500 LAB SYS. For every
substrate, 3 samples were tested to account for variability for 1 cycle where the heating cycle
was done at 25 -200°C at a rate of 5°C/min and cooled with the same protocol from 200 — 25°C
at a rate of 5°C/min. Each of the biodegradable substrates exhibited different thermal properties
than their theoretical values. This, for example, was the case for PVA where the glass transition
temperature was expected to be 83°C but tested to be at approximately 59°C with a melting
temperature at 225°C as seen in Figure 4.6a. This difference in value can be explained by the
concentration and molecular weight of PVA used during testing. This makes PVA a bit more
difficult to be used as a substrate however one effective way to increase this temperature is by
crosslinking its hydroxyl groups it with glutaraldehyde, poly(ethylene-alt-maleic anhydride)
(PEMA), suberic, and terephthalic acid to make a highly resistant hydrogel.!' '3

Beyond the fusion or melting temperature is considered decomposition of the material which
is typically seen as an exponential decrease. The thermal behavior of both the silk and water
annealed silk were extremely different in that the silk fibroin alone had a high glass transition
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temperature at 179.6°C while the water annealed did not have any identifiable glass transition
temperature as indicated in Figure 4.6b and 4.6¢. This verified that the water annealing process
dramatically enhanced the thermal behavior of the silk fibroin making it more resistant to heat
and an excellent candidate to be used. The same could not be said of the silk fibroin although it
did exhibit a high melting temperature at 280°C. Both types of silk are acceptable as they meet
the substrate requirements however water annealed silk was preferred due to its superior heat
resistance. The Na-CMC substrate displayed the next highest glass transition temperature at
102°C as displayed in Figure 4.6d however, in contrast, CNF showed the lowest glass transition
at 58.8°C with no visible melting point after multiple tests. Papers are general characterized
using a range of decomposition temperatures with no glass transition temperature due to its high
degree of crystallinity.'* This exact behavior is well noted in biocellulose sample as no indication
of glass, melting, nor decomposition temperature was found (Figure 4.6e). However due to the
reactivity of Na-CMC, decomposition initiated around 317°C as found in Figure 4.6f. In general,
this means that all cellulose substrates could reliably be used for further testing. It must be
indicated that although these results indicate that temperature has no effect on paper substrates,
experimentally it was found that each of these types of substrates tend to undergo warping
beyond 100°C which is not ideal for the sintering process.
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Figure 4.6. DSC Thermographs of a) PVA, b) silk, ¢) water-annealed silk, d) Na-CMC, e) biocellulose, and f) CNF
identifying their respective thermal properties
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Finally, dissolution of each of the substrates was tested in order to verify their degradability.
Three of the 7 substrates had sensitivity to water, namely PVA, Na-CMC, and silk as reported.
Both Na-CMC and PV A showed little resistance when exposed to water, that is, they both began
to dissolve immediately. This process occurred more rapidly for Na-CMC than for PVA as the
dissolution is dependent on the overall film thickness. When silk began reacting within 5 minutes
where the film began to lose its shape and began to curl in onto itself. Even under multiple days
of observation and replenishing water, the silk remained in its rolled shape never completely
dissolving. The remaining cellulose derivatives such as biocellulose and CNF were known to be
compostable using fungi after 60 days or degradable using soil within 5 days respectively as
previously reported.!>!¢ Lastly, although not explored here due to the elimination of the Zn foil
during testing, Kang et al. previously reported that degradation in PBS occurred at a rate of 3.5
um/day'’. In terms of dissolution testing, the only unusable substrate is Na-CMC with a rapid
reaction when exposed to water. This makes this substrate incompatible with water-based inks
however may not be the case with different solvent-based inks.

4.4| CONCLUSIONS

A summary of all tested biodegradable substrates and their tested properties can be seen
below in Table 4.2. From AFM testing no single substrate could be eliminated as the surface
roughness of every substrate was acceptable at this point. From contact angle measurement,
PDMS, Na-CMC, Zn, and biocellulose substrates were excluded either due to their excessively
high (low surface tension) or low contact angle /high surface tension). Na-CMC faired the worse
among all candidates as its quick dissolvability made it difficult to measure the contact angle
making it incompatible with any ink. On top of this, the surface roughness was found to be the
highest among the substrates as whole making it the worst candidate and ultimately removed.
The only metal substrate in the selection was acceptable in terms of roughness, dissolvability,
and thermal behavior, however its respective contact angle was similar to PDMS making it
unusable. Biocellulose had the exact opposite problem where although it showed good potential,
the resulting contact angle was far below the acceptable range. Lastly, both CNF and PVA were
initially acceptable for their respective surface roughness, high surface tension, low contact
angle, and degradability however its overall thermal sensitivity to temperature was inadequate.
However, it is possible to still consider both as potential substrates if the sintering step remains
below the glass transition temperature using advanced sintering techniques which was verified
with further testing as described in Chapter 2. Thus the only remaining substrate was discovered
to be silk fibroin which passed all materials characterization and testing requirements.



100

Table 4.2. Summary of substrates and their respective materials properties

Substrate RMS Surface I CE) Dissolvability
Roughness | Tension
(mJ/m?)
PDMS 1.6 nm 25.2 - ---- Does not apply
Sodium 2.5 um Dissolved ~102 N/A Complete in 5
Carboxymethyl during minutes
cellulose testing
(Na-CMQO)
Zn 9.8 nm 16.6 ---- - 3.5 um/day in PBS
Biocellulose 22.6 nm 80.1 ---- ---- B|odegrsoocii|0ble 2
Polyvinyl 4.7 nm 42.6 ~59 ~225°C  With 5 minutes for
alcohol (PVA) 40 um film
Cellulose 22.2 nm 251 58.8 N/A Compostable by
nanofibril fungi
(CNF)
Silk fibroin 0.2 nm 43 - 52 179.6 ~280 Softens when
(WA) immersed
AFlM Optlicol D[SC

R., < 100 Tensiometer Tg>
nm 120°C
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Biodegradable Nanoparticle Ink
Formulation and Development

Advances in printing techniques have not only helped to facilitate the development of
flexible electronics but also provides a means to create transient electronics with minimal waste.
Because biodegradable materials typically exhibit lower glass transition temperatures (<100°C)
as compared to more conventional polymer materials, low temperature sintering techniques must
also be employed for the development of conductive and biodegradable metal thin films.
However, in order to create biodegradable inks, a good understanding of the basic material
properties of biodegradable metals is needed. Therefore, this chapter begins with some
background about biodegradable metals and the current state of art of such inks and pastes before
delving into Zn and Mo ink development and thin film characterization.

5.1 | INTRODUCTION TO BIODEGRADABLE METALS

Biodegradable metals (BMs) have been shown to be viable replacements as conductors for
electronic devices in terms of both biodegradability and bioresorbability in the body. These
metals exhibit biodegradability due to their respective electrode potentials and thermodynamic
factors such as Gibbs free energy.! The defining factor here is the change in Gibbs free energy
(AG) which is apparent in hydrolysis or enzymatic reaction when placed in a biological
environment. In general, it is believed that the greater negative value of AG signifies its ability to
corrode. The potential degradation of any metal can be initiated through hydrogen evolution
reaction if its standard electrode potential is lower than hydrogen (Eo < 0 V) under standard
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conditions in an aqueous environment. It has been shown that a metal degrades more readily in
an aqueous solution as the standard electrode potential is more negative.?> Pure elements such as
zinc (Zn), magnesium (Mg), calcium (Ca), and strontium (Sr) have a negative electrode potential
meaning that their reaction with water will be both irreversible and spontaneous.® Tungsten (W)
is a particular case because the standard electrode potential is slightly positive at +0.05V. In this
case, W undergoes corrosion based on oxygen absorption (Eo < +0.4V) in an aqueous
environment. BMs such as W, iron (Fe), and molybdenum (Mo) tend to dissolve by hydrolysis
into a form of an oxide.* Figure 5.1 below lists the full range of BMs, their respective reduction
reactions and standard electrode potentials, as well as their biodegradability mechanism.
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Figure 5.1. Biodegradable metals organized based on a) the periodic table reproduced from Liu et al.> and b)
their respective standard electrode potentials and biodegradability mechanisms as taken and adapted from Liu et al.?,
and c) their respective reduction reactions.

For the continuation of this chapter, two specific biodegradable metals, namely Mo and and
Zn were focused on as they presented the next highest conductivities following Mg at 2.3x10’
S'm"! and Zn at 1.7 x 107 S‘m™ respectively.” Mg itself was not chosen due to its quick and
violent reaction when exposed to water which in general would cause experimental issues when
developing an ink.

Unlike Mg, Mo has a mild reaction to water and therefore is a more ideal metal in terms of
stability. This is due to the fact that Mo has an overall lower solubility in water as compared to
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oxygen rich environment.® The dissolution chemistry of Mo occurs through hydrolysis as shown
in Equation 5.1 where®”:

2Mo + 30, + 2H,0 — 2H,M00, (5.1)

In terms of bioresorbability, Huang et al. reported the dissolution in biofluids such as PBS
and Hanks solution were 0.02 pm/day in pH 7.4 @ 37°C and 0.005 pm/day respectively.!%!!
Kang et al. reported similar results where Mo foil placed into PBS (pH 7.4 @ 37°C) saw
complete dissolution at 25 days. However, a daily intake between 0.1 - 0.5 mg must not be
exceeded when placed into the body.!°

Zn is also known as one of the essential elements for biological function in the body and
found in daily food sources. However, there is a daily allowance of 15 mg where if absorbed in
excess concentrations can cause neurotoxicity and hinder bone development.!! Zn is a unique
elemental metal in that the dissolution does not occur via hydrolysis with direct exposure to
water. Instead, its reaction to water forms an insoluble zinc hydroxide as shown in Equation 5.2
below!?:

Zn + 2H,0 - Zn(OH), + H, (5.2)

Kang et al. reported the dissolution of Zn foil with dissolution rates of 3.5 pm/day in PBS
(pH 7.4) at 37°C while in Hanks solution increases to 7.2 um/day.'® Bowen et al. demonstrated
the corrosion behavior of elemental Zn as stents placed into the abdominal aorta of Sprague-
Dawley rats. After 1.5 — 3 months, there were signs of relatively uniform corrosion while after
4.5 — 6 months showed more serve localized corrosion where the penetration depth increases
exponentially over time."* Studied in vivo, it showed degradation rate of = 5 x 10-3 um/h.'?
After this time period, rapid degradation continued where it was found that compact corrosion
occurred which resulted in zinc oxide (ZnO) and zinc carbonate formation.'

5.2| STATE-OF-THE-ART BIODEGRADABLE METAL
NANOPARTICLE PASTES AND INKS

Biodegradable metals such as Zn, Fe, Mo, Mg, etc. are inherently unstable due to their
tendency to form oxides. This means that it is unlikely to obtain stable dispersions using typical
solvents. During the ink formation process, metals exposed to air form spontaneous and
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sometimes irreversible surface that hinders charge transport.!*!® Their affinity for oxygen is
reflected in their respective electronegativities where Fe and Zn ( y<2) form thicker native oxides
than Mo and W ( x>2).° However, there are multiple ways to combat this behavior which include
forming a protective coating around the NPs to reduce oxidation up to 3 months.!” For example,
reagents such as ethylene glycol are sufficient in the prevention of oxidation which subsequently
must be removed in order to create conductive structures. Other strategies include the use of
alternative sintering techniques such as chemical, photonic, and laser sintering. However, the
conductivities of deposited inks will be significantly lower than its bulk counterpart not only due
to the oxidation but also because of the use of ligands, inadequate sintering temperatures, and
lower concentration content resulting in porous films. This morphology is the result of using
microparticle (MP) pastes that often dominate biodegradable metal inks due to elevated melting
temperatures as compared to its Ag/Au NP ink counterparts. Current advances regarding Zn and
Mo inks and pastes are reviewed in the section below, comparing the effect of low temperature
sintering techniques on overall film development.

5.2.1 | ZN PARTICLE INKS

Of all the biodegradable metal inks, Zn is the most studied, developed, and utilized due to
its availability, relatively low melting temperature (420°C), and bulk conductivity (1.66 x 10’
S'm1).141¢ Compared to other metals, this means that alternative sintering methods are able to
meet and incorporate these inks onto temperature sensitive substrates. For these reasons, a broad
range of printing and sintering technique has been investigated to fabricate Zn films.

A first basic demonstration was forged by Huang et al. whom produced a Zn microparticle
transient paste (< 10 um) mixed with methanol and PEO particles to be used as interconnects.
After solvent evaporation, the paste showed a conductivity of 2.4 x 102 S-m™! which is much
lower than expected due to surface oxidation and point contacts between spherical particles.!'®
This result shows the importance in both eliminating the oxide formed and the sintering
technique used in an effort to increase the conductivity. Lee et al. was able to address this issue
by exposing the deposited patterns to acetic acid (CH3COOH) and H>O to dissolve the zinc oxide
passivation layer surrounding particles thereby promoting a self-exchange between Zn and Zn**
and fusing adjacent particles together.!” The screen printable ink composed of Zn, PVP, and IPA
produced highly conductive patterns at room temperature using electrochemical sintering
resulting in a dramatic increase in conductivity to 3 x 10° S-m™!. Taking inspiration from this
chemical sintering process, Sui et al. modified the screen printed ink formulation by replacing
the solvent with N-Methyl-2-pyrrolidone (NMP) due to its solvation with PVP as well as its low
vapor pressure.”’ Conductive structures were first screen printed and then treated by an inkjet
printed acid-based oxide etching agent (dilute acetic acid) for precise drop amount control over
the screen printed patterns in order to reduce any damage caused by excessive acid usage.?’ As
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this process was achievable at room temperature, biodegradable or temperature sensitive
substrates were compatible such as PHBV films displaying conductivities up to 4 x 10* S'm™..
Majee et al. presented a fully inkjet printed process where first a highly concentrated Zn NP ink
(40 wt% content) was printed followed by curing ink to instigate low temperature in situ
chemical sintering. The principal ink formulation consisted of polydimethylsiloxane (PDMS) as
the surfactant and polyvinyl butyral (PVB) as the binder with dispersed Zn NPs with 40 — 60 nm
size while the curing ink consisted of aqueous CH3COOH, ethylene glycol butyl ether co-
solvent, Triton x-100 surfactant, and Xanthan gum rheological modifier.?! The ink printability
remained stable up to 20 days but after 40 days, showed signs of sedimentation or agglomeration
which could no longer be jetted. Reactive inkjet printing or sequential printing of these ink
resulted in highly conductive tracks of approximately 10> S-m™! with excellent stability up to 8
months. However rapid degradation due to humidity occurred between 40 and 60 days seeing a
sheet resistance increase of 200%. It was suggested that a ZnOx passivation layer developed over
this time affecting conductivity.

An alternative chemical sintering approach was reported by Li et al. who used anhydride and
water solution that produced a localized weak propionic acid to remove the oxide surrounding Zn
NPs.!'* Unlike the external drop casted approach taken by Lee et al., the ink itself contained
propionic anhydride that triggered sintering between Zn NPs. This room temperature sintered
screen and inkjet printable ink contained Zn NPs (170 nm diameter) dispersed in
dichloromethane, propionic anhydride, and polyethylene glycol (PEO). The as-printed patterns
showed loosely stacked Zn NPs with 70 nm spacing between NPs where sintering occurred
under an atmospheric environment in 90% humidity within 300 minutes. When the Zn NPs are
exposed to both acidic and static hydrodynamic conditions, excessive Zn>" ions were released
and recombined with the electrons on the Zn NP surface essential being redeposited between the
particles allowing for the formation of an electrically and mechanically conductive network
(Figure 5.2a).!* Additionally, long term stability of the particles (reduction in further oxidation)
occurs during this reaction with the formation of a zinc carboxylate passivation layer. They
reported highly conductive patterns of 7.2 x 10* S:m™! however, if the films were sintered for a
longer period of time, conductivity was shown to degrade. The same concept was tested using
larger Zn MPs with a 5 um diameter however resulted in a lower conductivity of 4.5 x 10* S'm ™.

Mahajan et al. reported the development of a Zn thin film by comparing different sintering
methods to further increase the conductivity. A basic Zn ink was prepared by mixing 1 wt%
PVP, 90 wt% methanol, 0.1 wt% Zn NPs (50 nm), and 10% butyl acetate which was then placed
onto a Na-CMC substrate with the help of aerosol printing.”> When subjecting the film to
photonic sintering with a single flash, they reported a maximum conductivity of 2.2 x 10* S m™!
which can further be improved when treated with laser sintering to a conductivity as high as 3.5
x 10* S m .22 A previous attempt by Mahajan et al. utilized the aforementioned ink formulation
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for screen or spray printing that when combined with photonic curing resulted in a conductivity
of 4.5 x 10* S'm .23 Here, Zn MPs with an average size of < 10 pm were subjected to ball
milling which reduced the particles to an average size ~135 nm.?* The following results suggest
the fact that either larger particle sizes or non-spherical particles translates into higher
conductivities as they require less sintering energy to initiate necking between particles.
However, one issue with the development of these Zn films that inevitable restricts the
conductivity is the void formation from using particles. Li et al. addressed this issue by
implementing a multi-process approach including hot rolling and photonic sintering. The
reported Zn ink composed of Zn, PVP, glycerol, and methanol that was screen printed onto PVA
substrates and subjected to a curing process at 100°C to remove the solvent that resulted in void
formation which was then minimized using the hot rolling process. Both curing and sintering
was done under an Ar environment to avoid any further oxidation of the NPs. Additionally, a
high loading ratio to 70 wt% of 50 nm diameter Zn NPs was used to increase density with little
porosity thereby achieving a conductivity of 6.0 x 10* S-m™'2* Additionally, the electrode
biodegradability was tested and placed into DI water showing complete dissolution within 25
minutes.?*

Out of all alternative sintering techniques, laser sintering provided the best conductivity
reaching 10° S-m™! as reported by both Shou et al. and Feng et al. Shou et al. presented an
evaporation—condensation-mediated laser printing technique achieving maximum conductivity of
1.1 x 10° S-m™! or 6.7% of Zn bulk conductivity.'® The suspension contained 2% loading of 65-
75 nm Zn NPs (obtained by an explosion method) combined with methanol, butyl acetate, and
2% loading of Zn NPs deposited using a bar-coating method. Conductive Zn structures with high
crystallinity were generated on both glass and Na-CMC substrate using laser tracing sintering
with a continuous-wave (CW) laser (Figure 5.2b). The laser provided multiple advantages
including a 75% reduction in oxidation of the Zn NPs at 400mW power, generating least 850K
or above to initiate melting between particles, which subsequently provided strong adhesion
between Zn and the Na-CMC substrate.!® They also showed that this process could be done
under an Ar or air environment without affecting the resulting conductivity. In terms of
biodegradability, they reported that both the Na-CMC substrate and the printed structures
dissolved within 80-95 minutes in distilled water.

Lastly, two studies performed by Feng et al. defined the importance in the choice of binder
when using laser sintering leading to 2x increase reporting the highest reported conductivity for
any deposited Zn thin film. The first reported the development of a slurry prepared using Zn MPs
with an average size of 1.5 um and PVP as the binder dissolved in ethyl alcohol. The slurry was
deposited using stencil printing which saw highly conductive traces with a conductivity of = 10°
S'm! on different biodegradable substrates such as Na-CMC, cellulose acetate (CA),
poly(lactic-co-glycolic acid) (PLGA), and PVA (Figure 5.2c). Energetic photons from the laser
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provided rapid energy transfer to fuse neighboring particles converting oxides MPs into
conductive interconnections as well as partially decompose PVP.!> However this technique was
unable to fully densify the deposited layer due to the skin effect producing a bilayer
microstructure where the top layer shows melted microparticles forming a conductive film and
the bottom layer is a porous composite film. This effect is a result of a temperature gradient
displaying a penetration depth up to 20 um, thus limiting the overall layer thickness. In an effort
to further improve on the conductivity, the ink composition was reevaluated where both the
binder and solvent were replaced by polyvinyl acetate (PVAc) and ethyl acetate respectively
creating both a spin coated solution or printable slurry depending on the ratio of each component.
From this, they reported the highest conductivity to date of 2.1 x 10° S-m™.'* Unfortunately, it
must be noted that the skin effect remained where the unreacted bottom layers need to be
dissolved using ethyl acetate and is limited to water resistant substrates ultimately restricting its
potential applications and thus is incompatible with some biodegradable substrates.!* Although
impressive achievements in Zn film development has been demonstrated, its compatibility with
biodegradable substrates is not possible without the implementation of specialized alternative
sintering techniques which still requires further study.
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Figure 5.2. Different sintering mechanisms to produce Zn films a) Chemically sintered Zn MP films
reproduced with permission from Li et al.?® Copyright 2017, John Wiley and Sons b) Laser sintered film onto Na-
CMC substrate reproduced with permission from Shou et al.'® Copyright 2019, John Wiley and Sons. ¢) Laser
sintered Zn films deposited onto different substrates reprinted (adapted) with permission from Feng et al.'*

Copyright (2019) American Chemical Society.

5.2.2 | MO PARTICLE INKS

The use of Mo particles presents both advantages and disadvantages over Zn particle inks.
Compared to Zn, Mo exhibits stability in air as weak oxidation at room temperature occurs.
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However its respective melting point and conductivity are 2622°C and 1.87x107 S‘m’!, more
than 2000°C greater in temperature with only a 12.7% increase in conductivity as compared to
Zn. %2 Additionally, cytotoxic studies revealed that Mo NPs are non-toxic to human cells at
concentrations up to 800 pg/ml proving its biocompatibility and therefore its potential use for
biomedical applications.?” Thus far, only Mo MP pastes have been developed with the inclusion
of biodegradable binders to maintain its biodegradability. This is due to the inherent properties of
the material where the use of MPs allows for increased conductivity due to both the decreased
surface area and high melting temperature making it a prime candidate for conductive pastes
over printable inks. Yin et al. was among the first to demonstrate the viability in developing a
Mo paste which was composed of Na-CMC and Mo powder (10 pum MPs) to function as
electrical contacts.”® Huang et al. instead combined Mo powder and PLGA as the binder in
acetone to develop a Mo paste.?’ However, in both cases, an in-depth study into the development
and optimization of the tracks was lacking and under reported.

A study conducted by Lee et al. presented UV curable transient screen printed Mo MP (1-
Sum were optimal) composite paste that combines Mo MPs and poly butanedithiol 1,3,5-triallyl-
1,3,5-triazine-2,4,6  (1H,3H,5H)-trione  pentenoic anhydride (PBTPA) together. The
hydrophobicity of the PBTPA polymer was found to have good interfacial adhesion with the
hydrophobic native oxide layer formed on Mo MPs which proportionally increases with the
conductivity while also helping to prevent water penetration thus reducing the dissolution rate
while in solution.’ A loading volume of 35 vol% of Mo is maintained in order to realize a low
electrical resistivity at 53.4 nQQ'm. However, in order to achieve high conductivity, the use of
advanced sintering techniques such as lasers is necessary to achieve elevated temperatures
reaching bulk melting temperatures. Feng et al. utilized selective laser sintering to convert
oxidized Mo MPs into conductive interconnections. For this, they developed a spin coated
solution mixing Mo MPs and polyvinyl acetate (PVAc) as the binder dissolved in select solvents
with a 75:1 weight ratio. They reported insufficient heating up to the melting point of bulk Mo,
neck formation between the MPs was found however it was riddled with defects.!* Although
very little change in conductivity was found between the pristine and the laser sintered films,
they reported the highest film conductivity to date at 7.0 x 10* S-m™ for Mo films.!*

There is an overall lack of development of Mo pastes and inks, mostly due to its melting
temperature restrictions that alternative sintering techniques may not be able to address.
Additionally, the use of Mo NPs has been left unexplored although the behavior seen with Zn
inks is expected to present similarly with Mo inks. For this reason and the advantages listed
above, Mo NP ink was developed with the expertise of Dra. Sandra Pérez Rafael at IMB-CNM
and is further explored in Section 5.4 below.
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5.3| ZN NP FILM DEVELOPMENT

It must be noted for the entirety of this section, all work is fully attributed to both Enric
Casas Aguilera and Dr. Sandra Pérez Rafael who directed and performed all research concerning
the development of both Zn and Mo biodegradable nanoparticle inks respectively. However, the
work was first conceptualized with experimental procedures in mind by me who was unable to
physically conduct experiments at the time. All work conducted by Enric was under Sandra’s
direction and supervision and was first reported in his bachelor’s thesis named “Development of
organic electronic devices employing InkJet printing technology” as fulfillment to his obtain his
Bachelors degree. All results will be presented and cited accordingly. My contribution instead is
more related to the next following sections about the printing and photonic curing of Zn inks
onto biodegradable substrates.

5.3.1 | INK DEVELOPMENT

The ink development process requires several factors that mostly take into the account the
overall stability of the ink over a period of time and its respective rheological properties such as
viscosity and surface tension of the ink which will help in predicting the successful printability
of the ink. As inkjet printing was targeted as the main deposition technique, ink requirements
established in Chapter 2 were adhered to as much as possible. The following section below goes
through the exact processing and characterization steps that concluded in a printable ink.

53.1.1| ZN NANOPOWDER ANALYSIS

Although manufacturing standards for the purchased Zn NPs stated a high purity of 99.9%,
its reactivity when exposed to air rapidly produces zinc oxide (ZnO). Therefore, it was
imperative to understand the actual state of the NPs before ink formulation to understand how
the NPs must be treated. Powder X-ray Diffraction (XRD) testing was performed at Karlsruhe
Institute of Technology Institute of Nanotechnology (KIT-INT) (BRUKER D8 Advance) which
revealed that the powder was indeed oxidized before any manipulation despite being stored
under vacuum thus heavily influencing the developed Zn film. Figure 5.3 is a composite graph
displaying XRD spectra for the Zn powder and matching references for synthetic Zn (JCPDS
card 00-004-0831) and ZnO (JCPDS card 01-075-0576). Peaks identified at 31.9°, 34.5°, 47.6°,
56.7°, 63.1°, 66.4°, 68.1°, 69.2°, and 77.1° corresponded to zinc oxide reference peaks at (100),
(002), (102), (110), (103), (200), (112), (201), and (202) reflections respectively. The remaining
peaks matched synthetic Zn reference found at 36.5°, 39.2°, 43.3°, 54.6°, 70.2°, 71.0°, 82.2°,
83.8°, and 86.6° corresponded to (002), (100), (101), (102), (103), (110), (112), (200), and (201)
respectively. The powder saw a good mixture of Zn and ZnO phases thus already limiting the
potential conductivity if the oxide cannot be removed during thin film processing.
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Figure 5.3. XRD spectra of as received Zn nanopowder

5.3.1.2| COLLOID STABILITY & RHEOLOGICAL
CHARACTERIZATION

Ink formulation was performed in a step-by-step process beginning with NP stability in
various solvents followed by their respective compatibility with a select few stabilizers. A large
number of organic dissolvents were considered however are not completely covered here as the
reader can refer to Casas Aguilera’s work.>® A 0.3% wt suspension of Zn NPs in 4 mL of
dissolvent was prepared by ultrasonication for a minimum of 30 minutes. Although its overall
stability could be visually seen, a quantifiable difference was measured by using UV-Vis
Spectroscopy (Beckman Coulter DU730) to measure its absorbance after 5 minutes and 48 hrs
(Figure 5.4). As the NPs themselves have a dark grey color (Figure 5.4a), a well dispersed ink
should exhibit higher absorbance while lower dispersion stability is noted with low absorbance
as the NPs are unavailable to interact with the light. Here, the absorbance was taken at 390 nm
that indicated the maximum difference for every chosen dissolvent. Although not presented here,
the other dissolvents tested showed a greater decrease in absorption beyond 87% except for
DMSO, butanol, anisole, 1,2-propanediol, and ethylene glycol (EG) (Figures 5.4b-f). The latter
two solvents proved to be too highly viscous (55 and 19 cps) for inkjet printing and were
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ultimately discarded. Therefore, the remaining dissolvents were combined with two stabilizing
agents with varying concentrations: 1 mg/mL or 5 mg/mL of PEG or PVP. It was discovered that
DMSO interacted better with PEG and butanol better with PVP. Unfortunately, anisole was
incompatible with either agent and therefore eliminated as a candidate due to variability in
absorbance values found during testing.
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Figure 5.4. Stability testing of Zn NP dispersion over 5 minutes and 48 hrs and their respective absorbance spectra
based on a) visual interpretation and quantifiable measurements for b) DMSO, c) butanol, d) anisole, ) EG, and f)
1,2-propanediol. This figure was adapted from results reported by Casas Aguilera®

Similarly to the preliminary testing with solvents, each of the printable inks were subjected
to Dynamic Light Scattering (DLS) analysis following its synthesis at 0 h and at 72 h. This
testing provided information regarding the overall size of the NPs once exposed to the stabilizing
agents and solvents, aggregates formation, and general information about the state of the NPs as
tabulated in Table 5.1. The low polarization dependence (Pdl) indicates NP size variability
where, as the value approaches 1 means greater size variance implying NP aggregation while 0
indicates little variability. Although all inks initially saw near zero values, inks containing
DMSO and DMSO/PEG saw a 47.6% and 185.8% increase respectively while DMSO/butanol
saw a slight decrease of 7.9% after 72h. The derivative count rate is another quantitative
measurement of ink stability based on light intensity where a decrease in the initial value
indicates sedimentation of aggregates in solution while and an increases signals new aggregate
formation. Of course, results here were in agreement with the Pdl showing sedimentation for the
DMSO/butanol ink while DMSO and DMSO/PEG showed large increases in aggregation
ultimately making them harder to print after 72hrs. Here, aggregates grew to more than 5 pm in
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size which could be removed through filtering. In general, this did not affect the average particle
size with all inks presenting sizes below 215 nm.

Taking all these results into consideration, none of the remaining inks presented good
stability even with the addition of stabilizers such as PEG. However, the DMSO/butanol
combination exhibited the best results under a limited life span of 2 days as extended analysis
conducted a week after formulation ultimately revealed agglomeration eventually leading to
sedimentation and thus unusable ink.

Table 5.1. Ink stability results for Zn inks after 3 days as reported by Casas Aguilera®

Oh 72h Oh 72h Oh 72h

0.143 0.211 | 72867.2 | 767514 150 150

0.19 0.175 |638560.3| 593442.7 180 180

0.106 0.303 | 71378.2 | 732894 150 150

Although it was noted that the Zn nanopowder obtained from Nanografi had a narrow range
of nanoparticle sizes from 60 - 70 nm, both oxidation and NP ink development with the addition
of solvents and surfactants, can significantly increase the NP diameter. NPs were dispersed in
DMSO and analyzed using DLS and Transmission Electron Microscopy (TEM) techniques to
determine the effect of solvent dispersion on NP size. DLS (Malvern Zetasizer Nano ZS, UK)
verified that there was a much wider distribution of NP sizes than expected, the majority of
which was determined to be between 100 — 240 nm which is not ideal when making inkjet inks
as they are much more prone to clogging the printheads (Figure 5.5a). TEM analysis performed
at UAB (High resolution TEM JEOL 2011 with EDX (200kV)) revealed that although individual
spherical particles were seen, in general they tended to aggregate together displaying little to no
necking behavior between NPs (Figure 5.5b).
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Figure 5.5. Distribution of Zn NP sizes verified by a) TEM and b) DLS as reported by Casas Aguilera

The respective rheological properties of the remaining inks were also verified in terms of
ideal printing properties in Table 5.2 below. Because DMSO was the common solvent across all
inks, it was then used as the reference. The addition of butanol helped to reduce the viscosity and
surface tension. However, PEG showed the opposite effect where the introduction of the
stabilizer increased both the viscosity and surface tension. According to the ink formulation

guide developed by Cornell University®! which can also be found in Table 3.1 from Chapter 3,

the surface tension should be in between 32 — 42 mN/m. All respective inks were found to be
around these values and could be modified with the addition of surfactants, toluene, and/or

ethanol if necessary however were acceptable.’! Unfortunately, in terms of viscosity, all inks

were found to be far outside the acceptable range (10 — 12 c¢Ps) and resembled viscosity akin to
water at 1 cPs. However, this property can easily be modified by either applying heat to the ink
or adding humectants such as EG or glycerol.*!

Table 5.2. Rheological properties of each respective Zn ink as reported by Casas Aguilera®

DMSO DMSO:Butan-1-ol (1:1) DMSO amb PEG (5 mg/mL)
Tensié superficial (mN/m) 431 29.0 44 .4
Viscositat (cps) 2.43 2.10 2.50
5.3.1.3 | MATERIALS AND INK FORMULATION

Commercially available nanoparticles of Zinc (Zn) Nanopowder (High Purity: 99.995+%,

Size: 60-70 nm) were purchased from Nanografi Nanotechnology Co. Ltd. and used as is.

Ethylene glycol 99% (EG, C2HsO2) was purchased from Alfa Aesar while dimethyl sulfoxide
polyvinylpyrrolidone (PVP,

(DMSO), anhydrous

average mol wt 10,000),
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poly(ethylene glycol) (PEG, average mol wt 200), and 1-Butanol (anhydrous, 99.8%) were
obtained from Sigma Aldrich. Poly(acrylic acid, sodium salt) solution (avg Mw 15,000, 35 wt%
in H2O) PAANa stabilizer (10%) and Inframat ® Advanced Materials Yttria Stabilized Zirconia
(YSZ) Grinding Media, 0.2 — 0.3 mm beads was provided by KIT- INT facilities from Sigma
Aldrich. Polymer substrates such as 125 pm polyethylene naphthalene (PEN) Teonex Q65HA
sheets was provided by Dupont Teijin while PVA was synthesized and deposited as stated in
Chapter 4 Section 4.2. These were specifically deposited onto ultra-flat quartz coated glass
substrates purchased from Ossila Ltd.

Different types of Zn inks were explored and chosen based on their respective reaction to
both PEN and PVA substrates as not all solvents are compatible of which were first
characterized by Enric Casas Aguilera and Sandra Perez Rafael. All formulations are stated
below of which the concentrations were reduced accordingly to 50 mg/mL if too much
agglomeration was seen:

Zn/DMSO ink: A 70 mg/mL concentration was prepared where 140 mg of Zn was dispersed
in 2 mL of DMSO.

Zn/DMSO/butanol ink: This dispersion contained a 70 mg/mL concentration of Zn dispersed
into a 1:1 ratio of DMSO and butanol. That is 140 mg of Zn was combined together with 1 mL
of DMSO and 1 mL of butanol.

Zn/DMSO/PEG/butanol ink: A 70 mg/mL concentration of Zn with 5 mg/mL of PEG was
combined in 1:1 ratio of DMSO and butanol. That is 140 mg of Zn and 10 mg of PVP were
dispersed in 1 mL of DMSO and 1 mL of butanol.

Once each of the components of each of the respective inks were combined, the prepared
dispersions were mixed with the vortex for 10s followed by ultra sonication (Elma Ultrasonic LC
20H) for 1 hr. Tip sonicator (BANDELIN Sonoplus HD 3100 Homogenizer, Berlin, Germany)
was set at an amplitude of 30% for 5 minutes to facilitate separation between the nanoparticles.
Before printing, the supernatant liquid sat for 2 minutes before placing into the ink cartridge.

Additionally, a pearl milled (PM) Zn ink developed at KIT during a 3-month research stay
was formulated and tested. Although it was initially desired to use standard solvents such a
butanol to reduce any further oxidation of the NPs to prepare the ink, this was not used in the end
due to ignition concerns thus DI H,O was used instead. Therefore the formulation was developed
following a recipe first reported by Baby et al.>? and adapted accordingly to the Zn inks:

0.7398 g of Zn powder



116

110.97 uL of PAANa stabilizer
7.398 mL of DI H.O
7.398 mL of 0.2 — 0.3 mm diameter zirconia pearls

A previous work conducted by Mahajan et al.?? utilized ball milling as a means to reduce the
size of Zn MPs however pearl milling has not yet been explored or reported for the development
of Zn NP inks. Pearl milling was primarily used in order to break any large agglomerates that
may form as a result of ink preparation. Here a laboratory made dispersing unit equip with a
Dispermat mixer facilitated the milling process to create the nanoink. The mixture was milled at
a rotational speed of 5500 rpm for approximately 2.5 hrs. Next, the zirconia pearls were then
separated from the resulting ink through various filtration steps beginning with a 2.7 pum GF-D
filter, down to 0.7 um GF-F filter, and finally passed through a 0.45 um PVDF filter. Before
printing, 20 mM of NaCl solution was added to the ink which should see a change in the ink
color. This steps eliminates the the PAANa stabilizer surrounding the Zn NPs. All inks were then
placed into a 1.5 ml DMC-11610 cartridge with a 10 pL printhead and placed into FUJIFILM
DIMATIX inkjet printer DMP-2831 for testing.

5.3.1.4| INKJET PRINTING

Different iterations combining the acceptable solvents with and without its compatible
stabilizer were separately prepared and inkjet printed for inks containing only DMSO, only 1,2-
propanediol, butanol/ PVP (5 mg/mL), DMSO/PEG (1 mg/mL), DMSO/PEG (5 mg/mL),
DMSO/butanol (1:1), DMSO/butanol (1:2), and DMSO/butanol (1:1)/PVP (5 mg/mL). Different
ratios of the DMSO/butanol ink were made in an effort to reduce the sintering temperature by
reducing the amount of solvent placed in the ink. It was supposed that quick solvent evaporation
would serve to reduce the accumulation of NP in one region thereby improving the overall film
homogeneity. As the stability of the ink was limited to 2 days, often the ink was prepared on the
same day as printing in order to optimize the printing process and reduce any potential clogging
that may result due to NP agglomeration. Inkjet printing tests were performed on PEN substrates
for its thermal stability up to 220°C without deformation. The 4 mm x 4 mm pattern squares were
printed for every ink and visually inspected using the Dimatix printer’s own camera as shown in
Figure 5.6 below.

Figure 5.6a displayed poor printability of the butanol/PEG ink in terms of unpredictable
droplet jettability thus forming separate lines most likely due to quick solvent evaporation. This
unpredictable behavior ultimately made printing difficult although the film uniformity was
acceptable. In contrast, Figure 5.6b — 5.6d showed various poor printability modes in the
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development of an overall film. As previously stated, the high viscosity of the Zn ink developed
with 1,2- propanediol not only made this ink more difficult to print but also resulted in
inhomogeneous distribution of ink resulting in a coffee ring effect as seen in Figure 5.6b. Inks
displayed in Figure 5.6¢c and 5.6d exhibited particle agglomeration during printing creating a
non-uniform layer with randomly distributed NPs. DMSO/butanol (1:2) combination contained
low viscosity which resulted in undefined patterns where the NPs tended to agglomerate at the
edges and was unsuitable for printing as whole. Figure 5.6e — 5.6h showed the most promise in
terms of printability however varied greatly in terms of the type of films developed which will be
discussed later. Although Figure 5.6e shows a decently distributed Zn film, agglomerations in
one area over the other were apparent showing non-uniformity. However in terms of fidelity,
DMSO ink is unmatched compared to the rest reported here. Figure 5.6f - 5.6h all showed
satellite droplets during printing for each respective ink meaning that the viscosity was lower and
surface tension was higher than desired however, their respective printing parameters can be
further optimized by manipulating the waveform. Their respective deposited films were
acceptable, therefore all formulations presented in Figure 5.6e — 5.6h were maintained for further
testing in terms of ink stability and their respective rheological properties.

¢,

Figure 5.6. Printability of various Zn inks onto PEN substrate as seen through the Dimatix camera where a)
butanol/PVP (5 mg/mL), b) 1,2- propanediol, ¢) DMSO/butanol (1:2), d) DMSO/PEG (1 mg/mL), ¢) DMSO, f)
DMSO/butanol (1:1), gy DMSO/butanol (1:1)/PVP (5 mg/mL), and h) DMSO/PEG ( Smg/mL). This figure is taken
and adapted from Casas Aguilera *°

Based on previous results as acquired by Casas Aguilera, 3 different Zn inks were prepared
including Zn/DMSO, Zn/DMSO/butanol, and Zn/DMSO/PEG to determine their compatibility
with the PVA substrate. All final results are seen in Figure 5.7 below which vary greatly due to
their respective response to inkjet printing as well as interaction with the PVA substrate as a
whole. Both Zn/DMSO and Zn/DMSO/PEG inks displayed poor printability as shown in Figure
5.7a and 5.7b. Their respective line patterns were an early indication of poor NP dispersion and
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quick agglomeration in such inks as the patterns mostly consisted of solvent rather than NPs.
This behavior can be remedied with the addition of layers however due to inconsistent printing
due to blocked nozzles, an iterative nor comparative study could not be performed between inks
as within 2 hrs, the respective inks were non-functional. Although overall, the Zn/DMSO ink
performed better than its equivalent treated with PEG, there was no film uniformity across the
surface as NP agglomerations appeared in target areas which then proceeded to grow with further
printing layers. This behavior is most likely due to chemical compatibility issues with DMSO
which is a known dissolvent of PVA where the longer and more the substrate is exposed DMSO
will eventually result in the complete erosion of the substrate. On the other hand, the
Zn/DMSO/PEG combination showed even poorer performance as the ink displayed
sedimentation within 15 — 30 minutes of printing making the print highly unpredictable and
unusable. Therefore, these two Zn ink formulations were eliminated from further testing for the
PVA substrate. Similarly, the line pattern printed by the Zn/DMSO/butanol ink (Figure 5.7¢)
indicated poor compatibility with PVA through a bleeding like behavior however printing
additional layers seemed to compensate for this lack showing good uniformity with increasing
roughness with every printed layer. What happens is that the deposited nanoparticles tend to
agglomerate together causing this undesired roughness to occur. By 9 layers, the deposited layer
appears to be more uniformly distributed however this is built on the previous roughness as seen
at 6 layers. Therefore, the minimum number of layers that must be deposited is 9 layers and
beyond. Unfortunately, this ink still lacked stable printability as jetting needed to be verified
before and after each layer making the procedure time consuming.
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Figure 5.7. Zn square patterns printed onto PVA characterized by deposited line pattern and layers from formulated
Zn inks such as a) Zn/DMSO, b) Zn/DMSO/PEG, ¢) Zn/DMSO/butanol thermally sintered at 80°C

Further optimization of the Zn/DMSO/butanol ink was performed by first defining the
optimal drop spacing needed to print a pattern. As shown in Figure 5.8 below, different drop
spacing was printed from 35 to 60 um which saw little difference between the printed patterns as
all patterns remained transparent. This once again indicated chemical incompatibility of DMSO
in the ink with the PVA substrate.

DS 35 DS 40 DS 45 DS 50 DS 55 DS 60

Figure 5.8. Drop spacing (DS) study where 3 layers for each square was printed of the Zn/DMSO/butanol ink

Pearl milling is a wet milling process that produces inks using a high velocity mixing
process. This technique serves as a means to break agglomeration between the Zn nanoparticles
due to their large surface area and provide ink stability. The resulting ink was found to be
extremely hydrophobic compared to previous ones mentioned here likely due to the used of the
PAANa stabilizer (Figure 5.9a). Additionally, the ink stability was excellent as compared to the
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previous inks stated here remaining printable for over 2 weeks. The reason for this maybe
because the nanoparticles became oxidized as a result of processing. Unfortunately, no other
solvents could be used for ink processing as the heat produced by the centripetal force of the
milling is a fire hazard and thus a limiting factor for easily oxidized materials. Inkjet printing of
this ink was facile due to its incredible ink stability creating opaque and homogenous patterns
with just 6 printed layers (Figure 5.9b). Unlike the formerly discussed inks, good fidelity was
exhibited in the printed pattern. Unfortunately, due to insufficient time, the optimal DS could not
be explored and instead multiple printed layers were printed in multiples of 6 up until 24 layers
with a chosen DS of 35 pm.

Figure 5.9. a) Pearl milled Zn ink and b) inkjet printed square with 3 layers

5.3.2 | THIN FILM DEVELOPMENT AND CHARACTERIZATION

As previously stated, a good indicator of the potential melting temperature of an ink may be
is based on the respective melting point of the NPs (melting point depression). Previous studies
indicated that the melting temperature of Zn nanoparticles were not significantly lower than its
bulk melting temperature (419.5°C) meaning that this temperature should be used as a target. In
this case, two types of sintering techniques were used, conventional thermal sintering in a
convection oven and photonic curing, both which maintained low curing temperatures due to the
glass transition temperature of the PVA film. For this, both a drying convection oven (Oven FD-
53, Binder, Germany) provided for by IMB-CNM and Novacentrix Pulseforge® 1200 photonic
curing system was utilized at Karlsruhe Institute of Technology (KIT) at Lichttechnisches
Institut (LTI).

5.3.2.1| THERMALLY SINTERED FILMS

Each film was characterized in terms of surface morphology to define both their respective
homogeneity as well as their surface roughness. Following this, the electrical properties such as
film conductivity was measured and calculated using the Van der Pauw method.



121 |

Surface Morphology

Homogeneity across the film surface was explored using scanning electron microscopy
(SEM) and profilometry. Heat treated Zn/DMSO films was characterized using SEM displaying
large aggregate formation across the surface of the film. The large distribution of NP sizes was
further confirmed as previously discussed in Section 5.3.1.2 which showed isolated and poorly
packed NPs creating a highly porous film as shown in Figure 5.10 below. This is due to both the
poor ink stability of Zn NPs in DMSO as well as the insufficient sintering temperature used to
develop such films. DMSO exhibits a high boiling point of 189°C, well below the actual
sintering temperature used. However this analysis provided only a microscopic view of the film
in a narrow window where homogeneity could not be determined.

Figure 5.10. SEM micrograph of Zn/DMSO ink deposited film on PEN substrate as reported by Casas
Aguilera®

Homogeneity or uniformity across the patterned square surface was measured via
mechanical profilometry (Tencor P7 Stylus Profiler) as shown in Figure 5.11 below. It showed
that both inks displayed opposing behaviors, that is patterns developed with DMSO/butanol
exhibited the coffee ring effect (Figure 5.11a) while DMSO/PEG ink saw the Marangoni effect
(Figure 5.11b) as described in Chapter 2. The coffee ring effect is typically exhibited in NP inks
however in the case of the DMSO/PEG ink, the addition of PEG as the surfactant serves to
reduce the surface tension gradient preventing NP accumulation at the edges.® The
DMSO/butanol deposited film showed high surface roughness as the film thickness varied
widely from less than 5 pm up to 20 pm as seen on the edges (Figure 5.11a) while DMSO/PEG
sample only saw gradual increase in thickness varying at most 4 pm (Figure 5.11b) between
measured points. Unfortunately, due to the limitations of the measurement technique, the surface
roughness of the sample could not be accurately extracted and only gives a restricted view of
how the sample appears overall.
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Figure 5.11. Profile measurements of a) DMSO/butanol and b) DMSO/PEG ink films on PET as reported by
Casas Aguilera °

This same tool could not be used to characterize Zn films deposited onto PVA substrates due
to incompatibility with polymer substrates and were thus not directly comparable. Instead, a non-
contact method known as optical profilometry (Confocal Microscope Sensofar PLu2300) was
used to measure surface roughness based on light intensity reflected from the target surface.
Figure 5.12 displays surface roughness for Zn/DMSO and Zn/DMSO/butanol inks which saw
11.70 um for 6 layers and 5.37 um for only 3 layers of deposition respectively. As the PVA
substrate surface roughness was previously characterized in the nm range, the measured
roughness here is 100% due to either the etching of the PVA layer by DMSO and/or those
presented from the use of NP ink as a whole. Measurements taken of all other printed layers (6
layers and more) were not reported here as a low number of data points were gathered from
incident light from the microscope providing highly inaccurate models. The working principle of
confocal microscopy is highly dependent on the reflection of light from film surfaces which in
this case were highly opaque and dark structures which instead absorbed light making it
notoriously difficult to measure. The reported samples here were successful during measurement
as they were somewhat transparent in nature.
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Ry = 11.70 pm Ry = 5.37 um

Figure 5.12. Surface roughness measurements obtained from confocal microscopy for a) Zn/DMSO and b)
Zn/DMSO/butanol films deposited on PV A substrates

As the use of a confocal microscope was unreliable for the majority of the Zn samples, the
HIROX Digital microscope as provided by KIT-INT was used to obtain missing data including
the surface roughness and film thickness of opaque samples. An overview of the sample printed
(Figure 5.13a) here includes multiple squares increasing by number layers from 1 — 40 layers.
Note that a transparent film here is seen as a light grey or white color as depicted in Square no. 4
where the Zn ink was not successfully printed. Thus the appearance of the structures may be
deceiving, taking into account how this microscope functions. Figure 5.13b here shows an
enhanced view of square no. 1 where 1 layer was printed with a DS of 35 pm. From this photo,
the layer appears to be uniform with the appearance of some cracks. Each individually printed
square was further investigated by determining their respective surface roughness (Figure 5.13c -
5.13e) and film thickness as reported in Table 5.3 below. Both values obtained for Square no. 1
were inaccurate as the average thickness of the Zn film could not be greater than those deposited
with 30x more passes and instead reflects the thickness of the PVA film on the glass substrate.
Another reason for this failure in measurement also pertains to the amount of solvent (DMSO) as
compared to the NP content (70 mg/mL) that most likely is reacting with and degrading the PVA
substrate during the printing process. Towards the bottom of the pattern, the film can be seen as
transparent and therefore any values obtained for this layer cannot be used for comparison and
cannot be taken at face value. Square no. 2 was printed with 20 layers displaying a surface
roughness of 1.130 pum and average film thickness of 1.91 um which is in agreement with
previous printed squares although the extracted roughness is much greater than desired. For 30
layers, the average thickness and surface roughness were found to be 2.27 pm and 1.402 pm
respectively. For an increase in the number of layers, a much greater thickness and roughness
were expected but not seen.
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Figure 5.13. Microscopy and profile extraction using HIROX Digital Microscope on Zn/DMSO/butanol inkjet
printed films where a) displays all films printed onto a PVA spin coated glass substrate at 20x magnification, b)
Printed Square no. 1 viewed at 80x magnification, c¢) Printed Square no. 1 profile measurements for 1 layer, d)
Printed Square no. 2 profile measurements for 20 layers, and ¢) Printed Square no. 3 profile measurements for 30
layers. Square 4 is not listed nor measured here as it is an unsuccessful printing of a Zn NP film

Table 5.3. Respective film thickness and surface roughness values for each printed square

No. of layers Average thickness (um) | Surface roughness (um)
1 1

4.41 1.775
2 20 1.91 1.130
3 30 2.27 1.402

5.3.2.2| PEARL MILLED (PM) ZN FILMS

It must be noted here that PM films were to subject to thermal treatment as it is widely
known that heat treatment leads to further oxidation of the NPs therefore the ink was drop casted
and dried in air for basic characterization using the SEM. Surprisingly multiple thin film
morphologies were seen for the PM Zn films which can be easily distinguished look at Figure
5.14a. Figure 5.14b displays a film composed of NPs that were found to be non-conductive
signaling that this planar layer is mostly composed of ZnO. However, Figure 5.14c displays
mixture containing both agglomerated NPs and flakes creating this interconnected and stacked
network that eventually sees a dominant flake-like behavior as shown in Figure 5.14d.
Unfortunately, due to the non-conductive nature of the sample, more in depth view of these films
could not be done. It was discovered that the structures seen in Figure 5.14c match the
appearance of ZnO crystals (NM-110) that were investigated through TEM showing different
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polyhedral morphologies that compose these films giving them a sponge like appearance.®*

These different morphologies display different effects that oxidation may have on a single films,
be it due to either water or air exposure. Although it was already previously discovered that the
Zn NPs themselves had already shown partial oxidation, it was clear that this behavior was
exacerbated during the pearl milling process. Balanand et al. reported the development Zn flakes
through a wet milling process using only distilled water. Although their experiment reported here
was performed at a larger scale including the use of MP and larger Zr balls, the process is similar
and can be equated in this case. The flake-like ZnO layer was a result of the mechanically
induced hydrolysis of the Zn MPs. The very use of milling promotes localized hot spots of high
temperature and pressure that trigger the Zn/ZnO redox reaction when combining the Zn dust
and H,0.*® This reaction is known to be exothermic causing thermolysis or water splitting to H*
and O? ions that contribute to Zn hydrolysis. Zinc oxide formation occurs following Equation
5.3 below:

Zns) + H0y = Zn0s) + Hy (g) (5.3)

The initial ZnO growth is seen at the surface of the Zn particle that accumulates and forms
aggregates in a flaky transitional phase that eventually develops only flakes. The results found
with pearl milling align precisely with the results reported by Balanand et al. that occurs at a
concentrated scale. This provides insight on whether sintering treatment may be effective in
further reducing the oxidation of the NPs. In this case, pearl milling was shown to further oxidize
the Zn NP during ink development.
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Figure 5.14. Different Zn thin film growth modes acquired through SEM analysis a) contrasting view different film
types at a 10,000x magnification, b) non-conductive ZnO NPs structures, c¢) intermediate mix of nanoparticles and
flakes morphology seen at 40,000x magnification, and d) flake-like morphology at 100,000x magnification

Electrical Characterization

A 4 x 4 mm square was printed and used as the standard to measure sheet resistance and
calculate resistivity for thin films using the van der Pauw method. Although there are different
contact configurations (Figure 5.15), due to restrictions in the use of inkjet printing, a square
pattern is used instead to facilitate measurement. When 4 probes are placed at the corners of the
printed square, DC current is injected from point 1 to 2 where the output is in amperes (I12) while
simultaneously, DC voltage (V34) is measured between points 3 and 4. From this, resistance (R)
can be calculated via Ohm'’s law as reviewed in Equations 5.4 — 5.6 below

Vg
R12,34 = I_ (5.4)
12
R
Ry = — (5.5)



127

p=Rs-t (5.6)

where t is film thickness and R is the sheet resistance.

a) b)

Figure 5.15. Van der Pauw contact placements shown for shapes such as a) cloverleaf and b) square

Sheet resistance measurements were conducted according to this method using the 4-point
probe connected to the Agilent B1500 Semiconductor Analyzer.

In terms of sheet resistance as seen in Figure 5.16 (based on samples deposited and shown in
Figure 5.8), it was found that due to the higher concentration of Zn NPs, the resistance was the
lowest at a DS of 35 um at a sheet resistance of 68 /0 while the greatest was found at a DS of
55 um at a value of 773.5 Q/o. In this case, a DS of 35 um was chosen as less layers would be
needed in order to develop a fully continuous film and saw the lowest sheet resistance.
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Figure 5.16. Drop spacing and their respective sheet resistances for Zn/DMSO/butanol samples printed on PVA
heat treated at 80°C

Different number of layers of Zn/DMSO/PEG ink squares and their respective resistivity
values with respect to different heat treatment temperatures (80°C, 120°C, 160°C, and 200°C) is
shown below in Figure 5.17. As expected, a greater number of layers sees lower resistivity at
increased temperatures (<120°C) mostly likely due to an increased amount of Zn NPs on the
surface. For samples treated at 200°C, almost 1 magnitude of difference in resistivity is reported
between 10 and 30 layers. This can be explained as samples developed at higher temperatures
saw crack formation thus resulting in higher resistivity breaking any electrical percolation
pathways between NPs. Although PEN substrates have glass transition temperatures ranging
from 112 - 120°C, good thermal stability was found until 140°C, however reaches its operational
temperature at temperatures > 170°C in terms of both dielectric strength and mechanical
stability.*® This means that exposing this substrate to 200°C not only displays softening of the
material but also deformation therefore affecting the film deposited above explaining the
increase in resistivity at this temperature for all layers. In this case, the optimal sintering
temperature considering both the temperature limitations of the substrate and the resistivity for
both 10 and 30 layers of Zn/DMSO/PEG ink is 160°C.
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Figure 5.17. Resistivity values for Zn/DMSO/PEG (5 mg/mL) ink printed with a DS of 20 um on PEN
substrate with respect to sintering temperature as reported by and adapted from Casas Aguilera 3

Table 5.4 below summarizes all Zn inks that were printed, sintering, and characterized
below at various sintering temperatures displaying decent conductivities ~10° S/m across all
inks. The Zn/DMSO ink exhibited the lowest resistivity and thus the highest conductivity of all
inks at 8.1 x 10° S/m, 0.05% of that of bulk Zn conductivity. In contrast, those with stabilizers
such as PEG and PVP saw significantly lower conductivities almost 8 times less. This is because
the function of a stabilizer is to isolate the NPs for one another thereby also restricting electrical
conduction between NPs as is shown here. This indicates that the stabilizer nor solvent were not
fully removed at 160°C. Wide differences in conductivity of square patterns printed with DS of
15 to 20 um can be accounted for by crack formation in films developed with DS of 15 um,
seeing and almost 4 times difference signifying the importance in optimizing both printing and
sinter parameters to achieve highly conductive films.
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Table 5.4. Respective Sintering temperature and Electrical Properties of corresponding Zn inks on PEN as
reported by Casas Aguilera *°

Temperature L Conductivity
o Resistivity (Q-m)
(2€) (S/m)
DMSO 80 1.24-10* 8.05-10°
DMSO:Butan-1-ol (1:1) 160 5.16-10*% 1.94-103
DMSO with PEG (5
) 160 2.35-10* 4.26-103
mg/mL) i DS 20
DMSO with PEG (5 1.34-10° 10
: 160 7.48-104 10 layers
mg/mL) i DS 15 layers
DMSO:Butan-1-ol with
160 6.35-10* 1.57-10°
PVP (5 mg/mL)

As previously shown, the same Zn NP ink deposited onto 2 different substrates can result in
drastically different properties that is not only limited to printability and appearance but also to
its electrical properties. All thin films deposited by Zn/DMSO and Zn/DMSO/butanol inks onto
PVA were thermally sintered at low temperatures at 80°C for 1 hr due to the temperature
sensitivity of the substrate. As the films were shown to have high roughness, this ultimately had
an impact on its respective sheet resistances for individual squares which saw values ranging
from 160 to 2000 Q/o as seen on Figure 5.18 below. Unfortunately, sheet resistance values
determined by 4-point probe measurements were found to be highly inconsistent across all layers
due to lack of film uniformity. An increasing number of layers saw significantly reduced
resistance seeing an 84.4% decrease from 1.94kQ/o to 302.6 Q/a. Although the two inks could
not be directly compared due to the varying number of layers, the Zn/DMSO/butanol ink
combination saw overall lower sheet resistances whereby the increase with 9 deposited layers
can be explained by nozzle clogging during the printing process making it difficult to determine
if the ink was ejecting correctly for an entire layer. This exponential drop in resistance values
was also reported by Casas Aguilera on PEN substrates meaning that PVA did not have such a
significant impact in terms of film formation.
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Figure 5.18. Measured sheet resistance values with respect to number of layers for Zn/DMSO and
Zn/DMSO/butanol heat treated films on PVA

Although 4 x 4 mm squares are the standard in measuring conductivity, different line lengths
and thickness were also explored in terms of their effect on the resulting resistance value.
Following the optimal printing results in the last section, different number of layers were
explored including 4, 6, and 9 layers, the amount of which was mostly restricted by the stability
of the ink. Line widths of 300 — 1000 um with line lengths ranging from 1 — 10 mm were printed
and sintered for 2 hrs at 80°C (Figure 5.19a). As the printed structures were a bit simpler in this
case, the standard van der Pauw measurements could not be used therefore two terminal
resistance measurements were done instead. Here only line lengths between 1 - 3 mm saw
conductivity, varying wildly between 270 MQ and 135 GQ. Samples printed with 4 and 9 layers
are compared below in Figure 5.19b. Unfortunately, the sample printed with 6 layers was
inconclusive as the majority of the lines were non-conductive but showed a huge range of
resistance values between 471.3 Q and 938.1GQ questioning the overall reliability of the
measurement as a whole and therefore is not reported here. For 4 layers, lines 1 mm in length
with thicknesses between 300 and 1000 um generally showed a decrease in resistance. Similar
results for lines 2 mm in length also decreased in resistance however lines longer than 3 mm and
300 pm in thickness were found to be completely non-conductive. As expected, as the length of
the line decrease, so does the resistance, for example the decrease in resistance from 3 mm to 1
mm for a line thickness of 300 um is 83% displaying a great dependency on the line length.
However, the resistances were determined to be in the GQ range which is unsuitable for any
application including electrodes. Printed lines with 9 layers saw significantly lower resistances
ranging from 277.6 MQ up to 4.95 GQ. Similarly with this sample, increasing the line length and
line thickness leads to higher resistances. Therefore, thermal sintering at 80°C is severely
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insufficient for film development meaning that an alternative sintering method is necessary in
order to achieve conductive films on PV A substrate which has thermal restrictions.

140
= 4layers
-
e Olayers
130

L
A P,
T =

-

Resistance (GQ)
8

20 - =
104 L
.
.
0] : . . . t

300 400 500 600 700 800 900 1000
Line width (um)

Figure 5.19. a) Various printed line width and line length for Zn ink structures printed with 6 layers of
Zn/DSMO/butanol ink and their respective b) resistance values where dot magnitude symbolizes the length of the
line from the smallest at 1 mm, 2mm, and 3 mm

5.3.23| PHOTONICALLY CURED FILMS

It must be noted that the entirety of this section was performed at KIT-LTI using the
equipment provided in the cleanroom facilities including the use of both the photonic curing
(Novacentrix Pulseforge® 120) and 4-point manual prober (KeithLink LRS4-TG). Further
analysis of the films was also conducted at KIT-INT during my 3-month research stay including
the use of the SEM (SEM-FIB Dual Beam Zeiss Auriga 60) and XRD (BRUKER DS
DISCOVER with LynxEye Detector (Cu Ka) and BRUKER D8 advance) for thin film
characterization.

Sintering parameters were based on previous experiments related to references such as Li et
al. whom maintained an intensity of 4.9 J/cm? or 10.88-25.88 J/cm?, light pulse of 540 ps or 2
ms, and varying number of pulses between 1 — 20.>* These only provided the initial starting
parameters such as voltage and time which depending on the effect of the film was adjusted
accordingly. It was also previously found that multiple pulses provide higher sintering
temperatures than 1 single pulse which also helped in preventing burning of the substrate.

Table 5.5 below provides a detailed look at each experiment performed and their respective
testing parameters and results. On average, the amount of energy that the substrates were
subjected to was below < 1.41 kW/cm? for preliminary testing which was clearly ineffective at
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sintering the film as no color change nor conductivity was found. Therefore, a higher voltage
was used resulting in a higher energy applied (< 4.89 kW/cm?) which was still ineffective in
sintering the films. Thus, the following tests mimicked those reported by Li et al. and focused
more on manipulating the pulse length. The exact recipe did not result in conductive structures
however when increasing the pulse length from 500 to 2280 ps, the film became conductive.
However, if the pulse length was increased all the way to 4380 us, the substrate was burnt as a
result however the structures remained conductive. Therefore, any recipes with energy near <
10.8 kW/cm? were discarded. Therefore, the majority of the testing centered in targeting the
radiant power between 6 — 8 kW/cm? were ideal to achieve conductive structures across all
samples.
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Table 5.5. Photonic Sintering parameters for all substrates

. Voltage Pulse uPulses Height Radiant Repeat Result Sample ID
i (v) | length | ! (mm) | power : count i
1 P (us) | i | (kw/em?) | | ! ‘
. 3% : 550 | 1 : 12 ! <141 ! 3-60 ! No P Test
3 : : | 1 : i change ! substrate
500 i 500 ! 1 P12 1 <489 5 ! Non-conductive ! Test
I I : substrate
500 | 2280 { 2 | 12 | <487 | 3 | Conductive | Substratel |
- - | | : - - ‘ New samples
~ s00 | 4380 | 3 | 12 | <108 | 3 | Conductive- | Substrate2 | Made with1-
: § § j ; { | bumntfilm | butanol (non-
500 | 2280 | 2 | 12 | <648 | 3 | Conductive | Substrate3 anhydrous)
500 : 2280 { 3 . 15 | <7.61 | 3 i Conductive | Substrate 4
500 | 3080 | 4 | 12 ! <88 | 3 | Burntsubstrate | 6-15-2022
i | : i i | | Zn+DMSO |
: i | 1 : i !+ butanol
500 | 2280 { 2 | 12 | <674 { 3 | Nonconductive | OnlyPVA
: ; | | : i (hole through | substrate
i | | i E ! the substrate) | |
.~ 500 | 2880 | 3 | 12 | <807 | 3 | Changeincolor | PVA/PDMS/ |
i : : : : : : —non- i glass
: : ; ; : ! conductive ! |
s00 | 3050 { 3 | 12 | <779 | 3 | Non-conductive | 4layer
| ' | ! 3 i Burnt sample | pyramid
' 500 i 2800 | 3 | 15 ! <714 ! 3 ! Conductiveand ! Zn+DMSO |
: ; : : ; i uniform across |+ butanol ‘
: i | : : i | allsamples ! !
! s00 ! 2280 | 2 1 11 ! <661 | 3 ! Non-conductive |  PM1
. s0 ! 1380 | 4 | 11 | <538 | 3 | Non-conductive | 6 layer
; : : ; ; ; ! (nochangein | pyramid
i ; 3 3 i : color) ,
400 | 1580 | 3 | 11 | <377 i 5 ! Non-conductive | 6 layer
} : : ‘ ‘ : ! (nochangein | pyramid
: ' ‘ ‘ : ! color) i
500 | 2280 | 3 | 11 | <732 | 3 | Nonconductive | PM2
' 500 ! 2280 | 3 ! 11 | <818 ! 3 ! Conductive | Qlayer |
3 e e | : e e __pyramid
Surface Morphology

A notable change in color appeared as the deposited film first appeared as a dark grey color,
almost black, where after brief exposure turned into a light grey-milky colored film as seen in
Figure 5.20a/5.20c to 5.20b respectively. Photonic curing of the film appears to be uneven where
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the microstructure of one area can be completely different than another as seen in Figure 5.20d
where there are areas with lighter regions towards the top vs. the darker seen at the bottom with
appearance of metallic Zn interspersed between.

Figure 5.20. Developed Zn/DMSO/butanol films (printed at KIT) a) before and b) after photonic curing

This behavior was even more apparent when looking at Figure 5.21a where grey colored
flakes seemed to have covered or created Zn metallic cracks. Under SEM observation (Figure
5.21b-d), these flakes were composed of oxidized Zn NPs that agglomerated together. Behind
these areas or the cracks themselves were clusters of individual and closely packed Zn NPs
showing the removal of the solvent in these particular areas. Enough of the Zn NPs were exposed
that this created a percolation pathway for electrical current to flow resulting in conductivity.
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Figure 5.21. Photonic cured Zn film viewed with a) an optical microscope, b) SEM micrograph focused on the
crack formation, ¢) SEM imaging of the oxidized Zn film, while d) represents the stacked Zn NP found beneath the
ZnO flakes taken with the help of Ben Breitung at KIT-INT.

As different sintering methods were used in the development of conductive Zn films, Figure
5.22 below compares different spectra based on the starting material, Zn powder against the
effect of thermal heat treatment at 80°C for 1 hr and photonically cured Zn film. The Zn powder
itself was found to be partially oxidized which is expected after repeated exposure to air when
handling outside a glove box environment. Therefore, even before sintering, the Zn powder itself
was already oxidized which must be removed in processing. Whenever a thin film was deposited
on a PVA substrate, a broad peak at 19.4° appears which cannot be fully be removed even with
the use of Grazing Incidence X-Ray Diffraction (GIXRD). Generally, both sintering treatments
saw all peaks shifted to the left when compared to the Zn powder signaling a shift in the lattice
parameters. Standard heat treatment at 80°C in air seemed to result in an amorphous film where
additional peaks at 33.1°, 34.5°, 38.1°, and 44.3° are attributed to the remaining solvent as
temperatures greater than 80°C could not be use with PVA. These additional peaks were fully
removed (and thus all solvents) when exposed to photonic curing however the same peaks
related to ZnO remained as first seen in the Zn powder showing that further oxidation was not
induced by photonic curing. In this case, the impertinent factor here is the initial state of the NPs.
Although it was theoretically assumed that photonic curing could remove the oxide layer
surrounding nanoparticles as reported by Dharmadasa et al., this was not the case.
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Figure 5.22. Effect of different heat treatment on the Zn films comparing Zn powder, oven thermal treatment
at 80°C, and photonic curing

Another effect that was further investigated is whether or not the skin effect from photonic
curing has any effect on the overall thin film development. For this, thermally heated treated
films were compared against those that were photonically cured as thermal heat treatment tends
to be more uniform in terms of penetration depth as compared to plasma and laser sintering.
Figure 5.23 showed that not many differences appear in terms of peaks corresponding to Zn and
ZnO respectively. However, the prominence or peak height increased with a greater number of
layers. Zn related peaks at 43.2° and 54.2° appeared only with a greater number of layers (> 6
layers) meaning that the penetration depth of photonic curing is beyond 6 layers causing the film
to lean more towards a ZnO structure. Unmarked peaks at 33.1°, 38.1° and 44.3° again are likely
the result of inadequate removal of either butanol or DMSO both of which remained in the 6
layer sample once again reiterating that 6 layers is an insufficient number of layers for photonic
curing. ZnO peaks at 59.0° and 64.5° found solely in the heat-treated film were eliminated after
photonic sintering perhaps indicating that the process helped to reduce some oxidation first
caused by thermal sintering.
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Figure 5.23. Effect of the number of printed Zn layers in response to photonic curing on a PVA/glass substrate

Figure 5.24 below displays different microstructures of photonically cured Zn films that
vary depending on the ink used as well as the substrate. It was confirmed from Figure 5.7a that
the number of NPs was sparse not only due to the clogging of the nozzles but also the fact that
the NPs proceeded to agglomerate. This not only resulted in a discontinuous film but also a
highly porous film with high roughness as shown in Figure 5.24a for the Zn/DMSO ink. In
contrast, the Zn film developed from the Zn + DMSO + butanol ink (Figure 5.24b) resulted in a
densely populated and uniform film where individual Zn nanoparticles can be seen further
verifying that this ink formulation was optimal. However crack formation prevailed across the
film unlike others. The same exact ink deposited and sintered on a PVA/PDMS substrate saw a
mixture of film growth modes where a networking behavior between the NPs was seen however
at the same time were aggregated and stacked displaying a non-uniform film that could be seen
to the naked eye as shown in Figure 5.24c. In terms of uniformity, the pearl milled Zn ink
(Figure 5.24d) was consistent in terms of both printability as well as film structure showing the
very same structure as Figure 5.24a. Similarly, there are various white colored NPs that overall
made it difficult to image the resulting film. This showed that the film was non-conductive and
contained a majority of ZnO NPs as expected due to the milling process.
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Figure 5.24. Response of photonic cured films on inks and different substrates where a) Zn/DMSO ink on PVA
substrate, b) Pearl milled Zn ink on PVA substrate, Zn/DMSO/butanol ink on ¢) PVA substrate and d) PVA-PDMS
substrate taken with the help of Ben Breitung at KIT-INT.

Another aspect to consider during the photonic curing process is the effect that the substrate
has on the overall conductivity of the film. For example, initially all glass substrates were spin
coated with PVA and initially used as a carrier for mechanical stability. However, once the film
was removed or if another layer such as PDMS was added in between, the film was ultimately
found to be non-conductive. Once the PVA/PDMS film was removed from the substrate, this
dramatically lowered the thickness of the sample within the same order of magnitude (in 10s of
microns for both), therefore the substrate saw the full intensity of radiant power applied
eventually damaging it as a hole appeared in the middle of the sample. Photonic sintering
directly onto PVA/PDMS layer proved difficult as the fragile substrate was more susceptible to
delamination, warpage, and burning because the thin film above could not be sufficiently cooled
via conduction through the thermal mass of the substrate.?” This behavior was also seen in Zn
films cured on PVA/PDMS/glass substrates where PDMS itself seems to contribute to
ineffectiveness of photonic curing when combined together. However further studies must be
conducted in order to verify these claims as only 1 sample for each type of substrate was tested.
As a whole, as the inks only contained a maximum of 70 mg/mL with no more than 30 layers,
the overall NP concentration is significantly less than similarly developed screen printing pastes
and therefore should be taken into account.
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Further analysis of the effect that the substrate may have on the resulting Zn film was
conducted by XRD analysis as shown in Figure 5.25 for Zn films on substrates containing spin
coated PVA/glass, spin coated PVA/PDMS/glass, and PVA/PDMS. One of the most prominent
differences is the appearance of a broad peak with multiple shoulders spanning from 10 - 25°
corresponding to the PDMS substrate below. Although it could not be correctly identified, the
appearance of a new and broad peak at 40.6° most likely correlates with PDMS as it did not
appear in the Zn/PVA/glass sample. And because of this, the respective XRD spectra for those
containing PDMS were amorphous in nature thus preventing the appearance of sharp
distinguished peaks. Those that could be identified across all samples were found at 31.7°, 36.2°,
and 43.3°, the first of which is related to ZnO while the latter two correspond to Zn. Other peaks
found at 38.9° and 54.4° corresponding to Zn and ZnO respectively were only found in the
Zn/PVA/glass and Zn/PVA/PDMS/glass noting that the glass substrate not only provided
mechanical stability for the films but also facilitated in conductive Zn film development which
unfortunately was not the case for the Zn/PVA/PDMS film alone.
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Figure 5.25. Effect of different substrates for Zn film development

Interestingly, when smaller structures such as line patterns were subjected to photonic
curing, the appearance of the resulting film was drastically different than those seen with the
standard square pattern perhaps showing a dependency of this technique on surface area.
However, it is more likely that a smaller printed area equated to less variation in film
morphology, meaning these films were more uniform as a result. Thus, completely different
surface morphologies were a result signaling both successful and unsuccessful sintering runs are
shown below in Figures 5.26 and 5.27 respectively. Figure 5.26 here displays different states of
conversion for various line patterns as pictured from the least to the most converted (from Figure
5.26a — 5.26d). Conversion seems to occur specifically at the interior of the sample in clusters
composed of either bare Zn NPs or ZnO flakes. This behavior occurs across the entire line
surface and at different rates depending on the uniformity and material composition of the
sample itself. As shown in Figure 5.26a, only small patches appear which may eventually grow
larger if exposed to higher radiant power as shown in Figure 5.26b. However, if too much energy
is applied, the film itself could mainly consist of ZnO flakes which is the case in Figure 5.26c.
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Amongst all the partially converted films, the only one with the highest success was found for
line patterns printed with 4 layers as shown in Figure 5.26d. Like the previously discussed square
patterns, the majority of the film contained a mixture of metallic zinc and ZnO flakes with some
remaining Zn NP ink interspersed between. In fact these two phases were seen almost contrary to
one another as metallic Zn appeared more on the left side of the sample, while the ZnO
dominated the right side. On the other hand, unsuccessful films, that is non-conductive
structures, showed two modes of failure: film delamination or no change at all as shown in
Figure 5.27a and 5.27b respectively. The commonality in these failure modes seems to be
dependent on the energy used, that is too much applied energy caused delamination by using
only 1 concentrated energy pulse during the single exposure or too little energy where no change
in the film color nor to the structure was seen. The image taken in Figure 5.27b is
indistinguishable from a non-sintered film still exhibiting a pure black color before and after
treatment. Unfortunately, there was no consensus nor relation with the number of deposit layers
as treatment with the same sintering parameters resulted in many different films, even on a
singular substrate. An interesting commonality between all samples here was the fact that the
edges appeared to be less converted than its interior. It is believed that because this ink exhibits
the coffee ring effect, the edges were expected to be one of the least converted areas simply due
to the height difference which can be as extreme as 12 pm as seen in Figure 5.11a.

Figure 5.26. Different surface morhologies of photonically cured Zn thin films on spin coated PVA/ glass slides
with 4 deposited layers a) 5x magnification, b) 10x magnification, ¢) 10x magnification, and d) 5x magnification
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Figure 5.27. Failure modes as seen with photonically cured line pattern films in terms of a) delamination b) no
change in color or structure

As testing was not standardized due to the limited testing period and number of samples,
only limited conclusions can be drawn at this point without further testing. Although according
to XRD analysis, photonic curing was effective in the removal of both DMSO and butanol
solvents which helped to expose Zn NPs to make the film conductive. However, both the radiant
power applied and film uniformity must be precisely controlled to guarantee the success of this
sintering technique.

Pearl Milling Zn films

Although the pearl milled drop casted film already showed different morphologies as
reviewed in Figure 5.10, photonic curing served to homogenize the films displaying mostly
uniform composition of stacked and clustered NPs for both samples PM1 and PM2 as shown in
Figure 5.28a, 5.28c, and 5.28d. However, other crystalline morphologies such as the appearance
of a ZnO flower shape were found in sample PM1 as shown in Figure 5.28b. Such growth is
typically a result of exposure to alkaline solution that at higher concentrations show an urchin-
like appearance.’®3° Here, Zn*" ions are exposed to OH- groups that result in an Zn(OH)s*
complex forming a large number of ZnO nuclei.***! These nuclei then create aggregates as a
result of high surface energy and electrostatic forces that form ZnO cyrystallites providing active
sites that sees preferential growth in the [0001] orientation along the c-axis developing
nanorods.**" This is what gives the structures a flower-like shape. The existence of such a
structure only provides further proof that the sample contained additional ZnO not previously
exhibited before its sintering treatment. Sample PM2 showed a consistent NP size with a small
distribution signaling that the PAANa stabilizer implemented remained and continued to separate
NPs from one another, so much so that no sintering was seen between NPs as shown in Figure
5.28d. Although not exactly something quantifiable, Sample PM1 appeared to be less conductive
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than Sample PM2 meaning that a higher applied radiant power equated to a more conductive
sample even with pre-oxidized samples such as the PM Zn ink.

Figure 5.28. SEM analysis of pearl milled (PM) samples a) PM1 at 9000x magnification, b) PM1 at 5000x
magnification, ¢) PM2 at 24,000x magnification, and d) PM2 at 75,000x magnification taken with the help of Ben
Breitung at KIT-INT.

Further thin film analysis of the PM samples was done using XRD analysis as displayed in
Figure 5.29 below. When compared to the initial Zn powder, both the sintered samples presented
amorphous films containing a large amount of background noise making it difficult to identify all
peaks. However the identifiable peaks corresponded to both synthetic Zn and ZnO phases in
agreement with JCPDS cards no. 01-078-1124 and 01-074-0534 respectively after photonic
curing treatment at radiant power of <6.61 kw/cm? for sample PM1. Peaks found at 36.2°, 38.9°,
and 43.3° corresponded to (002), (100), and (101) crystal planes for hexagonal synthetic Zn
while the remaining peaks at 31.7°, 34.4°, 47.5°, 56.6°, 62.9°, and 68.0° corresponded to (100),
(002), (102), (110), (103), and (112) crystal planes for cubic ZnO. As sample PM2 was exposed
to higher radiant power (<7.32 kw/cm?), the film was identified to contain 3 phases: Zn, ZnO,
and zinc peroxide (ZnOz) corresponding to JCPDS cards no. 01-078-1124, 01-074-0534, and 00-
004-0831 respectively. The appearance of the ZnO; cubic structure was identified with the peak
at 45.5° that solely appeared in Sample PM2 as the film presented a bright yellow color
following the sintering process. According to the XRD spectra, photonic curing of PM Zn ink
only served to further oxidize the Zn NPs which was apparent with the disappearance of the Zn
peak found at 54.4° for both PM samples as well as the additional disappearance of the
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corresponding peak at 39.1° for the PM2 sample. In fact, with higher energy exposure, any
remaining peaks relating to synthetic Zn (36.4°, 39.1°, 43.4°, and 54.4°) either reduced
drastically in size or were eliminated as a result. By comparison, the identifiable peaks of PM1
and PM2 mostly corresponded to the Zn powder but saw a slight shift to the left. These result
shows the limitation of photonic curing that although was found to be successful for CuO, did
not have the same effect for oxidized Zn NPs
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Figure 5.29. XRD analysis of pearl mill Zn inks in comparison with the Zn powder
Electrical Measurements

Those samples investigating line width and line length were also exposed to photonic curing
and tested directly before and after sintering using the 4-point probe method as provided by KIT-
LTI. This inline type of measurement is highly dependent on the distance between the 4 probes
which was determined to be 3 mm (Figure 5.30). Therefore any measurements of shorter line
lengths was not possible using this technique and are therefore not reported here. Prior to curing,
each of the structures were tested for conductivity of which all appeared to be completely non-
conductive or presented a sheet resistance in 100s of MQ. However after photonic curing was
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applied, sheet resistance values varied from as low as 1.97 kQ to as high as 27.5 MQ if found to
be conductive at all.
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Figure 5.30. Four-point probe measurement

Generally, larger areas presented more conductive structures due to the greater amount of Zn
NPs being deposited. Unfortunately, results pertaining to the 4 deposited layer sample were in
the end inconclusive mostly due to the variability in uniformity across the sample. In
comparison, this sample was highly transparent as 9 layers was previously deemed to be the
optimal number of layers showing a huge disparity between samples. In fact, after photonic
sintering, the sample was burnt meaning the sintering temperature produced was beyond the
boiling point of the solvent leaving residue on the PVA surface after testing resulting in both a
cracked and delaminated/ablation film from the PVA surface. Uneven conversion was seen
across the surface where lines with greater thickness saw less conversion than thinner lines. This
is most likely due to the higher uniformity and quick removal of the solvent from a smaller area.
At best, 4 mm x 4 mm squares presented a resistance as low as 1.97 kQ.

Figure 5.31 displays the printed and photonically cured square with the highest conductivity
of the exposed samples. The film sees a mostly light grey color which appears to be a ZnO layer
that comprises the majority of the film as shown in Figure 5.31a. Taking a closer look at the film,
a silver colored appears in scattered areas around the surface of the film where Zn NPs are
exposed making the film conductive, like the behavior shown in Figure 5.21 where percolation
pathways are established beneath the ZnO layer. The profile measurement in Figure 5.31c
revealed a surface roughness of 2.2 ym and an average film thickness of 0.6 um. Electrical
measurements taken directly after sintering were found to be an average of 6467 Q, whereby
through calculation correlated to a conductivity of 2.7 x 10* S-m™..
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Figure 5.31. HIROX Digital microscope measurements for Zn film printed with Zn/DMSO/butanol with 12
layers at a DS of 35 um a) 40x magnification, b) 130x magnification, and c) extract profile measurement

As stated previously, a minimum of 9 layers must be deposited for the Zn + DMSO +
butanol ink as similar samples printed with 4 or 6 layers resulted in highly resistive structures
(85MQ minimum) or no conductivity at all particularly for square samples. Therefore, in order to
determine the dependency on minimum line length and width to develop conductive structures,
different line lengths ranging from 1 — 10 mm with thicknesses from 300 — 1000 um were
explored as seen in Figure 5.32 below. Due to the probe distance, a line with a minimum length
of 3 mm could be measured directly following sintering. All results were tabulated in Figure
5.32a showing that generally the line thickness or width is inversely proportional to its sheet
resistance, that is that the sheet resistance decreases with greater line thickness. This is similarly
true in terms of line length as well where all sheet resistance values were minimized at line
lengths 8 mm or above. In fact, the most consistent values were seen using 900 um thickness
which saw similar resistances across all line lengths as shown in Figure 5.32b. A similar
behavior was seen with 600 um thick lines however on the average tended to be twice the
resistance. Therefore, any future structures made with the Zn ink must have at least 9 layers, 900
um thickness, and contain a line length of at least 4 mm in order to achieve maximum
conductivity which in this case was found to be 0.165 MQ. The exact structures developed for
test can be seen in Figure 5.32c below.
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Figure 5.32. Pyramid samples printed with 9 layers a) Effect of line length and thickness on sheet resistance of the
Zn films as deposited by a Zn/DMSO/butanol ink for 9 layers and b) photograph of the successful sample

It was proposed that due to the uneven coverage of the Zn film as a result of the inkjet
printing process may render photonic curing ineffective. Zn is known to oxidize when exposed to
air and because testing could only be conducted in this mode, oxidation was an issue that
impeded the optimal sintering for these inks. Although some success was found, the overall
conductivity was significantly lower than reported in literature. Additionally, due to a limited
time period (approximately 2 weeks) spent with using this technique, this process could not be
optimized as desired. It was suggested that perhaps carbon black could be used to help further
increase the conductivity without compromising the biodegradability. This amongst others are
included in future work.

5.4| MO NP FILM DEVELOPMENT

All work concerning the development of Mo ink and characterization were performed by
Dra. Sandra Pérez Rafael. Her results were reported in several internal presentations as well as a
poster as a part of the IMB-CNM Young Researchers Day titled “Development and
characterization of biodegradable inks based on molybdenum and zinc nanoparticles”. My
contribution to this part is in regards to the integration and viability of Mo NP inks onto
biodegradable substrates such as PVA.

5.4.1| INK DEVELOPMENT

The same exact ink development procedure as stated in Section 5.3.1 was utilized here in
order to develop Mo NP inks starting with ink stabilization/compatibility when Mo NPs were
dispersed to a large number solvents via ultra sonication for 1.5 hrs which were first visually
inspected for stability after 72 hrs as seen in Figure 5.33 below. Tetralin exhibited the worst
stability displayed showing immiscibility with Mo NPs, followed by mesitylene and
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cyclohexylbenzene where the majority of Mo NPs sedimented while a small amount remained
dispersed in the solution. Stability improved slightly using N,N-Dimethylacetamide (DMA),
dimethyl sulfoxide (DMSO), and N-Methyl-2-Pyrrolidone (NMP) however their separation is
unacceptable for stable ink formulation. Among them, ansiole, cholorobenzene (CB), 1,2-
dichlorobenzene (DCB), isopropanol (IPA), and butanol visually exhibit good stability. Although
anisole was acceptable, it must be noted that both separation and sedimentation appeared to be
occurring at a slower rate than the previously mentioned solvents however still showed good
stability compared to others. Here, both butanol and IPA exhibited high stability prompting
further testing combining different solvents together to determine if stability could be further
improved.

B | After72h
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Figure 5.33. Ink stability testing following Mo NP dispersion in (left to right) N,N-Dimethylacetamide (DMA),
dimethyl sulfoxide (DMSO), N-Methyl-2-Pyrrolidone (NMP), anisole, mesitylene, cyclohexylbenzene,
chlorobenzene (CB), 1,2-dichlorobenzene (DCB), isopropanol (IPA), and tetralin. Results were first reported in
unpublished results by the lead scientist for these experiments, Dra. Sandra Perez.

Here, different iterations of butanol and IPA were infused with anisole, CB, DCB, IPA, and
ethylene glycol (EG) and tested for 1 week as shown in Figure 5.34 below. It was discovered that
if butanol and IPA were combined with other solvents, ink stability decreased. This was
especially apparent for those solvents combined with IPA which showed the best result overall
followed by the butanol alone. This experiment determined that the addition of an additional
solvent did not help to improve the ink stability and therefore was discarded in terms of ink
formulation. Following this, different capping agents were also tested such as polyethylene
glycol (PEG), polyvinylpyrrolidone (PVP), and ethylenediamine in combination with butanol as
shown in Figure 5.35. Ethylenediamine presented the worst results where complete separation of
NPs from the solution was seen while others such as PEG and PVP saw decent dispersion
stability however each saw sedimentation of NPs at the bottom of the vials. Although not listed
here, a dispersion containing 5 mg/mL PVP in butanol saw significantly better stability, therefore
the concentration of all capping agents was increased to 5 mg/mL and tested using DLS to
determine the exact distribution in NP size after being exposed to different solvents and agents.
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Figure 5.36 displays that the average size for each of the inks containing butanol (20 mg/mL),
butanol/PEG 200 (5mg/mL), butanol/PEG 10k (5 mg/mL), and butanol/PVP 10k (5mg/mL) are
475, 44.6, 85.6, and 118.8 nm respectively. The initial size of the NPs as stated by the
manufacturer was stated to be between 30 — 40 nm in size, therefore an increase in size is
expected when a stabilizer is used. Butanol/PEG 10k (5 mg/mL) ink exhibited both the narrowest
distribution with an average NP size of 44.6 nm. It is believed that PEG was extremely effective
at encompassing the NPs and maintaining their initial sizes, which is especially beneficial for
inkjet printing. Pure butanol was the next best result however any oxidation issues cannot be
resolved using this combination and in the end was discarded. PEG with a larger molecular
weight of 10k saw a much wider NP distribution between 30 — 220 nm signaling that this ink
maybe incompatible with inkjet printing as NP with sizes above 100 nm have a higher
probability for agglomeration and blocking nozzles. A similar result was seen with PVP (10k)
which saw two different populations, a smaller one between 15 — 50 nm and another between 50
— 400 nm, widely varying and maybe highly difficult to print as a result with an average that is
already higher than recommended for inkjet printing.

Butanol But/Anisole But/IPA But/CB But/DCB IPA/Aniscle IPA/EG IPA/CB IPA/DCB
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Figure 5.34. Solvent stability testing among (listed from left to right) butanol, butanol/anisole (1:1), butanol/IPA
(1:1), butanol/CB (1:1), butanol/DCB (1:1), IPA/anisole, IPA/EG (1:1), IPA/CB (1:1), and IPA/CB (1:1), and IPA.
Results were first reported in unpublished results by the lead scientist for these experiments, Dra. Sandra Perez.



151

Figure 5.35. Capping agent compatibility with butanol as the solvent (as listed from left to right) in PEG 200, PEG
10k, PVP, and ethylenediamine each with a 1 mg/mL. Results were first reported in an unpublished powerpoint
presentation by the lead scientist for these experiments, Dra. Sandra Perez.
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Figure 5.36. DLS measurement results for a) butanol (20 mg/mL), b) butanol/PEG 200 (5mg/mL), ¢) butanol/PEG
10k (5 mg/mL), and d) butanol/PVP 10k (Smg/mL). Results were first reported in unpublished results by the lead
scientist for these experiments, Dra. Sandra Perez.

5.4.2 | INK FORMULATION

Pre-synthesized nanoparticles of Molybdenum (Mo) Nanopowder/Nanoparticles (Purity:
99.95%, Size: 30-40 nm) were purchased from Nanografi Nanotechnology Co. Ltd. and used as
is. Ethylene glycol 99% (EG, C2H¢O2) was purchased from Alfa Aesar while dimethyl sulfoxide
(DMSO), anhydrous >99.9%, polyvinylpyrrolidone (PVP, average mol wt 10,000),
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poly(ethylene glycol) (PEG, average mol wt 200), and 1-Butanol (anhydrous, 99.8%) obtained
from Sigma Aldrich was used instead of butanol as this prevented further oxidation to the ink.

As a result, different types of Mo inks were explored and chosen based on their respective
reaction to both PEN and PVA substrates as not all solvents were compatible as compared to
more conventional polymer substrates which were first characterized by Sandra Perez. All
formulations are stated below of which the concentrations were manipulated if too much
agglomeration was seen:

Mo/PVP/butanol ink: 100 mg of Mo NPs and 10 mg of PVP were weighed and combined.
Next 2 mL of butanol was added resulting in a 50 mg/mL Mo dispersion respectively.

Mo/PVP/butanol/EG ink: 140 mg of Mo NPs and 4 mg of PVP were weighed and placed
together. Next, a 9:1 ratio of butanol to EG was added to create a 70 mg/mL dispersion.

Once each of the components for each of the respective inks were combined, the dispersion
was then mixed with the vortex for 10s followed by ultra sonication for 1 hr. additionally, tip
sonicator was set at an amplitude of 30% for 5 minutes to facilitate separation between the
nanoparticles and improve dispersibility. Before printing, the supernatant liquid sat for 2 minutes
before placing into the ink cartridge.

5.4.3 | INKJET PRINTING

Different substrates were investigated which varied in terms of maximum processing
temperatures. PVA was the lowest at 80°C, followed by PEN at 220°C, and finally glass at
400°C which helped to show a wide range of behaviors in terms of interaction with substrates
and the effect of different sintering temperatures.

Inks containing 50 mg/mL in butanol and combined with 5 mg/mL of PVP and butanol were
inkjet printed onto PEN substrates. Figure 5.37 below displays line patterns printed for each
respective ink at RT and 60°C. Although the Mo/butanol ink was previously noted as one of the
most stable inks, its respective printability with PEN using multiple platen temperatures was
incompatible with PEN as displayed in Figure 5.37a and 5.37b. This may be due to multiple
causes, that is the pre-treatment of PEN was insufficient and/or the surface tension of the ink
with respect to the substrate was low displaying poor wettability. In complete contrast, Mo NPs
(50 mg/mL)/PVP (5 mg/mL)/butanol ink showed decent printability however bleeding/spreading
of the printed patterns was seen in Figure 5.37c. This behavior could be remedied when setting
the platen at higher temperatures however the severe coffee ring effect continues to be exhibited
regardless of the printing parameters.
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Figure 5.37. Printed line patterns by Mo NPs (50 mg/mL)/butanol ink for 20 layers at a) RT and b) 60°C and Mo
NPs (50 mg/mL)/PVP (5 mg/mL)/butanol ink at ¢c) RT and d) 60°C as deposited onto PEN substrates. Results were
first reported and adapted from unpublished results by the lead scientist for these experiments, Dra. Sandra Perez.

As PEN substrates can only withstand up to 170°C, less temperature sensitive substrates
such as glass was also considered. For this test, two inks were investigated including Mo NP (50
mg/mL)/PVP (5 mg/mL) ink dispersed in butanol and Mo (70 mg/mL)/PVP (2mg/mL) ink
dispersed in a 9:1 butanol:ethylene glycol. The optimal DS for each respective ink was 30 pum
and 25 pum, smaller than those found on PEN substrate as inks tend to exhibit hydrophobic
behavior with glass substrates. The Mo/PVP/butanol ink was printed up to 50 layers at RT
(Figure 5.38a) which exhibited severe line roughness behavior previously seen on PEN which
only became more exaggerated with more printing layers thus affecting the pattern definition.
However, a very thick, almost paste like film was formed as a result displaying similar non-
uniformities as previous reported however to a lesser effect. The other ink, Mo (70 mg/mL)/PVP
(2mg/mL) dispersed in a 9:1 butanol : ethylene glycol, displayed no line pattern roughness which
may be attributed to three factors: the addition of EG, the use of a lower DS, and increased platen
temperature to 45°C. Figure 5.38b displays the appearance of the film just after 40 printed layers
for a square which saw a wide distribution of holes around all parts of the film. The larger
impurities at the center of the film appeared to be due to NP agglomeration whereas the holes
more towards the edge of the film appeared as smaller structures.



Figure 5.38. Printed Mo ink squares a) 50 layers printed of Mo NP (50 mg/mL)/PVP (5 mg/mL) dispersed in
butanol with a DS of 30 pm at RT on glass. b) Mo (70 mg/mL)/PVP (2mg/mL) dispersed in a 9:1 butanol: ethylene
glycol deposited ink for 40 layers printed squares with a DS of 25 um at 45°C on glass substrate. Results were first
reported and adapted from unpublished results by the lead scientist for these experiments, Dra. Sandra Perez.

When such inks were printed onto PVA substrates, its overall behavior matched what was
seen on both PEN and glass substrates. As the line pattern can be used as an indicator of
printability, the lightly packed lines indicated that multiple layers will need to be deposited in
order to create a continuous film. There was excellent NP distribution in a single printed line
already exhibiting the coffee ring effect for just 1 printed layer (Figure 5.39a). However because
NP concentration was lowered to reduce any NP agglomeration, a large number of layers must
be deposited in order to develop a continuous film, taking the line pattern as a good indication.
Figure ¢39b - 5.39j documents the layers as they were sequentially printed every 3 layers.
Already within 3 layers, non-uniform layer was seen particularly at the center of the deposited
film as well as the appearance of line edge roughness from every printed line (Figure 5.39D).
This defined the overall roughness of the film which increased with every layer. Specific areas
towards the center as well as the edges sees localized NP agglomerations adding more roughness
and non-uniformity in the film by 9 layers (Figure 5.39d). Also, the definition of the printed
shape became poorer resulting in wavy edges. This behavior continued until 21 printed layers
(Figure 5.39g) where then by 24 layers (Figure 5.39h) finally becomes saturated with the ink
creating and opaque and extremely rough layer. In comparison, the same ink printed with a DS
of 40 um sees a similar behavior however the square pattern was severely less defined showing
poorly defined pattern edges (Figure 5.40a). This perhaps was the result of satellite drops ejected
from the ink. Severe NP agglomeration was seen throughout the printed layers beginning at 9
layers until 30 layers (Figure 5.40c — 5.40j). However the larger DS exhibited significantly
greater amount of agglomeration and thus higher roughness. The Mo ink containing a
concentration of 50 mg/mL required at least 30 layers to have a continuous and opaque film
while the Mo ink with 70 mg/mL needed at least 12 layers mostly due to the increased NP
concentration.
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Figure 5.39. Printed patterns of Mo NPs (50 mg/mL) + PVP (5 mg/mL) + butanol ink a) line pattern and b) — j) are
sequentially printed layers from 3 — 30 layers for DS of 35 um on PVA

18 layers 21 layers 24 layers 27 layers 30 layers

Figure 5.40. Printed patterns of Mo NPs (50 mg/mL) + PVP (5 mg/mL) + butanol ink a) line pattern and b) — j) are
sequentially printed layers from 3 — 30 layers for DS of 40 um on PVA

As a result, large islands of agglomerated NPs were present throughout the printing process
which significantly became worse with the growing number of layers as seen in Figure 5.41
below. This effect appears to be slightly more severe as the DS increased creating more gaps and
pits throughout the film. Additionally, the color of these films exhibited more of a grey color
than the black as shown on PEN and glass substrates meaning that they are more transparent
indicating that perhaps a greater number of layers is needed. Unfortunately, the effect of
increasing the number of layers is that more NP agglomerations appeared as seen with those
films deposited with 42 layers displaying once again the non-uniformity of the film.
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Figure 5.41. Printed and heat treated squares of 30 and 42 printed layers of Mo NPs (50 mg/mL) + PVP (5 mg/mL)
+ butanol ink on PVA

544 | THERMALLY TREATED FILMS

Different surface morphology techniques were used to characterize the Mo films including
SEM , profilometry, and standard optical microscopy. SEM analysis was conducted on 20 layer
printed line patterns printed by the Mo NPs (50 mg/mL)/PVP (5 mg/mL)/butanol ink which
revealed good uniformity towards the middle of the pattern while the edges appeared to be non-
uniform even exhibiting an entirely different elemental composition either containing more
solvent or oxidized NPs as noted by the color difference (Figure 5.42a). When investigating
more deeply into the center of the film, Figure 5.42b noted that there was good distribution and
uniformity across the film surface displaying NPs of varying sizes as expected. Figure 5.42c
provided an even closer view showing that the NPs appeared to be isolated from one another
mostly likely due to the insufficient sintering temperatures (220°C) preventing the removal of
PVP and thus hindering NP coalescence. These thin films exhibited a film thickness of = 1 um
which contributed to the low conductivity. From this, it is apparent that higher temperatures are
needed in order to initiate melting between NPs, therefore, this ink was also deposited onto a
glass substrate to determine whether or not increased temperatures would help to facilitate
sintering between particles on less temperature sensitive substrates.
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Figure 5.42. SEM micrographs of Mo/PVP/butanol ink deposited and heat treated film at a magnitude of a) 1000x,
b) 20,000x, and c¢) 100,000x. Results were first reported and adapted from unpublished results by the lead scientist
for these experiments, Dra. Sandra Perez.

As sintering temperature on PEN was restricted to 220°C, a glass substrate was then used to
sinter the ink at higher temperatures (400°C) for 4 hrs in order to enhance the conductivity. For
this test, two inks were investigated including Mo NP (50 mg/mL)/PVP (5 mg/mL) ink dispersed
in butanol and Mo (70 mg/mL)/PVP (2mg/mL) ink dispersed in a 9:1 butanol/ethylene glycol.
The Mo/PVP/butanol ink printed up to 50 layers at RT saw the previously printed irregularities
reduced in size most likely due to the complete removal of both the stabilizer and solvent by this
point. Here, the film turned from the initial black color of the freshly deposited film to a light
grey color as seen in Figure 5.43a. Thermal sintering of the Mo NP (70 mg/mL)/PVP (2mg/mL)
dispersed in a 9:1 butanol : ethylene glycol deposited ink squares (Figure 5.43b) saw light and
large grey colored impurities and holes scattered across the surface of the film which increased
in size compared to its freshly printed state in Figure 5.38b. In fact the edges of these impurities
appeared to be less sintered as they showed a cracked and black appearance in contrast to the rest
of the film. The larger impurities at the center of the film appeared to be NP agglomerations
whereas the holes more towards the edge of the film appeared as smaller structures. Based off of
appearance, both films displayed high roughness both before and after sintering treatment for
opposing reasons however what is apparent is that Mo NP agglomeration remains the main issue
for these inks.
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Figure 5.43. Sintered Mo ink squares containing a) 50 layers printed of Mo NP (50 mg/mL)/PVP (5 mg/mL)
dispersed in butanol with a DS of 30 pm at RT on glass. b) 40 layers of printed Mo NP (70 mg/mL)/PVP (2mg/mL)
dispersed in a 9:1 butanol: ethylene glycol deposited ink with a DS of 25 pm at 45°C on glass substrate. Results
were first reported and adapted from unpublished results by the lead scientist for these experiments, Dra. Sandra
Perez.

All samples printed on PVA were heat treated in a convection oven at 80°C for 2 hrs being
careful not to reach its glass transition temperature. This resulted in completely non-conductive
structures as temperatures achieved here were not great enough to remove PVP from the films.
Additionally, the chosen sintering temperature is far below the actual reported melting
temperature of Mo making thermal treatment on PVA and other polymer substrates insufficient
to create conductive structures thus making photonic curing the only option.

5.4.5| PHOTONIC CURING

Photonic curing was applied to a variety of squares printed with 40 layers using the 70
mg/ml Mo in Butanol/IPA 2:1 ink in the hopes of improving the conductivity. Figure 5.44a
shows a Mo film before undertaking treatment which resulted in a wide range of film modes
(Figures 5.44b - 5.441) depending on the sintering parameters applied. Film peeling appeared
first initiating at the edges which with sequential exposure leads to clean film ablation as shown
in Figure 5.44b. This is a result of too high radiant energy or power exposure to the film reaching
maximum temperatures higher than the substrate gasification temperature.*> As the Mo ink
requires extremely high sintering temperatures, this effect cannot be avoided on flexible polymer
substrate unless using a substrate with much greater temperature resistance such as Si. In fact, no
color change was seen on treated films when compared to the printed sample typically
symbolizing non-conductive samples. However, films with resistances as low as 300Q2 were
achieved depending on the sintering parameters.

Successful runs, as reported by Sandra Perez Rafael, typically used a voltage of 380V and
pulse length of 550 pS with a variety of pulses maintaining a distance of 12 mm. Typically, a
single sample here would be exposed to multiple steps until optimal conductivity was achieved.
The first among these is Figure 5.44b (Sample 1) displays a wide variety of pulses, voltages, and
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pulse lengths applied until the square showed some conductivity. At least 4 pulses at a voltage of
350V at a pulse length of 550 us was needed to achieve some conductivity found to be 23kQ.
From there, the voltage was increased to 400V seeing a decrease in the resistance down to 5kQ
and finally a last change in voltage back to 350V and an increase in the pulse length to 1150 ps
saw the reduction of resistance all the way to 800 Q. However further treatment with the same
exact parameters resulted in a burnt sample, especially in areas where no film was seen and
instead only heated the film as shown in Figure 5.44b. Mostly the film at the middle and the top
edge of the sample remained mostly showing an overall cohesive failure of the ink with the PEN
substrate. An enhanced view seen in Figure 5.45a showed that cracks in the sintered film
appeared as weak points where then the film tended to peel while crack formation is in
agreement with the line pattern roughness produced from the initial printing. It is known that just
a single pulse is not recommended as it often leads quickly to overheating of the sample and a
burnt film as shown here.?” From these trials, at least 350V must be applied with at least 4 pulses
is needed to make these films conductive.

Figure 5.44c¢ (Sample 2) is the result of a study of the same type of printed film based on the
effect of the number of pulse lengths as the voltage and pulse length were maintained at the same
values of 350V and 550 ps respectively. It was confirmed that with Figure 5.45b that a similar
behavior was seen here but minimized as much as possible as a step-by-step process in just
increasing the number of pules was implemented. Figure 5.46 depicts the reduction in resistance
with an increasing number of pulses where the first trial directly applied 4 pulses as confirmed
through the last experiment. The direct application of these parameters instead resulted in quick
decrease down to 3.3kQ compared to the 23 kQ reported in the first sample. It was discovered
that if 2 pulses were applied, an average decrease of 37.2% in resistance was exhibited, however
after 10 pulses, the resistance value increased to 2.6 kQ, twice the previously reported values.
This increase indicates a limiting reduction value where the ablation of the film begins to occur.
Further application of these sintering parameters did not improve on the resistance however only
when a higher voltage was applied (380V), did the resistance reduce to 900 Q at the detriment of
ablation of the film at the edges. It must be noted that reduction in resistance value may be a
result of the removal of poorly sintered film facilitating electrical conduction.

This same approach was used here in Sample 3 was directly applied with a voltage of 380V
at a pulse length of 550 ps using two pulses which immediately saw film ablation with a
minimum resistance at 5 kQ as shown in Figure 5.44d. This verified that a slow and lower
starting voltage value must be used in order to prevent immediate film ablation. Interestingly, the
film itself did not show any crack formation (Figure 5.45¢c) as typically seen on all other samples
indicating that no gas formed during testing as the temperature of the film did not exceed
substrate temperature. Photonically cured films as seen in Figures 5.45b and 5.45d appeared
similar in development which began with sintering parameters of voltage at 350V and pulse
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length of 550 ps which has repeated shown to make any structure conductive, achieving 7 kQ
after 8 pulses. Further application of these parameters did not resulted in a major improvement of
the resistance as it maintained at 6.7 kQ), therefore a stronger voltage of 360V was applied
lowering the resistance by 1 kQ with every application from 2 — 4 pulses. As these results began
to stabilize, a higher voltage of 400V was applied to determine whether this increase could
further reduce the resistance. This resulted in a wide range of values as little as 500 Q to 7 kQ,
the highest resistance seen in the film thus far as reported in Figure 5.47. It was apparent here
that generally increasing the voltage greatly reduces the resistance however, it must be noted
here that resistance measurements were highly dependent on where the leads of the multimeter
tester were placed therefore an accurate and consistent measurement was not achieved here. Any
further testing led to degradation of the Sample 4 as seen in Figure 5.44e.

Therefore, Sample 5 as shown in Figure 5.44f was treated at higher voltage as a voltage of
350-360V can only reduce the resistance in the kQ region, therefore a voltage of 400V was
applied with multiple pulses and pulse lengths. Here, a lower pulse length was applied at 250 ps
resulting in non-conductive structures, however once the pulse length was changed back to 550
us, the lowest reported and quickest treated sample here saw a resistance of only 300 Q with
little film ablation as compared to all other samples (Figure 5.45¢). The success found in this trial
was applied to Sample 6 shown in Figure 5.44g seeing resistance in the 12 — 13 kQ range,
greater than those reported at 350V. The pulse length was lowered to 250 ps for the fear of
burning the sample which only saw minuscule improvement even after 16 pulses from 7 — 12
kQ. For this reason, the pulse length was increased again to 350 ps which saw excellent
improvement in the resistance to 2.5 kQ and finally down to 600 — 3 kQ after a total of 8 pulses.
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Figure 5.44. 70 mg/ml Mo in Butanol/IPA 2:1 printed squares with 40 layers at a DS of 20 um at a platen
temperature of 50°C a) as printed square while b) Sample 1, ¢) Sample 2, d) Sample 3, ¢) Sample 4, f) Sample 5, g)
Sample 6, h) Sample 7, and i) Sample 8 are squares treated with various photonic curing conditions. Results were
first reported and adapted from unpublished results by the lead scientist for these experiments, Dra. Sandra Perez.

P T E T T

Figure 5.45. Close up view of photonically cured samples as shown in Figure 5.44 for a) Sample 1, b) Sample 2, c)
Sample 3, d) Sample 4, e) Sample 5, f) Sample 6, g) Sample 7, and h) Sample 8. Results were first reported and
adapted from unpublished results by the lead scientist for these experiments, Dra. Sandra Perez.



162

25
- m  Sample 1
® Sample 2
20 4 4 Sample 4
g15-
Q
o
5
B 10
0
14 A A A
5 4
)
° ] ]
L ]
0 -
T T T T T T T T T T T T T
4 6 8 10 12 14 16
No. of pulses

Figure 5.46. Effect of increasing pulse number on the resistance of the deposited Mo film for 10 applied pulses
keeping sintering parameters such as voltage 350V and 550 ps pulse length consistent for Samples 1, 2, and 4.

Results were first reported and adapted from unpublished results by the lead scientist for these experiments, Dra.
Sandra Perez.
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Figure 5.47. Effect of increasing voltage on resistance for Sample 4 Mo film with pulse lengths at 550 ps for 350V

and 360V and 500 ps for 400V. Results were first reported and adapted from unpublished results by the lead
scientist for these experiments, Dra. Sandra Perez.

When taking Samples 1, 2, and 4 into comparison, the large range of resistance values
applied for the same number of pulses calls into question the repeatability of this sintering
technique with these films, that being the combination of inkjet printing and photonic curing.
This variability is most likely due to the irregularities in the film that reduce the effectiveness of
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the sintering technique. This is typically not an issue with thermal sintering as the entire film
sees the same temperature however because photonic curing occurs from the top down, the
uniformity of the surface as well as the sample thickness plays a role in the conductive film
development. After multiple tests, it is clear that the lowest possible resistance achieved for
inkjet printed and photonic cured Mo ink on a PEN substrate is ~100s of Q for a 4 x 4 mm
square. A 4x4 mm square was used as a reference for the measurement of relative resistance
values with respect to the applied energy via photonic curing.

5.5| CONCLUSIONS

The development of biodegradable Zn and Mo thin films was presented here for their
viability and compatibility with low impact technologies such as inkjet printing and photonic
curing. Standard thermal sintering was insufficient to achieve high conductivities as these inks
required sintering temperatures of at least 400°C, directly incompatible with temperature
sensitive substrates including typical polymer substrates. This was apparent in both thermally
treated Zn and Mo films as neither saw conductivities greater than 10° S-m™ nor any
conductivity at all respectively. It was for this reason that alternative sintering techniques such as
photonic curing were considered as they have been previously shown to achieve high
conductivities for even oxygen sensitive Cu thin films. It was found that photonic curing was
effective in the removal of both DMSO and butanol solvents thereby exposing bare Zn NPs
contributing to the film conductivity. However, this was not without side effects as the surface
layer was converted to ZnO flakes which displayed a light grey color. This layer acted as a
protective layer where the deposited Zn NPs beneath were exposed and saw conductivity up to
8.1 x 10° S'm! for PEN substrates and 2.7 x 10> S‘m! on PVA which has room for
improvement. All tests performed with photonic curing were limited in terms of accessibility and
rushed as a result meaning further optimization is still needed. This was also the case with Mo
thin films conducted by Sandra Perez Rafael. As melting temperatures exceeding 2000°C is
needed, thermal sintering was ineffective and only resulted in non-conductive structures. With
the implementation of photonic curing, printed squares saw resistances as low as 300 Q but its
lack of consistency due to non-uniformities in the printed layer must be addressed. Solely based
on these results, the development of Mo NP ink for inkjet printing does not provide any
advantages over screen printed inks utilizing MPs as its respective melting temperature is
unreasonably high for temperature sensitive substrates even with the help of alternative sintering
techniques such as laser and photonic sintering. Research on both Zn and Mo inks is currently
ongoing at IMB-CNM by Sandra Perez Rafael where full results will be reported in the future.
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Inkjet printed plasma reduced metal
films

This chapter serves to provide a new perspective on metal thin film formation by plasma
sintering by adapting the use of metal salt-based inks onto a wide variety of substrates previously
not seen before. Such inks have only been recently introduced to the scientific community and
are still being understood. My contribution here adds to this base of knowledge by utilizing
atmospheric oxygen plasma to develop extremely low temperature sintered metal films onto a
wide variety of substrates which was published in an article titled for “Low-Temperature Plasma
Sintering of Inkjet-Printed Metal Salt Decomposition Inks on Flexible Substrates”.** Section by
section will provide the thought process behind each experiment and provide an in-depth
analysis on the results which were not reported in the paper.

6.1 | INTRODUCTION TO METAL SALT DECOMPOSITION INKS

Metal salt decomposition (MSD) inks are a subset of MOD inks which are primarily salt
precursors dissolved in a combination of solvents. Such inks require the ability to be reduced via
thermal', laser’, chemical®, or plasma sintering*® to stimulate NP growth implying that a
separate chemical synthesis step is no longer necessary. All such sintering methods were
conducted at low temperature meaning that excessive sintering temperatures are not needed with
such inks allowing for the implementation of temperature sensitive substrates. Often, Ag and Cu

1 Leung TSW, Ramon E, Martinez-Domingo C. Low-Temperature Plasma Sintering of Inkjet-Printed Metal Salt Decomposition
Inks on Flexible Substrates. Adv Eng Mater. 2022;2200834. doi:10.1002/adem.202200834
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are the two most investigated inks mostly due to their low cost for high conductivity elements.
There is also a need for other noble metals such as Au and Pt as their excellent corrosion
resistance and oxidation stability provide good biocompatibility for sensor and OFET
applications. Additionally, unlike typical nanoparticle inks with short shelf life due to the
interaction between the NPs and the stabilizer, MSD inks display both excellent chemical and
thermal stability due to its simple formulation providing an additional advantage.*

Recently Yang et al.> demonstrated the reduction of a Pt and Ag salt precursor inks using a
femtosecond laser at 780 nm wavelength. The Pt ink was composed of Pt(Il) salt, ammonium
tetrachloroplatinate (NHa4)2[PtCl4]), and an iron(IIl) oxalate photosensitizer, ammonium iron
oxalate trihydrate (NH4)3;[Fe(C204)3] which resulted in printed Pt micron sized lines with a
conductivity of 2.4 x 10° S-m™ as a result of the concentration of photon absorption as provided
for by iron oxalate.> The Ag ink containing AgNO; salt combined with trisodium citrate (a
reducing agent) saw conductivity up to 5.9 x 10° S:-m™ for micron sized printed lines.?

Chemical sintering of different metal inks was explored by Wang et al., Li et al., and
Abulikemu et al. whom used room temperature techniques to create metal thin films. Wang et al.
presented the successful fabrication of Cu films on paper through a multilayer process where the
substrate must first be treated with SnCl, followed by the inkjet printing of a silver based catalyst
ink (composed of AgNOs, water, ethyl alcohol, ethylene glycol (EG), n-propanol, and glycerol
following a 14:8:7:8:16 ratio by volume), and finally placed into an electroless plating solution
made of CuSO4-5H20, C4H4KNaOs-4H20, Ci10H16N2Na2Og, and NaOH to develop copper thin
films. The deposition itself required 30 minutes to achieve 1.1 pum layer displaying high
conductivity of 4.0 x 107 S'm™'.” However this exhaustive process could be simplified with the
introduction of reactive inkjet printing. Li et al. also demonstrated Cu and Ni films on a paper
substrate solely using a sequential printing process (printing of the metal precursor followed by
the reducing agent) requiring hundreds of printing cycles. The salt-based inks were composed of
copper citrate and nickel sulfate (NiSO4) both of which required sodium borohydride (NaBHa) as
the reducing agent. Conductive Cu lines were achieved after 350 successive printing cycles to
obtain a connected “cauliflower” network of aggregated growth with a conductivity of 1.8x10°
S-m™.® On the other hand, a Ni film could be achieved with 250 printing cycles which created a
deposited layer of 5 — 10 um film thickness displaying a conductivity of 2.2 x 10* S:m™'.® This
process could also be extended to the development of other metal films such as Au as
demonstrated by Abulikemu et al. Here, reactive inkjet printing of the HAuCly salt precursor
followed by the oleylamine + 1,2-dichlorobenzene (acting as the capping reducing agent
respectively) ink succeeded in developing self-assembled 8 nm Au NPs films after thermal
treatment at 120°C for 3h.
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Another technique was the implementation of plasma as a sintering technique. The known
first occurrence of reduced plasma Au films was reported by Crowther et al.> whom used
hydrogen plasma to produce Au films from HAuCls and Nylon66 ink. This early adoption of
reducing metal salt-based inks gave rise a new class of inks as reported by Sui et al. who
published a comprehensive paper displaying a large range of metals (Au, Pd, Ag, Pt, Cu, Bi, Pb,
Sn) that could be reduced using Ar plasma sintering onto a selection of polymer substrates such
as PET, cellophane, PVA, and polyethylene (PE). The reducing power of the plasma could be
tuned by the amount of power applied to the substrates up to 300 W for 30 minutes reaching
moderate sintering temperatures (<138°C).*

6.2| METAL SALT DECOMPOSITION INK FORMULATION

The most common reagents for substrate preparation and ink formulation were obtained
from Sigma-Aldrich (Merck) including ethylene glycol (EG, ReagentPlus®, >99%), (3-
mercaptopropyl)trimethoxysilane (MPTMS 95%), hydrochloric acid (HCl, ACS reagent, 37%).
Ethanol absolute (99.5% for synthesis) and Acetone (Reag. USP, Ph. Eur.) for analysis, ACS,
ISO was purchased from AppliChem GmbH.

MSD ink formulation simply requires a metal salt precursor combined with a solvent and
H:>O to dissolve the salt. A wide range of metal salts were obtained from Sigma-Aldrich (Merck)
including gold (III) chloride trihydrate (HAuCls:3H20, >99.9% trace metals basis, with Au
content 48.5-50.25%), chloroplatinic acid hydrate (H2PtCls-xH2O, >99.9% trace metals basis,
with Pt content 37-40%), tin(II) chloride (SnCl,, Reagent grade 98%), Palladium(II) chloride
(PdClz, >99.9%)), silver nitrate (AgNO3, ACS reagent, >99.0%), Copper(Il) sulfate pentahydrate
(CuSO4 - 5H20, ACS reagent, >98.0%), and iron(IIl) chloride hexahydrate (FeCls - 6H,0, ACS
reagent, 97%). Ethylene Glycol (EG) (C2HeO2, 99%) was purchased from Alfa Aesar (Thermo
Fisher Scientific). Both the Au and Pt inks were produced from a 1.0M metal salt solutions
combined with 50% EG and 50% DI water. To create the Pd ink, a 0.5 M salt precursor solution
was developed with a 2:1 ratio (v/v) of H2O to EG, that is 1.5mL of 1.0M AgNOs + 1 mL (33%
EG + 76% DI water). Similarly, a 1.5M solution was prepared with the Ag precursor and mixed
with the same 2:1 H>O:EG ratio as previously stated. A 1.0M solution containing the Cu salt
precursor was added to a 1.9:1 ratio (v/v) of H2O to EG. Lastly, due to their quick oxidation with
H>O, the Sn and Fe inks were mixed together with 50% ethanol and 50% EG to create a 1.0 M
solution. Each of the inks are as pictured below in Figure 6.1.
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Figure 6.1. All developed MSD inks as pictured from the left to right: CuSO4, H,PtCls, HAuCls, SnCl,, and
PdCl; inks.

A large variety of substrates including polymers, papers, and fabrics were used for testing,
some of which were purchased while others were fabricated as previously discussed in Chapter 4
regarding the Substrate Investigation. All fabricated substrates previously discussed and
therefore will not be reviewed here in this section. Polymer substrates used for these experiments
included A4 sheets of polyethylene terephthalate (PET) Melinex and polyethylene naphthalate
(PEN) 125 pum thick films purchased from DuPont Teijin Films that were pre-treated on one side
to adapt for inkjet printing. Dupont Kapton® Polyimide films. All paper substrate included
TESLIN® BIO SUBSTRATE (254 pum, Ohio, USA), obtained from PPG Industries, as well as
PowerCoat HD paper sheets (size A4, 230 um) from Arjowiggins France. Fabrics included 100%
polyester textile purchased from Decathlon and umbrella fabric (80 um thickness) purchased
from a local store.

Plasma treatment was performed with PlasmaTechnology’s GmbH SmartPlasma2 that could
be adjust to any power from 10 — 100% (up to 80W) for different time periods. Unfortunately,
accurate control of the O2 flow nor pressure was possible and may be varied with each test. If a
higher voltage was needed with accurate O gas control, Tepla Gigabatch 360M O; plasma asher
in the CNM cleanroom was used. With this machine, the same recipe was used where the power
was set to 200W, with an O> flow of 600 standard cubic centimeters per minute (sccm) for 1 or
20 minutes at a time. Additionally, March PX-1000 Plasma Reactive Ion Etching (RIE) System
equip with argon gas (Ar) was utilized to investigate the same film development under two
conditions:

1) P=150W, 600 mTorr Ar for 20 minutes

2) P=66W, 50 sccm Ar, for 20 minutes
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Good performance of the ink was seen up to 6 months of storage but was dependent on the
metal precursor stability itself. No precipitates formed even after long term storage (83 days).

6.3| REDUCTION MECHANISM

The reduction mechanism for metals is based on their respective ion reduction potential as
stated in Figure 6.2 where the greater the reduction potential denotes the ease of conversion to its
elemental form. In contrast, the more neutral or negative the value signifies the resistance or
aversion from conversion which is the case for Cu, Sn, and Mg ions including their respective
disposition for oxidation. For example, Sui et al. reported that metals exhibiting higher reduction
potentials such as Ag, Pd, Au, and Pt were converted using low plasma power of 150W while
those with lower reduction potentials required twice the power at 300W at extended exposure
times.* Additionally, conversion may occur in multiple steps as indicated by the asterisk (*) for
both Fe and Pt metals.

Reduction reactions potential
Audt + 3eT @ Aug, +iEeV
Pi** + 26 = Pigy +0.92V
AgT + e = Ages +0.80 V
xFe3t + e~ 2 Fe?t +0.77 V
«+Fe** + 2e” 2 Fe, -0.44V
* PtCIZ~ + 2e~ = PtCl3~+2Cl™ +0.68 V
* PtCI{~ + 2e™= Pt(5) +4Cl~ +0.73 V

Cu®* + 2e 2 Cug
2+ -
Sn + 2e” = Sng

Mg** + 2e” & Mg,

Figure 6.2. Respective electrode potentials and their half reduction reactions for common metals organized on
decreasing reduction potential. This figure noted here was adapted from Liu et al.’

As noted by Figure 6.2, the reduction of an ionic metal is dependent on the ability of the
respective technique to form solvated electrons that serve as reducing species.!” In terms of
plasma sintering, the proposed conversion occurs as shown in Figure 6.3 below in a 2 step
process. Ion bombardment from Ar" ions causes the metal salt to dissociate to metal cations and
anions.* These cations are then further reduced via electrons provided from the plasma. This
then allows for the nucleation and growth of the metal thin film on the substrate surface. The
remaining anions are then removed by a dehalogenative coupling reaction.'!
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Figure 6.3. Schematic representation of the Ar plasma reduction process of Sn metal salt ink. This figure was
adapted from Sui et al.*

The reaction above is reported specifically for low pressure and high power Ar plasma
which must be adapted in our case which was expanded upon as shown in Figure 6.4 for the
development of an Au film on a PET substrate. It is believed that this same process occurs on
other substrates and other inks which will be demonstrated later. Inkjet printing with Au
(HAuCls) MSD ink was used to deposit patterned structures onto any desired substrate which for
example here is PET (Figure 6.4a). Similarly to the reduction mechanism processed in Figure
6.3, exposure to Oz plasma (Figure 6.4b) initiates ionic bond dissociation of the metal salt in the
MSD ink in the first 5 minutes (Figure 6.4bi). Solvent evaporation occurred rapidly at the edges
as these printed structures exhibit the Marangoni effect where the edges contain less solvent as
well as a lower thickness. Therefore, conversion of the ink is first initiated at the edges that move
to the interior of the sample as seen in Figure 6.4bii. Chlorine ions are released as gaseous
byproducts that can be removed in vacuum. This leaves an elemental and conductive Au film on
the substrate surface (Figure 6.4biii) after approximately 20 minutes of exposure. A notable
difference in film color is seen from the transparent yellow color of the Au MSD ink to an
opaque metallic gold appearance as depicted in Figure 6.4c. Exposure and conversion times were
individual for each ink and based on overall thickness of the deposited which will be discussed in
the following sections.
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Figure 6.4. Plasma reduction mechanism for Au film development on PET substrate a) HAuCly ink is inkjet printed
onto the substrate and b) converted using O, plasma which provides i) electron reducing species causing bond
dissociation of the metal salt to its ionic metal and gaseous Cl- anion forms which initiates solvent evaporation at the
i) edges continuing to the center until ii) a conductive Au colored film is seen within 20 minutes of exposure that
evenly occurs ¢) across all samples on the surface. Any gaseous Cl™ by products are then removed in vacuum. This
figure was first published in Advanced Engineering Materials by Leung et al.®

6.3.1 | ADVANTAGES AND LIMITATIONS

Atmospheric O> plasma is a widely available laboratory equipment often used for surface
treatment or removal of organic matter. Such tasks do not require high power, therefore this
device normally exhibits low power compared to reactive ion etching (RIE) machines. As a
result, both the temperature and energy consumption are maintained at a minimum making this
technique ideal for temperature sensitive substrates without the need for high vacuum.
Additionally, with the limited functionality, the cost of such a machine is effectively lower and
an affordable option for any laboratory. Therefore, this technique provides many advantages
including low processing costs and compatible with numerous substrates. However, the use of Oz
in the system prompts oxide formation in oxygen sensitive metals that could be prevented using
inert gases such as H»> and Ar. Therefore, the reduction range of atmospheric O plasma with
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other metal salt based was explored. Keeping in mind Figure 6.2, it was discovered that neutral
to negative ion reduction potential was incompatible with oxygen plasma. In fact, the plasmonic
ions and electrons generated via plasma sintering only served to recrystallize the inks. Such cases
can be seen below for Sn and Cu inks respectively.

The concocted SnCl, MSD ink saw an overall transparent color with a higher viscosity than
both Au and Ag inks. Figure 6.5 below shows these results beginning with the line pattern (an
explanation as well as the original pattern can be found in Chapter 2 under the Inkjet printing
section) in Figure 6.5a where the optimal DS was found at 25 pm. Each of the printed squares
ranging from 1 — 3 layers were exposed to oxygen plasma in 1 minute burst and subsequently
photographed. Within 1 minute of exposure, all squares appeared to be partially converted
mostly at the edges as seen in Figure 6.5c. However with further treatment and drying of the
respective films, crystal formation appeared as shown in Figure 6.5b which was especially
prominent for 2 and 3 layers. This became more severe over a longer exposure time as the
previously converted areas reduced in size and eventually became recrystallized after 9 minutes
of exposure for multiple layers. This high roughness due to recrystallization becomes more
severe as the number of layers increases. As previously seen, the middle portion of each sample
tends to show a different behavior than the exterior as the ink tends to agglomerate in that area
thus needing a longer exposure time to be converted. However, this was not to case for these film
as no uniform film nor fully converted film could be achieved neither for short nor long times.
This is due to the -0.14V reduction potential where plasma exposure serves to further
recrystallize the film rather than provide any reducing ability. However its mild success does
prove that metal salt precursors of a wide range of reduction potentials can be compatible with
oxygen plasma.
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1 minute of exposure 4 minutes of exposure 9 minutes of exposure

Figure 6.5. Plasma exposed SnCl; ink on PET substrate a) line pattern, b) printed squares with 1 - 3 layers, and c)
time dependent plasma exposure on all layers

Cu MSD ink observed a blue color and also observed higher viscosity than compared to the
Au MSD ink. Printing was conducted onto PET substrates beginning with a line pattern (Figure
6.6a) that verified that the ink was generally compatible with the surface. From this, it was
determined that a DS of 10 pm would be the most optimal to print future patterns as those above
showed scalloped, poorly defined lines while a DS of 5 um was found to be overly bloated with
ink. Oxygen plasma treatment was conducted twice at 40% for 200s and then at 80% for 1
minute. Unfortunately, the only change that was seen in the film was crystal formation as a result
of drying as seen in all printed layers in Figure 6.6. It is believed that the salt in the ink only
recrystallize with plasma exposure. This result was to be expected as Cu is well known to
oxidized rapidly and its respective ion reduction potential is +0.34 eV.
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2 layers 3 layers

Figure 6.6. Cu MSD ink on PET where a) line pattern and b) squares containing 1 - 3 layers

6.4 | THIN FILM DEVELOPMENT — MATERIALS AND
ELECTRICAL CHARACTERIZATION

Due to their respective highly positive reduction potentials, 3 metal salts: AgNO3, HoPtCle,
and HAuCls were targeted for O, plasma conversion. Each of the metals were explored in the
same manner starting with ink formulation and manipulation and printing and materials
characterization on standard polymer substrates. If sintering was successful on non-conventional
substrates, these films were then further characterized. This was achieved through a variety of
surface characterization and electrical techniques including optical and confocal microscopy,
scanning electron microscope (SEM), x-ray diffraction (XRD), atomic force microscopy (AFM),
profilometry, and 4-point probe measurements.

6.4.1 | AG MSD INK — MATERIALS CHARACTERIZATION

The resulting AgNOs ink has a lower viscosity compared to other inks due to lower EG
content which directly improves the printability overall. The ink itself is colorless where there
was no apparent sign of precipitates. One of the first tests performed to determine the interaction
of this ink with the PET substrate surface was by printing the line pattern. It indicated that the
PET substrate must be first pre-treated with oxygen plasma (80% for 30 second) in order to form
a continuous line. For this reason, the first printed line pattern as shown in Figure 6.7a was found
to be discontinuous for all DS and also already converted to Ag following the surface plasma
treatment. The second line pattern following plasma treatment indicated that a wide range of DS
were printable ranging from DS of 5 - 40 um. Eventually it was determined that a DS of 25 um
provided continuous square films with optimal sharpness and integrity which were then
subjected to two rounds of 100% plasma power for 1 minute directly following its printing as
shown in Figure 6.7b below. After the first plasma treatment, a silver color with high roughness
appeared with due to salt crystal formation. A second plasma treatment was performed showing
that the film became over oxidized meaning that in general, more than 1 minute of plasma
exposure leads to oxidation. It was determined that the deposited ink thickness was important not
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only for successful film formation, but also for the oxidation meaning that a precise test was
needed to determine what the optimal plasma treatment time was needed for each layer.

Figure 6.7. Plasma reduced AgNOs ink on PET a) line pattern before and after conversion and b) stepwise
conversion leading to oxidation

Figure 6.8a and 6.8b showed that rapid crystal formation appeared directly following
printing for 1 and 2 layers defining the resulting film formation. Conversion of the film for 1
layer required just 45s while 2 layers needed 60s however such layers tended to dry prior to
plasma exposure meaning a non-continuous film would be formed as seen with 1 layer in Figure
6.8ai. Those with 3 to 5 layers (Figure 6.8c - 6.8e) also show severe roughness with varying
levels of black discoloration seen across the films. This indicates that the both the surface and
lower layers may not be fully converted or oxidized as plasma treatment was conducted at 80%
power (64W) for 75s. Further plasma exposure was not attempted as previous experience
showed that oxidation can occur rapidly. These squares were then tested for their respective
sheet resistance values which is not reported here as their values were highly inconsistent which
may be due to the varying surface roughness found across similarly printed samples. However,
the lowest sheet resistance found was 19.6 Q/o.
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Figure 6.8. Ag film formation before and after plasma treatment showing dependency by layers where a) 1 layer, b)
2 layers, c) 3 layers, d) 4 layers, and ¢) 5 layers. Figure 6.8ai was taken with the Dimatix fiducial camera showing
crystal formation immediately following deposition.

Further characterization of the films explored the surface topography using SEM analysis
and its respective chemical composition through energy dispersive X-Ray (EDX) analysis and
crystal structure through XRD analysis. As shown in Figure 6.9 below, SEM micrographs
revealed that rapid crystallization seen in the films lead to the development of highly porous
films (Figure 6.9a). Although this roughness can already be seen by eye, the surface roughness is
a result of high porous nature of the reduced Ag films. As sintering was performed at low
temperatures, solvent evaporation becomes a major contributing factor where silver salt begins to
precipitate before its decomposition thus creating crystals especially prevalent on 1 and 2
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layers.!? Using EDX, the film contained only Ag while C and O contamination are common
elements found during analysis as shown in Figure 6.9b. However this result was disputed by
Figure 6.9c where XRD analysis showed a variety of unidentifiable peaks which can be attribute
to AgNO:s or silver oxide formation. These differences in results are due to the penetration depth
of each respective technique meaning XRD analysis penetrated further into the sample revealing
the presence of organic contamination that signaled incomplete conversion due to the skin effect.
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Figure 6.9. Materials characterization of printed Ag films through a) SEM analysis, b) EDX analysis, and ¢) XRD
analysis

Different substrates such as PDMS, paper, and textile were tested to see if plasma
processing was compatible with these surfaces. PDMS is a widely used silicone polymer that is
known for being extremely hydrophobic as previously discussed and tested in Chapter 4.
Therefore, at minimum, the surface must be treated with oxygen plasma and/or with chemical
treatments in order to make the surface printable. Figure 6.10 below displays the results of
different treatments the PDMS surface was subjected to. It can be seen that without any plasma
treatment, droplets with the smallest distance (DS of 5 pm) between them completely merged
together and formed larger separate droplets (Figure 6.10a). With increasing DS, the outcome
was no better however this result was expected. Figure 6.10b to 6.10d showed that even with
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plasma treatment, its development fared no better as the droplets exhibited similar behavior, the
only difference being that as the plasma time increased, the droplets became more randomly
dispersed and larger in size however never resulting in a continuous film. One last attempt was
made to achieve a printable surface which was a multistep chemical and plasma treatment of the
PDMS surface as reported by Wu et al.!3 which included 0.5M of (3-Mercaptopropyl)trimethoxy
silane (MPTMS) in ethanol + 0.1M HCI followed by exposure to plasma at 37% for 30s. Here,
the appearance of the line pattern was massively improved however these printed lines were
temporary and eventually rebounded into a bigger droplet. Unfortunately, none of the treatments
were found to be sufficient enough to create a bounded square pattern and therefore no further
testing was conducted using this substrate.
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Figure 6.10. Line pattern AgNO3 ink printed on surfaces a) without plasma treatment b) 40% for 20s plasma
treatment, ¢) 40% for 40s plasma treatment, d) 40% for 60s plasma treatment, and ¢) MPTMS + HCI chemical
treatment

Ink behavior and possible reduction was also tested on paper and textile which are known to
have higher porosity than polymer substrates meaning there is a high probability for ink
absorption further complicating the reduction process. This did in fact play a role as it was not
possible to develop conductive Ag structures on either substrate. Figure 6.11 shows results from
the multilayer deposition and treatment of the AgNO3 ink on Teslin paper which in fact did see a
dramatic change in film color from a pale yellow color until a dark brown color indicating an
intermediate Ag film formation occurred that was altogether found to be non-conductive. In the
end, all squares had a streaky appearance meaning that a continuous layer was not developed,
and the wrong DS was chosen. Within 15 second of plasma treatment at 80% (64W), the squares
were visible turning from clear to yellow complexion. After an additional 15 seconds, an even
darker yellow appeared however with further plasma sintering, this no further changes were
seen. The substrate was monitored for 30 days to see if any changes would occur however the
results remained the same. One sign that partial conversion appeared was that the dark brown
film observed silver specks where perhaps isolated Ag NPs developed over time. A similar
behavior was also found on the Decathlon textile which appeared to be highly porous as the ink
was absorbed and spread beyond the original square dimensions. Figure 6.12 displays the overall
results where 2 and 3 layers continued to remain brown in color after multiple plasma treatment
attempts. However, this brown color appeared immediately for squares with 4 and 5 layers
within 30s which continued to remain consistent even following further plasma exposure. The
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reason for this rapid change was mostly due to the availability of the AgNOs3 ink at the surface
for multiple layers as the ink need more time to be absorbed into the fabric. For this reason, a
gradient of intermediate brown colored film was seen which grew darker with more layers. Even
after a long period of observation, no conductive film was formed and remained in this dark
brown color. It is believed that in these cases, that the ink absorption further impeded the Ag film
reduction process as plasma sintering could not penetrate past the substrate surface.

After storage in
vaccuum for 13
Asis 240s days

Os 155 30s 45s 60s

Figure 6.11. Different stages of Ag film growth on Teslin paper for 2, 3, and 4 layers
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Figure 6.12. Ag film growth by layers on 100% polyester textile

Although an in depth reduction mechanism was not studied here due to the inconsistent
growth of the Ag thin films, an updated model was presented by Sui et al. asserting that high
surface roughness of such inks is a consequence of solvent evaporation.'* In this study, they
proved that the surface morphology can be adapted by adjusting the AgNOs ink based on its
respective vapor pressure whereby surface roughness, porosity, and thus electrical resistivity all
increase with decreasing vapor pressure.'* Low vapor pressure solvents increase the critical
liquid-phase reduction and nucleation time as they remain stable even under vacuum
conditions.' Initially it was proposed that only AgNOj3 is ionized in the solvent however this was
revised to include that AgNOs3 also recrystallizes due to solvent evaporation. It is the ionic bonds
of AgNOs; that are dissociated by the electrostatic attraction from the polar molecules in the
solvent.!* The reduction of the Ag" ions to Ag are confined to the surface regions where electron
density is the highest and reach a tipping point where nucleation a growth of the thin film occur.
Once the solvent completely evaporates, the Ag cations and NO3 anions increase in
concentration and reform back into AgNOs.!* This account for the crystal structures especially
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apparent in smaller thickness films as seen in Figure 6.8a and 6.8b. They show that eventually a
bilayer of Ag/AgNOs film is formed and thus affect the electrical conductivity as was previously
suspected. Growth initiated from a liquid will never be able to achieve full densification resulting
in porous structures which are seen across all MSD inks. At the same time, these solvents
provide a more uniformly reduced Ag film ensuring that the deposited ink in its entirety is
converted circumventing the skin effect which is typically seen for plasma sintered films. The
findings reported in this paper cannot be fully verified as limited analysis of Ag films was
performed due to their quick oxidization using oxygen plasma. However, this does explain the
large variety of unidentifiable peaks found during XRD analysis (Figure 6.9¢). In contrast, no
remaining nitrate or nitrogen was found in the SEM/EDX analysis as the penetration depth only
allowed for surface analysis. Instead, this further supports the idea of the skin effect occurring as
a result of the sintering technique as mentioned in this paper.

Further testing regarding the printing and plasma optimization or ink formulation
improvement could not be performed as there was inconsistent conversion where the deposited
films were found to be completely non-conductive across all substrates including PET. Initially,
this technique showed promise with Ag but its inconsistency and affinity to oxidize made it
incompatible with O, plasma but instead has been proven using Ar plasma.*'* Additionally,
crystallization of the printed ink occurred rapidly due to excessive drying creating isolated
islands and disconnected films.!?

6.4.2 | PT MSD INK — MATERIALS CHARACTERIZATION

Pt MSD ink was composed of 1.0M HPtCls (=0.3928g) combined with 3 mL (50% EG+
50% DI water) which initially showed an orange color and turned to yellow after 2 weeks storage
(Refrigerated at 4°C) perhaps signaling oxidation. Ink exhibited higher viscosity than the Ag
MSD ink as expected with the introduction of greater concentration of EG and successfully
printed on multiple substrates which will be discussed in detail.

Figure 6.13 shows the typical pre-printing test pattern which was conducted by printing a
line pattern onto every new substrate which in this case was first printed onto PET. On plasma
treated PET (procedure as stated previously), the line patterns appeared to be bloated which is
not 100% ideal for printing as this may cause desired patterns to be larger than expected. This
behavior may not be ideal, however a line did appear meaning that printing was acceptable in
this state. It was determined from this that the optimal DS appeared to be between 25 — 30 um.
These were the starting printing parameters which were verified in Figure 6.14 showing that
ultimately, DS of 20 um was needed to create a continuous printed layer. However, as the
different layers were exposed to O» plasma, just 1 printed layer was insufficient to create a
square pattern. In this case, at least 2 layers was necessary to create a continuous film, however
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its final shape was much more rounded than expected as the deposit ink layer tends to
agglomerate at the center. After 3 minutes of sintering, each layer appears to be completely dried
and converted while the exterior reduces more rapidly than the middle. This is due to the
Marangoni effect which was previously explained in Section 6.3 using Au film formation which
directly applies to Pt formation as well. Additionally, a brief optimization of both the printing
and plasma sintering parameters was defined as shown in Figure 6.15 below. A limited range of
DS were tested mostly due to the DS printing compatibility seen before in Figure 6.13. Here,
Figure 6.15a presents 2 DS sizes that varied widely already implying that a DS of 20 um was the
optimal DS which showed a minimal sheet resistance of 64.5 Q/o for 1 layer. This parameter
was then used later through further testing where up to 3 layers was explored as seen in Figure
6.15b. As previously discussed, 1 layer gave unreliable measurements as the film dried before
conversion creating a discontinuous layer. It was discovered that 3 layers reported a sheet
resistance of 50.2 Q/o whereas 2 layers showed 64.0 Q/o. Next the sintering parameters were
defined where different exposure times from 5 — 11 minutes at 80% (64W) was tested as shown
in Figure 6.15c. For 2 layers, the sheet resistance reduced from 65.2 to 57.0 Q/o, showing only a
12% decrease for an addition 5 minutes of plasma. Therefore, a longer exposure time was not
needed showing that already with an exposure time of 7.5 minutes was acceptable. Lastly, Figure
6.15d displayed the layer thickness achieved after printing and plasma sintering where 450 nm
and 1.16 um were found for 2 and 3 layers respectively. This parameter was then used to
calculate their respective conductivity values of 3.85 x 10* and 2.34 x 10* S-m’. From this, it
was determined that an optimized Pt film should be printed with a DS of 20 um with 2 layers and
plasma treated with 7.5 min.

Figure 6.13. Printed line pattern on PET substrate from a) Dimatix fiducial camera view and b) following plasma
treatment at 80% (64 W) for 30s
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80% for 2:30 120s 150s 180s

1 layer DS 30

1layerDS20  1layerDS 25

2 layers DS 20

3 layers DS 20

Figure 6.14. Different stages of Pt film growth by plasma sintering at 80% (64W) after 2.5 minutes until 5.5
minutes detailing development every 30 seconds
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Figure 6.15. Optimization of printed and plasma sintering parameters to develop Pt films

roughness (Figure 6.16d) at 344.7 nm as compared to evaporated Pt films.

Generally, the Pt film showed large metallic crystal structures that were visible by eye as
shown in Figure 6.16a. SEM analysis delved further into the microstructure of the film revealing
a lamellar and mesoporous film as shown in Figures 6.16b. This behavior was further verified
with Figure 6.16¢ where a focus ion beam (FIB) cut was used to expose the profile view however
did not indicate any visible microstructure. Pore formation is created as a result of the salt
byproducts from metal salt precursors where a metal framework forms from the removal of salts
that occupy interstitial space between the metal atoms.® In fact, the surface itself appeared to be
full of complete spherulites or hedrites with a distinct nucleation site at the center that form
separate crystals through grain boundary formation.' This is considered a type of polycrystalline
growth that develops under nonequilibrium conditions.!” The result is a relatively high surface
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Figure 6.16. Surface topography images of the Pt film taken by a) an optical microscope at 20x magnification, b)
SEM analysis at a magnification of 10,000x, ¢) FIB profile cut at 70,000x magnification and d) surface profile
measurement taken by confocal microscopy

Strangely enough, when enough layers were printed and converted, such as the case with 2
and 3 layers with a DS of 20 um, the inner portion of the sample sees a highly reflective silver
color which is then surrounded by a ring. These different growth regions were further
investigated with SEM-EDX analysis as shown in Figure 6.17a and 6.17b. Under SEM analysis,
the center region (Figure 6.17b) exhibited a more disorganized behavior where the film itself
showed more random island growth formation and chlorine which was surrounded by the
organized crystalline structure in the outer regions. Figure 6.17a showed that the outer edge
regions saw only Pt meaning this region was already fully converted. The difference in these two
spectrums signaled that reduction of the ink occurred unevenly as ink accumulated in the middle
meaning more exposure time was necessary for complete reduction. However, this behavior was
expected as conversion followed the reduction mechanism was proposed in Section 6.3 due to
the Marangoni effect of the ink. XRD analysis in Figure 6.17c showed an amorphous film with a
wide range of peaks including those identified being related to pure Pt at 39.7°, 46.8°, 67.5°,
81.4°, and 85.6° corresponding to (111), (200), (220), (311), and (222) crystal planes
respectively. Those peaks found at 53.4° and 77.1° correspond to interference found from the
PET substrate below due to the thin film. All other peaks identified here could not be identified
but are attributed most likely due to Cl contaminants from the incomplete reduction. When
initially printed, the squares started out from a translucent yellow to dark grey to a silver color
with obvious crystal formation. Already this crystal formation was seen at the intermediate grey
color stage which may be due to the recrystallization of the metal salt as seen with the AgNO3
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ink. However, this behavior is believed to be more severe here when looking at the stepwise
chemical reaction at Equations 6.1 and 6.2 below:

PtCl2~ + 2e~ © PtCl3~ + 2Cl~  E, = +0.68V (6.1)

PtCIi™ + 2e™ & Pty +4Cl™  Ey = +0.73V (6.2)

As the reaction is reversible and more energy is required to fully reduce the Pt ion to its non-
zero valent state where the probability that Cl anions contaminate the film quality which appears
during XRD analysis.
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Figure 6.17. Chemical composition analysis through a) SEM-EDX on the outer area of the sample, b) SEM-
EDX on the inner area of the sample, and ¢) XRD analysis

Pt MSD ink presents similar roughness from porous film growth as plasma reduced Ag films
which is typically found in the reduction of MSD inks. Table 6.1 below provides an overview of
the Pt thin film properties including it metal content which was calculated to be 15.8%, lower
than similar NP inks previously characterized at 20.5 wt%.!'® This ultimately affected the final
conductivity which was found to be 3.85 x 10* S-m™!, significantly lower than its bulk equivalent
at only 0.41%. However, this may additionally be in part due to the high reported surface
roughness at 344.7 nm for a 400 nm thick film. However, an advantage of this technique was
with respect to its low processing temperature that did not reach beyond 32°C which is
unachievable if using standard NP inks. All these factors must be taken under consideration as
the use of plasma sintering allowed for low temperature production of conductive films which
may be viable with thermosensitive substrates.
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Table 6.1. Summary of Pt thin film properties on PET

Metallic Processin Thickne Surface Conducti Bulk
Content [%] g Temperaturess [pm] Roughness vity [Sm’] Conductivity
[°Cl [nm] [%]
15.8 315 0.401 344.7 3.85x10* 0.41

6.4.2.1| PTTHIN FILM DEVELOPMENT ON NON-CONVENTIONAL
SUBSTRATES

Due to the success of this film, a myriad of other substrates was investigated including tattoo
paper, PVA, Teslin, Powercoat HD, and abaca CNF paper, and decathlon and umbrella fabric.
As expected, the most successful conversions were exhibited on other polymer substrates such as
tattoo paper and PVA at varying degrees. Tattoo paper is a multilayer substrate composed of
ethylcellulose attached to paper via an intermediary layer often made of PVA. As seen in Figure
6.18a, this substrate was composed of dotted PVA layer that made inkjet printing especially
difficult as it did not meet printing requirements. Several plasma treatment tests were done in
order to manipulate the surface however this proved unsuccessful. Because of this, no defined
pattern could be printed, neither a square nor the line pattern which always resulted in
amorphous shapes. However, reduction to Pt required at least 8 minutes at 80% (64W) power
which displayed a resistance of 0.8k€2 meaning that a poorly conductive film was achieved. With
PVA, the ink reacted quite differently either due to the substrate itself or the fact that the ink
became oxidized over time. A DS of 5 pm was necessary to create continuous layer where after
19.5 minutes, no complete conversion was found. The results can be seen in Figure 6.18b and
6.18c for 1 and 2 layers of deposition respectively. The edges of the sample with 1 layer
appeared to be converted while the center remained in an intermediary stage which did not
improve with further plasma exposure. This fared no better with 2 layers as no Pt film growth
was apparent leaving only remnants of the dried deposit ink behind ultimately proving this
combination to be unsuccessful. Although this could be for a number of reasons, this proved to
be unsuccessful mostly due to the ink stability which became easily oxidize once exposed to air
meaning that this ink could only be used for a short time period after fabrication. Therefore, this
directly affected this and the next following results which in affect should be replicated however
this was not possible as the manufacturing standards of the metal salt varied widely where the
previous formulation was no longer available.
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Figure 6.18. Printed and converted Pt films on a) tattoo paper, b) PVA with 1 layer, and c) PVA with 2 layers

In general, Pt ink deposition and reduction was altogether unsuccessful on both paper and
fabric substrates most likely due to their respective porous and absorptive natures. On Teslin
paper, although enhanced for inkjet printing, tended to absorb such a low viscosity ink that
multiple layers were needed to create a uniform film. Thus 3 to 6 printed layers were deposited,
sintered, and tracked for a maximum of 94 days to see if any film would possibly develop over
this period. After the initial printing of the line pattern test, the ink was readily absorbed into the
paper and could not be identified therefore a random DS was chosen at 15 pm taken from
previous tests. No changes were identified following plasma treatment leaving a transparent
yellow color which only over time started to grow to a darker grey colored film after 28 days as
shown in Figure 6.19. By day 94, there were no further changes seen and the substrate was no
longer monitored. There were even less impressive results when using the Powercoat HD as
uniform layer could not be formed even after multiple surface treatment attempts as shown on
Figure 6.20. Initially the printed line pattern had given a good indication that a layer possibly
could be printed, however this was not the case in practice. Although not shown, a DS of 5 pm
still could not printed as a continuous layer and therefore not subjected to plasma treatment.
Results on abaca CNF paper (Figure 6.21) which was engineered for inkjet printing provided
poor results as no conductive film could be developed. Following 9 minutes of exposure, the
color of the ink darkened from 1 — 3 layers (most likely due to drying) while 5 layers still
remained wet. A total of 19.5 minutes of sintering was done seeing no further changes in terms
of colors of the film indicating that not even NPs were developed.
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As printed 28 days 35 days 59 days

5 layers 4 layers 3 layers

6 layers

Figure 6.20. Printed Pt ink on Powercoat HD substrate pre-treated with O2 plasma at 40% power and 60s a) line
pattern, b) DS of 20 um, and ¢) DS of 10 pm

1 layer 2 layers 3 layers 5 layers — still
wet

Figure 6.21. Multiple Pt ink layers printed onto abaca CNF paper

Almost identical results were found on fabric substrates such as the Decathlon polyester
textile and umbrella fabric. Although it wasn’t initially visual, the deposited ink on the Decathlon
textile shorts began to bleed into surround areas of the patterns showing that this substrate was
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highly porous thus negatively affecting the metal film development as shown on Figure 6.22.
Plasma treatment was performed at 80% (64W) for 60s and investigated or imaged directly after.
Darkening of the square was seen with every treatment up to 7 minutes. The substrate was then
left at RT to track if any film would eventually develop after 90 days. Each respective film did
indeed become noticeably darker by day 10 and 17 after deposition however after 91 days, there
was not much of a difference was seen. All films remained non-conductive and never showed a
metallic silver color making the conversion unsuccessful with this substrate. However by this
time, it was clear that the Pt MSD ink was expired and could no longer be used as not even a
conductive film could be produced using PET. Therefore a new ink was made which was also
discovered to be non-functional as the metal salt precursor by this time was already expired.
Regardless, the newly developed ink was printed onto umbrella fabric as shown in Figure 6.23
below. After 20 minutes of plasma, no difference was found in the deposited films before and
after treatment. In fact they appeared similar to those films first printed onto the Decathlon
textile but saw no improvement even after tracking for a longer period of time in ambient

conditions.

10 days after 91 days after
Just printed 1 min 2 min 4 min 7 min deposition deposition

3 layers

5 layers 4 layers

6 layers

Figure 6.22. Printed square on decathlon textile following plasma treatment



193

2 layers 3 layers

Figure 6.23. Results following plasma treatment of Pt MSD ink on 100% Polyester fabric

This unreliable behavior exhibited with the Pt ink made it difficult to work with it through
further optimization or displaying whether it could be deposited and converted onto other
substrate surfaces. It was very clear that when the Pt ink was first developed and printed onto
PET and the tattoo paper, that the ink was fully functioning at this point but eventually results
even on PET substrates became inconsistent and could no longer be replicated. This behavior can
be account for by a change in manufacturing standards as the pandemic brought about an
undesirable delay that ultimately affect all developed inks. This was an unfortunate coincidence
therefore no further definitive testing could be conducted by using this ink.

6.4.3 | AU MSD INK — MATERIALS CHARACTERIZATION

Equation 6.3 displays the chemical decomposition mechanism of Au metal salt that requires
a reduction potential of +1.00V to convert to elemental Au in a one-step reaction. Here, plasma
sintering supplies high energy electrons enough to initiate the decomposition which occurs
exactly as shown in Figure 6.4 as previously explained in Section 6.3.

AuCl; +3e~ & Au+4Cl-  E, = +1.00V (6.3)

In order to fully optimize the entire process, factors such as inkjet printing and plasma
sintering parameters must first be defined in order to obtain Au films with the highest possible
conductivity. Afterwards, the films were then subject to materials thin film and electrical
characterization techniques and demonstrated on a wide variety of substrates before
incorporation into applications such as conductive tracks to build electrical circuits and
biosensors.
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6.43.1| OPTIMIZATION OF INKJET PRINTING AND PLASMA
SINTERING PARAMETERS

Both printing and sintering parameters were explored and defined in Figures 6.24 & 6.25
below including DS, number of layers, exposure time, and plasma power respectively. Each
parameter was characterized in terms of their respective sheet resistance measurement and
calculated conductivity taking the respective film thickness into consideration.

Figure 6.24a and 6.25a defined the effect of exposure time using 80% (64W) plasma power
on multiple squares printed with a DS of 25 um for 1 — 4 layers. It was clear that an exposure
time of 20 minutes provided the lowest sheet resistance for 1 layer as seen in Figure 6.24a
however for 4 layers, the result was more ambiguous. However, when looking at Figure 6.25a, it
was clear that 30 minutes of exposure for 4 layers was necessary showing an increase of 82% in
conductivity between 20 and 30 minutes. This behavior indicated the appearance of the skin
effect where more time was needed for an increasing number of layers. With prolonged periods
of time, over exposure to Oz plasma resulted in oxidize films displaying almost 3 times higher
sheet resistance from 122.7 to 364.7 Q/o for 1 layer. A similar result was seen in 4 layers as the
sheet resistance increased from 18.8 to 66.3 Q/o for 30 to 40 minutes respectively. However,
both the respective sheet resistance and conductivity seen here were still unoptimized at this
point where further testing was still needed.

The optimal DS was explored in Figures 6.24b and 6.25b ranging from 10 to 40 um for 1
printed layer that was treated with 80% (64W) of power for 20 minutes of plasma. Any films
deposited with either DS of 10 um or 40 pm were not reported as they displayed extreme
bloating or discontinuous films respectively. These behaviors affected their respective sheet
resistance values showing variability even for those with DS of 15 and 35 pm. In this case, DS of
20 and 25 um exhibited similar sheet resistance values of 14.6 and 18.7 /o respectively as
shown in Figure 6.24b. Figure 6.25b helped to further clarify that a DS of 20 um exhibited an
almost 2 times increase in conductivity, therefore 20 um was deemed the optimal value
continued to be used for subsequent testing.

Further printing parameters such as the number of layers was examined from 1 — 4 layers for
squares printed with a DS of 20 pm and treated with plasma power of 80% (64W) for 20
minutes. Figures 6.24c and 6.25c came to the same conclusion where 2 layers displayed the
lowest sheet resistance coupled with the highest conductivity. Specifically Figure 6.24c saw a
66% decrease in sheet resistance from 18.7 Q/o for 1 layer to 6.6 /o for 2 layers. Conversely,
those with 3 or more layers saw bloating and thus loss in resolution, undesirable for developing
precise patterns. This then resulted in an almost 1 order of magnitude difference in conductivity
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between 2 vs. 3 and 4 layers as shown in Figure 6.25c. Therefore, 2 printed layers was
maintained for further testing.

Finally, the last parameter to be tested was concerning the applied plasma power which had
a limited range from 20 — 100% or 16 to 80W. All previously optimized parameters were
maintained such as plasma exposure time of 20 minutes, DS of 20 um, and 2 printed layers for
each sample square. During preparation, all samples treated with only 20% or 16W of power
showed incomplete conversion therefore the values obtained here were unreported. The reported
sheet resistances for those treated with 40% or 32W as shown in Figure 6.24d displayed partial
conversion thus contributing to high variability. In contrast, a dramatic reduction in sheet
resistance values was seen when exposed to 60% or 48W, at 0.69 Q/o. Similarly, those films
exposed at 100% or 80W saw sheet resistance of 0.68 /o, albeit with greater variability. As this
was indistinguishable, the respective conductivity values for both was seen in Figure 6.25d as 1.2
x 10% S/m and 2.3 x 10° S/m for 80% or 64W and 100% or 80W respectively. This clarified that
100% or 80W was indeed the far superior plasma power to use to maximize the Au film
conductivity to 10® S-m’!.
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Figure 6.24. Optimized inkjet printing and plasma sintering parameters with respect to sheet resistance
measurements a) 20 min plasma exposure time for 1 layer and 30 minute exposure time for 4 layers (test conditions:
1-4 layers, DS 25 um, 64 W), b) DS of 20 pm (test conditions: 20 min exposure time, 1 layers, 64 W), c) 2 printed
layers (test conditions: 20 min exposure, DS 20 pm, 64 W), and d) a plasma power at 80W (test conditions: 14
layers, DS 20 pm, 20 min exposure time) achieved optimal results, obtaining a minimal sheet resistance of 0.68 Q/o.
All given test points here were obtained from a minimum of 3 samples from which their respective resistance and
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standard error values were calculated as an average. This figure was first published in Advanced Engineering
Materials by Leung et al.®
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Figure 6.25. Printing and sintering parameters with respect to conductivity where the a) optimal exposure time for 1
and 4 layers is 20 and 30 minutes respectively, b) displays an optimal DS at 20 pm, ¢) 2 printed layers was
determined to be the optimal, and d) conductivity was superior at 80W plasma power. This figure was first
published in Advanced Engineering Materials under Supporting Information by Leung et al.®

Inkjet Printing limitation

One of the very first printing tests conducted with every new ink on every new substrate is
known as the line pattern test as shown in Figure 6.26a to primarily assess the printability of the
ink as well as defined the minimum separation distance between drops, a metric of pattern
resolution. Here this distance was found to be to be 19.2 £ 2.8 um for a DS of 60 pm.
Additionally, a more standardized approach to define pattern resolution as seen in Figure 6.26b
was conducted through the printing and conversion of a large range of squares printed with 1 and
2 layers from 5 pm up to 4 mm in length. Here, the minimum pattern resolution possible was
defined at 30 um where smaller patterns were indistinguishable from the next. This result was as
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expected as inkjet printing is known to have a printing limitation at 10s of microns which could
further be improved with the implementation of super fine inkjet printing.

All previously discussed results were achieved using 10pL printhead however, films
deposited with a 1 pL printhead saw similar results achieving transparent Au films with a green-
gray tint as shown in Figure 6.26¢ below. This converted Au film was sintered within just 5
minutes of plasma exposure at a reduced film thickness of 1.33 pm obtaining a significantly
reduced conductivity of 1.5 x 10* S'm™, 2 orders of magnitude lower. This can potentially be
used as a semi-transparent electrode to replace ITO, PEDOT:PSS, and silver nanowires for
biological applications known for its biocompatibility.

Figure 6.26. Printing extremes and limitations a) printed line pattern onto PVA surface printed with 10pL
printhead, and b) printed and converted squares for (top) 1 layer and (bottom) 2 layers based on size restrictions. The
scale bar indicated here is 0.5 mm in length for reference. ¢) Transparent Au film printed with a 1 pL printhead. This
figure was first published in Advanced Engineering Materials under Supporting Information by Leung et al.®

6.43.2| MATERIALS CHARACTERIZATION

Different surface characterization techniques were used to investigate the plasma reduced
Au films through optical microscopy, SEM/ focused ion beam (FIB), and optical 3D surface
profiler confocal microscopy as shown in Figure 6.27 to define not only the visual surface but
also detail its respective microstructure. Optical microscopy revealed that different
microstructural zones were developed from a fibrous to recrystallized structure as indicated by
grain formation typically seen in a polycrystalline film (Figure 6.27a). Here, intermediate
spherulitic (Category 2) or hedrite microstructures were identified in the Au film indicating that
polycrystalline growth occurred under non-equilibrium conditions.!” Under SEM observation,
the entire Au film surface appeared to be a uniform and continuous film (Figure 6.27b) where
with the help of SEM/FIB showed a thick and conformal Au layer displaying a columnar grain
structure (Figure 6.27c¢). However, a large area FIB cut revealed that the film itself was not
continuous and showed some porosity across the entire sample surface (Figure 6.27d).
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Figure 6.27. Surface topography of the Au film on PET as taken by a) an optical microscope at 20x magnification,
b) SEM analysis at a magnification of 10,000x, ¢c) SEM-FIB profile cut at 200,000x magnification, and d) overview
of SEM-FIB profile cut at 20,000x. This figure was first published in Advanced Engineering Materials and adapted
from Leung et al.

The chemical composition of the Au films were analyzed using SEM-EDX (equip with
energy dispersive X-ray spectroscopy) showing a wide range of different results depending on
the size of the area as well as the color. As a reference, the metal salt ink itself contained at most
58% Au and 41.7% Cl where it is expected that following plasma sintering should ideally
contain 100% Au and no CI. Large area analysis was conducted as shown in Figure 6.28a
contained the highest amount of Au at 88.8% with minimal presence of ClI at 3.5%. Specifically
for this sample, sintering was highly successful showing high purity and quality of the reduced
Au film. However this was not the case for all films as seen in Figure 6.28b and 6.28c. Here,
different regions of the same sample were analyzed noted as darker and lighter areas in the SEM
micrograph. Figure 6.28b concentrated on the analysis of a darker area revealing a significantly
lower Au composition of 54.2% and Cl composition at 14.2%. The Au value reported here was
even lower than what was expected for the Au metal salt meaning that this particular part of the
film was severely underdeveloped. Conversely, Figure 6.28c focused on a lighter region where
the film was composed of 83.5% and 7.9% Au and Cl respectively. This meant that the film itself
was unevenly reduced as color was a clear indication of lack of development. Additionally, the
presence of C and O contamination found can be accounted for contact with organics during the
handling of the sample and oxidation from the use of plasma sintering respectively.
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Figure 6.28. SEM-EDX results for Au films across different arecas and different samples revealing different
chemical compositions a) large area analysis, while different areas on the same sample were taken on b) dark region,
and c) the light region

As the surface roughness could not be directly determined from SEM, two different
techniques were used in conjunction: confocal microscopy and mechanical profilometry.
Confocal microscopy measurements reported an average root mean square (RMS) surface
roughness of 116.4 nm over a large 1 x 1.2 mm area (Figure 6.29a). Although unrecognizable in
the SEM photos, mechanical profilometry revealed that the thickness varied from one region to
another where within a short 2 mm scan which can see the thickness rapidly increase from 1 to 3
pum. This confirmed the Marangoni effect as expected for this type of ink reiterating that a non-
flat film was developed with an overall average thickness of 2.631 pum (Figure 6.29b).
Additionally, this behavior highlighted that the film displayed a mesoporous crystalline structure
explaining the periodic troughs. This porosity thereby increased the surface roughness which
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maybe a result of the removal of chlorine ions from the metal salt as reported with similarly
reduced Si thin films." It is believed that for these metal salts, the interstitial space is occupied
by the salt that once removed creates a metal framework leading to pore formation.

b)

Figure 6.29. Surface morphology measurement of the Au film on PET as taken by a) confocal microcopy at 20x
magnification and b) mechanical profilometer measurement for 1 layer. This figure was first published in Advanced
Engineering Materials and adapted from Leung et al.®

Crystallinity of the films were verified using XRD analysis as displayed in Figure 6.30
below. The polycrystalline nature of the Au film was verified with matching peaks at 38.1°,
44.3°, 64.4°, 77.5°, and 81.6° corresponding to (111), (200), (220), (311), and (222) diffraction
planes respectively. The average grain size was calculated to be 15.0 £ 1.5 nm with the Scherrer
equation as stated below in Equation 6.4:

b= Kll/ Lcos6 (6.4)

Variable and constants in the equation are defined as D for the grain size, « as 0.9 (Scherrer
constant), A as the wavelength for an X-Ray source (0.15406 nm), B as the full width at half
maximum, and 0 notes the peak position. Surprisingly, no residual chlorine was identified using
XRD as was seen with SEM-EDX showing the dependency of different analysis volumes each
technique has. As GIXRD is the standard used for thin films where the analysis volume is
significantly smaller than SEM-EDX which is known to have an analysis volume up to 3 pum.?
This can account for the difference in results between the two techniques where XRD in this case
analyzes only the film surface while SEM-EDX penetrates further into the sample where the film
maybe less developed due to the skin effect caused by plasma sintering.
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Figure 6.30. XRD analysis of plasma reduced Au thin film

All results obtained from various surface metrology and electrical measurements of the Au
thin film is summarized below in Table 6.2. Generally, MSD inks have lower metal content as
compared to NP inks often displaying lower conductivity?! however it was discovered that our
inks were on par with manufactured inks which may be due to the lack of a polymer component
inside the ink, thus allowing for direct sintering of the ink without the need for high
temperatures. For this ink, a metallic content of 19.3% for a conductivity of 3.17 x 10°> S-m™ was
achieved on a PET substrate. Although when compared against the bulk conductivity of Au, the
film conductivity only reached a mere 0.77%. This may partially be due to the lack of uniformity
across the surface thus increasing the surface roughness to 116.4 nm. Such films were fabricated
with processing temperatures below 37°C verifying that this process can be used on temperature
sensitive substrates as opposed to NP inks.

Table 6.2. Summary of Au thin film material properties on PET

Surf: Bulk
Metallic Processing Thickness urtace Conductivity Y ..
Content [%] Temperature [°C] [wm] Roughness [S'm™] Conductivity
[nm] [%]

19.3 36.2 2.631 116.4 3.17x10° 0.77
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6.4.3.3| AUTHIN FILM DEVELOPMENT ON NON-CONVENTIONAL
SUBSTRATES

The low sintering temperatures achieved with plasma sintering permitted the use of
temperature sensitive substrates such as paper, polymers, and even textiles. This included paper
substrates composed of cellulose nanofibers (CNF) from abaca and eucalyptus plants,
biodegradable polymers such as PVA, and polyester textiles. Traditionally, highly viscous screen
printing inks were used on porous substrates like paper and textile for their coating effect which
cannot be achieved using low viscosity inkjet printing inks which typically require additional
coatings.”?>?* Additionally, low viscosity inks require planar and smooth surfaces as they cannot
hold their shape which can be problematic for unconventional porous paper and interwoven
fabrics. However, this was not the case for the Au MSD ink as good printability was achieved on
all substrates without the need for additional surface treatments nor coatings. Results for each
substrate were investigated using optical and confocal microscopy as shown in Figure 6.31
below. Here, a wide range of substrate roughness were evaluated and deemed to be compatible
with inkjet printing and plasma sintering displaying Au films with a range of different hues
which may be dependent on the surface below.

Rsq =154.1nm Rsq =7.35 um

Figure 6.31. Optical microscope images of Au films and their corresponding surface roughness obtained from
confocal microscopy as deposited on a) PVA, b) CNF paper, ¢) Au film on Teslin- 0.5wt%, d) eucalyptus CNF
paper, ) abaca CNF, and f) polyester fabric. This figure was first published in Advanced Engineering Materials and
adapted the supporting information section from Leung et al.®
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Au film surface roughness for all substrates was compared against their respective sheet
resistances as shown in Figure 6.32 below. A general trend that was seen showed that the sheet
resistance increases with respect to the surface roughness of the film. Polymer substrates such as
PET and PVA exhibited the lowest roughness and thus the lowest reported sheet resistance of 1.2
and 6.6 /o respectively. In these cases, both the films appeared to be highly uniform exhibiting
a prominent gold sheen. The higher sheet resistance found in Au films deposited onto paper and
fabric were 7x and 4x greater than films found on PET likely the cause of increased roughness.
This roughness results from increasing porosity as seen between the abaca CNF paper and
polyester fabric seeing almost a two-fold increase in sheet resistance from 25.8 to 45.8 Q/a. Of
all substrates, the fabric presented a low sheet resistance of 45.8 Q/o with a high surface
roughness of 15.81 um. This is because fabric is composed of an interwoven structure of
individual fibers as seen in Figure 6.31f creating this high reported roughness. However, the
material is made from extruded PET pellets thus acting similar to planar PET film inhibiting the
absorption of the ink with the exception of porosity throughout the substrate. This provides
sufficient time for plasma sintering to penetrate the ink before being absorbed completely into
the substrate. This same reaction is expected to occur amongst all paper substrates stated here, all
with varying absorption times thus affecting the overall sheet resistance.

- 16
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Figure 6.32. All respective sheet resistance measurements on various substrates and their corresponding roughness
showed a linear relationship. This figure was first published in Advanced Engineering Materials and adapted from
Leung et al.®
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Figure 6.33 explores select Au films on PVA, abaca CNF paper, and polyester fabric at the
microscale level revealing completely different films which were a direct result of the underlying
substrate. The conformal nature of such films was seen across all substrates despite the initial
roughness or uneven structures found on the substrate surface. In fact, this conformal behavior is
similar to that found in chemical vapor deposition of thin films regardless of the rugosity of the
substrate. SEM imaging in Figure 6.33a revealed that the Au film on PVA contained chlorine
salt residuals however it did not affect the film formation. However, film formation was heavily
influenced by the substrate surface as was seen in Figure 6.33b and 6.33c for the abaca CNF
paper and polyester fabric respectively. The abaca CNF paper had periodic structures as a result
of the drying process with a filter creating surrounding walls across the surface. This and the
paper roughness contributed to a Au film with voids that were not visible from the film surface.
It is believed that shadowing created by the periodic structures led to the formation of voids thus
creating a porous structure.’* The Au film grown on the polyester fabric exhibited excellent
conformal coverage even on single strands in a row of fibers creating the interwoven structures
as shown in Figure 6.31f. However, this film was shown to be the most densely porous of the Au
films (Figure 6.33¢) but remained conductive following 4-point probe testing.

Figure 6.33. SEM micrographs of Au film on various non-conventional substrates using a) an SEM-FIB cut on PVA
b) abaca CNF paper, and c) polyester fabric. This figure was first published in Advanced Engineering Materials and
adapted from Leung et al.®

6.5| DEVELOPMENT OF APPLICATIONS: LED CIRCUIT AND
GLUCOSE BIOSENSOR

As Au films were successfully developed on a wide range of films, different flexible
electronic applications were demonstrated such as an LED circuit on polyester fabric and a
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glucose biosensor on PET substrate thus displaying a wide range of potential applications
spanning both the wearable electronics and biomedical device markets.

6.5.1.1| LED CIRCUIT

Fabrication

A white polyester fabric was purchased from a local shop and cut to a 10 cm x 10 cm square
sheet. As the fabric was too flexible to handle on its own, it was adhered to a PET sheet cut to
the same size for mechanical stability using scotch tape. Using the Fujifilm Dimatix Inkjet
Printer (DMP-2831), a parallel circuit was printed in a cross pattern and using the Au MSD
(HAuCly) ink directly onto the polyester fabric without the need for any surface treatment. A 10
pL printhead was used in conjunction with a custom waveform adapted to the ink where the
optimal printing parameters defined on polyester was 2 printed layers at a DS of 15 um. The
printed pattern was then subjected to plasma sintering at 64W of power for 20 minutes which
resulted in metallic gold film. To verify its respective conductivity, the tracks were tested for its
resistance with a multimeter. Kingbright Super Bright Yellow LEDs (3.2 mm x 1.6 mm x 1.1
mm) purchased from RS Components were attached onto the tracks using a two-component
silver epoxy paste (EPO-TEK H20E) obtained from Epoxy Technology and prepared in a 1:1
ratio directly before usage. The paste required at least 30 minutes curing at 80°C which was
minimized to reduce any effects the temperature may have on the substrate. A Hewlett Packard
DC Power Supply (E3641A) provided the power source to illuminate the LEDs following
manufacturing recommendations of providing a maximum forward voltage of 2V and maximum
reverse current at 10 pA.

Results

Au conductive electrodes were successfully and repeatedly printed onto polyester fabric
(Figure 6.34a) seeing an average of 2353.8 + 34.1Q and 68.6 = 6.3Q for 1 and 2 printed and
converted layers respectively. The substrate naturally provided flexibility to the electrodes which
could be tested under neutral and tensile strains. In particular, the Au thin films with 1 and 2
printed layers were tested under tensile bending strain of 0.10%, 0.50%, 1%, 2%, 10%, and >
10% which correspond to bending radii of 50, 10, 5, 2.5, 0.5, < 0.5 mm (Figure 6.34b). Samples
with 1 layer exhibited a 90% failure after being subjected to 0.50% strain showing that the thin
film developed here was too fragile for further testing. Bend test results for samples with 2 layers
are presented below in Table 6.3 which generally showed that the resistance in the film remained
stable until subjected to a 1% strain which saw an increase in resistance of 28.3% from 68.6 to
88.0Q. It is believed that the increase in resistance is a result of crack formation in the film
initiating from 0.5% strain on which sees a steady increase until 2% strain. However, the largest
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resistance increase occurred between 10% and >10% at 29.3% from 959 Q to 116.0 Q
indicating severe crack propagation in the film. As bending strains increased past 10%, the
resistance increased 69.1% from its original value never displaying a concrete failure point

(Figure 6.34c).
||

01 05 1 2 10 >10
Strain (%)

Figure 6.34. Au films printed and converted on a polyester substrate a) electrode and conductive track structures b)
electrode tensile strain testing with a bending radius of Smm, and c) bend testing results for tensile strains from 0—
10% for 2 printed layers. This figure was first published and adapted from Leung et al.®

Table 6.3. Tensile bend test result for 2 layer electrode samples

Bending strain (%) 0 0.1 0.5 1.0 2.0 10.0 10+

Average resistance

68.6+6.3 69.6 £6.1 74.5+7.0 88.0+10.0 89.8 £12.7 959+13 116.0 £29.1
values (Q)

Durability of the Au film was explored in Figure 6.35a where cyclical strain testing at 3.33%
tensile strain (bending radius of 1.5 mm) was conducted up to 1000 cycles. A 3.33% strain was
chosen particularly because evaporated Au films (2 um thick) are able to withstand strains up to
2%.%> All samples saw an average resistance of 56.21 £ 0.25 Q that never saw resistance values
past 112.1 Q showing excellent durability for extended test periods. A notable increase in
resistance by 99.4% appeared within the first 90 cycles due to crack and/or fracture development
that continued to affect the film on seen on cycles 220, 290, 450, and 480. In fact, as the cycles
approached 300, the average resistance was calculated to be 83.58 + 8.04 um however from this
point on sees a gradual decrease until 700 cycles where the resistance stabilizes at 65.59 + 2.81
Q, only a 16.7% increase from its initial value. This behavior signifies that the development of
fractures and cracks did not permanently affect the conductivity of the film which can be
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attributed to the conformal growth of the thin film that covered both the interwoven fiber walls
and grooves as seen in Figure 6.33c¢. In fact, these films even exhibited a self-healing mechanism
as the stretched fibers of the Au film initially deposited on the fiber walls are exposed
compensating for the crack formation and returning the film to its original state. Additionally, it
was revealed that the initial resistance values obtained before tensile bend testing were retrieved
following 11 months of storage reiterating the possible recovery abilities of such films.

Next, Au conductive tracks were successfully and repeatedly printed onto polyester fabric
displaying consistent resistance of = 1kQ range. These served as interconnects for 5 connected
yellow LEDs that did not add any significant resistance as shown in its neutral state in Figure
6.35b. Under both compressive and tensile strain conditions, these structures were remained
functional and maintained good connectivity showing no effect on the light intensity as the fabric
wrinkles displayed in Figure 6.35c. During its lifetime, there was no delamination found between
the Au film and polyester fabric as typically seen with evaporated Au films that typically require
an adhesion layer. This again is the result of the conformal nature of the Au film where the
fibrous structure of the substrate creates serpentine interconnects that are able withstand tensile
strains beyond 10%, ideal for stretchable electronics.?®?” Stretchable circuits are defined as
structures that have the ability to maintain elastic and reversible mechanical response under both
tensile or compressive strains greater than 1%. In fact, such structures could be considered
electronic textiles (e-textiles) for smart or wearable clothing for upper body contours as they
must be able to withstand at least 10% strain.?® This process potentially has great significance in
the future for facile development of wearable electronic clothing using commercially available
fabric without the need for creating special interwoven or knitted textile.

0.0 : : : ‘
0 200 400 600 800 1000
No. of cycles

Figure 6.35. Au LED circuit on polyester fabric a) 3.33% cyclical strain testing up to 1000 cycles for 3.33%,
illumination of LEDs under b) neutral and c) tensile strains. This figure was first published and adapted from Leung
etal.®
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Although not presented in these results, larger area tracks spanning an approximately 9 cm x
9 cm area was printable with a total track length of ~ 43 cm and fitted with 33 LEDs surrounding
the perimeter exhibiting good flexibility (Figure 6.36a). Unfortunately, breaks in the tracks
(Figure 6.36b and 6.36¢) were found in various areas mostly likely due to variability in the
printing process which exceeded 12 hours. Therefore, inkjet printing of larger areas was
inconsistent even seeing a wide range of conductivities varying from 8kQ to 25kQ for a single
line. For this reason, smaller structures as shown in Figure 6.36b and 6.36¢ were printed instead
with greater consistency.

Figure 6.36. Large area (10 cm x 10 cm) printed Au film LED circuit displaying a) good flexibility around a 3 cm
diameter sample container however b-¢) multiple discontinuities were found showing that all LEDs could not be
illuminated at the same time. This figure was first published and adapted from Leung et al.°

6.5.2 | GLUCOSE BIOSENSOR FABRICATION AND
CHARACTERIZATION

Because Au, Pt, and Ag films were previously demonstrated using these processing
techniques, an excellent archetype and application for all such films was the development of
biosensors, in particular glucose biosensors as they are the most commonly developed for blood
glucose control that may benefit from wearable and thus flexible devices. This section will
review both the materials and processing method used to create these devices along with their
respective results.

6.5.2.1 | MATERIALS AND METHODS

Sodium hydroxide (NaOH, ACS reagent, > 97.0%, pellets), D-(+)-Glucose (ACS Reagent),
glucose oxidase from Aspergillus niger (GOD, Type VII, lyophilized powder, >100,000 units/g
solid (without added oxygen)), Nafion™ 117 solution (~5% in a mixture of lower aliphatic
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alcohols and water), and potassium chloride (KCl, ACS reagent, 99.0-100.5%) were all
purchased from Sigma Alrich (Merck) and used for the testing of the sensors.

The electrochemical biosensor was directly printed onto PET foil where the surface was first
cleaned with an acetone, IPA, and DI water wash which was then dried with nitrogen. This was
then followed by oxygen plasma treatment at 80% for 30 seconds. Due to the temporary effect of
the plasma, printing of the Au working (WE) and counter electrode (CE) using the Au MSD ink
was applied directly afterwards using a Fujifilm Dimatix DMP 2831 inkjet printer. Due to the
properties of the ink with this substrate, 2 layers at a DS of 20 um was used as these were the
optimal printing properties. This pattern was then left to dry at 50°C on a hot plate. To produce
the Au films, oxygen plasma exposure for 20 minutes was necessary at 80% power. Due to the
remaining presence of Cl on the Au film, an overnight washing step in 30°C water was needed to
fully remove the contamination from the surface. This step was necessary as previous trials with
direct printing of the Ag NP ink proved unsuccessful as the Cl contamination rendered the Ag
film non-conductive and turned the film black. Next, the Ag NP ink purchased from AGFA was
used to deposit both the reference electrode (RE) and conductive tracks for external connection.
As the substrate was previously treated with plasma following the Au film development, the
optimal DS was increased to 35 um for 1 layer of printing and dried at 50°C. However, in order
to properly test the biosensor, the Ag conductive tracks with the exception of the pads were
encased in Microchem PriElex® (Epoxy SUS) ink. Additionally, a ring surrounding the WE was
also printed in order to facilitate functionalization. A total of 4 layers was printed using DS of 40
um which was deemed sufficient enough to electrically isolate the lines. The printed SUS8 pattern
was then exposed to UV light treatment for 1 minute to be cured. An image of the current state of
sensors can be seen below in Figure 6.37. Before testing, a pseudo-reference electrode (RE)
Ag/AgCl electrode was created when the silver pad was exposed to 3M of KCI under a 100mV
voltage for 60s until a darkened electrode was seen. Glucose concentrations ranging between
100nM — 100 mM aliquots were prepared tested with cyclical voltammetry (CV) conducted from
-0.8 to 0.8V. All electrochemical testing was carried out using a Metrohm pAUTOLABIII
potentiostat in a custom glass cell.
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Figure 6.37. Fully inkjet printed biosensors using Au MSD ink and Ag NP ink before the Ag chloronization step

6.52.2| RESULTS

The fully inkjet printed biosensor here relies on non-enzymatic detection of glucose as
depicted in Figure 6.38 below where the reaction is driven by the release of two electrons and
protons that instigate hydrolysis of gluconolactone.?’ Glucose electrooxidation has been studied
on various metals and is highly dependent on the electrode material, which in this case for Au
occurs in 3 steps: 1) through the absorption of glucose on the electrode surface by
dehydrogenation, whereby 2) the direct oxidation occurs where the dehydrogenated molecule
transforms to gluconate, and 3) further oxidation of the dehydrogenated glucose leads to the
transformation to gluconate by a hydroxide ion.** An additional advantage not first considered
here is that the roughness of the Au electrode provides increased surface area and thus increased
the signal obtained during glucose electro-oxidation.>! Additionally, the reaction efficiency is
determined to be the highest in an alkaline solution which is why NaOH was specifically
chosen.”’

H OH w OH

HO
fLo 2H* Ho hydrolysis OH
HO —) o
HO OH 5 HO
-2é H,0 HO
" 0 ! . ‘ HO
H H H

Figure 6.38. Electrooxidation mechanism of glucose as reproduced from Opallo et al.?’

Figure 6.39 below displays all results obtained from a single sensor in an effort to first
characterize the viability and stability of the Au WE in terms of its respective electrochemical

OH
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reversibility using cyclical voltammetry (CV). Looking solely at the WE response in the absence
of glucose, it was noted that the oxidation and reduction peaks found at 0.26V and -0.14V
corresponded to the oxidation of Au and further reduction of gold oxides respectively as shown
in Figure 6.39a. When different glucose concentrations were added ranging from 0.05 to 5 mM,
two anodic peaks at 0.05V and 0.25V were recorded where the first represents the oxidation of
glucose to gluconolactone and the latter represents the consequential oxidation of gluconolactone
(Figure 6.39b and 6.39¢). Unfortunately, the response shows a shift in the potential to a more
oxidative voltage behavior indicating chemical modification of the Au WE. Therefore, glucose
detection cannot be correctly extracted due to this movement. Instead, if this shift was eliminated
(Figure 6.39d), a clear increase in current as the glucose concentration increased was seen at
0.075V. If this behavior was rectified, the respective sensitivity is calculated as 0.63 pAL/mol or
0.29uAL/mM as shown in Figure 6.35e. A photograph depicting a sensor following testing as
seen in Figure 6.35f indicated acceptable Au film adhesion with the PET substrate which
historically requires the use of an additional Cr or Ti adhesion layer due to their low chemical
reactivity.>? Considering this, our films showed excellent adhesion which only saw delamination
due to prolonged amperometric testing however remained intact during multiple washing steps.
This was the result of multiple failure mechanisms, one of which maybe due to the porous nature
of the WE where within the wicking mode, bubble nucleation occurred at both the electrode
surface and porous film itself and detached periodically.’® The analysis of these results was
completed with the help of Carme Martinez Domingo who helped to clarify the reaction seen
here.
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Figure 6.39. Electrochemical characterization of a fully inkjet printed biosensor a) CV was performed in the
absence of glucose in 0.01M NaOH solution, b) CV was performed including those test with glucose concentrations
of 0, 0.05, 0.5, 1, and 5 mm, c¢) and d) are enhanced CV graphs with and without the shifts respectively indicating a
tendency at 0.075V. Further analysis through e) linear regression showed poor linearity in the mm range, and f)
photo of the tested sensor. All graphs seen here were created and analyzed by Carme Martinez Domingo.

The CE was initially planned to be developed via the Pt MSD inks however its short lifetime
and extreme sensitivity to air exposure in addition to the manufacturer change in formulation of
the H,PtCle salt meant that the Pt films initially characterized were no longer achievable under
the same conditions. Different strategies were implemented including manipulation of ink
formulation, ink preparation, as well as a reduction in production timing, all of which did not
result in conductive films. In fact, different test runs with the same ink resulted in completely
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different results ranging from no color change to an intermediate stage as seen below in Figure
6.40. Conductive Pt films with a silver color were not obtained following the first batch of Pt
metal salt obtained from Sigma Aldrich verifying that the differentiation in batch quality led to
the unsuccessful conversion of Pt and therefore could not be used for further testing.

Figure 6.40. Failed Pt film conversion after 20 minutes of O2 plasma exposure

6.6 | SUMMARY AND CONCLUSIONS

A subset of MOD inks, named Metal Salt Decomposition (MSD) inks requires a simple
formulation containing only a metal salt precursor, and solvent, and H>O to dissolve the salt
making this a particle free ink that can easily print without clogging issues. Based on their
respective reduction potentials, highly positive metals such as Ag, Pt, and Au were chosen as
targets to determine their compatibility with O2 plasma as a low sintering temperature method. A
general observation found when plasma sintering MSD inks was that the physical appearance of
the dried pattern affected the final result and indirectly reflected the quality of the film which in
this case presented itself with high surface roughness due to salt removal.>* However, this comes
at the detriment of the metal content which is consistently lower than that of NP inks.
Conductivities reported for each film as shown below in Table 6.4 which entails all
characteristics reported for each of the developed films including exposure times, sintering
temperature, surface roughness, and their respectively electrical properties. This also included
information related to technical limitations of other attempted films such as Cu and Sn which is
highly dependent the reduction potential. When such inks are combined with alternative sintering
methods such as plasma, the sintering temperatures have been shown to reduce to as little as
77°C* however, we demonstrated significantly lower sintering temperatures never exceeding
37°C. This then allowed for the incorporation of a large variety of temperature sensitive
substrates mostly demonstrated with Au films on various biodegradable polymers, papers and
fabrics although Pt films initially saw promise on various substrates. The ink itself could be
deposited on both conventional and non-conventional substrates without any additional coating
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and reduced directly. This permitted the development of conductive tracks on polyester fabric for
wearable applications as the tracks saw excellent stability under continuous cyclical strain and
durability against tensile and compressive strains. Additionally, a glucose biosensor was
attempted however due to its instability as an electrode, has still has yet to be optimized. All
work presented here plus extra information was culminated into a peer-reviewed journal article
under the title ’Low-Temperature Plasma Sintering of Inkjet-Printed Metal Salt Decomposition
Inks on Flexible Substrates’” published in September 2022 in Advanced Engineering Materials in
under the direction of Carme Martinez-Domingo.

Table 6.4. Overview of MSD inks and their respective traits

Reducible v V4 X x
PEosmorexposure 5 to 20 min SRR 6min - e
time
Sintering
temperature (°C) S 0 T
: Occurs rapidly but Middle more Dries and oxidizes Dries and oxidizes
Reaction notes N/A i : :
can oxidize quickly developed quickly quickly
Surface roughness 64 s 3447 e
(nm)
Film thickness (um) 263 - 040 e s
Sheet resistance
12 19.6 7 e
/o)
Conductivity (S/m) 317x10° e 385100 e o
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Self-sintered Au nanoparticle films

Although metal salt based inks have primarily been reduced using laser or plasma sintering,
this chapter reveals a new type of self-sintering process that initiates at room temperature (RT)
without the need for an additional reducing agent as seen with reactive inkjet printing nor a
chemical sintering agent for the development of conductive Au metal films. This technique
removes to need for nanoparticle synthesis and its respective processing steps and instead
develops nanoparticles in situ thanks to multifaceted PVA which acts as the substrate, capping
agent, and reducing agent. This chapter serves to delve into other potential reducing substrates,
the exact reduction mechanism behind the Au film growth on PVA, its material properties
defined through materials characterization techniques as well as its limitations and potential
applications such as a gauge sensor and transistor through the development of an ionic PVA gel.

7.1 | REDUCING SUBSTRATES

Printed and flexible electronics continues to rely on polyester polymers such as PET and
PEN, both of which are not known for their biodegradability therefore contributing to the
growing electronics waste problem. One way to reduce this effect is by incorporating
environmentally friendly or biodegradable polymers instead that can fulfil the same function, in
this case as the substrate which 90% of an electrical component. Instead, abundant natural
polymers with excellent biodegradability and biocompatibility containing hydroxyl and
carboxylic groups can be a good replacement.! These polymers are either plant-based such as
cellulose and starch or animal-based in the case of silk, chitosan, and carrageenan amongst
others. Natural polymers can also be categorized by their chemical structure including
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polysaccharides, proteins, and polyesters.? It was reported that polysaccharides were highly
effective as green reducing agents in nanoparticle synthesis. The main reason for this behavior is
the same reason for its highly soluble nature in water, namely due to the number of hydroxyl
groups that give the ability to reduce both metal and semiconductor precursors.’ This is in
contrast to what are referred to here as non-reactive substrates such as glass and PET. The
chemical structure of these substrates and their differences are noted below in Figure 7.1. Duan
et al. reported that polysaccharide reducing agents such as f-D-glucose and amylose (starch)
have been demonstrated in the formation of Au NPs through the reduction of metal ionic
precursors.’ Here, PVA is also deemed as a reducing agent because its large number of OH
groups facilitates the formation and reduction of metal ion complexes (i.e. reduced Ag ions to Ag
NPs at RT).* The advantage here is that polymer structures exist in a chain structure meaning
that there could be an infinite potential of available hydroxyl groups advantageous for the
reduction of metal salts.

What unknown here is to what degree or what number of hydroxyl groups on the surface is
necessary to instigate the reduction process. For this reason, a myriad of substrates were chosen
as there is no reduction potential posited in this sense as the idea of reducing substrates did not
exist before this investigation. Substrates such as CNF, Na-CMC, carrageenan, silk fibroin, and
OSTEMER were explored for their respective potential to convert metal salt inks to metal films.
As seen in Figure 7.1, all potential reducing substrates contain OH or thiol groups to varying
degrees which will help to give a better idea of how such substrates will react. Thus far, studies
have mostly been conducted on this use of these respective materials as stabilizing or capping
agents in the development for NPs however their primary use as a reducing substrate has not yet
been document.
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Figure 7.1. List of different substrates categorized and their respective chemical structures. The majority of the
structures here were obtained from Sigma-Aldrich (Merck) with the exception of glass and OSTEMER structures
which were drawn using ChemDraw.
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7.1.1 | SUBSTRATE FABRICATION

Different substrates were explored to determine their respective reducibility potential when
in contact with Au MSD ink. This ink was primarily used because of its proven repeatable
reduction across a wide range of substrates as compared to other inks due to its high ionization
energy compared to other metals. The fabrication regarding substrates such as silk fibroin, PVA,
CNF, and Na-CMC were previously addressed in Chapter 4 however for this experimentation,
additional substrates were considered based on the number of hydroxyl groups they contained.
Therefore, two new substrates were introduced namely carrageenan and OSTEMER, an off-
stoichiometry thiol-ene polymer. Carrageenan membranes or substrates were kindly provided by
an IMB-CNM member who prepared test substrates with 1 wt% solid of lota carrageenan (1-
Carrageenan) was purchased from Sigma-Aldrich (Merck) and dissolved in DI water under
magnetic stirring for 50h at 40°C. Once completely dissolved, the resulting solution was then
casted onto petri dishes and deep freeze dried at -80°C for 24 hrs. This exact procedure was
reported by Serra et al. and adapted accordingly which was verified using both optical
microscopy and Dimatix fiducial camera as shown below in Figure 7.2.° OSTEMER 322 Crystal
Clear was obtained from Mercene Labs AB, Sweden is a two-component resin akin to PDMS.
As such, the two resins were combined together in a 1.09:1 ratio and poured into a mold to be
cured under UV light for 60s to shape and bonded in the oven at 90C for 60 minutes. The film
could then be easily released using tweezers just before printing. The samples were provided in
collaboration with Dr. Ferran Pujol from IMB-CNM.

Figure 7.2.Images of Carrageenan membranes at a) 55x (Scale: 0.5mm) and taken with the b) Dimatix camera
before printing

PET is considered an unreactive substrate and for this reason is used a reference against all
other substrates. Looking purely at its chemical composition as shown in Figure 7.1, there are no



221

hydroxyl groups available to produce the reduction reaction which was then verified after 1
month observation period at RT of printed Au MSD ink squares as shown in Figure 7.3. As the
PET film is a non-porous polymer, 100% of the ink layer printed on top was available for
conversion and remained wet until Day 5. The film layer itself dried transparent and maintained
its appearance throughout the 30 days with any growth or gold color appearance to the film
showing no reaction with the Au MSD ink. Although not documented here, glass or SiO» reacted
similarly as the lack of hydroxyl groups lead to no reduction of the ink as expected.

Day O Day 5 Day 8 Day 11

Figure 7.3. Evolution of a Au MSD ink deposited on PET substrate documented for 30 days

71.2|  SILK

It was initially predicted that lack of hydroxyl groups in the chemical composition of silk
indicated that Au NP growth would not be possible. Regardless of this fact, typical Au MSD ink
squares were printed and tracked upwards of 90 days displaying partial but slow growth as
shown in Figure 7.4 below. Unfortunately, because silk fibroin is known to be water soluble even
with water annealing treatment, its effect was already seen directly after printing as the water-
based ink attacked the substrate and began to fuse the square printed patterns together. By Day 4,
the ink was absorbed into the substrate creating wrinkles. The black dots indicate that Au NPs
were forming by Day 4 but did not show the characteristic gold color. The deposited film finally
completely dried by Day 6 which made it much easier to see that different shapes of Au NP
appear across the surface of the film. This was also seen by Day 5 but less prominent in terms of
concentration which was seen by Day 6 which appeared as triangular, hexagonal, and spherical
particulates. By Day 13, not many changes in terms of Au NP growth nor further dark spot
growth were detected. In fact, NP growth with different shapes was also seen towards the bottom
of the sample however at a much lower concentration. The interior of the sample continued to
see growth as differently shaped NPs appeared by Day 19 which did not show further growth nor
changes from that point on. In total, there were separate growth mechanisms where the top part
of the sample showed slow growth with the dark black spots while the middle and bottom sample
exhibited isolated Au NPs as if the growth occurred exclusively of one another. The dark spots
on the top part of the sample progressively turn to a white color initiating from the exterior to the
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interior of the circle as indicated by Day 29. By Day 30, the previously noted white spots turn to
a darker yellow-gold color, indicating another an intermediate growth stage.

Day 4

Overall

Day 28 Day 30

Interior

Day 12 Day 13 Day 18

Day 21 Day 25 Day 29

Figure 7.4. Au film development on silk substrate tracked up to 30 days

The sample was eventually placed into the desiccator for long term storage due to COVID
restrictions, thus affecting both the growth and appearance of the silk film as bubbles formed and
the became partially detached from the glass substrate. In total, these samples were placed into a
desiccator for 83 days which once imaged again appeared completely different than expected as
different colored films were found on the surface. More of a Au-like appearance was seen
towards the edges where a smaller amount ink was deposited while the interior saw a more Cu-
like color. The reason for this color difference is simply the difference in Au NP size within that
area. The previously noted black dots eventually turned to a Au color however did not increase
in size. This behavior was highlighted in Figure 7.5 where uniformly dispersed and isolated
nanoparticles and clusters were seen. In contrast, the gold like areas were comprised of large
circular NPs with 55.4 £ 5.6 pm diameter surrounded by the nucleation of smaller Au NPs
giving the area a more gold like appearance. Unfortunately, neither a continuous nor conductive
film was found as the NPs were isolated from one another. There is a possibility that with more
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time and greater HAuCls concentration (> 1M) that a conductive Au film could be obtained as
coalescence between two larger Au NPs was already seen however after observation of over 100
days, this experiment was no longer tracked. Palui et al. reported that a 60 day old aged HAuCl4
solution displayed aggregation between Au NPs due to Ostwald ripening process where a
thermodynamically stable state in solution is reached through the minimization of the surface to
area ratio whereby smaller particles are subsequently deposited onto larger ones.® This behavior
explains larger Au NP surrounded by significantly smaller ones, although no change in the size
was seen after 100 days perhaps signaling that the reducing reaction with silk fibroin was spent.

Figure 7.5. Au film development on silk substrate at 31 days (+83 days vacuum sealed)

These results suggested that silk fibroin could indeed be used as a green reducing agent in
the development of Au NPs but also acted as a stabilizing agent as the nanoparticles remained
1solated from one another therefore a conductive film could not be achieved as desired. However,
unlike typically used stabilizing agents, silk fibroin may present difficulty in the removal process
which may be released using water but this has not been reported in literature as this is not a
standard synthesis process considering the extended synthesis time needed if achieved at RT.
Instead, this could perhaps be better used for biomedical applications as previously suggested by
Ranjana et al.

7.1.3 | CNF AND NA-CMC

Cellulose derivatives such as cellulose nanocrystals have been reported as a green reducing
and stabilizing agent for the synthesis of Au NPs and Ag NPs respectively however these were
embedded into the cellulose matrix indicating the growth of individual NPs.”® For this reason,
both CNF and Na-CMC substrates were investigated as their respective chemical structures in
Figure 7.1 indicate an excellent potential to create conductive films due to the large presence of
hydroxyl groups. On CNF, squares with 2 and 3 printed layers at a DS of 25 um and tracked for
17 days maximum before COVID-19 pandemic restrictions interrupted daily tracking. In general,
very minimal growth or changes were seen as the issue here is derived from the porous nature of
the paper which tends to absorb the ink instead of allowing the solution to interact directly with
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the surface. Figure 7.6 showed slight changes in appearance were seen on the border of the
pattern where a grey ring appears signaling conversion on the edges which again tends to have
less ink therefore tends to react faster than the interior of the square. By Day 5, this ring is much
more pronounced where the outer ring appears as a green color while the interior displays more
of a brown color progressing in growth or at least saturation of the substrate. This appeared in
different ways as the ink itself seems to have bleed outside of its original dimensions which was
to be expected for a porous substrate. Day 7 saw the first appearance of Au specks on the fibers
specifically on the bottom left-hand side of the sample while the top left-hand corner did not
have any signs of growth (Day 9). This growth is supposed to be the development of isolated Au
NPs reacting to the hydroxyl groups in cellulose. Au NP formation continued to appear evenly
across the bottom surface by Day 12 while Day 13 saw even more darkening of the ring layer
towards the center of the substrate. The ring layer coloration seemed to indicate that NP growth
was exhausted in those specific regions as little NP growth appeared. This once again is expected
as a smaller amount of ink accumulates in this area therefore having less time to interact with the
surface. This NP growth continued to grow almost exponentially from day to day whereby Day
16, the film appeared to have a metallic and almost gold like appearance on the middle part.
Unfortunately, this was not the case for the bottom left-hand side of the sample as no further
progression in Au growth was made but instead saw the area continue to darken to a brown
color. Unfortunately, daily progression of the film could not be achieved due to mandatory
COVID-19 restrictions put into place meaning samples were stored under vacuum for
approximately 3 months before being imaged. By Day 18, physically 93 days under vacuum, saw
a dramatic difference in the appearance of the film where the film exhibited a deep red wine
color. Less of a metallic appearance was seen however the entire substrate itself was unified to
one color where the same Au specs or Au NPs were seen throughout the surface, isolated from
one another. This meant that the film remained non-conductive as a connected network did not
appear. Unfortunately, it is believed here that such a low cellulose concentration (1%) was
insufficient in the complete conversion of the deposited Au MSD ink into a conductive film. In
fact this behavior was already reported previously indicating the successful development of NP
but only sparsely on the individual fibers as significantly lower HAuCls/AgNOs3 and cellulose
concentrations were demonstrated.”® Increasing both the concentrations of both the metal salt ink
and cellulose did not have a dramatic effect other than produce a greater amount of isolated NP
on the surface which perhaps can be utilized for other application such as antimicrobial polymer
films.
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Figure 7.6. Au film formation progress on CNF substrate over 18 day+ period. The first row of photos was taken at
55x magnification while the second at 120x.
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Unfortunately, the reactivity of Na-CMC with water made the deposition of this ink
impossible without dissolving the substrate below as shown in Figure 7.7. The film itself tends to
absorb the film instead of reacting with the solution surface severely limiting it compatibility
with any water-based ink such as MSD inks. This means that this reaction will most likely be
similar that found with PET. From Day 0, an irregular square shape is deposited and left to dry in
ambient temperatures. By the first day, the pattern then proceeds to spread past the printed
boundaries deforming the shape further. Although the film is still not dried, Au specs appear
prominently at the bottom left-hand side of the square by Day 7 and by Day 8, they continue to
grow where even some Au at the edges were formed. Day 16 begins to present a dark border at
the outskirts of the pattern and the new appearance of black dots in the interior of the sample.
This was not directly related to the reaction between the HAuCly ink and the Na-CMC substrate
itself but instead was mold from humidity that formed after long incubation times. No changes in
terms of growth in the interior of the sample were seen however the edges of the sample show
recrystallization of the metal salt by Day 21. Surprisingly, the sample is still not dry until Day 25
where the ink dries clear and broken. Again, because the pandemic impeded daily tracking of the
sample, the sample was stored under vacuum for 83 days which then showed a drastic result
where the film turned to reddish brown particulates which shrunk in size compared to the former
film as shown on Day 25. It was clear that a continuous and conductive film could not be
produced, however this color change did indicate that Au NPs were develop albeit isolated from
one another as Na-CMC was utilized more as a stabilizer rather than a reducing agent.’ It is
believed here that the introduction of sodium carboxymethyl groups tended to replace the
necessary hydroxyl groups therefore decreasing its ability to behave as a reducing agent for the
Au MSD ink. For both these case, neither cellulose derivatives could not achieve conductive
films however did show moderate success with the development of Au NPs after long exposure
periods.
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Day 26
Vacuum sealed
for 83 days

Figure 7.7. HAuCly ink square was deposited and tracked for Au NP growth and taken at a 55x magnification with
an optical microscope

7.1.4 | OSTEMER

Additionally, an off-stoichiometry thiolene polymer (known as OSTEmer for short) was
investigated for its likeness to PDMS. This UV curable polymer is often used to fabricate
microfluidic chips, known for its thiol groups which may have the potential to reduce metal ionic
inks to elemental metal film. Brust et al. amongst many others first reported the use of organic
thiols as a capping agent that have been successfully shown to produce a wide range of
nanoparticle shapes.® However a characteristic of this substrate is that once exposed to air, is
quick to oxidation within 15 — 20 minutes. This makes this substrate not ideal when working
with inkjet printing, especially with large structures as the reduction mechanism may occur
within days. Moreover, another habitual problem was defining a planar substrate so that it would
not affect the spreading of the ink. Therefore 3 different strategies were used to create the flattest
possible substrate including standard drop casting, spin coating, and casting into 3D printed
mold. Of all the deposition techniques, drop casting (Figure 7.8a) proved to be the poorest as the
substrate was clearly uneven to the eye thus resulting in disconnected films and isolated droplets
on the substrate surface regardless of any surface treatment used. After heat treatment at 80°C for
30 minutes, no apparent change was however the 3 days afterwards, the deposited layer darkened
to a dark brown color however no further change was noted after this. The change in color did
indicate that a reaction with the thiol groups did occur however this did not lead to any Au NP
reduction, much less a film. At this point, it was supposed that perhaps not enough of the Au
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MSD was deposited to drive any reaction, therefore, a spin coated substrate was tested. The spin
coated substrate also lacked flatness but did allow for a larger film layer to develop but not to the
point of an actual square pattern. This instead resulted in a misshapen square pattern as seen in
Figure 7.8b. A more immediate reaction was seen within the first day after sintering at 80°C for
30 minutes where specific outlined and darkened circular areas appeared. Additionally, the dried
Au MSD ink displayed a darkened yellow color that proceeded to darken and fade to black color,
usually an intermediate color or growth state before appearing as Au film. The development of
the film was tracked for over 14 days where the film appeared to reach its development potential
by Day 9. However unlike the drop casted sample, specs of Au appeared across the film surface
although faintly visible after Day 1, which continued to grow exponentially until Day 9. The
majority of the growth appeared towards the top left hand side of the substrate but was found to
be significantly less on the darker regions however no predictable growth was found. These
specs are presumed to be isolated Au NP clusters which did not see further growth past 14 days.
This minor growth indicated that indeed Au NP growth was possible but perhaps required more
ink layers in order to create a continuous Au layer. Lastly, OSTE mixture was cured into a mold
thus resulting in acceptable flatness where both line test and square patterns as shown in Figure
7.8c below. In fact, the line pattern itself showed the best result forming gold lines directly
following oven sintering. Unfortunately, due to the miniscule size of the line pattern, none of the
formed lines appeared to be conductive. Regardless of these results, the line pattern provided
additional information regarding the optimal DS for printed patterns between 20 — 25 um which
were then utilized to develop squares displaying varying degrees of success. The developed
squares exhibited similar results to those found with the spin coated films, however because the
full deposited ink amount was available on the substrate, a greater amount of Au NP growth
appeared but at an accelerated rate directly following oven exposure. This means that even after
14 days Au NP growth was consistent with what was seen directly after sintering. Once again, a
continuous film could not be formed however larger groups did appear to agglomerate together
but never formed a layer as the NPs were observed to be separate from one another. However,
one change that did appear was that the initially brown areas eventually turned to a black color
by Day 9 and remained in that state past 14 days. Interestingly, a DS of 25 pum seemed to
produce a greater rate of Au NPs compared to those squares deposited with a DS of 20 um.
However, with more layers, the nucleation of Au NPs was not enhanced as expected. After
extensive testing, it was deemed that the development of a conductive layer was not possible
using OSTE as only isolated Au NPs appeared, like the behavior exhibited with cellulose fibers
as the NP have a tendency to grow but not agglomerate into a film.
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c)

Line pattern

Figure 7.8.Au MSD ink on OSTEMER substrates developed using a) drop casting, b) spin coating, and ¢) mold

71.5|  CARRAGEENAN

Carrageenan is a linear sulfated polysaccharide derived from red seaweed that has found
applications in batteries'’, memory devices!!, and various biomedical applications such as drug
delivery'?. The dried substrate was provided for by a IMB-CNM member developed from I-
carrageenan which saw a large number of pits throughout the surface giving it an initially high
roughness. This formulation resulted in porous membranes of 90% for 4 wt% and 95% for 1
wt%.> As carrageenan was only meant to act as the substrate in this case, this roughness was not
ideal however it was previously shown that the HAuCls ink was quite forgiving to extreme
geometries. The printed line pattern could not be visualized as the small amount of ink was
immediately absorbed with such a rough surface therefore squares were printed with a range of
DS from 15 to 25 um based off previous experience. As per usual, the sample was heat treated at
80°C for 1 hr and track up to 5 days until a film was formed as shown in Figure 7.9a below.
Overall darkening of the film was seen after heat treatment where the squares appeared to be
black in color signaling an intermediate growth state to which by day 5 finally grew into a
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conductive film copper in color. Those films deposited with a DS of 15 and 20 um displayed a
high sheet resistance at 412.7 and 236.8 Q respectively while those with DS of 25 um was
underdeveloped and non-conductive (Figure 7.9b). The porous nature of the substrate appears to
impede not only the growth but also the resulting sheet resistance as more of the ink is needed to
completely fill the pores while once converted continue to see a porous film structure that
impedes direct electrical conduction. This signals the potential of carrageenan amongst others
that can be identified as a reducing substrate, however due to the poor sheet resistance values,
could not be used for developing electronic components.

Heat treated at 802C 5 days afterat RT
- = | b)

\ Samples with 2 | Sheet resistance
:‘z \ layers deposition | (Q/0)
, . G DS 15 um 412.7
‘ DS 20 pum 236.8

\ -
\. - =
_ M - DS 25 pm Underdeveloped

Figure 7.9. Au film growth on carrageenan a) at different growth stages and b) their respective sheet resistance
values

7.2 | FILM GROWTH MECHANISM ON PVA

An extensive discussion regarding the development of Au NPs on PVA as the reducing
substrate will be described below in the following section. Unlike the previously discussed
substrates, the development of a Au film was possible and repeatable however its growth
occurred in different stages which will be explored in depth. Au films behave similarly to SiO-
grown or deposited films where the color of the film indicates the approximate thickness when
reflected white light is incident to the Au film.!* Throughout each notable growth stage, the film
never appeared transparent unlike plasma sintered samples. Au film thicknesses and its
respective colors were experimentally reported by Rouard et al. as shown below in Table 7.1.13:14
The colors reported here similar to the ones reported where ruddy-purple and indigo can be
easily mistaken for a black color although purple was also reported during my experiments.
However, no blue color was reported with our films which is not in full agreement with the data.
The film growth itself followed similar states going from a purple to green to brown to gold
color under ambient conditions. This was later confirmed by Audrey Jaffer who utilized a
simulation program called FreeSnell to predict the optical properties of thin film coatings.'*
Color charts for SiO> are widely available however this is not the case for metal films such as Ag
and Au where are hard to come-by or are non-existent. His work was self-published online
providing the missing link between my results and Table 7.1. Figure 7.10 composed by Jaffer
reported a wide gamut of colors including the typically brown-black film color seen directly
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before a gold film color when using oven sintering to accelerate the process.!* The x-axis
indicated here corresponds to the Au film thickness from 0.6 to 1.0 nm while the y-axis relates
more to the ratio or concentration of metal NPs to the substrate from a range of 0.55 to 1.0 as
represented in Figure 7.10a. According to this chart, if the deposited films are first heat treated to
accelerate the reaction, it follows the scheme of Row I or J where the film appears as a brown-
black color that once exposed to light turns to a shiny Au color. However, thin film growth at
ambient temperatures allows one to see an even larger gamut of colors. As the HAuCly ink is
high concentrated within a small area, the wide range of colors of the film predicted here in Row
B for example begin at the middle of the chart at 8.9 to 11 on the y-axis. As the NP begin to
grow both in number and size, the film color is seen a green color. Due to the unpredictable
growth of the film, no direct path can be followed in this case as an increase in the number of Au
NPs would simultaneously increase the film thickness at the same time. Additional test trials
regarding the difference in growth between 1 and 3 layers was explored as seen in Figure 7.11.
Here, 3 squares for each printed layer were imaged daily for up to 30 days displaying the strong
dependence on the number of layers needed to create a continuous Au film. For 1 deposited layer
(Figure 7.11a), little Au NP growth was seen although it did sparingly appear to develop
following the direction of the printed lines by Day 8. These NPs rapidly appeared and did not
follow the previously described growth states. Specific areas to the right side of the sample as
well as the left side edge eventually grew darker stopping at a dark brown color typically
indicative of the growth step prior to Au film development. This color change appears because of
the lack of NPs exposed on the surface due to lack of HAuCls deposited on the surface. In
contrast, 3 deposited layers sees a continuous film with a gold like sheen by Day 11 in Figure
7.11b. Similarly to 1 layer, the appearance of Au NPs was seen within just 5 days specifically at
the bottom right hand corner of the sample while the rest of the sample appeared as yellow from
the initial ink color. Once again, NP growth appeared as lines due to the printing process. By
Day 8, an overall darkening of the substrate appeared along with exponentially more Au NPs
growth almost creating a continuous film. As the observation period itself was interrupted due to
COVID-19 restrictions up until Day 29, the sample was then stored under vacuum for 83 days
which resulted in a devolution of sorts for both 1 and 3 layer samples. That is the previously
developed NPs and films were removed almost reversing the conversion process. Both films
appeared less developed than what was previously depicted on Day 11 for 3 layers. 1 layer also
saw the same effect however placing the film under vacuum also propelled further development
of the area areas of the film. This is because it is believed that Au NPs in this area were beneath
the PVA surface obscuring the prominent Au color and preventing any sintering from occurring
between the particles therefore presenting a brown colored film.
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Table 7.1.Effect of Au film thickness on color. This figure was adapted from Rouard et al. !>

Color Thickness (nm)

Ruddy purple 15
Indigo 20
Blue 27
Green 32
Yellow green 40
Golden yellow =40
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Figure 7.10. a) Au film color chart simulation conducted by Aubrey Jaffer using FreeSnell to predict the color of Au
film where the x-axis represents the thickness in nm and y-axis is labeled 1-100 nm/q (the ratio of metal NP to
substrate ~ 0.55 to 1.0)!4 b) Au film growth recorded by day at RT for 1 layer
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Figure 7.11. Day-to-day tracked Au film growth on PVA displaying a) 1 layer and b) 3 layers of HAuCls ink
deposition.

Although the film color itself gave a good indication that a Au film was formed, surface
analysis was conducted via SEM/EDX to retrieve both topographical (Figure 7.12) as well as
quantitative chemical analysis (Figure 7.13) information to be retrieved from the Au thin film. In
a singular sample, different growth areas can be seen as the sample exhibited different colors
ranging from a brown to characteristic gold. The center image in Figure 7.12 provides an
overview of the sample highlighting underdeveloped areas as shown as different shades of grey.
Further analysis was performed within these areas starting with the lightest, also noted as the 1st
area here, where the film color exhibited externally is a gold sheen. The reason for this is
because a uniform and continuous NP film was established even displaying sintering between
NPs. Some cracks were found between the NPs as expected however as compared to the stacked
films from deposited NP inks, this film is ideal. Mounds or bumps appeared across the surface
that are in fact are clusters of Au NPs 100s nm in size that are formed and then expelled from the
PVA substrate and settle to create tightly packed Au NP films with 60 — 70 nm thickness. This
process occurs until the Au metal salt precursor is completely spent. Although this homogenous
growth was shown on most of the substrate, other regions showed underdevelopment in areas
noted as the 2" and 3™, The brown area (noted as the 2" area) displayed disproportionate growth
where NP growth occurs in a flower-like pattern where smaller NPs do appear to agglomerate
and sinter together. It is believed that in this area, there was either due to an insufficient amount
of HAuCly ink deposited or lower PVA thickness (thus insufficient reducing ability) to achieve a
Au gold film. On the other hand, the 3™ area is a transitional growth area where most likely a Au
film will be achieved with a longer growth time. Here, homogeneous nucleation is displayed
where the average NP sizes is 146.0 + 17.4 nm. As the NPs start to agglomerate, they exhibit a
polygon shape that will eventually lead to a continuous film as shown in the top images.
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Homogenous nucleation and growth appear to be the governing reaction and is essential for the
development of a Au film.
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Figure 7.12. SEM analysis of Au film formation in progress displaying different areas

These particular areas were further investigated in terms of their chemical composition
displaying that although Au was detected as the main element, remnants of Cl remained as
shown in Figure 7.13. The percentage changed matched according to the development of the NPs
thus affecting the color of the film. As expected, fully converted films (1% area) contained the
highest amount of Au at 88.8% while Cl was found to be at 3.5%. All other elements including O
and C are expected are they cannot be fully removed during analysis due to previous sample
handling. The 3™ area showed the next best value at 80.5% Au with 5.4% Cl remaining. This is
in good agreement as this area was in the process of development and expected to reach similar
values as shown in the 1% area. However, this was in complete contrast to the 2" area, which
showed a significantly lower Au content and higher Cl content at 69.7% and 11.6% respectively.
The higher Cl content is expected here as the Au NP development was occurring slowly and/or is
incomplete and has not been effectively used to create a uniform film as found in the 1% area. All
results found here verify that Au NP film growth was possible using a PVA substrate however,
due to multiple growth areas, needed to be optimized to guarantee a uniform film as the results
reported here took place on the very first developed samples.
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Figure 7.13. SEM-EDX results for multiple areas a) complete, b) incomplete, and c) partial Au film formation.

7.2.1 | GROWTH OPTIMIZATION

One of the basic printing parameters in order to optimize the printing of any new ink is by
identifying the optimal number of layers needed to provide the highest conductivity possible on
the PVA substrate. For this test, 1 —4 layers was printed and developed as shown in Figure 7.14.
Different sintering times were applied to see what effect it may have on the Au NP growth, as
depicted in Figure 7.14a, which tracked Au film development when exposed to 15 minutes and
30 minutes of oven sintering and 15 minutes after being exposed to ambient conditions in a
laboratory setting. For rapid Au NP film formation, 15 minutes was insufficient however double
this time, at 30 minutes, saw expediated Au film growth with a golden color where films with 1,
3, and 4 layers appeared to be underdeveloped ink at the centers of each square pattern. Fifteen
minutes after sintering treatment under ambient conditions outside of the oven, the
underdevelopment centers of 3 and 4 layers appeared with a gold sheen however 1 printed layer
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was ineffective in developing a full Au film. Full results of each layer can be seen in Figure
7.14b with a detailed view of each individual square at 50x magnification. As previously seen, 1
layer appears to be almost completely transparent although some Au film formation does appear
to the right of the sample. Those squares printed with 2 layers appeared to be ideal under these
sintering conditions with varying degrees of success for 3 and 4 layers. Beyond 2 layers, the
pattern shape began to be bloated and misshapen as the ink exhibits the Marangoni effect.!> The
darken brown layers indicate underdeveloped regions similar to those seen in Figure 7.11 above.
The structures were later tested showing a large difference in their respective sheet resistance as
shown below in Figure 7.14c. Although 2 layers of deposited Au ink contained the ideal ratio for
creating uniform films, its respective sheet resistance was found to be at the highest at 148.8 +
9.4 Q/o. With the addition of more layers, the sheet resistance decreased down to 20.9 + 1.7 Q/no.
However, both the bloating and the underdevelopment of 3 and 4 deposited layers made it
impractical to use for further printing, therefore 2 deposited layers was found to be the best
results although displayed a higher resistance.

a) 15 minutes 30 minutes Under Ambient conditions

b) 1 layer 2 layers c)
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Figure 7.14. Au film formation dependency on number of layers a) progressive appearance of the films every 15
minutes, b) developed Au NP films with 1 — 4 layers, and c) sheet resistance vs no. of layers graph
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7.21.1| EFFECT OF SUBSTRATE THICKNESS AND PVA
CONCENTRATION

Although not initially thought of as an influential factor, it was soon discovered that the
substrate thickness had a critical effect on the Au film growth as shown in Figure 7.15. It was
determined that substrate thickness between 3 — 6 pum was necessary for uniform Au thin film
growth of the deposited area. This means that PVA thickness must be precisely controlled
directly following the spin coating of the substrate. This required either 1 or 2 layers of PVA in
which the thickness was measured using confocal microscopy. Significantly thicker PVA films
(> 6 um) often drop casted directly onto a PDMS substrate did not result in a Au film but instead
resulted in completely yellow films after sintering. Even after multiple days of observation, the
film would never change from this opaque mustard color as no Au NP formation was achieved.
On the other hand, for films less than 3 pum, heat treated films maintained a brown color
signaling partial NP development as previously shown. The brown color is a result of evenly
distributed and separated NP nucleation across the surface that was formed due to the lack of
reducing agent or in this case, PVA, where the film remained at this state and could not proceed.
This behavior was mostly seen with the first deposited samples as well as those with more
complex patterns that cover a wide area which emphasized this behavior. Therefore, to ensure
that a fully converted Au layer resulted, the substrate was required to be at least 3 — 6 um in
thickness.

< 3 pm thick 3 - 6 um thick > 6 um thick

Figure 7.15. Effect that substrate thickness on the resulting film for <3 pum, 3 - 6, and > 6 um thick

In addition to substrate thickness, higher PVA concentrations of 8 wt% and 10 wt% were
tested. Unfortunately, PVA solutions at 10 wt% and beyond could not be spin coated as the
solution itself was extremely viscous and rapidly solidified and therefore was unusable as a
substrate as it was impossible to fabricate. This was not the same case with 8§ wt% PVA as a
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substrate could be spin coated onto a glass slide and was expected to produce Au films at an
accelerate rate as compared to those produced with 4 wt% as more hydroxyl groups would be
available for reduction. Therefore, 1 — 4 layers of the HAuCls ink was printed onto the substrate
surface and tracked up to approximately 30 days as shown in Figure 7.16 below. Severely patchy
growth was noted here compared to films deposited onto 4 wt% PV A where individual Au NPs
first began to appear by Day 6 in 1 and 2 layers. As previously seen, 3 and 4 deposited layers
showed bloating outside the printed square pattern and dried slowly in comparison to 1 and 2
layers. The wet films appeared to completely dry by Day 15 for 1 and 2 layers, both of which
saw more individual gold colored NP growth however black regions in the interior for 2 layers
also appeared. This similar behavior appeared for 3 and 4 layers of which did not appear to dry
until Day 22. Over a long period of time, these dark areas eventually became lighter displaying a
light brown color from further Au NP growth by Day 28. No further growth was seen for 1
deposited layer from Day 22 to 28 resulting in a fragmented Au film that was ultimately non-
conductive. For 2 — 4 layers, growth continued to progress creating a continuous Au film albeit
with some dark regions with delayed Au NP growth. The samples were no longer tracked after
30 days of observation. When compared directly to Au films grown on 4 wt% PVA, Au NP
growth on 8 wt% PVA was significantly slower growth. Continuous and conductive gold-like
films developed within 11 days, far quicker than what was shown below. This delay in growth
may specifically be due to the increase in substrate thickness resulting from the higher viscosity
of the PVA solution although the thickness itself was not measured. Regardless of this fact, due
to both the delayed growth and spotty growth overall, 8 wt% substrate was deemed not optimal
for Au film growth as compared to 4 wt%. Although films lower than 4 wt% were not tested, it is
believed that a similar issue would arise in terms of both the substrate thickness which would be
thinner than desired in addition to the diminished reductive ability due to less available hydroxyl
groups from diluted PVA. Therefore it is predicted to be even less likely that a conductive film
would be developed without any golden sheen as seen previously.
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Figure 7.16. Au film development on 8 wt% PVA tracked up to 28 days

7.21.2| EFFECT OF OXYGEN AND LIGHT

Although it was not apparently clear when this reaction was first discovered, an
investigation regarding oxygen control of the sample was conducted by placing the sample in
direct and continuous contact with oxygen flow under a concentrated and covered area with
parafilm and observed for 30 days with an optical microscope as displayed in Figure 7.17.
Results here showed a similar growth trajectory as previously discussed as the film transitioned
from a transparent yellow (Day 0) to green (Day 4) to tan (Day 5) or brown (Day 7) color and
eventually to a gold color. Heterogenous growth also appeared in these samples as noted by the
tan and brown colored areas resulting in a mix of gold and copper-colored films by Day 30.
Rapid NP growth appeared by Day 8 but did not see many changes until Day 30 where the
characteristic shiny gold color was noticeable. Regions at the top of sample already showed Au
film growth by Day 5 however other areas were much slower in comparison. Because slower
growth was reported as a completely reduced film was not seen until Day 30, the continuous
introduction of oxygen did not serve to accelerate the film growth but instead impeded it perhaps
due to decreased temperatures.
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Figure 7.17. Effect of constant oxygen flow on Au film formation on 4 wt% PVA substrate for 2 deposited layers
and tracked up to 30 days

However, one aspect not taken into account to explain the slower growth seen in Figure 7.17
above was the effect of light on the film growth. In the previous study, the sample was covered
with parafilm partially obscuring any incoming light which may influence the Au film growth.
However, the sample was periodically exposed to direct light during imaging sessions which
facilitated Au growth. This hypothesis was also supported by previous samples placed into the
oven (devoid of any light) for rapid sintering which often presented a brown color film that once
exposed to a light source initiated the gold like appearance. It is the interaction that Au NPs have
with light that dictates both their appearance in solution and as a film across a wide spectrum of
colors. For example, 30 nm diameter NP dispersion displays a red color as they tend to absorb
light in the blue-green region (450 nm) while reflecting red light (700nm).'¢ As the diameter of
the NP increases, the opposite behavior is seen where red light is absorbed while more blue light
is reflected exhibiting a purple colored solutions. This characteristic is known as plasmonic
resonance. Keeping this behavior in mind, NPs are known to absorb a wide range of wavelengths
at least from 450 — 700 nm which indeed cover the range seen from direct sunlight as well as
fluorescent light bulbs as shown in Figure 7.18 below. Samples were often left overnight for long
periods of time or after quick oven sintering under standard laboratory conditions containing
both fluorescent lighting and direct sunlight, both of which may contribute directly to its growth.



241

==

Brightness

Wavelength (nanometers)

SSie=y

Brightne

L

Wavelength (nanometers)

1l

Figure 7.18. Wavelength range for sunlight vs. a fluorescent light bulb. This figure was acquired from the Webb
Telescope webpage.!’

Previous research has demonstrated the use of light to induce Au NP synthesis in solution
required both the metal salt and a reducing agent. Multiple papers have reported the use of UV
light ranging from wavelengths between 254 to 300 nm that rapidly produced Au NPs at RT.
Courrol et al. tested a wide range of amino acids for their reducing ability aided by illumination
from a white light xenon lamp displaying a range of wavelengths from ultraviolet to infrared.
Exposure to the light provided both photon energy and elevated temperatures facilitating Au NP
growth due to loss of electrons leading to the reduction of metal species.'® Ranjana et al. was
able to induce Au NP synthesis using silk fibroin as a reducing agent when exposed to UV-B
light with a narrower wavelengths between 280-315nm while Dong et al. reported that synthesis
using a singular wavelength of 300 nm within 30 minutes.'*° Gomes et al. conducted a test
comparing UV light synthesis (wavelength of 254 nm) against ambient light which was
determined to be 6 times faster within 10 minutes vs. 60 minutes respectively.?! This proves that
light plays a crucial role in Au NP synthesis under a variety of conditions in solution and for
metal film synthesis.

7.3| REDUCTION MECHANISM BY PVA

An in-depth study conducted in 1984 by Fedorova et al. claims light induced reduction of
Au metal salt via a photochemical reaction led to the development of elemental Au film. Here,
the Cl ions play a pivotal role in driving the reaction forward via a chain mechanism following a
4 stage process.”” Stage 1 notes a photochemical reaction (Equation 7.1) whereby the
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introduction of the ink to PVA serves to further increase its photosensitivity (UV excitation) by
at least an order of magnitude greater whereby

[AuCl,]™ + hv - [AuCl,]™ + 2CI° (7.1)

occurs at low temperatures (77K to 300K) directly from the 220 — 400 nm range and
indirectly from 350 — 470 nm.?? This range coincides with incandescent (280 or 375 nm), white
LED, and sunlight which may provide some contribution to this reaction.?’> By Stage 2,
decomposition is initiated through thermal activation above 220K where the chloride radical
begins to interact with both PVA and [AuCl,] as shown in Equation 7.2 below:

[AuCl,]™ + Cl* — [AuCl,]™ + CI* + CL, (7.2)

It is at this stage where the [AuCl,]~ decomposition further devolves into a chain process
interacting with PVA following Equations 7.3 and 7.4 below:

(-CH, — CHOH) + Cl* - (—CH, — CHOH)* + HCl (7.3)

(—CH, — CHOH)" + Cl, » (—CH, — CHOH)CL + CI* (7.4)

Equation 7.3 shows that PVA molecules orient the [AuCl,]™ ions (incorporated into PVA
matrix) to interact with the chlorine radical and complex ion. The reaction provided in Equation
7.4 provides constant supply of chlorine radical generation to Equation 7.3 as well as molecular
chlorine decomposition. Equations 7.2 — 7.4 are mainly responsible for the decomposition of the
[AuCl,]~ ion however there are also minor reaction that only become important at higher
temperatures which was not the case for this reduction system and therefore will not be discussed
in this section. The 3™ Stage is comprised of photolysis which sees the bulk formation of
decomposition products changes that appear according to Equation 7.5 below:

34uCl,” - 2Au + [AuCl,]™ + 2Cl~ (7.5)



243 |

Note that [AuCl,]~ ion always remains present which predicts that contamination may
always be an issue when developing samples. This was found to be the case as discussed later on
under Section 7.5. By Stage 4, formation of Au NPs appears as a result. However, one element
not taken into account was the introduction of EG which is known to be a reducing agent. It is
predicted that the EG further reduces the activation energy needed to initiate the reaction
between the PVA and HAuCls components.

Physically, what is believed to be occurring is represented below in Figure 7.19 below
where Figure 7.19a shows the formulated HAuCly ink deposited onto the PV A surface which due
to its water solubility (Figure 7.19b) incorporates together where the Au seeds from the Au metal
salt precursor increase in size (Figure 7.19¢) and start to migrate to the PVA surface as the ink
dries. Au NP growth occurs under multiple regimes as shown in Figure 7.19g where solution
reduction generates both homogenous and heterogenous nucleation following the reduction of
the Au ion. Figure 7.19d and 7.19h depict randomly dispersed NPs under the PVA surface that
once pushed to the surface remain isolated from one another (Figure 7.19¢) giving a brown film
appearance. The remaining Cl ions serve to remove the PVA (Figure 7.191) destabilizing the Au
NP surface thus allowing sintering to occur between the particles ultimately creating a
conductive Au film as shown in Figure 7.19f.



244 |

a) o W g) Solution reduction
Q
~ PVA
Au seeds
Homogeneous
T L AL P nucleation
Heterogenous
nucleation
c)
Au NP growth
ox
0% a0 o 00 8,0 S p 0,0 redng
T T T Au seed PVA
f' . - ™ ; .. ’ 1'-.
d) h) EFETC ST T
" P T #
Au film growth 4 .

’—\.h.—.—-.t'--u.a-.l.:/—‘

e ) Au film growth P
Nanoparticles isolated | e = - ”__._ ? i
: . v ' .* ’;“‘ > _‘\' 2 "_
IR s - s 1 p“‘l*
. Removal of PVA
f) l) a¥%. c e
. fé u"‘} —> ,,af —p
cl Au NP sintering '15‘. "
T e PVA stablized NPs

Figure 7.19. Au ink reduction and film formation where a) - f) displays a step by step process where a) as the ink is
deposited and b) absorbed into the PVA substrate, c) nanoparticles start to form from Au seeds. When the
nanoparticles are fully formed, d - e) they are pushed to the PVA surface however remain non-conductive as they
are surrounded by PVA. Sintering then occurs during the drying portion where f) the Cl ions serve to detach the
PVA from the nanoparticle surface thus allowing the nanoparticles to sinter together creating a highly conductive
and shiny Au film. Different solution reduction mechanisms represented in g) stem from the Au seed displaying
heterogenous and homogenous nucleation and growth. Under SEM observation, h) Au NP growth forms in the PVA
substrate and is gradually pushed towards the surface creating mounds. The film itself then becomes conductive
when 1) the remaining Cl ions destabilize the PVA coated NPs leaving solely Au NPs.
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7.3.1 | MATERIALS AND INK FORMULATION PROCEDURE

The majority of the inks discussed here were previously reported in Chapter 6 Section 6.2 on
Metal salt decomposition ink formulation with the exception of the palladium MSD ink. Here,
the ink was contained palladium (IT) chloride (PdCl>, >99.9%) salt from Sigma Aldrich (Merck).
The Pd ink formulation was comprised of 1 mL of 0.5M PdCl, (1 mL of DI H O + 0.09g of
PdCL) + 1 mL (33% EG + 67% DI water). The solution was stirred at 200 rpm for 2 hrs until
ingredients were combined and transferred to a 10 pL printhead to be used directly.

7.3.2 | LIMITATIONS

One of the limiting factors of this technique is the ion reducing potential of the metals in
each prospective ink. Although this technique has consistently been shown to reduce HAuCly4
ink, this was not the case for others such as AgNO3, H2PtCls, PdCl2, CuSOy4 inks using PVA as a
reducing substrate. Figure 7.20 below details the Ag film growth when following the deposition
of the AgNO; which was then left at RT to sinter. In general, growth appeared to be more
uniform for 4 layers as opposed to 1 — 3 layers as they each maintained an undeveloped center
for the duration of testing. After just 1 day, PVA appeared to be reacting to the ink at the very
edges of the square patterns which are known to have smallest ink thickness. Day 2 showed even
more growth as the ink started to dry whereby crystal formation started to appear (a
characteristic of the AgNOs ink as first reported in Chapter 6). The appearance of both a grey
and brown color indicated an intermediate stage of formation. Eventually the brown film
dominated over the grey. However following this last imaging session, the pandemic started and
affected the experiment meaning that the sample was stored under vacuum for 83 days while it
was still growing. Upon return, a silver like color surrounded the edges of the square with a
rainbow interior indicated as Day 5. This color change may indicate different Ag thin film
thickness which can display a wide range of colors.'* Fifteen days afterwards, this silver ring
turned into a gold color signifying oxidation although there was no further change seen in the
interior of the square. Day 30 showed a bit more development but also some darkening in the
center parts of the square. Imaging of the films was tracked up to 48 days where growth appeared
to stop entirely and instead was found to be oxidized and non-conductive. One of the reasons for
this is the fact that Ag can be easily oxidized in air over time which is needed for both the growth
and development of the film at RT. It is believed that a Ag film did manifest over the non-
observational period during the pandemic however once the sample was exposed to air, the
oxidation process then began to take over. Therefore, this same technique is not applicable to
AgNO3 inks. However, if previously known, light synthesis or photonic sintering could have
been applied as compatible processes to develop Ag NP films which should further explored in
the future.
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Figure 7.20. Stages of Ag film growth on PVA

A very similar result was seen with the deposition of a Pd MSD ink in which both modes of
film growth were tested. The PdCl, metal salt precursor ink resulted in partially dissolved brown
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colored liquid even after 2 hrs of stirring and needed to be filtered before use to avoid any nozzle
clogging. The printed line pattern as shown in Figure 7.21a below showed that no well-defined
lines were seen for any DS but regardless, squares were deposited based on past experiences with
similar inks which was shown in Figure 7.21b. Similarly to the line pattern printing, neither of
the DS was ideal for making patterns as they ranged from being undefined and bloated to
displaying holes throughout the films. In the end, a DS of 35 um was chosen as the pattern was
acceptably defined where multiple layers were printed until a uniform film was produced.
Accelerated film growth using thermal treatment gives a general idea whether or not a
conductive film could be obtained through the self-sintering or RT approach. Figure 7.22 shows
a wide range of results after the PV A substrate was subjected to sintering and evaluated every 15
minutes. Following 15 minutes of sintering, only 3 layers of the deposited Pd ink began to react
already showing a metallic film on the top lefthand corner of the square. Two deposited layers
exhibited faint growth on the same area. An increase in film growth was seen after 75 minutes of
sintering for all layers around the same areas. However, all edges of 4 layer sample appeared to
have been reduced. An indicator that the metallic film would be produced is the darker color
most likely signaling nanoparticle growth under the PVA surface. Altogether these films were
treated with 210 minutes of thermal sintering at 80°C, far longer than desired. It’s for this reason
that it was no surprise that under ambient conditions, the Pd film did not grow in the absence of
thermal treatment. Figure 7.23 shows overall darkening for 2 — 3 layers signaling that the initial
conversion process was occurring. Complete drying of the film occurred by Day 4 whereby
cracks in the film started to appear. However not much change was seen after this point which
was tracked for a total of 48 days. Although many parts of the substrate appeared to be reducing,
the only sample that produced a silver-like film was with 4 layers of deposition also found at the
top left corner. This behavior was seen throughout all deposited samples which indicates that
there is an accumulation of the ink in that region which allows the reduction to occur at a faster
rate than the other areas due to the Marangoni flow. For this reason, the film itself is highly non-
uniform and deem to be unsuccessful under these conditions. This result was unexpected as its
respective reduction potential was +0.92 V suggesting that metals with much higher potentials
would be more successful while those lower or neutral would be unlikely to produce a
conductive film.
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Figure 7.21. Preliminary printing trials of PdCl, ink where a) line pattern and b) printed squares with DS ranging
from 20 - 35 pum
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Figure 7.22. Heat treated PdCl, ink squares for 2 - 4 layers
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Figure 7.23. Self sintered PdCI2 ink on PVA for 2 - 4 layers

PVA reduction of Pt film was conducted using two strategies as these shown with the PdCl»
ink, that is monitoring by 1) self-sintering under ambient conditions or by 2) heat treat limited at
80°C and then left to develop at RT. Film growth under solely ambient conditions was tracked
for approximately 100 days as seen in Figure 7.24. By day 5, milky white areas were seen
indicating that the film was completely dried where 3 layer films spread outside of the initially
defined patterns signaling that this amount of layers was inappropriate for define shapes.
Although not much change was seen with 1 ink layer, the center portion of the 3 layer sample
darkened to a dark yellow color by Day 7. These films only continued to slowly darken however
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there was no further growth involved nor appearance of a silver color. From Day 56, the film
remained the same and was tracked up until Day 103. Also by this time, the 1 layer squares see
some slight development of a brown layer, however this was very faint as all printed squares
continued to remain transparent. The second strategy was conducted with accelerated heat
treatment at an interval of 30 minutes and imaged according to any changes seen as shown in
Figure 7.25. After 60 minutes of heat treatment, 1 film layer only showed a mild reaction with
PVA while 2 and 3 layers displayed varying levels of dark brown color as expected of which 3
layers displayed the quickest reaction showing the opaquest layer. Unfortunately, past this stage,
there was no further change in appearance of the film even with 270 minutes of heat treatment. 2
layers eventually reached a similar development point at 120 minutes which remained the same
after an additional 150 minutes was applied while 1 layer displayed both a darkening of the layer
but was more concentrated to the right corner edge of the square which only began to slowly
spread to the left side of the sample with additional sintering time a less ink was deposited in that
area and therefore needed a longer sintering time. The edges themselves were slower to convert
than the interior, however this color was not maintained as the next day as a medium brown color
appeared in their place which continued to become more transparent with time. A plausible
explanation for this phenomenon is the possible development of HCI (1 part of Aqua regia)
which can act as an etchant further impeding the Pt film growth. For this reason alone, it was
once again confirmed that a Pt film could not be developed using PVA as a substrate.
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Figure 7.24. RT sintering of Pt ink on PVA for 1 and 2 layers
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The same CuSOy4 ink previously reported in Chapter 6 was also deposited on PVA substrate
starting with the line pattern as shown in Figure 7.26a. Although the line pattern itself was not
optimal for this substrate, the only line formed during the printing was with a DS of 5 um. This
parameter was then used for further printing where 1 and 2 layers was deposited as shown in
Figure 7.26b which was tracked and imaged for 100 days. When first printed, the squares were
initially well defined however the pattern then shifted to a point where there was a large
accumulation of ink more at the middle than at the sides which is typical for MSD inks due to the
Marangoni effect. Within 3 days, both layers were dry and showed crystal formation as typically
seen with MSD ink displaying neutral ion reduction potential of +0.34V. The interior of the
squares appeared to be milky white in reaction to PVA however never formed a continuous nor
metallic film. By Day 20, the ink appeared to spread beyond its initial shape but settled by Day
93. Once again, due to the rapid oxidation of this ink, no conductive film was ever formed
always remaining transparent.
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Figure 7.26. CuSO; ink as deposited on PVA substrate with a) line pattern and b) 1 and 2 deposited layers over 100
days of sintering

A similar result was seen with SnCl, ink where very little growth was displayed before Day
34 as shown in Figure 7.27a below. As the ink was also initially clear, it was very difficult to
note any progress before this time period. Slightly more or wider spread of this milky colored
film was seen on Day 47 and 55 but did not show any further progress at the end of 100 days of
monitoring. Figure 7.27b reconfirmed the results seen on those left at RT where within 15
minutes heat treatment, a milky white circle appeared as shown below, however and additional
60 minutes saw no further changes. An additional 100 days of tracking was also done after the
heat treatment to see if any further development would occur which was not the case. Although
no crystallization here appeared, a similar milky outline was developed which indicates some
interaction between the salt-based ink and PVA most likely due to the drying and crystallization
process. Altogether, the SnCl, ink also could not be converted with the reduction power of PVA
due to a combination of factors including its respective reduction potential at -0.14V.
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Figure 7.27. SnCl, ink printed onto PVA and treated at a) RT and tracked up to 100 days and b) saw 80°C heat
treatment for 1h and tracked up to 100 days

7.4| MATERIALS AND ELECTRICAL CHARACTERIZATION

Once the Au film formation was completely optimized, other aspects such as its
compositional purity, film thickness, surface roughness, adhesion to PVA, and electrical
properties were explored. XRD analysis results can be found below in Figure 7.28 where the
deposited Au film was determined to be polycrystalline in nature with peaks at 38.2°, 44.4°,
64.6°, 77.5° corresponding to (111), (200), (220), and (311) reflections respectively. The red
dotted lines represent the JCPDS reference card no. 00-004-0784 for synthetic gold matching
almost identically with no contamination from any Cl related peaks. These results were
agreement to those found in the SEM-EDX with a high Au content however the remnants of
chlorine left in the sample can be explained by the analysis volume that can reach up to 3 pm
past the Au thin film into the substrate itself.?*
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Figure 7.28. XRD analysis for Au film growth on PVA at RT

Both the film thickness and surface roughness were explored by both profilometry and
confocal microscopy respectively as shown in Figure 7.29. The use of profilometry (Figure
7.29a) gave a general idea of the surface rastering across the sample (Figure 7.29b) for 1.3 mm
showing that there was extreme variation of Au film thickness ranging from approximately 0 to
3.5 um from the edge towards the middle of the sample. This variation was expected especially
when looking at the substrate surface. For this particular measurement, the average thickness was
determined to be 1.6 pm. This measurement was then taken to calculate the resulting
conductivity for a Au film which saw values up to 1.09 x 10° S/m. However, because
profilometry results captured with the stylus tip was not able to capture radius larger than 2 mm
in length, accurate characterization of the roughness at the microscale level was limited.
Therefore, the sample was then further tested with confocal microscopy to obtain a global view.
For this, optical confocal microscopy (Figure 7.29¢ and 7.29d) determined the RMS surface
roughness for 1 layer to be 44.4 nm for a scan field of 250 x 200 pm area as analyzed with a 50x
objective while 2 layers reported a slighter higher surface roughness value at 56.6 um for a
smaller scan field of 84.9 x 63.6 um area using a 20x objective. This means that the roughness
increases for every deposited layer however it is expected that the surface roughness found with
commercial Au NP inks on PET substrates is higher as the NPs are not stacked in this case.
Additionally, Au film thickness for 2 layers was obtained from the same measurement and
determined to be 268.8 nm. This measurement was in agreement with the average Au NP size
determined by SEM analysis which was almost 2 times less than this value. The spikes or peaks
encountered during measurement are due to the remnants of salt crystals left on the film surface
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(Figure 7.29¢) thus contributing to a higher roughness. Unfortunately, due to the water solubility
of PVA, the salt could not be removed and remained on the surface without any effect on its
respective conductivity.
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Figure 7.29. Au film thickness and surface roughness measurements conducted by a) profilometry for a 1.3 mm
scanning length and surface analysis techniques b) Dimatix fiducial camera and confocal microscopy imaging for c)
1 layer and d) 2 layers, and e) SEM micrograph at 10,000x
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One of the key issues plaguing metal thin films deposited onto plastic substrates is poor
adhesion. Often times this requires an additional adhesion layer added such as Cr, Ni, of Ti.!?
However, this was not the case for Au films developed on PVA as the film growth process
naturally provided excellent adhesive properties which never saw delamination from the film
unless placed under prolonged periods under vacuum. Adhesion was assessed using the ASTM
D3359 standard by Tape Test Method B.?° Here a lattice pattern created with a total of 6 parallel
cuts (3 vertically and 3 horizontally) were made with a razor blade from the film down to the
substrate creating areas of approximately 1 x 1 mm? to be removed by a pressure-sensitive tape.
Less than initially specified cuts were made as 1) the entire film area was only ~16 mm? and 2)
film thickness < 50 um must be cut 1 mm apart. Next, a pressure sensitive translucent tape (3M
Scotch Tape No. 811) was placed over the film and attached securely. The tape was then
removed swiftly after 120s of application at a 180° angle. Once removed, adhesion was
evaluated by comparing against illustrations found in the standard. This test was performed on
films that were developed from 2 and 3 printing layers as those with 1 never fully develop. Test
results are tabulated below in Figure 7.30a where 2 layers exhibited a 5B Classification as 0% of
the cross-cut area was removed while 3 layers was deemed 4B Classification where <5% of the
area was removed. The precise areas where the film was removed was noted by the red arrows in
Figure 7.30b. Although both films saw good adhesion, 2 layers saw slightly superior adhesion
and optimal growth over 3 layers.

o
—

2 layers

o
~

3 layers

Figure 7.30. Adhesion Test result for a) 2 layers and b) 3 layers before and after removal

Previously, only square patterns were printed mainly to conduct electrical measurements
however building more complex structure and patterns requires further optimization of multiple
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factors including the line width, length, and spacing of the deposited film on the resulting
electrical resistance. Therefore, a study was conducted on the minimum and thus optimal line
width and length that can be printed and developed using this technique. Figure 7.31a shows a
variety of line lengths (1 — 10 mm) and width (300 — 1000 pm) printed with 2 layers and
converted per usual following rapid sintering in an oven at 80°C for 30 minutes. All patterns
were printed without incidence and well defined following the heat treatment. As all films
appeared to be well developed, its conductivity was tested by resistance measurements and
tabulated in Figure 7.31b. As indicated from previous results, the line thickness or width
increases proportionally to its resistance seeing difference between the thicknesses up to 91.6%.
Similarly, the resistance increases as the line length increases. For example, for 1000 um
thickness, the resistance increases from 0.7 to 13.3Q between 1 mm and 10mm, a 94.7%
increase which must be considered when designing structures. Although some outliers were seen
with some of the measurements, those with 900 and 1000 um thickness showed the lowest
resistance values across all printed lengths, therefore these thicknesses were favored over others
to reduce any parasitic resistance that may arise during testing.
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Figure 7.31. Au film development based on a) line length and width and b) their effect on its determining resistance

Lastly, line spacing as shown in Figure 7.32 was also tested for line widths 200 — 500 pm
with line spacing between 100 — 550 um depending on the initial line width. Initially line widths
of 200 and 250 um (Figure 7.32a and 7.32b) were considered which ultimately found to be non-
conductive. Unlike NP inks, the addition of multiple layers did not serve to increase the overall
conductivity as there is a limitation where the film can both be developed and conductive which
is not always apparent just by color. That is a golden color is not always an indicator of a
conductive film as it was shown that nanoparticles can agglomerate below the PVA surface as
previously shown in Figure 7.19h. This behavior was certainly indictive of those with line
pattern widths containing 250 pm and lower which presented a gold color but showed no
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conductivity even at different line widths. All lines printed with 100 pm were not shown here as
the lines were combined and presented no spacing. As first suspected, both the actual line width
and line spacing were larger than initially printed by the ink as the ink tends to spread increasing
the line thickness therefore affecting the actual line spacing. The actual line thickness for a 200
um and 250 pm line were found to be 315.4 pm and 362 pm respectively, meaning there was an
57.7% and 44.8% increase over their original expected values. This increase must be taken into
account especially when building patterns as the actual line spacing is at minimum 35.4% larger
than expected and as high as 82.3%. As the line spacing increases, the change in the actual line
spacing decreases meaning there is a higher probability that the printed lines will not be
touching. As a general rule, the line spacing must be at least 50 pm larger than the line width
itself to avoid any short circuits as a result. This rule was true only for larger line widths (> 300
pm) as shown in Figure 7.32 but may not always be necessary. For an expected line width of 300
pum, a minimum line spacing of 450 um was needed as ink spreading for smaller line width is
more severe meaning more spacing is needed to compensate as found in Figure 7.32¢c. Figure
7.32d highlighted that for a line width of 400 pum, at least 400 um spacing was necessary
(compared to the actual distance of 132.3 um) showing a 67% difference in expect spacing.
Those lines with a 500 pm line width required a minimum of 400 um spacing as spreading was
less of an issue for these films as shown in Figure 7.32e. Additionally, if smaller line spacings
are needed, a 1 pL or 2.5 pL Samba printhead may be used in this case but for the purposes of
this study was not investigated.
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Figure 7.32. Line spacing study ranging from line widths of a) 200 um, b) 250 um, ¢) 300 um, d) 400 um, and ¢)
500 pm

7.5| POTENTIAL APPLICATIONS

Because excellent conductivity was displayed with such films, a wide range of prospective
applications were considered including electrodes, strain gauge sensors, antennas, and
transistors, each with their own specific requirements. The next section will review the thought
and design process as well as the results for each of these applications. Here, multiple designs
were fabricated and tested but unfortunately were unable to be fully optimization due to the lack
of time. Therefore, future improvements will also be addressed at the end of each subsection.

7.5.1 | ELECTRODE STRAIN CHARACTERIZATION

Initially, strain sensors were deposited on a bilayer of PVA/PET substrates that were used
for mechanical stability as precise control of the PVA substrate thickness was necessary to
reproducibly develop Au films. A myriad of samples were developed including those with 1 and
2 printed layers, both of which developed equally following oven sintering as seen in Figure
7.33a below. The electrodes were built similarly to dog bone specimens, first presented in
Chapter 6, where the square pads on each side are 4 x 4 mm with a gauge length of 11.4 mm and
width of 1.5 mm. All 2 printed layer electrodes exhibited excellent definition and uniform Au
film growth as evidenced by Figure 7.33b focusing on the electrode pad and necking area,
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however this was not always the case for 1 printed layer as it consistently showed uneven
growth. Regardless, both types of samples were tested under a wide range of tensile strains using
a customized piece of 5 mm thick acrylic sheets that could fix the bent substrate over a defined
radius facilitating consistent and reliable electrical characterization as seen in Figure 7.33c. This
was important as extreme bending radii of < 1 mm were used and not achievable without the use
of an external device. The bilayered PVA/PET substrate saw a thickness of 129 pm, a property
that was taken into account when calculating the applied strain. Here, testing was conducted at
0%, 0.13%, 0.65%, and 1.3% tensile strain derived from bending radii of 0 mm, 50 mm, 10 mm,
and 5 mm respectively as shown in Figure 7.33d below. The average resistance for 1 and 2 layer
is 48.8 £ 12.7 um and 17.6 £ 2.9 um respectively where unfortunately, 75% of the samples
containing just 1 layer broke after being subjected to a tensile strain of 1%. Partial reason for this
may be due to the ultrathin and underdeveloped Au films that once the connections between NPs
were severed could not be recuperated. As a consequence, testing continued onto all samples
with 2 layers which were able to handle testing with and without the underlying PET substrate.
As expected, the change in resistance steadily increased with increasing strain seeing a peak
value at ~ 0.04. However, at 1.3% strain, the error in the measurement was equal to the change in
resistance value showing high inaccuracy beyond strains of 0.65%. This behavior more or less
mimicked those seen by semiconductor strain gauges where the strain regime was limited to <
0.6%.2¢ Greater values of strain could not be tested using this substrate because the bending
radius was physically unachievable, the strain sensor was removed from the PET substrate and
tested solely on the PVA foil. As the substrate was only 4 pm in thickness, a wider range of
strains were able to be tested starting at 0%, 0.1%, 0.5%, 1%, and 3.2% corresponding to a
bending radius of 0 mm, 0.4 mm, 0.2 mm, and 0.06 mm respectively. Initially, the change in
resistance grew exponentially between 0% and 0.1% strain seeing a change of 0.06. It is believed
here that crack formation grew directly affecting its conductivity however with greater applied
strain, began to stabilize showing the highest value at 0.13. This showed that the change in
resistance was not found to be linear but displayed more of a monotonic growth where
eventually a plateau in the strain value was reached. The change in resistance between 1% and
3.2% was minimal signifying that it would be difficult to differentiate any strains beyond 1%
making the sensor less reliable at higher strains. A quicker plateau in terms of average strain
measurements was seen here mostly due to the smaller substrate thickness, a behavior that was in
agreement with a model previously reported by Yang et al.?®
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Figure 7.33. Printed and reduced eclectrodes a) fabricated on PVA substrate, b) optical image taken at 20x
magnification of the electrode pad, ¢) tensile strain test setup, and d) electrode tensile strain testing comparing Au
film on PVA/PET vs Au film on PVA directly

Although initially planned, stretchability was not executed here as it was discovered that the
stretchability of PVA was extremely poor even at miniscule thicknesses and would completely
tear instead of stretch. In the future, stretchability can be better tested using a combination of this
ink coupled with plasma sintering onto well-known bendable substrates such as Thermoplastic
Polyurethane (TPU).

7.5.2 | DEVELOPMENT AND CHARACTERIZATION OF A
STRAIN GAUGE SENSOR

Multiple designs were considered from the standard linear strain gauge design to the more
complicated serpentine gauges optimized for stretchability. Due to the excessive length of the
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latter and the known dimensional length limitations, this was eventually eliminated from testing.
Therefore 2 linear strain gauges with differing dimensions were printed, reduced, and tested as
shown below in Figure 7.34. The first design consisted of 3 turns (Figure 7.34a and 7.34c) with
an active grid length (gauge length) and width of 13.5 and 6.8 mm respectively. The wire length
or line thickness here was defined as 500 um and was attached to 3 x 3 mm solder pads.
Additionally, a 5-turn design (Figure 7.34b and 7.34d) was also fabricated with the same line
thickness however the active grid area was slightly bigger at 13.5 x 8.0 mm for the length and
width respectively. Here the solder pads were larger in size (4 x 4 mm) to accommodate for large
wire attachments. Figure 7.34e emphasized the well-developed end loops of the 5-turn (T5)
strain sensor where the line separation was sufficient to prevent any cross connections between
the wires verifying the optimal strain sensor design for this ink and substrate.

Figure 7.34. Au NP film strain gauge a) design for 3 turn sensor and dimensions, b) design for 5 turn sensor,
photographs of c) the printed 3 turn sensor and d) 5 turn sensor, e) enhanced view of the curvature at 50x
magnification

Similarly to the Au electrodes, the T5 strain sensor was subjected to strain testing dependent
on their respective film thickness. As the strain sensors were also initially deposited onto
mechanically stable PET substrate, bend testing was conducted at 0%, 0.13%, 0.65%, and 1.3%
tensile strain as shown in Figure 7.35a below. Similar to those results found with the electrodes
tested in the previous section, an increase in the change of resistance was found after being
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subjected to greater amounts of strain. A 70% increase in the change in resistance was seen
between the 0.13% and 0.65% strain indicating standard crack formation from this point.
However, past a strain of 0.65%, the resistance dropped back down to those found during the
initial stages of testing at 0.1% strain. This once again indicates the variability of this sensor as
previously noted at 0.6% strain. A common factor used to determine the sensitivity of a strain
gauge is characterized by the gauge factor (GF) as defined in Equation 7.6 below:

AR 1
= - (7.6)

GF = —X
Ry, ¢

where AR is resistance change under the applied strain, Ry, is the resistance at 0% strain, and
€ is the applied strain. The same data logged in Figure 7.35a was used to calculate their
respective GF which was found to be severely different especially when taking substrate
thickness into consideration. For reference, a linear metal based strain gauge sees a GF around 2
however those produced with NP inks based on different printing methods can see up to 100 or
more, reaching those made with semiconductor materials.?’?® A GF of 1.73 at a 0.1% strain was
achieved on the PVA/PET substrate which grew as high as 65 at a 0.1% strain when tested only
the PVA substrate. When tested beyond this value, the GF saw a dramatic decrease symbolizing
that the use of such strain sensors was not permittable above this strain. In fact, similar strain
sensors published in literature were mostly tested using microstrains which was not done
here.?”* However the difference found between the GFs when just removing the PVA-based
strain sensor from the PET substrate meant that the sensor itself was highly substrate dependent
as previously reported. In general, the high sensitivity achieved here is due to the exponential
dependency of the tunnel resistance on the Au NP interspacing.?’” However other factors must be
taken into account including the substrate thickness as well as the stiffness of the substrate
material which is represented by its Young’s Modulus (Es) of which were experimentally found
to be 2.55 — 2.79 GPa* and 707.9 MPa®' for PET and PVA respectively. Finite elemental
modelling (FEM) was conducted by Yang et al. which looked specifically into these variables
albeit independently which could not be directly done in our case as their respective material
properties could not be separated from one another. When the substrate thickness increased from
20 to 200 pm, the calculated GF increased by 12% when considering constant length and E;.
Similarly, simulations run for a constant length and substrate thickness saw that those substrates
containing a greater Es also saw orders of magnitude difference in GF. Unfortunately, these
results did not correspond with what was reported in literature meaning that redesign and testing
is still needed to fully understand and characterize the behavior seen here.
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Although already indicated by the behavior seen previously, cyclical tensile testing was
enforced on a TS5 strain sensor on a PVA substrate for 370 cycles as shown in Figure 7.35b.
Here, testing was conducted at neutral and bent states respectively using 1% tensile strain which
creates a noisy profile. Within the first 10 cycles (inset), large variations were seen ranging from
0 — 0.06, similar to those first seen between 0 and 0.1% strain, however still maintained its initial
resistance throughout. Unfortunately, with further testing, the change in resistance began to
increase linearly by cycle 50 and never recovered. It is supposed that the extreme bending
exhibited here caused large cracks to form that with further testing continued to worsen showing
a maximum of 0.13. We would like to remind the reader that the extreme cyclical bend testing
seen here is significantly beyond any typical strain sensor applications and normal body
curvatures, the finger being amongst the smallest of the body parts which reaches an average of
20.3 + 2.4 mm>? or only 0.01% tensile strain for a 4 um thick PVA substrate. Therefore, these
results were considered good in terms of stability. Lastly, the strain sensor exhibited good
adhesion due to the thin PVA foil with a 4 um thickness without the need for any gel or external
adhesive. This sensor was tested on multiple areas but excelled mostly at surfaces with extreme
geometries such as the finger (Figure 7.35¢) so much so that the PVA foil mimicked the texture
of the human skin thus displaying its potential to be used as a wearable device.
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Figure 7.35. Strain gauge testing on a) Au films printed on PET and PVA substrates with respect to change in
resistance, b) cyclical tensile strain testing at 1% strain up to 370 cycles, and c) sensor on a finger

Both sensors with different number of turns displayed similar resistances averaging 280.3 +
11.2 Q. T5 sensor was tested for its response to touch to determine its viability as a tactile sensor.
Here, the strain sensor initially began with a resistance of 288.08 Q and concluded with a slightly
higher resistance of 288.17 Q after being subjected to different types of touch including light,
medium, and heavy using the index finger (Figure 7.36a). The heavier and thus more compressed
the sensor became, the greater the corresponding peak. Unfortunately, testing was not conducted
with weights meaning that proper calibration was not done. After some resting time, the same
sensor returned to its initial resistance and was therefore investigated in terms of its recovery
time corresponding to different types of touch in Figure 7.36b. The lightest touch exhibited a
small spike however required a recovery time of 7.4s while the next lightest requires more than
double that time at approximately 16s. A similar behavior was exhibited with the medium and
heavy touches at 42.3 s and 91.6 s respectively, more than twice as much time. In general, this
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meant that the heavier and longer the touching period, the longer the recovery time was needed.
The excessively long recovery time signified that this particular design was not optimal for real
life continuous monitoring however did show a linear response as expected. Similar tests were
accomplished with the 3-turn (T3) strain sensor which appeared to have greater sensitivity in
terms of touch and faster response time. Here initially, the sensor reported a resistance of 270
and ended almost 5 times higher at ~ 1 kQ with a single touch (Figure 7.36¢). Recovery time
occurred in < 1 s, almost in complete contrast to the TS5 sensor. Therefore, the T3 strain gauge
design overall was superior in all aspects and thus was used for further testing for wearable
applications.

Another potential application for such sensors is as an optical sensor that measures intensity
change or light beam reflectance that is converted into a change in electrical signal. Although not
fully studied for its viability due to lack of time, each fabricated strain gauge responded to
variations in light. The results can be found below in Figure 7.36d where solely a hand was used
to cover the sensor from ambient light used in the laboratory. Each spike seen here represents the
exponential increase seen when creating a shadow on the sensor however once removed, the
resistance can be recovered to a point after a long recovery time (> 25 s). Next, an even greater
peak was created by placing a hand directly above the sensor seeing the same behavior as
previously noted followed by the same movement again for a 3" peak. It was clear that the
recovery time here was particularly slow but after a resting time of 10 minutes before the next
test, the original resistance value fully recovered. Initially, as Au NPs are known to have
plasmonic resonance and have been used in a wide range of optical applications, it was first
thought that this sensor could potentially be used for a similar purpose. However, these results
could not be reproduced signifying that the sensor itself was not reacting to light nor indicated
proximity. In fact, what was really occurring here was the response to temperature or heat caused
by the proximately of the hand to the sensor thus causing the spike. Therefore, temperature
compensation for these strain sensors must first be accomplished in order to obtain an accurate
reading, as they are considered thermal error in the output. Here, the liner expansion coefficient
of the material must be taken into account as a change in temperature itself or thermal effects can
elongate or contract the sensor thus inducing thermal strain.>® There are different ways to
compensate for this temperature variation which can be done either physically with a
temperature compensated strain gauge or Wheatstone bridge or theoretically through calculation
of the thermal expansion coefficient for the sensor which should be minimized as much as
possible ~ 10 strain/°C meeting manufacturing standards.>®> In this case, temperature
compensation methods are necessary however due to lack of time during experimentation, no
compensation could be accomplished showing that the results reported here include thermal
variation effects.
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Figure 7.36. Strain gauge as a tactile sensor a) response of 5 turn (T5) sensor showing sensitivity to different types
of touch and b) touch recovery test, ¢) response of a 3 turn (T3) sensor to light touch, and d) optical response of a 5
turn (T5) sensor

7.5.21| DISSOLUTION TESTING

Instantaneously dissolution of the PVA substrate occurred within seconds as shown below in
Figure 7.37a due to its known sensitivity to water. Fewer than a couple of droplets of water are
enough to destroy the sensor with which the Au film can easily still be handled following its
dissolution. After 5 days in water, the developed Au film tracks remain however without the
PVA substrate backing it lost its original coil shape in the process as shown in Figure 7.37b.
Surprisingly, the tracks as well as the contact pads remain connected together which then can
easily be recycled. However, the water itself became contaminated with non-sintered Au NPs as
some NPs immobilized in PVA film were released. Such testing truly revealed that all devices
made using this technique could be easily degraded simply with water and recycled for reuse if
desired. Additionally, if the release of the Au foil was better controlled, there is a potential for
water assisted transfer printing onto any target substrate.
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Figure 7.37. Dissolution test of strain sensors by a) water droplets within 2 seconds and b) by immersion in water
after 5 days

7.5.3 | DEVELOPMENT OF AN ANTENNA

Amongst other applications, printed radio frequency identification (RFID) tags have also
been demonstrated. Although, this specifically pertains to high frequency (HF) antennas**3>, HF
RFID tags must operate with induction and thus, require a highly conductive coil (quality (Q)
factor > 40) to achieve the best range. Unfortunately, the limiting factor here is often the high
resistivity of printed conductive inks. In fact, several printing techniques were employed to
reduce this effect as reported by Pudas exhibiting varied results.*® Of these, the highest reported
Q factor has been demonstrated by Mujal et al. using inkjet printing.’” Even though inkjet printed
shows less than ideal results, this can be offset by the significantly lower manufacturing costs.
Thus, the goal of this work was to study the potential of inkjet printing to fabricate HF RFID
antennas, specifically exploiting the highly conductive Au NP films produced from Au MSD
inks.

Multiple designs were considered from a basic L-shaped design (2.4 GHz Industrial
Scientific Medical ISM band) to a typical coil design (13.56 MHz) shown in Figure 7.38 below.
In particular, the complex coil design was first considered where Figures 7.38a and 7.38b
displayed antennas with a symmetrical spiral design containing 6 and 3 turns with a line
separation (turn spacing) of 500 and 2800 um and wire thickness of 600 and 4000 pm
respectively. The 6-turn (referred to as C6) has an inner and outer diameter of approximately 23



270

mm and 7 mm respectively while the 3-turn (referred to as C3) is 46.6 mm and 19.8 mm for the
inner and outer diameter respectively. Additionally, Figure 7.38c depicted an L-shaped design
antenna with an approximate length of 19 mm containing a 1000 um thickness was explored as
shown in Figure 7.38c. All antennas were successfully printed and converted as displayed in

Figures 7.38d - 7.38f below.
6,23 mm}df

a)

=
=
©
©
-

Figure 7.38. Antenna designs with different shapes with a) 6 turns and b) 3 turns, and c) L-shape. Actual printed and
reduced antennas onto PV A substrates with d) 6 turns, e) 3 turns, and f) L-shape.

At first, C6 antennas were printed and converted with some success as shown below in Figure
7.39a. Although both antennas here were produced under the same deposition and sintering
conditions, it was believed that the printing of the first pattern was inconsistent leading to
connected parts between the coils and underdevelopment in some regions along the coil as the
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ink to substrate ratio was imprecise however the second pattern was converted as expected.
Although the second coil appeared to be ideal in appearance as well as in its electrical resistance,
a second sintering performed at 80°C for 3 hours used to adhere a wire connecting the inner and
external pads entirely changed the antenna morphology and properties to the point where the
once Au film areas appeared brown in color and was no longer conductive (Figure 7.39b). This
became a reoccurring issue that is due to the incomplete conversion process just below the Au
film. If left for a longer period, the initial wire thickness would spread past the boundaries and
eventually connect to the neighboring wire as highlighted in Figure 7.39c. This continuous
growth was never considered before as it was believed that the Au film growth was assumed to
be the peak of the process. Unfortunately, due to the length of the C6 antenna, the large
resistance prevented antenna functionality from acquiring a good quality factor (Q). Therefore,
the functionality of the antenna, resulting in a resistor-like behavior. Therefore, the antenna was
too highly resistive to function. This meant that the coil design needed to be adapted to the
limitations of the ink by reducing the number of turns to 3 with a line separation of 2800 um.
This larger separation between lines was done to prevent any crossover or connection between
adjacent lines. Unfortunately, the same issue reported previously occurred rendering the pattern
non-conductive. Therefore, more testing must be done to optimize the entire fabrication process
to avoid any effects from delayed conversion by either depositing ink with less layers and adjust
for the imminent growth following a second sintering step.

Figure 7.39. Printed and converted 6 turn antennas a) after oven sintering b) following additional sintering to adhere
a wire to the pattern via silver epoxy, and ¢) disappearance of line separation between the coils

A typical measure of the antenna performance is represented through the Q factor. This a
parameter indicates the quality of an inductor through how many times the current can pass
through the circuit before the energy is radiated.>® Coils easily pass direct current but act as a



272

resistor to alternating current. This behavior is called inductive reactance. The higher the
frequency of the alternating current, the higher the inductive reactance. However, although the
coil is a conductor, the wire winding has certain resistance components ®. The ratio between the
resistance components and the frequency-dependent inductance (R/2nfL) is called the loss
factor, and its inverse number is the Q value as shown below in Equation 7.7 where L is the
inductance. Because f is the frequency of the current flowing through the coil, the Q value will
differ according to the frequency. In simple terms, a higher Q value means lower losses and
better suitability for use as a high frequency inductor.

Q = 2nfL/R (7.7)

Taking into account the inductance of the C6 antenna (L = 1.701 pH), the measured resistance
(R =165.16 Q) and the frequency (13.56 MHz), the resulting Q factor is 0.87. By comparison, an
industrial HF antenna integrated in NFC systems usually has a Q factor higher than 40. They are
fabricated with laminated copper with a thickness of 18 or 25 um on top of fiberglass-reinforced
epoxy-laminated sheet (FR4) substrates. Because the conductivity of printed conductive inks is
lower than copper, the quality factor obtained was too low for its suitability.

Therefore, a simpler L-shaped antenna for 2.4 GHz ISM RF systems was also considered as
previously shown in Figure 7.38f. These antennas were experimentally compared to a
commercial UHF system for their respective operation ranges. RF characterization test bench
was used consisting of two Nordic Bluetooth Low energy (BLES) Development Kits (nFR52
DK) to measure the (Received Signal Strength Indicator) RSSI signal. RSSI was measured by
using the integrated PC antenna on the Design Kit and replacing the same by our printed
antennas. The RSSI is a measurement of the power present in a received radio signal. In an IEEE
802.11 system, RSSI is the relative received signal strength in a wireless environment, in
arbitrary units. Therefore, it is an indication of the power level being received by the receiving
radio after the antenna and possible cable loss. Therefore, the greater the RSSI value, the
stronger the signal.

The results obtained from the RSSI level as a function of distance are shown in Figure 7.40. It is
observed that the signal levels are very similar for a PCB and a flexible substrate using our Au
MSD ink, obtaining signal levels between -34 dBm and -84.7 dBm in average up to a distance
approximately 20m. These levels can be considered acceptable and guarantee the transmission of
the data sent by the BLE transmitter. When an RSSI value is represented in a negative form, the
closer the value is to 0, the stronger the received signal has been. Table 7.2 displays the
measurements from 3 different antennas tested here. Thus, we can conclude that the use of our
metal salt-based inks on PVA substrate has been successful with measured values close to the
ones obtained in commercial PCB (laminated copper with 35um thickness) in FR$ substrates.
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Figure 7.40. Summary of RSSI values vs distance for 3 samples
Table 7.2. Summary of RSSI values vs distance for 3 samples

Distance (m) Au Au Au Au (average) Cu Cu Cu Cu (average)

0 -32 -32 -32 -32.0 -24 -23 -27 -24.7

5 -74 -76 75 -75.0 -74 -73 72 -73.0

7 -80 -84 -81 -81.7 -83 -81 -80 -81.3

12 -94 98 -98 96.7 -96 -88 91 -91.7

16 -96 92 -90 927 -93 -95 98 -95.3
20 -94 -95 -95 -94.7 -95 -99 -97 -97.0
24 disconnected disconnected disconnected disconnected disconnected disconnected disconnected disconnected

7.5.4 | DEVELOPMENT OF A ROOM TEMPERATURE

PROCESSED TRANSISTOR

Different transistor architectures were considered ranging from the conventional bottom
contact bottom gate (BCBG) to in plane interdigitated electrolyte-based transistors where the
self-sintering Au films would be used as the source, drain, and gate electrodes as shown in
Figure 7.41 below. Although Au is not known to be biodegradable, organic thin film transistors
(OTFTs) require rigid electrical resistance tolerances that operationally stable nanoparticles can
provide.?* Additionally, Au itself provides a work function value close to the ionization energy
of the majority of p-type organic semiconductors as it is critical for good charge carrier injection.
As PVA can serve as both the dielectric and substrate layer, the only other layer that required
development was the organic semiconductor (OSC) layer which will be discussed later in this
section. Figures 7.41b and 7.41c highlight the structure for the electrolyte gated transistor (EGT)
and electrolytic gated organic field effect transistor (EGOFET) respectively, both considered for
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their potential to reduce the operational voltage compared to standard organic transistors. For the
EGT, this requires the development of a ionic PVA gel where the mobile ions under an electric
field develop electric double layers (EDLs) at the PVA/gate and PVA/OSC interfaces thus
polarizing and inducing a conductive channel in the OSC. This process has effectively shown to
increase the capacitance 2 to 3 orders higher as compared to conventional dielectrics.*’

G

lonic PVA gel

PVA PVA
Bottom Contact Bottom Gate Electroylte gated transistor Electrolyte Gated Organic Field-Effect
(BCBG) Transistors (EGOFET)

Figure 7.41. Transistor architectures including a) Bottom Contact Bottom Gate (BCBG), b) Electrolyte gated
transistors (EGTs), and c¢) Electrolyte Gated Organic Field Effect Transistors (EGOFET)

A previously optimized transistor design was used as the inspiration for the in-plane transistor
and adapted to the limitations of Au thin film development on PVA, meaning that is all line
width must be at minimum 900 pm in thickness. Figure 7.42a below shows the exact dimensions
of the in-plane transistor where the gate pads were between 4 — 5 mm? squares and line spacing
between the fingers (as known as the channel length) were a minimum of 500 um for a line
width of 900 or 1000 um. Thus, the W/L ratio here is determined to be 14. Additionally, the area
of the gate was calculated to be 4.05 mm?.For the BGBC transistor, the same line thickness and
spacing were maintained whereas the contact pads maintained a 9 mm? area as shown in Figure
7.42b. Source and drain electrodes were deposited following the spin coating of the dielectric
area which were 3 mm in width and 4.6 mm in height. Here, the channel width and length are 4.6
mm and 0.7 mm respectively presenting a W/L ratio of 6.6.
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Figure 7.42. Transistor patterns including dimensions for a) in plane transistor and b) BCBG transistor

7541 | MATERIALS AND METHODS

The procedure discussed here only refers to the conventional BCBG and in plane transistor
mentioned in Figure 7.42 above. Both the fabrication of PVA coated glass substrates as well as
the HAuCly ink formation were first reported previously in Chapter 4 Section 4.2 and Chapter 6
Section 6.2 respectively which remained the same. Printing parameters using the Fujifilm
Dimatix Materials Printer DMP-2831 printer were continuously adapted to the state of the ink,
however the 2 factors that did remain the same were the DS of 20 pm and 2 printed layers for
any design. Once the patterns were printed onto the 8 wt% PVA substrates, they were subjected
to thermal sintering in an oven at 80°C for 30 — 60 minutes. 4 wt% PV A solution was used as the
dielectric insulating layer varying between 1 — 3 coatings to determine the optimal thickness
need to act as a dielectric layer. Each deposited layer was followed by a drying step using a hot
plate at 60°C for 15 minutes to which more layers were added if needed. Tape was lightly placed
on half of the contact pads to ensure that the area was still accessible for subsequent testing
without covering the entire area with the final semiconductor layer.

Different semiconductors were considered including 1,4,8,11-tetramethyl-6,13-
triethylsilylethynyl (TMTES) pentacene semiconductor solid which was acquired from Ossila
Ltd. and High Purity Semiconducting Nanotubes IsoSol-S100/sc-SWCNT ink which was
purchased from Raymor Nanotech and used as is without further manipulation. The following
chemicals were added to achieve various semiconductor concentrated solutions: Anhydrous
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chlorobenzene (CB, 99.8%) and polystyrene beads (average MW 280,000 by GPC) obtained
from Sigma-Aldrich. From this, two types of TMTES-pentacene inks were prepared with and
without polystyrene (PS). PS is added in order to provides greater uniformity and surface
coverage of the developed film.*! Different ratios between the TMTES pentacene and PS were
prepared including 1:1, 2:1, and 4:1 ratios. Both the 2 wt% semiconductor and 2 wt% PS
solutions were prepared separately and adapted to the ratio needed. Taking the 1:1 ratio as an
example, 120 pL of the TMTES-pentacene and 120 pL of the PS were precisely calculated and
prepared based on the weighed sample. For 4.6 mg TMTES-pentacene sample, 204 puL of CB
was added. The solution was then stirred for 1 hr at 105°C until the TMTES-pentacene was
completely dissolved. Similarly, a PS crystal has various weights that first must be weighed and
back calculated in order to correctly prepare the solution. In this case, because the crystal
weighed 20.3 mg, 898 uL of CB was needed to dissolve it. This mixture was stirred on a hot
plate for 1.5 hrs at 105°C until the crystal was completely dissolved. An equal amount of the
TMTES:CB solution (204 pL) and PS:CB (204 pL) solutions were combine together at 105°C
for 1 hr. Prior to any deposition, the solution must be heated at 105°C to prevent any further
crystal formation. This recipe was taken from the Marta Mas group at Institute of Materials
Science of Barcelona (ICMAB).#*#

Directly following the semiconductor solution preparation, all ratios (1:1, 2:1, 4:1) were
deposited using different deposition such as drop casting, spin coating, and a meniscus technique
to determine which technique provided the best film. Drop casting was done using a 40 pL
droplet of each prepared dispersion directly into the middle of a 4 wt% PVA substrate and
allowed to dry overnight. Additionally, these same solutions were spin coated at 4000 rpm or
6000 rpm for 1 minute in order to ensure the coverage over the entire substrate and flash heated
on a hot plate at 105°C. This meniscus technique was used to develop directional thin film
semiconductor layers at 2 speeds (1 or 10 mm/s). Only a small amount is needed (30 puL droplet)
to create films over large areas which were tested with and without the electrodes present. The
formed film was then characterized using a polarized optical microscope (POM).

754.2| DEVELOPMENT OF THE DIELECTRIC PVA LAYER

As previously stated, PVA was utilized as a substrate, reducing agent, and as a dielectric
layer to build a BCBG transistor. Because PVA was a necessary tool to develop all electrodes at
RT, this restricted the viable transistor architectures compatible with this type of growth. This
means that the substrate must be placed at the bottom of the stack in order to fabricate the
electrodes which is more optimal for an in-plane geometry. It was reported that PVA films
observe dielectric constants between 5 — 8 at frequencies between 10-10° Hz.***® However, the
disadvantage in using a low cross-linking density material like PVA is that it requires a thick
film of > 1 pm to ensure low leakage currents.*’ This was not a problem for the transistors
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developed here as a PVA film thickness of at least 3 um is needed to properly develop all
electrodes. The gate electrode presenting with the I shape was first printed with 2 layers and
converted without any issues (Figure 7.43a). Although each of the electrodes were printed under
the same conditions, variability in terms of resistance was seen across the 4 samples from as little
as 9.0 — 79.0 Q as shown in Table 7.3. This behavior can be explained by the uncontrolled ink to
substrate ratio where the higher resistance signified slower Au film development as here less Au
NPs nucleated and sintered. A second layer of 4 wt% PVA was spin coated above which was
primarily used as the dielectric layer in addition to serving as the reducing layer to develop both
the source and drain electrodes. However, a tertiary effect was that it further reduced the
previously deposited gate electrode whose values stabilized up to 25 days. Resistance decreased
in excessive of 52% which was the case for Electrode 3 from 53.1 Q to 25.5 Q. For some
electrodes, this reduction was immediate while others needed 20 days to fully stabilize.
However, unfortunately, the development of the second PVA layer was poor and unpredictable
as spin coating onto a non-planar layer proved difficult to create a consistent layer, thatisa 3 — 6
um PVA layer was not achievable. For this reason, the source and drain electrodes were slow to
develop but did approach a Au like color however these areas remained completely non-
conductive. On the other hand, the in-plane transistor (Figure 7.43b) saw decent conversion
where the electrode printed with 900 um line width saw a stable electrical resistance at 75 Q
while increasing the line width to 1000 pm saw 3 times less at 25 Q. Because of the inconsistent
development for the stacked transistor, the development of in-plane transistor was pursued more
intensely and was further utilized as no issues in terms of electrical measurements nor
inconsistencies were found.

Figure 7.43. Printed Electrodes for a) BCBG transistor labelled according to the number of deposited layers and b)
in-plane transistor with interdigitated source and drain electrodes
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Table 7.3. Resistance measurements before and after spin coating a 2nd PVA layer to develop the BCBG transistor

Electrode #1 Electrode #2 Electrode #3 Electrode #4

Before spin 79.00Q 24.3Q 53.1Q 9.0Q
coating
5 days after 76.3Q 19.7Q 2590 8.50
7 days after -—-- - 25.7Q 8.30Q
12 days after 69.0 Q 18.6 ---- -—--
20 days after o - 25.5Q 7.0Q
25 days after 52.00 18.7 Q - -

7.5.43| DEPOSITION OF SEMICONDUCTOR INK AND LAYER
FORMATION

A study was solely conducted on the optimal deposition of the organic semiconductor layer
onto the PVA film layer using different deposition methods. Semiconductors in liquid phase are
often prepared with organic solvents harsh chemicals which may directly affect the compatibility
with the substrate. Due to its hydrophilic nature, PVA can potentially react to any number of
reagents. For example, H2O could not be used in this case as PVA can quickly dissolve in its
presence in addition to the restriction of the organic semiconductor which must be dissolved in
an organic solvent. Three semiconductors and their solvents we considered as follows: 1,4,8,11-
tetramethyl-6,13-triethylsilylethynyl (TMTES) pentacene in anhydrous chlorobenzene (CB),
single-walled carbon nanotubes (SWCNT) in toluene, and ZnO ink in isopropanol.

Because PVA is not a typically used polymer substrate, information regarding its chemical
compatibility could not be easily found. Prior to the deposition of semiconductor inks, the
chemical compatibility testing following the ASTM standard D543 on the Standard Practices for
Evaluating the Resistance of Plastics to Chemical Reagents was performed.*® For this testing, 2
inch (50.8 mm) PVA disks with 0.125 in or 3.175 mm thickness were immersed in the reagent
(40 mL/in?) for up to 24 hrs with occasional stirring. Following testing, the substrate was
removed and placed to dry overnight in a fume hood. Before and after submersion,
measurements of the center thickness as well as x — and y — diameters were measured with
calipers. Incompatibility was both visually and quantifiably measured where the development of
any swelling, decomposition, discoloration, cracking, or development of texture signaled poor
compatibility. Additionally, if £5% change in mass or diameter was detected, the solvent
incompatible with the substrate. It was found that following testing, toluene did not affect the
gloss or color of the film however it was found to be more severely warped most likely due to



279

the swelling seen. CB also caused the substrate to be slightly warped and brittle making it less
flexible however its overall gloss was maintained as seen in Figure 7.44. However, reactivity to
isopropanol was immediate where the edges of the PVA film were attacked, detached from the
main body, and swelled and became cloudy (discolored). This is mostly likely due to the polarity
of isopropanol as a solvent compared to CB and toluene. It was apparent from this testing that
isopropanol was completely incompatible meaning that the ZnO ink could no longer be used for
further testing. In terms of thickness and diameter measurements, none exceeded the 5%
threshold as stated in Table 7.4. However visual testing was the decisive factor where both CB
and toluene were acceptable for further testing.

Figure 7.44. Visual inspection of the PVA substrate following immersion in CB

Table 7.4. Chemical compatibility results

Chlorobenzene 0.0187434 -0.19607843 -0.0152236 -0.001051265 Yes
Isopropanol 0,002309469 -0,42105263 -0,00195398 -0,022393247 No
Toulene 0,008107717 -0,70307692 0,00710725 0,004369242 Yes

Three ways to develop a thin film semiconductor layer were investigated and characterized
to determine which provided the most uniform crystalline layer which included drop casting,
spin coating, and meniscus technique with the help of Dra. Carme Martinez Domingo, co-
supervisor of this work/thesis.

Figures 7.45a — 7.45b depict drop casting of 40 puL drops of the TMTES-pentacene and
TMTES pentacene-PS (1:1 ratio) served as preliminary testing of the behavior of the inks on the
PVA surface. The plain TMTES-pentacene film presented a mixture of large grains as well as
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crystal formation leaving a non-continuous film. TMTES-pentacene:PS (1:1) solution showed a
similar behavior where the edges of the drop contained larger grains while the interior exhibited
smaller grains. These smaller grains contained 3D star-shaped crystals that were stacked and
overlapping and somewhat directional oriented diagonally. However, it did not fully cover the
substrate showing that drop casting is not an appropriate method of creating semiconductor film
layers. The drop casted film by the 2:1 ratio showed similar behavior where the grain appeared
as a star shape and multifaceted as seen in Figure 7.45c. Additionally, there were a mixture of
grain sizes that ultimately resulted in a discontinuous film. In contrast, Figure 7.45d depicts 4:1
ratio drop casted films which appeared to have good coverage creating a continuous layer. Large
crystals appear while smaller grains appear in the background to fill any gaps. On average, drop
casting allowed for larger grains to be developed which increased in size when a greater amount
of TMTES-pentacene was used looking at the grain size tabulated in Table 7.5. If drop casting
must be used to create a semiconducting layer, the most optimal ink for this technique is a
TMTES-pentacene:PS ratio of 4:1 showing an average grain size of 216.6+91.3 um.

It was assumed that spin coating would provide significantly better coverage due to the even
distribution of the solution across the surface. This certainly was the case for TMTES-pentacene
where the film saw uniform formation of star-like grains distributed across the surface.
Unfortunately, Figure 7.45¢ showed that these grains were separated not forming a continuous
film. Figure 7.45f found that the film deposited from the 1:1 ratio solution saw smaller grains
than its drop casted equivalent. In fact, around points of contamination, the grains were found to
be larger and highly concentrated. Each individual grain presented an intersecting line in the
middle showing much higher amount of grain boundaries than the drop casted film. Altogether,
the film was comprised of small grains showing a polycrystalline behavior. The 2:1 ratio mixture
showed larger grains intermixed with smaller grains shown in Figure 7.45g. In fact, there was a
high ratio of smaller grains to large grains. Specifically, the larger grains presented with
intersecting lines dividing the grains which tends to follow the direction of the grains with some
salt crystals contaminated the surface. Figure 7.45h displayed that a similar behavior was seen
with 4:1 ratio solution where the random angle grain boundaries note that indeed a
polycrystalline semiconductor film was formed. Although all spin coated films presented a
percolation of tiny single crystals, the grains were randomly oriented which may present a
problem during testing. Comparatively, the average grain size of the spin coated films were 25.0
+ 6.1 um or less however the overall coverage of the film increased significantly. Similarly, if
spin coating was to be used as the main technique, the 4:1 ratio is the optimal formulation. It
must be noted that different spin coating speeds were used, mainly 4000 and 6000 rpm which in
the end did not result in any apparent differences.

Lastly, all TMTES-pentacene formulations with PS were subjected to meniscus technique
testing due to their respective successful development using spin coating. This use of this
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technique resulted in highly directional and elongated fine needle grains. The direction follows
exactly the shearing direction of the meniscus technique blade meaning that the grains could be
manually placed at the desired direction. At higher speeds, smaller grain sizes exhibited more of
a plate-like behavior whereas the increased TMTES-pentacene concentration increased grain
size. At the 1:1 ratio and 1 mm/s speed (Figure 7.451) presented well aligned and directional
needle-like microstructure, however at 10 mm/s exhibited different crystalline areas like the
elongated grains with larger grain sizes as large as 15.5 um (Figure 7.451). It is believed at this
point, crystal growth mode changes from a 1D to a 2D microstructures, specifically those films
made at higher speeds of 10 mm/s. Figures 7.45j and 7.45m present the 2:1 ratio inks deposited
at I mm/s and 10 mm/s respectively showing greatly different films. Elongated and well aligned
grains were found however there were some holes found, similarly to the microstructure found
with 1:1 ratio at the 1 mm/s speed. There was significantly higher grain boundary density due to
the finer grain sizes (0.5 um) as compared to the 1:1 ratio (4.8 pm). At 10 mm/s, the film was
mostly composed of plates with smaller grain sizes (8.4 um) than those seen at the 1:1 ratio.
However, the film itself was filled entirely with these flake-like grains. Further increasing the
TMTES pentacene ratio up to 4:1 ratio saw an even greater number of holes that developed in
the film with an average grain size of 0.3 um as seen in Figure 7.45k. Although the grains
remained well aligned and directional, it was ultimately found that the film was non-continuous
in nature. Figure 7.45n displayed that the resulting film deposited at 10 mm/s contained an even
smaller plate-like morphology with a grain size average of 2.2 um. Generally, the grain size
decreases as the TMTES-pentacene concentration increases, most likely due to the solvent
evaporation. In all, the optimal deposition parameters and ink formulation for the meniscus
technique were 1 mm/s and 1:1 ratio. However, none of the reported films above exhibited 2D
structures spherulite behavior as previously reported which was fully attributed to the amorphous
PVA substrate below.>4%-3
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Figure 7.45. TMTES pentacene(:PS) films organized according to ratio and deposition technique. This data was
acquired by Dra. Carme Martinez Domingo. All photographs were taken at 20x magnification.
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Table 7.5. Effect of deposition method on TMTES-pentacene semiconductor layer

Drop casting 68.8+5.7 um 85.0£10.7 pm 216.6£91.3 um

Spin coating 19.6+0.6 um 18.742.3 um 25.0+6.1 um
Meniscus Technique (1 mm/s) 4.8 um 0.5 pm 0.3 pm
Meniscus Technique (10 mm/s) 32-15.5pum 8.4 um 2.2 um

These exact parameters were then used to deposit the semiconductor layer in the
development of an in-plane transistor following the design of Figure 7.42a. Results from the
deposition were seen in Figure 7.46a below where the transistor with 900 um line width only
saw half of the source and drain interdigitated electrodes covered while the gate electrode was
partially removed due to the strong adhesion of the tape. In effect, the large gaps in the film were
found to be divergent, almost perpendicular to the electrodes. However, this was not the case for
the 1000 pm wide transistor as the continuous film showed directional lamellar grains as shown
in Figure 7.46b. Gaps in the film also appeared simply due to the roughness of the Au film
surface due to uneven growth. Unfortunately, the majority of the gate was removed meaning that
it could not be used during testing.
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Figure 7.46. TMTES-pentacene film development by a meniscus technique for different sizes a) 900 pm width
and b) 1000 um width transistors. This data was acquired by Dra. Carme Martinez Domingo.

7.5.4.4| ELECTRICAL CHARACTERIZATION OF THE EGOFET
TRANSISTORS

First it must be noted that all electrical characterization testing here was done with the help
of Dra. Carme Martinez Domingo. Low operational voltages (< 1V) are expected here as the
electrolyte develops high electrical capacitance between the -electrolyte/OSC and the
electrolyte/gate. This then generates 2 electric double layers (EDLs): one at the interface between
the gate and electrode and the other between the OSC and electrolyte when applying source-gate
voltage (Vsg).***! Fully completed p-type organic transistors were then subjected to current-
voltage (IV) testing at gate voltages (V) between 0 to -500 mV measuring both its output and
transfer characteristics as seen in Figure 7.47 below. Unfortunately, the Au gate was accidentally
removed from the 900 pm line width thick therefore, a Pt needle served as the top gate while DI
water was used as the electrolyte. It must be noted that this arrangement was not ideal as the
PVA substrate below is known to be reactive to water however as this test was achieved quickly,
thus any effect was negligible. The output curves as shown in Figure 7.47a displays linear
regime across all tested drain voltage (Vq4) never reaching saturation. This means that ohmic
contact between the semiconductor layer and the source and drain electrodes was established.>
Although the output curves do not behave ideally, modulation of the OSC is reached through the
V,. Figure 7.47b indicates hole transportation occurs by the increase in drain current (Iq) with
decreasing gate voltage (Vg). From the transfer curves, electrical parameters such as the
threshold voltage (Vi) and on current (Ion) and off current (Iosr) current values can be determined
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from Figure 7.47c. Vi, was calculated to be 1.0V at a V4 =-500 mV however this value could not
be determined for — 200 mV. Additionally, the Ion and I were found to be 3.56 x 10 A and
2.38 x 107 A respectively displaying a ratio of 1.49. The abnormally high ¢ indicates that the
OSC is being doped as a positive voltage must be applied in order to turn off the channel. This is
also further verified by the fact that at a current appears between the source and drain at Vi, = 0V.
Unusually, the transfer curves only saw saturation occuring at 500 mV meaning that a high turn
on voltage was seen which was contradictory to the desired characteristics for an EGOFET.
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Figure 7.47. Transistor characteristics a) output (Ia v. Vq), and b) — ¢) transfer curves ((Ia and 1d"? vs V,) under with
PBS as the electrolyte using a Pt needle as a gate

As the characteristics of the transistor were found to be non-ideal, further refinement is
needed to understand and optimize the behavior found here. Because PVA itself is hydrophilic, it
is important to know its effect on the transistor response, something that should be investigated
in the future. Eventually, it was discovered that the physical dimensions of gate electrode were
far too small for this design and would need to be redesigned to achieve electrode polarization
thus explaining the low Ion/lofr ratios. This can be done by encircling the transistor or by
substantially increasing the gate electrode, parameters that will need to be defined and further
tested. Lastly, another issue that may have occurred is related to the formulation of the OSC:PS
layer which did not ensure good operation. It was expected that phase separation developed
stacking the OSC layer above the PS layer and PVA substrate. This strategy is often used to
neutralize any traps at the interface where the OSC is not in direct contact with the PVA thus
preventing channel formation in that area. However, it was not fully verified that phase
separation properly occurred as doping of the OSC was seen. However, these results do show
promise for the development of low temperature processed transistors although further testing
must be conducted in the future.
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7.6 | DEVELOPMENT OF AN IONIC PVA GEL

As Au film formation was dependent on the reducing mechanism present by the PVA
substrate, curiosity arose whether an ion gel could be developed using PVA as the base to
develop electrolyte gated transistors (EGT). Inspiration for this idea arose from a published
journal article, written by Jaechoon Jeong, a former PhD student at Institute of Nanotechnology at
Karlsruhe Institute of Technology (KIT-INT) where I did my research stay, that successfully
reported PVA-based ion gel. This was the basis for my stay meaning that all work was
performed under the supervision of Ben Breitung at KIT-INT.

An ion gel is a combination of polymer matrix that can hold ionic species contained in
liquid, like a liquid electrolyte, containing both cations and anions which are used as a dielectric
for electrolyte gated transistors. Figure 7.48 below gives a general overview of this process
where the first step in creating these gels is to crosslink a polymer which in our case, PVA was
chosen due to its biodegradability as well as its relatively high glass transition temperature. Here
we will focus more on the chemical crosslinking of PVA and will consider a few crosslinking
agents which will be discussed later on. Secondly, a biodegradable and biocompatible ionic
liquid was chosen as typical ionic liquids often contain sulfuric or fluoride ions which interact
negatively with metal salt-based inks. Once correctly synthesized, they were combined to create
ion gels and characterized.

However, it was unknown whether changing the basic chemistry of the substrate would have
a great effect on the development of the Au film as it was shown previously that a reduced
number of hydroxyl groups affects the film development and overall presented higher sheet
resistance values. This is highly dependent on the number of hydroxyl groups available for its
reduction as controlled by the crosslinking process. Considering this, the desired requirements
for the ionic PVA gel for this application is that it must 1) be able to reduce the Au MSD ink to
elemental Au and create a conductive film and 2) retain good capacitance and high ionic
conductivity.
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Figure 7.48. A representation of the chemical structures of a) the polymeric gel, b) ChMA ionic liquid, and c) the
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7.6.1 | MATERIALS AND METHODS

Poly(vinyl alcohol) PVA powder (MW 31,000 — 50,000, 98 — 99% hydrolyzed) was
purchased from Sigma Aldrich. The next following reagents were brought or provided for by
KIT-INT in a visiting scientist research stay agreement under the guidance of Ben Breitung. All
products were obtained from Sigma-Aldrich Chemie GmbH including suberic acid (98%),
terephthalic acid (98%), poly(ethylene-alt-maleic anhydride (PEMA powder with average Mw
100,000 — 500,000), dimethyl sulfoxide (DMSO) Grade ReagentPlus®, >99.5%, choline
bicarbonate (~80% in H20), and DL-Malic acid (99 — 100.5% alkalimetric) in the preparation of
a ion PVA gel. Additionally, methanol (MeOH zur Analyse EMSURE® ACS,ISO,Reag. Ph Eur)
was obtained from VWR International GmbH.

Any testing related to ion gel was performed at KIT-INT. Surface morphology of the films
was imaged using HIROX High resolution 3D digital microscopy (for profile and surface
roughness measurements) and SEM-FIB Dual Beam Zeiss Auriga 60 to look more deeply into
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the thin film microstructure. BRUKER D8 XRD with LynxEye Detector (Cu Ka) was used to
determine the chemical composition of the films. Verification for ion gel synthesis was done
through the use of the Nicolet iS50 FTIR spectrometer and Bruker Nuclear Magnetic Resonance
(NMR 500) Instrument.

7.6.1.1| CROSSLINKING PVA

All crosslinking experiments discussed here were first reported by Sonker et al.>* and Jeong
et al.>* and adapted according to the results. 5 wt% PVA stock solution was made with 0.5 g of
PVA in 10 mL of DMSO and stirred at 100°C until completely dissolved. Different
concentrations were investigated including 25% (2g) and 40% (1.25 g) of the corresponding acid
(suberic acid or terephthalic) was then added. In order to facilitate dissolution, both solutions are
placed in an ultrasonic bath at 60°C to dissolve for 4hrs. Once dissolved, the solution was drop
casted into plastic petri dishes to dry overnight on a hot plate at 60°C.

Fresh batches were created prior to drop casting or spin coating first with the dissolution of
PVA and PEMA respectively with DMSO. Different weight ratio between two components were
explored from 70:30, 80:20, and 90:10. In the case of the 80:20 ratio, 1.6 g of PVA was
dissolved in 1 mL of DMSO while 0.4g of PEMA was dissolved in 1 mL of DMSO
simultaneously for 2 hrs at 60°C on a hot plate. Once both solutions were cooled to room
temperature, they were combined and saw gelatinization within 5 minutes. For spin coated
samples, the combined solution was directly applied to a small Ossila glass substrate and coated
with Laurell Spin-coater Series 650 model WS-650-23B provided by KIT-INT at 500 rpm for 30
seconds. The films were then left overnight to solidify at RT. Thicker samples required larger
amount of the PVA:PEMA solution to be made, drop casted, and dried overnight accordingly.
Initially the gel saw a transparent orange color which then lost its color over time.

7.6.1.2| BIODEGRADABLE IONIC LIQUID PREPARATION

Following the procedure outlined by Wu et al.>>, 2 M Malic acid (6.7045g malic acid in 25
mL of MeOH, stirred at 250 rpm at RT) was slowly combined with 125 mL of choline
bicarbonate (as is) and stirred at RT at 700 rpm for 4 hrs until CO; generation ceased. This
solution was placed into a 500 mL round bottom flask so that both the methanol as well as the
remaining water was removed using rotary evaporation. Both the vapor pressure and temperature
were adjusted according to the solvent removal which was conducted for a total of 2 days until a
highly viscous solution was achieved. To ensure complete water evaporation, the liquid was
placed in the vacuum oven at 80°C for 24 hrs. Following its synthesis, the ionic liquid (IL) was
stored at RT until needed.
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To create the PVA based ion gel, aliquots of 83, 166, or 249 uL of IL were added to the
PVA:PEMA mixture. Following both the development of the PVA:PEMA gel as well as the ion
gel, HAuCls ink was printed on the newly fabricated substrate using both the Dimatix Material
Printer model no. DMP-2831 and DMP-2850 as provided for by KIT-INT. Two different printers
were used as DMP-2831 contained only 10 pL printheads while the DMP-2850 could handle
both 1 and 2 pL printheads. Following the printing procedure, sintering treatment was
maintained at 80°C for 1 hr in a ceramic oven.

7.6.2 | CROSSLINKING OF PVA AND CHARACTERIZATION

Crosslinking is a process in which esterification occurs between carboxyl groups of acids
and hydroxyl groups of PVA. This process is typically performed with dialdehydes, carboxylic
acids, and boric acid.>® Three crosslinkers: suberic acid, terephthalic acid, and PEMA were
chosen specifically for their interaction with PVA, that is they each tend to leave a large number
of unreacted hydroxyl groups on the surface, allowing for only partial crosslinking of PVA as
shown in Figure 7.49. This characteristic is important and advantageous as this will facilitate the
reduction of the Au MSD inks while maintaining degradability.

Sonker et al. was the first to investigate the use of suberic and terephthalic acids as PVA
crosslinkers. It was reported that increasing the suberic acid concentration as well as the
crosslinking time reduces the number of hydroxyl groups therefore a lower concentration with a
short crosslinking time was used. 25% and 40% concentrations for both acids were explored.
After several attempts, both suberic and terephthalic acid were unable to form a gel as compared
to the self-assembled PVA-PEMA gel. Initially, PVA-suberic acid started to crystalize but never
hardened to form a film while terephthalic acid was found to be insoluble in a variety of solvents
(isopropanol, methanol, ethylene glycol, DMSO) and itself is known to have poor solubility in
DMSO (26 g/100 mL DMSO). Therefore, both acids were eliminated as a gel could not be
achieved.

Of the chosen crosslinkers, only PEMA formed a usable and stable gel. Before further
testing, the optimal weight ratio must first be defined as it is imperative to maintain as many
hydroxyl groups as possible. For this, 4 different ratios were explored where 60:40, 70:30, 80:20,
and 90:10 varies with respect to PVA. Previous investigation first reported by Jeong et al. stated
that the amount of PVA dictates the gelation therefore at higher concentrations of PVA, rapid
gelation occurs within minutes while maintaining a greater number of hydroxyl groups.’® It was
found that ratios 80:20 and 90:10 saw immediate gelation which was both unusable for both spin
coating and even drop casting deposition. At a ratio of 60:40, it was reported that only 79 mol%
of hydroxyl groups remained on the surface which can impede the Au film growth altogether.
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Therefore, a good balance between these two factors were reached at a 70:30 ratio which
continued to be used throughout further testing.

PVA chain PVA chain
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Figure 7.49. Chemical synthesis of crosslinked PVA structures based on crosslinking agent: a) suberic acid 33, b)
terephthalic acid >, and ¢) PEMAY’

FTIR analysis was performed on both PVA and PEMA solutions as well as the PVA:PEMA
gel as seen in Figure 7.50a. PEMA + DMSO spectra displayed peaks at 1777 cm™ and 1846 cm™!
correspond to characteristic symmetric and asymmetric C=0O groups attributed to cyclic
anhydride. Analysis of the gels revealed partial crosslinking between the PVA and PEMA as the
characteristic peak at 1846 cm™' was missing from the gel. However, this is not an issue as this
means that more hydroxyl groups were available on the surface for Au film formation. Due to
the delayed gelation, a thin film could be spin coated on a small glass carrier where it was further
analyzed using the HIROX High resolution 3D digital microscopy model no. HRX-01 as
provided for by KIT-INT to obtain information regarding the surface morphology. It was found
that the spin coated surfaces showed a surface roughness of 0.385 um (Figure 7.50b) were non-
uniform varying between 0 and 800 nm as seen in Figure 7.50c. This may be due to the high
viscosity of the PVA-PEMA gel which is known to rapidly gelatinize. This process has yet to be
fully optimize due to the short length of the research stay.
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Figure 7.50. Characterization of PVA:PEMA gel by a) FTIR analysis of all chemical components and by digital
optical imaging regarding b) the surface roughness, and c) profile of the substrate surface

7.6.3 | AU THIN FILM CHARACTERIZATION

However, the most important test was whether or not it was possible to growth a Au film
even with the diminished reducing capacity of the PVA-PEMA substrate. Two types of
printheads (2.5 pL and 10 pL) to investigate any printing differences that may arise from
depositing different volumes of inks to create Au films. A wide range of films were developed
with vastly different morphologies which can be seen in Figure 7.51 below. Surprisingly, these
films were transparent in nature and unlike the growth on plain PVA, developed equally even
from the smallest dots in the line pattern to squares with multiple layers as shown on Figure
7.51a. Films deposited with both printheads developed at a similar rate which is vastly different
than those deposited on PVA as Au thin film growth which is highly dependent on the substrate
thickness and ink volume deposited. Small ink volumes were deposited using the 2.5 pL
printhead (Figure 7.51b) generally creating films with a characteristic gold border while the
interior was not uniformly converted and showed a brown color. Additionally, due to uneven
distribution of the PVA:PEMA gel, the resulting film was affected displaying a ripple-like



292

behavior highlighting its conformal growth on any surface. As more layers were added, the
PVA:PEMA substrate began to eaten away causing folds as seen in Figure 7.51b. However even
with standard heat treatment, gold film formation occurred at a delay of 8 days which means that
the addition of PEMA had only a slight reduction of the hydroxyl group which did not affect too
severely the Au film growth.

Figure 7.51. Variety of printed squares with different drop spacings using a) 10 pL and b) 2.5 pL printheads

Further examination of particular films is shown in Figure 7.52a and 7.52d highlights two
films printed with a 10 pL printhead with 1 and 2 layers respectively showing vastly different
growth formation. Characteristic Au color was seen only at the edges of the square in Figure
7.52a while the center showed non-uniform Au film growth. This behavior is expected due to the
Marangoni effect of the ink. One printed layer showed good uniformity (Figure 7.52b) with low
surface roughness of 0.3879 pum as the deposited ink volume did not completely etch through the
film displaying a thickness ~ 1 pm as displayed in Figure 7.52c. In contrast, there was uniform
Au film growth as seen in Figure 7.52d almost resembling the crosslinking behavior of PVA. It
is believed that at this point, the double layer of ink begins etching through the PVA:PEMA
substrate to the glass periodically (Figure 7.52¢ and 7.52f) that it creates a high surface
roughness of 2.382 um. Figure 7.52g documented the ripple-like Au film as printed by the 2.5
pL printhead for 1 layer with a drop spacing of 15 pm. Interestingly, this effect was not found in
during both the surface morphology and profile measurements. Instead, a uniform and
continuous film were seen with a surface roughness of 1.320 um (Figure 7.52h) and film
thickness of 0.332 pum (Figure 7.521). With respect to its electrical characteristics, it was found
that this film saw good conductivity of 6.92 x 10* S/m. This value is approximately 2 orders of
magnitude lower than those seen on plain PVA (1.09 x 10° S-m™") however for the development
of an electrode, this value is acceptable.
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Figure 7.52. Reduced Au film formed on PVA:PEMA substrate a) Photograph of 1 printed layer and DS of 25 um
and its b) surface morphology and ¢) profile measurement. d) Photograph of 2 printed layers and DS of 25 pm using
a 10 pL printhead and its e¢) surface morphology and f) profile measurement. g) Photograph of 1 printed layer and
DS of 15 pm using a 2.5 pL printhead and its h) surface morphology and i) profile measurement

Based on both the appearance of the film as well as their respective sheet resistances, DS of
30 um was the best printing parameter to create conductive Au films as determined from Figure
7.53a. The lowest DS of 10 pm presented the highest sheet resistance of 122.7 Q which was
expected due to underdevelopment of the film. An additional factor that was not considered
previous was also due to the purity of the reduced Au film. Figure 7.53b displays the XRD
spectra of the analyzed film where a broad peak at 19° can be attributed to amorphous PVA
while the remaining peaks at 38.2°, 44.4°, and 64.6° were positively identified as polycrystalline
Au.

The curious growth as displayed in Figure 7.52d was further investigated using the Zeiss
Auriga 60 Scanning Electron Microscope (SEM) as provided for in collaboration with KIT-INT.
Figure 7.53c showed that different areas of the sample showed selective film growth where Au
line threads were surrounded by isolated Au NPs. Other areas were comprised of sintered Au
nanoparticles as shown in Figure 7.53d whose formation was first reported by Leung et al.'s
through plasma reduction of the same ink however this film was inconsistent in terms of thin
film growth. To a degree, all deposited and reduced square samples saw this selective film
growth but those samples containing too much liquid such as squares printed with a DS of 5 um,
2 layers of DS of 10 pm, and 2 layers of DS of 25 pm consistently reported the same thread-like
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effect. Although the spin coated PVA:PEMA substrate was not directly imaged using SEM,
Jeong et al. reported a rough surface morphology of the gel that contained stacked and bundled
agglomerates creating large pores in the gel which are suitable to contain an ion liquid.>* These
pores appeared to be several micrometers in diameter, consistent with the structures formed on
Figure 7.52d. Similar structures have been reported in literature on a wide range of hydrogels
including crosslinked PVA with glutaraldehyde® as well as a wide variety of cellulose based
hydrogels®® resulting in highly porous films. Although it was already previously reported that the
PVA:PEMA gel saw non-uniform deposition by spin coating, its physical structure can also be
inconsistent as one area may contain a higher and larger number of pores versus another area.
This is because incomplete crosslinking was a desired property to stimulate Au film growth
therefore causing different types of film morphologies to manifest on a single substrate as seen
on Figure 7.51. This means that the PVA:PEMA gel structure itself heavily influences the Au
film formation becoming porous as a result and must be accounted for in the development of
electrodes. Again this highlights the conformity of the HAuCls ink which has the ability to
conform to any surface which was first reported by Leung et al.!> but now also shows the ability
to attach to 3D surfaces and still initiate Au film growth. However, the reader must keep in mind
that optimization specifically on this substrate was not the main goal for this experiment but was
used just as verification that even with fewer hydroxyl groups that Au thin film could still be
formed.
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Figure 7.53. Printing parameters and film characterization of Au film on PVA:PEMA substrate where a) Sheet
resistance values with respect to DS comparing the deposition of 2.5 pL and 10 pL printheads, b) corresponding
XRD spectra, ¢) and d) SEM micrographs of selective Au film growth

7.6.4 | BIODEGRADABLE IONIC LIQUID

Although a larger variety of ionic liquids (IL) are commercially available, they not known to
be biodegradable and can prove harmful in terms of interaction with the Au MSD ink. A minor
test was performed with carrageenan infused with 1-Ethyl-3-methyl-imidazolium-thiocyanate
(EMIM-SCN) as provided for as a sample from David Batet. If the reader previously recalls,
direct printing onto carrageenan resulted in a conductive layer however when in contact with an
ionic liquid, it instantly turned to a blood wine color as shown in Figure 7.54. However
following heat treatment at the standard 80°C, the ink returns to an orange color which did not
change afterwards. What is believed to be occurring here is a ligand substitution process through
direct ligand exchange as shown in Equation 7.8 below:
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[AuCl,]” + SCN~ - [AuCl5(SCN)]~ + Cl~ (7.8)

following the reduction of the Au (III) species to Au (I) thiocyanate species.®® Although this
reaction is a stepwise process, ligand substitution occur much faster than the reduction,
especially at higher Au concentrations.®™®! From this mini-test, it was apparent that any IL
containing SCN was incompatible with Au MSD ink and could not be used as an ionic liquid in
this case. This example highlights the importance of the chemical composition of the IL,
especially its interaction with the metallic cation.

Just printed Heat treated

Figure 7.54. Reaction of Au MSD ink on Carrageenan + IL for a) just printed films, b) heat treated films at 80°C for
1 hr, and c) optical microscope view of the heat treated film

For this reason, a biodegradable and biocompatible ionic liquid was first introduced by Wu
et al. containing choline and malic acid, both of which were typically used as food additives.>® Jo
et al. developed the same choline based ionic liquid and applied it to levan polysaccharide
substrate to develop fully biodegradable transistors. This ionic liquid contains cations from
choline and malate anions that observed a large specific capacitance of 40 uF cm™ at 10 Hz.%
Chemical synthesis reaction between choline bicarbonate and malic acid stated in Figure 7.48
found that when combined, start to outgas carbon dioxide and form water as a result which was
then removed through rotary evaporation where in the end, obtained a purified and highly
viscous ionic liquid with a transparent yellow color. The exact reaction is stated below in
Equation 7.9:

[Ch]*HCO; + [MA]"[H]* - [Ch]*[MA]~H,0+CO, (7.9)

which means further testing is needed to verify its correct synthesis using 'H-NMR as
shown in Figure 7.55. Two different samples were analyzed from the same batch but was
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dissolved in different dissolvents which gave different results mainly revealing that only choline
bicarbonate was present. It is known that choline is physically a bigger ion than the malate ion
which can easily overpower any reading and be seen as the dominant chemical. Figure 7.55a
presented the IL dissolved in deuterium oxide (D.0) while Figure 7.55b presented the IL in
DMSO which was found to be insoluble. Those signals at 6 3.12 (d, 3H, CH3), 6 3.84 (m, 2H,
CH>), and 6 3.43 (m, 2H, CH_) were identified as corresponding to 6 methyl groups, 4 methylene
groups, and choline-based fragments respectively while those relating to malic acid were found
at 6 2.30 (dd, 3H, CH3) related to a methylene group. Of these, the most important signal should
appear at o 2.43 which was nowhere to be found questioning its correct synthesis. An extremely
small amount of malic acid detected of < 1% showing that the ionic liquid may have not been
synthesized correctly, removed during the evaporation step, or expired. These samples were
tested almost 1 month after its synthesis which can justify its absence.
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Figure 7.55. H-NMR spectra in dissolved a) D0 and b) DMSO

Immediately after the biodegradable ionic liquid was achieved, it was then combined with
the crosslinked PV A to create the ion gel. Similar to the crosslinking process between PVA and
PEMA, esterification of hydroxyl groups in PVA backbone chain and carboxyl groups of malate
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ions in ionic liquid should be observed quickly forming this gel noted by the peak found at 1715
cm’! however unfortunately no specific ester bond was found between PVA and the ionic liquid
showing that maybe the complete formation of the gel maybe lacking as shown in Figure 7.56a.
This could potentially be the result of an incomplete synthesis of the IL which detected little
malic acid meaning any bonding with malate ions are miniscule to none. Different aliquots
amounts (41, 83, 166, 249 uL) were added to the PVA:PEMA mixture during its formation and
reported in Figure 7.56b. Although not shown here, the ion gel doped with 249 puL
instantaneously formed a gel meaning a thin film could not be developed and was therefore not
included in this testing. Fourier-transform infrared spectroscopy (FTIR) was used to further
characterize the liquid, as seen in Figure 7.56b, which should see absorption bands for -OH and
C=0 groups at 3261 and 1584 cm ™! respectively but in this case we see them a bit shifted. In
fact, there was no distinguishable difference between the addition of the 83uL and 166 pL of IL
perhaps indicating a saturation point of the crosslinked PVA gel was reached.
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Figure 7.56. FTIR analysis a) Spectra from the PVA + PEMA, IL, and a combination of both respectively and b)
spectra of various PVA + PEMA + IL concentrations

7.6.5 | ION GEL CHARACTERIZATION

Electrochemical Impedance Spectroscopy (EIS) measurements were performed with
customized Swagelok cell assembly (Figure 7.57a, b, and ¢) where the ion gel was uniformly
compressed with a spring to determine the exact thickness of the gel during measurement which
is important for the correct characterization of the ion gel. Alternatively, preliminary testing was
performed using a coin cell testing board in order to quickly determine if the ion gel was
working properly as shown in Figure 7.57d.
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Figure 7.57. Swagelok cell assembly a) schematic representation of the cell adapted from Safa et al.®, b) Swagelok
fittings and ferrules, ¢) custom made components of the plunger, spring, and steel brushed electrodes, d) coin cell
testing board

Figure 7.58a depicts a 12 mm diameter cut PVA based ion gel that could easily be handled
and placed into the Swagelok cell assembly to determine its thickness depicting an average of
73.3 um. Often the thickness of the samples varied due to the non-planar surface of the gel
during the setting period seeing up to 1.00 mm in thickness. Different ion gels were tested but
not reported here as they were found to be either completely non-functional or only showed mass
transfer phenomenon which was seen with all samples containing no or 83 pL of the
biodegradable IL. This is most likely due to an insufficient IL concentration which therefore was
doubled to 166 pL resulting in the plots displayed in Figure 7.58 below. From the Nyquist graph
as shown in Figure 7.58b, the PVA-PEMA gel shows no response as the gel acts purely as a
dielectric. However, when the biodegradable IL is included, a semicircle behavior noting charge
transfer phenomenon is seen where the electrolyte resistance is found to be >250 kQ when tested
at SmV. Such a large resistance value already suggests that the ionic conductivity will be
significantly lower than desired. Bode plot displays frequency dependency on both the phase
angle and the log( | Z | ) values as shown in Figure 7.58c. Here, an electric double layer (EDL)
effect indicating capacitive behavior is seen at the lower frequencies until 100 Hz which verifies
that the ion gel is functioning but far from ideal. Although a plateau was not necessarily
achieved, there is a clear distinction seen at a frequency of 100 Hz where the EDL polarization
layer turns from capacitive to a resistive behavior, most likely due to electrode polarization. At
this frequency, a phase angle of -18° was reported whereas a saturated phase angle appears
between -10° and -20°, far from an ideal capacitive response of -90°.>* From the perspective of
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the phase angle, a resistive behavior at higher frequencies (>10* Hz) is seen while at lower
frequencies (<10* Hz) the ion gel behaves as a non-ideal capacitor. Based on these results, the
capacitance can no longer be calculated through the standard equation and instead is adapted for
higher frequency ranges where the resistive behavior dominates thus providing a more
conservative value of 0.16 pF/cm? This effective capacitance (Cerr) was calculated using
Equation 7.9 below.

_Zim

Ceff = W (79)

A frequency of 1585 Hz was taken from the plateau-like region revealing an ionic con
conductivity of 0.28 uS-cm™ which were quite poor however expected when considering the
electrolyte resistance value previously reported. For comparison, high ionic conductivity for an
IL is between 107 to 102 S-cm™! where generally the ionic conductivity increases as the viscosity
decreases.®* Figure 7.58d displayed the frequency dependency of both ionic conductivity and
effective capacitance showing unusual behavior. Ionic conductivity never stabilizes and in fact
increases at higher frequencies. The plot for Cesr sees a similar behavior where the capacitance
value increases from 0.16 pF/cm? at 100 Hz to a maximum of 3.5 pF/cm? at 100 kHz. This value
confirms that an EDL and a bulk capacitor are formed at the interface between the electrode and
ion gel with increasing IL concentration.®? Regardless, neither of these values reach those
previously reported by Jo et al. for the same IL at =40 uF/cm?.%> One of the main causes for
drastic difference may be the poor ionic liquid quality itself which was not tested directly
following its synthesis nor stored under the appropriate conditions.

The corresponding equivalent circuit obtained from the Nyquist plot is found below in
Figure 7.58e which first consists of Ry or an uncompensated resistance accounting for the ohmic
resistance between the reference and working electrode, as well as that of the working electrode
and connection cables can ultimately be neglected.®> Ry is then placed in series with 2
components, the electrolyte or bulk resistance (Rp) which is in parallel with the bulk capacitance
(Cb). This capacitance arises from dipolar relaxation of the ion gel molecules.®*® Finally, a
constant phase element (CPE) was place in series to compensate for the non-ideal capacitive
behavior (Cqi). From this, a well fitted model was found for all plots including both the Nyquist
and Bode plots as seen below in Figure 7.58f and 7.58g respectively.
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Figure 7.58. Comparative EIS measurements of PVA+PEMA gel and ionic PVA gel containing 166 uL of
biodegradable IL a) photograph of the ion gel before testing, b) Nyquist plot, ¢) Bode plot, and d) ionic conductivity
and capacitance vs. frequency plot, ) equivalent circuit
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Unfortunately, complete optimization of the ion gel was not achieved due to a limited
experimental period of less than 3 months. Although not directly applicable, Hasan et al.
indicated that the maximum capacity for EMIM-SCN liquid held in a polymer matrix is 20%,
however in terms of optimized ionic conductivity and capacitance, the IL concentration should
never reach past 9%.%° In our case, the highest IL to PVA ratio achievable before rapid
solidification stands at 8.3% IL concentration signaling that perhaps the maximum capacity was
already reached when adding 50% more than this value causing instant solidification.
Additionally, the small gel thickness which will hold considerably less IL may also play a role in
the low ionic conductivity found here. For example, a similar gel with 900 pm thickness
containing EMIM-SCN exhibits an significantly higher ionic conductivity as high as 3.7
mS/cm.>* This was experimentally verified by Lee et al. who found that the resistance
proportionally increased with an increase in film thickness, thus having an effect on the
conductivity.** Additionally the capacitance is also dependent on the gel thickness therefore
explaining the lower than expected capacitance value.®> One way to verify the highest ionic
conductivity achievable is by directly measuring the IL using a conductometer, an instrument of
which unfortunately was not available at KIT-INT If the conductivity is already low in its bulk
form, then the previously obtained measurements are valid. Lastly, it was also proposed that it
was perhaps the use of a lower molecular weight PVA polymer (31 — 50k) that triggers quick
gelation, therefore, PVA with higher molecular weight (146k -186k) was tested which
unfortunately did not reduce the gelation time. The issue of solidification of the gel itself can be
mitigated if the process itself is takes place in a glove box where the humidity is well controlled
removing any reaction with the moisture sensitive PEMA. It is clear that at least, the
biodegradable liquid should be resynthesized and characterized appropriately before
implementation into the PVA-PEMA gel. Once these steps are achieved, only then can EIS
measurements take place to ensure the functionality of the ion gel as a whole.

7.6.5.1| REACTION TO HAUCL+INK

Once a spin coated layer of 40% PVA:60% PEMA:IL was achieved, its reaction to the Au
MSD ink was studied to determine whether or not a conductive Au NP film could be formed. As
per usual, directly following printing, the printed squares were subjected to heat treatment at
80°C for 1 hr, the results of which can be seen below in Figure 7.59. A mixture of films was
formed from a purple to gold-like colored film at least noting some formation of Au NPs. Two
different substrates were subjected to testing containing different concentrations of IL. A line
pattern was first printed to give an approximate idea of the ideal DS which was found to be 25
um. Unlike previous printings, the PVA:PEMA surface was determined to be less hydrophilic
than PVA making it difficult to form a continuous film. The substrate containing <166 uL of IL
(Figure 7.59a) displayed a greater proclivity to generate gold color films compared to the
substrate containing > 166 pL of IL (Figure 7.59b). The resulting Au film formation closely
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resembled those found on the PVA:PEMA gel exhibiting the misshapen deposited squares as
well as the ripple-like behavior first reported in Figure 7.52d. Different DS (20 or 25 pum) and
layers (1 — 3 layers) were deposited to gauge the optimal Au film growth parameters which was
clearly demonstrated with 2 layers using a DS of 20 um. This standard was then implemented
onto the substrate containing a higher concentration of IL (> 166 pL of IL), however resulted in
a completely unified film that mostly exhibited a purple color with minimal Au NP growth. Each
substrate and their individual squares were imaged 4 days after sintering as shown in Figures
7.59¢ and 7.59d. Similarly, they highlighting the porous structure of the crosslinked PVA
substrate as previously reported indicating selective growth in these particular areas. The image
taken in Figure 7.59d does not properly reflect the real state of the film as it appears as gold
which can be deceiving but in fact remains as a purple color to the naked eye. Both substrates
were tracked over a 4-month period but did not show any further growth past its initial sintering
stage. Equally, none of the developed films displayed conductivity despite their color as no
continuous film was developed instead displaying dispersed Au NP throughout the substrate
surface similar to those found in Figure 7.53c.

The use of a biodegradable IL was not only proposed due to the negative reaction of Au
MSD inks to standard ILs but also for its known biodegradability and its chemical structure that
contained at least 4 additional hydroxyl groups for a ChMA molecule. It was first supposed that
the introduction of hydroxyl groups would further help to initiate the Au reduction process which
does occur but only under specific conditions. In the literature, malic acid has been previously
shown to be used as a capping agent for the green synthesis of Ag NPs” while, although not
100% applicable, choline chloride was reported to act as a ligand perhaps forming Au(Ch)Cls
species.®®® In the case of the former, the use of malic acid would hinder the formation of a
conductive film and would first need to be removed while the latter issue mentioned here mimics
that found when using SCN underlining a fundamental problem when combining metal salt inks
with ILs. This was most apparent through the appearance of the purple film especially when
subjected to a greater IL concentration in which the reaction between the Au MSD ink and the IL
dominated thus forming these species. Conversely, the substrate containing a lower IL
concentration reacted first to the PVA:PEMA substrate alone before the IL thus allowing for
significantly more Au NP formation. It is clear from this short study that the reaction between
the Au metal salt and the biodegradable IL is still not well understood and must be further
elaborated on in the future.
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Figure 7.59. Development of Au NP film on PVA:PEMA:IL substrate containing ~ 166 pL a) with less IL and b)
more IL, ¢) 50x magnification of Square no. 2, and d) 20x magnification of all squares

7.7 CONCLUSIONS

The effectiveness of hydroxyl containing substrates and their potential to develop reduced
metal films was studied here. Such substrates included well known green polysaccharide
substrates such as PVA and cellulose derivatives to the less familiar natural polymers such as
carrageenan and silk fibroin. Of the substrates investigated, PVA displayed superior results
amongst all others which did see similar Au NP development but never to the extent of a
continuous film. The growth itself can occur under ambient conditions within 11 days and more
rapidly under low temperature heat treatment at 80°C within 30 minutes. Optimization factors
such as PVA foil thickness had a direct effect on the Au film formation, maintaining that PVA
thickness must be precisely controlled between 3 — 6 um. Microstructural analysis of such films
using SEM revealed the film growth process of Au NPs initiating first in the PVA substrate that
then broached the surface creating a continuous and conductive film at RT. Similarly, EDX
showed that such films were mainly composed of Au (= 90%) with minimal CI and while XRD
provided proof that polycrystalline Au was formed.
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More complex designs were printed and tested including electrodes, strain sensors, antennas,
and transistors. Design limitations with regards to conductivity were considered which affected
each design in different ways where a simplified design was necessary to avoid any shortcuts
between neighboring areas which were found to be optimal for electrode and strain sensors. The
films themselves showed excellent resistance to high tensile strains (<3.2%) as well as good
cyclical stability. In addition, the conductive Au film was determined to be sufficient to develop
a HF RFID antenna. On the other hand, this did not affect the development of transistors where
multiple designs were considered but eventually established with an in-plane interdigitated
transistor design where all electrodes were developed in Au and the semiconductor layer was
deposited using a meniscus technique to produce directionally aligned TMTES-pentacene films.
Overall, the transistors showed poor electrical response to different electrolytes attributed to the
doping of the organic semiconductor. Work surrounding the development of electrolyte gated
transistors (EGT) is an ongoing process where the PVA based ion gel itself still must first be
fully optimized as the resulting ionic conductivity and capacitance were significantly lower than
expected at 0.28 uS/cm and 0.16 uF/cm? respectively. However, the ion gel does show signs that
Au NP formation is still possible under these conditions partially fulfilling its desired
requirements. All work presented here in currently in the process of being comprised into a
second journal article addressing solely the development of reduced Au films at RT and its
potential applications.
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Conclusions and Future Work

This final chapter serves to summarize and reiterate the major achievements reported in this
dissertation to the originally outlined objectives set in Chapter 1. If certain goals were not fully
addressed, suggestions to resolve each issue will be addressed below in future work section.

The sheer quantity of accumulated disposable electronic waste is unsustainable and has
already shown to be detrimental to the environment. One strategy to combat this is by directly
utilizing biodegradable materials in common electrical components and devices. This idea
inspired the development of transient and biodegradable electronics that, unfortunately, still
mostly rely on conventional microfabrication techniques that contribute to waste and hazardous
material generation. Therefore, the adoption of environmentally friendly manufacturing
processes is impertinent to establishing a more sustainable system. Inkjet printing can meet these
requirements as it is known as a low impact, low cost, and minimal waste technique that serves
to replace conventional techniques. Its versatility allows for the deposition of a myriad of ink
materials to be deposited directly on any chosen substrate independent of temperature, rigidity,
and composition. Thus, materials selection and characterization were conducted to determine the
most compatible biodegradable substrates for the printing process. Next, novel functional and
biodegradable metal inks were formulated according to the recommended jetting standards and
treated using low temperature sintering techniques such as plasma, chemical, or photonic
sintering. This was necessary due to both the temperature sensitivity of biodegradable substrates
and the excessive sintering temperatures of the respective inks. Both printing and sintering
parameters were optimized according to their resulting electrical properties. Additionally, thin
film characterization was performed to determine their respective morphology and chemical
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composition. Once achieved, different electrical components were fabricated and tested for their
viability.

In this work, novel biodegradable materials were incorporated to replace the substrate,
conductive metal films, and dielectrics layers in order to demonstrate a fully printable and
biodegradable transistor amongst other electrical components. In order to achieve these goals, a
layer-by-layer approach was conducted from the bottom up starting with the substrate.

Substrate

The substrate can be easily replaced with biodegradable alternatives all of which must meet
basic requirements based on their respective glass transition and melting temperatures, surface
roughness and surface tension, as well as dissolvability. Here a total of 7 substrates were tested
and characterized ultimately resulting in the qualification of silk fibroin under all conditions
achieving the lowest possible surface roughness at 0.2 nm and highest glass transition
temperature at 180°C amongst the tested substrates as shown in Figure 8.1 below. This was
followed closely by CNF and PVA both of which were acceptable if alternative sintering
techniques were applied.

Substrate

Figure 8.1. Fabricated silk substrate and its respective materials properties
Conductive metal thin film layers

Different types of inks were developed in order to create conductive metallic layers
stemming from metal salt-based decomposition (MSD) inks to biodegradable Zn nanoparticle
inks. Au and Pt metal thin films could be easily developed using plasma sintering on a large
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range of flexible substrates as demonstrated on polymers, papers, and textile seeing
conductivities as high as 3 x 10° S-m™ for Au and 4 x 10* S‘m™! for Pt achieved at low sintering
temperatures. The conformal coverage of such inks compensates for the rugosity of non-planar
substrates making this ink inclusive for any surface while maintaining good film conductivity as
seen in Figure 8.2 below.

In the case of room temperature chemical-light sintering, Au MSD ink responded most
strongly to PVA as a reducing substrate seeing excellent conductivities up to 1 x 10° S-m™'. Such
values have not even been reported with commercially available Au NP inks exemplifying the
superiority in using such inks. A thorough investigation of the both the reducing and growth
mechanisms was defined in addition to thin film analysis as displayed in Figure 8.3. This
validated the elemental purity of the formed polycrystalline Au film exhibiting a uniform,
conformal, and densely packed appearance. This technique has not yet been reported in literature
which due to its facile Au film development is an invaluable discovery for the printed electronics
community.

Meta| ——————@f=yly ‘7‘7‘7

Sheet resistance [V/1]

Figure 8.2. Plasma treated Au and Pt metal films and their respective sheet resistance values on non-
conventional substrates

Surface roughness [um]
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Intensity (a.u)

Figure 8.3. The development of self-sintering Au films and its materials properties

Additionally, biodegradable Zn and Mo metal inks were formulated after rigorous stability
testing and adapted to inkjet printing to create deposited films. Because biodegradable metals are
known to oxidize rapidly and require excessive sintering temperatures, photonic curing was
implemented. This technique indeed served to remove the oxide from Zn NPs thus developing
films with moderate conductivity despite their oxidative states up to 8.1 x 10° S‘m™ for Zn,
similar to values reported in literature. Figure 8.4 below provides important highlights and
characterization for photonically sintered Zn films.

Power

Figure 8.4. Schematic of a photonic curer' and Zn sintered films and its morphology
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Dielectric layer

Although PVA itself can be considered an insulator layer, a facile approach for the
development of a PVA based ion gel was pursued. Even with the decline in hydroxyl groups, the
PVA-PEMA gel combination was found to successfully reduce the deposited Au MSD ink and
form a conductive Au film layer. Additionally, a biodegradable choline-malate ionic liquid was
synthesized and combined with the PVA-PEMA polymer matrix to form an ion gel that displayed
ionic conductivity and capacitance as highlighted in Figure 8.5 below. Biodegradability was also
achieved with this combination displaying its viability to be used as a dielectric ion gel layer.
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Figure 8.5. PVA-PEMA dielectric ion gel and its properties

Semiconductor layer

Due to the limited number of biodegradable semiconductors in existence, this layer was
instead deposited using TMTES-Pentacene, a p-type small-molecule semiconductor, derived
from the well-known TIPS-pentacene, with significantly higher mobilities. Chemical
compatibility testing confirmed that chlorobenzene did not affect the substrate and therefore was
used to further testing. Here, different deposition methods were explored and resulted in
polycrystalline films with elongated and highly directional fine needle grains as a result of the
meniscus technique. When placed directly above the interdigitated source and drain electrodes,
the film remained similar in morphology as seen in Figure 8.6 below.
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Semiconductor

Figure 8.6. TMTES Pentacene semiconductor layer deposited by a meniscus technique on PVA and Au gate
electrode

Applications

The example shown above correlate specifically to building an EGOFET with in-plane Au
source and drain interdigitated electrodes as shown in Figure 8.7 below. Here, PVA was used as
both the substrate and dielectric layer. Although modulation has been observed, the doping
effects on the semiconductor negatively affected the transistor performance thus, its electrical
characteristics must be improved.
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Figure 8.7. Inkjet printed EGOFET and its respective electrical performance

Other structures such as electrodes, LED circuits, and strain gauges were developed to
evaluate the functionality and bending strain of the Au films deposited on both polyester textile
and PVA substrates. Due to the substrate backing of the film, extreme bending strains beyond 2%
strain were tested showing overall excellent resistance to bending, durability, and long-term
stability. In fact, this ability was advantageous for strain gauges as it displayed a gauge factor of
2, equal to commercially sold sensors showing sensitivity to both touch and heat. Additionally,
its biodegradability was confirmed by exposing the sensor to water which immediately dissolved
leaving behind only the Au conductive tracks for facile recycling. Additionally, fully printed
glucose biosensors were printed with the Au MSD inks as both the counter and working
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electrodes showed response to different glucose concentrations. The incorporation of these inks
in respect to commercially available Au NP inks significantly reduces the cost per sensor. Lastly,
a 2.4 GHz L-shaped antenna successfully generated a signal with an amplitude between -32.0
and -84.7 dBm up to 20 m distance. All devices and their respective response are shown below in
Figure 8.8.
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Figure 8.8. Images and testing of LED circuit, strain sensor, and biosensor
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8.1| FUTURE WORK

The main work of this thesis concentrated on the ink and thin film development of metal ink
films using inkjet printing as a deposition technique as well as their corresponding thin film
characterization. As this has already been thoroughly investigated, future work should be focused
on using these developed Au films from plasma or chemical-light sintering into appropriate
applications. In the case of the former, is the development of a functional and reliable glucose
biosensor using solely MSD inks. For the latter, the strain sensor has yet to be fully exploited,
especially for its known plasmon resonance.

Work concerning the development of Zn and Mo inks is also currently ongoing and should
be further elaborated on by focusing heavily on the reduction of the oxide layer surrounding the
nanoparticle. This can be done through multiple routes by controlling oxidation at its source, that
is during the chemical synthesis step. If this is still not achievable, the oxide layer can be
removed after ink deposition using an acid etchant which can be achieved at room temperature. A
tertiary solution is directly using laser sintering or a combination of different sintering techniques
to effectively increase its respective conductivity. Lastly, if the conductivity itself cannot reach
acceptable levels, the nanoparticles themselves can be combined with carbon derivatives to
enhance its electrical properties.

Lastly, one of most notorious and most difficult layers to achieve biodegradability is with
the semiconductor layer itself. Only a handful of semiconducting materials are known to be
biodegradable which often contains poor mobility compared to standard semiconductors thus
limiting their application into real world devices. This issue must first be addressed and
researched to be implanted in everyday electronics.
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