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Abstract

Sustainability, flexibility, and low-power consumption are key features to meet the growing re-
quirements of simplicity and multifunctionality of low-cost, disposable/recyclable smart electronic
systems in the emerging area of the “Internet-of-Things”. Cellulose-based composites hold po-
tential to fulfill such demands when explored as substrate and/or electrolyte-gate, or as active
channel layer on printed transistors and integrated circuits based on ionic responses (iontronics).
In this work, a new generation of reusable, healable and recyclable regenerated cellulose hydro-
gels with high ionic conductivity and conformability, capable of being provided in the form of stick-
ers, are demonstrated. These hydrogels are obtained from a simple, fast, low-cost, and environ-
mental-friendly aqueous alkali salt/urea dissolution method of native cellulose, combined with
carboxymethyl cellulose (CMC) to improve the electrolyte’s robustness, and subsequent regen-
eration and simultaneous ion incorporation with acetic acid. Their electrochemical properties can
be also merged with the mechanical robustness, thermal resistance, transparency, and smooth-
ness of micro/nanofibrillated cellulose nanopaper to yield an ionic conductive “paper-like” sub-
strate.

Beyond gate dielectrics, a water-based screen-printable ink, composed of CMC binder and com-
mercial zinc oxide (ZnO) semiconducting nanoparticles, was formulated. The ink enables the
printing of relatively smooth and densely packed films on office paper with semiconducting func-
tionality at room temperature. The rather use of porous ZnO nanoplates is beneficial to form per-
colative pathways at lower contents of functional material, at the cost of rougher surfaces.

The engineered cellulose composites are successfully integrated into flexible, recyclable, low-
voltage (<3.5 V), printed electrolyte-gated transistors and “universal’ logic gates fabricated on
office paper or on the ionically modified nanopaper. Ubiquitous calligraphy accessories are used
for easy and quick patterning of conductive/resistive tracks “on-the-fly” by merely drawing them
out on the target substrate, where are already printed the devices. Such concept paves the way
for a worldwide boom of creativity, where we can freely create personal electronic kits, while
having fun at it and without generating waste.

Palavras-chave: cellulose; alkali salt/urea aqueous solvent system; electrolytes; oxide-based
semiconductors; paper electronics; printed electronics; sustainability.
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Resumo

Sustentabilidade, flexibilidade e baixo consumo energético sao caracteristicas chave para aten-
der aos crescentes requisitos de simplicidade e multifuncionalidade de sistemas eletrénicos in-
teligentes de baixo custo, descartaveis/reciclaveis na area emergente da “Internet-das-Coisas”.
Compésitos a base de celulose tém potencial para atender a tais necessidades quando explora-
dos como substrato e/ou porta-de-eletrélito ou como camada de canal ativo em transistores im-
pressos e circuitos integrados baseados em respostas idnicas (iontronics).

Neste trabalho, é demonstrada uma nova geragédo de hidrogéis reutilizaveis, reparaveis e reci-
claveis baseados em celulose regenerada, que apresentam alta condugéo iénica e conformabi-
lidade, podendo ser fornecidos na forma de adesivos. Estes hidrogéis sao obtidos a partir de um
meétodo simples, rapido, barato e amigo do ambiente que permite a dissolugéo de celulose nativa
em solugdes aquosas com mistura de sal alcalino e ureia, combinado com carboximetil celulose
(CMC) para melhorar a sua robustez, seguido da regeneracgéo e simultaneo enriquecimento i6-
nico com acido acético. As suas propriedades eletroquimicas podem ser combinadas com a in-
trinseca robustez mecanica, resisténcia térmica, transparéncia e suavidade do “nanopapel’ a
base de celulose micro/nanofibrilada para obter um substrato eletrolitico semelhante a papel.
Para além de portas-dielétricas, foi formulada uma tinta aquosa compativel com serigrafia, com-
posta por CMC como espessante e nanoparticulas semicondutoras de ZnO. A tinta permite a
impressao de filmes pouco rugosos e densamente percolados sobre papel de escritério, e com
funcionalidade semicondutora a temperatura ambiente. O uso alternativo de nanoplacas porosas
de ZnO ¢é benéfico para criar caminhos percolativos com menores teores de material funcional,
apesar de se obter filmes rugosos.

Os compdsitos a base celulose foram integrados com sucesso em transistores e portas logicas
“universais”, flexiveis, reciclaveis, com baixa tenséo de funcionamento (<3.5 V), controladas por
porta-eletrolitica, os quais foram impressos em papel de escritério ou no “nanopapel” ionicamente
modificado. Acessorios de caligrafia permitem a facil e rapida padronizagao de pistas conduto-
ras/resistivas, desenhando-as no substrato alvo, onde estdo impressos os dispositivos. Este con-
ceito despoleta um mundo criativo, onde é possivel criar livremente kits eletrénicos customizados
de forma divertida e sem gerar residuos.

Palavras-chave: celulose; sistema aquoso com sal alcalino e ureia, eletrélitos, 6xidos semicon-
dutores, eletrénica de papel, eletrénica impressa, sustentabilidade.
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Chapter 1. Designing a path for electronics to go "green"

1.1. Motivation

Modern society lives engulfed in a world strongly dependent on electronics, where con-
sumerism allied with an inappropriate management at the end-of-life of products is caus-
ing a great stress in the planet resources, leading to the rapid growth of electronic-wastes
(E-wastes)."? According to a recent report,®> more than 45 megatons of e-wastes were
generated in 2016, and this value keeps increasing at an alarming rate of 3—4 % each
year.

The pursuit of solutions to a society “consumed by consumerism” have boomed a world-
wide effort to develop an innovative class of affordable, non-complex, portable, safe and
sustainable smart systems that can play multiple functions with extremely low power
consumption, while withstanding large mechanical deformations (bending, squashing,
twisting and/or stretching).*% At the end of their lifespan, reusability, repairing, recycla-
bility, or disposability (biodegradability) are attractive solutions for reducing the environ-
mental impacts. These key features are of major importance in the emerging field of
“Zero-Waste” and “Internet-of-Things” (1oT), the networking of smart objects, as a tool to
bring comfort and welfare to citizens.*®

Abundant, renewable, highly stable materials, that are neither harmful nor polluting, to-
gether with simplified and economically efficient manufacturing processes performed at
low-temperature are of great interest for the fabrication of these new-concept systems
(Figure 1.1).4571917 In particular, nature offers an exceptional diversity of biopolymers,
including cellulose, starch, gelatin, chitin and their derivatives, to serve as a starting
building block source for the development of eco-friendly advanced functional materi-
als.’? The interest and increasing trend of using these materials stems from their renew-
ability, biodegradability and, often, their biocompatibility.

Among them, cellulose stands out as the most abundant biopolymer resource on Earth
and the main component of paper.” This natural dielectric material can serve as an
inexhaustible source of raw material in production of sustainable products.'®24-1% The
reengineering of cellulose with new functionalities allowed to extend its application be-

yond the conventional ones finding potential in electronics, photonics, energy and sens-
ing.1’5'15v17'2°
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Figure 1.1. Design thinking of all the tasks needed to be fullfiled and unified, starting with a proper selection
of raw materials and processes, to find the ideal conditions that combine efficiency, durability, stability,
performance, and simplificity into the same materials and integrated devices, while boosting an
enrironmental-conscious mentality through reusing, repairing, recycling or safer disposability
(biodegradability).

The dielectric properties of this biopolymer has been explored in transistors and logic circuits in
the form of cellulose derivatives,?'-27 nanofibrillated cellulose (NFCs),?® cellulose nanocrystals
(CNCs),? or even ionically modified CNCs,3%3" and regenerated cellulose-based hydrogels.32:33
Excitingly, pioneer work carried out in CENIMAT research group and, subsequently, its continu-
ous update has received global attention due to the remarkable breakthroughs performed in the
field of sustainable electronics by given an extra role to cellulose fibrous paper composed of micro
(conventional paper) or sub-micrometric sized fibers (nanocellulose).*534-42

For the first time, a new concept of paper electronics arises as a potential allied to silicon (Si)-
based technologies, opening the way for an innovative class of low-cost, less complex, recyclable,
flexible and lightweight products. The concept consists of giving an active function to paper, as
the hydrophilic network of tangled hydrophilic cellulose fibers promotes simultaneously its excel-
lent mechanical and dielectric properties.*® Therefore, paper can be applied simultaneously as
the substrate and as a solid-state dielectric in oxide semiconductor field-effect transistors
(FETSs),3435:40.41 write-erase and read memory transistors,3 complementary metal-oxide-semicon-
ductor (CMOS) devices,3* logic gates,*** and batteries.38

Despite its unquestionable versatility and outstanding potential as a “two-in-one solution” for such

applications, porosity and large surface roughness of paper arises some obstacles to host
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electronic devices, especially when smoothness is a key criterion to reduce interfacial defects
between active layers of transistors and integrated circuits towards better electrical perfor-
mance.5'5 Furthermore, the operating voltage of the paper-gated transistors and integrated cir-
cuits is still in the range of tens of volts to enable the creation of electrical double layers (EDLs),
which depends on the mobile ions and absorbed water within the cellulose-based paper. An ad-
ditional problem arises from the processes involved in the fabrication of such devices, which re-
quire sophisticated, complex, time-consuming, energy-intensive, and highly expensive vacuum-
based deposition techniques (e.g., evaporation, and sputtering).

Regarding the latter issue, the substitution of conventional techniques by truly low-cost, simple
and fast patterning techniques compatible with roll-to-roll (R2R), such as solution-phase printing
or handwriting techniques, 14546 offers competing advantages.

Plastic substrates and printable p-type polymer semiconductors have been the primary choice as
channel of printed transistors owing to their mechanical flexibility, and easy solution processability
and printability under less controlled environments than inorganic semiconductors.4-5' The su-
perior electrical properties and greater thermal and environmental stability of transition metal ox-
ide semiconductors (TMOSSs), usually electron conducting (n-type), make them better candidates
for high-performance electronic devices, despite their limited mechanical strain tolerance, and
higher processing temperature.52-5 However, low-voltage, printed transistors and logic opera-
tions based on TMOSs with high performance on flexible substrates, such as paper, have eluded
scientists up to date.

Usually, printed TMOS transistors are based on precursor-route, which requires high processing
temperatures (>350 °C) to chemically convert in-situ the precursor into metal-oxide-metal bonds,
thus limiting the choice of substrates to rigid, heat-resistant substrates, such as Si or glass. 155255
Despite their lower performance compared to the previous approach, as-synthesized TMOS
nanostructures can be dispersed in a printable ink yielding a ready-to-use functional semiconduc-
tor layer yet with a rougher surface after printing and annealing at low temperature (<250 °C) or
near room-temperature (RT), which is a criterion for the use of flexible substrates.!1.56-58
Progressive efforts in the development of high-mobility, printable TMOSs, together with recent
advances in high-resolution printing technology and reengineered cellulose-based dielectrics will
gradually close the gap towards real applications of sustainable, low-power, flexible, printed elec-
tronics with high-frequency operations on or within cellulose. The design of inks with long-term
stability that can be printed/written under ambient conditions, in a simple way (no need of sophis-
ticated facilities nor skilled individuals), and their direct instantaneous integration/application (in-
situ fabrication and application) may usher in a new generation of customized electronic devices
towards innovative concepts, such as “personal fabrication” (or “Do-it-Yourself”, DIY).5° By doing
so, ordinary people without any skills or training can freely design, produce and use their own
product, turning the idea of “everywhere, everyone, anytime” a reality, where the concept from

“Lab-to-Fab” starts at home.
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1.2. State-of-the-art

1.2.1. Cellulose as a sustainable natural source

1.2.1.1. Sources and hierarchical structure of cellulose

A new era based on high-performing abundant and renewable materials has been set as the new
world order to achieve a more sustainable future, to mitigate the devastating environmental im-
pacts from the current fossil fuel era, such as greenhouse gases, climate change, plastic pollution
and lack of renewable energy.®° In this perspective, cellulose is a promising candidate as a sus-
tainable material with low or even net-zero carbon emission.

Cellulose is commonly used in the form of paper for packaging or as a support for writing, record
and store information.%1561 Yet, this material and its derivatives can be envisioned to be used as
stable hosting matrices, fillers, or coatings for the design of new composites with advanced func-
tionalities, in the form of solution-processed films, fibers, freestanding membranes, beads or gels,
by further functionalization and engineering.'7:62

Cellulose is the most abundant biopolymer resource on Earth (annual yield of =10" tons) that is
forecasted to play a key role in (bio)economy.2° This biopolymer is the major structural component
in plant cell walls, such as wood (composed of 40-50 % of cellulose), and cellulose can also be
found in some marine animal family of tunicates, certain species of fungi, and algae, as well as

an extracellular product of some bacterias (e.g. Gluconacetobacter) (Figure 1.2).
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Figure 1.2. Cellulose sources available in nature, from wood, plants, seed fibers, marine animals, and algae

to bacteria.

As depicted in Figure 1.3, cellulose, in its native state (termed cellulose |) in the cell walls of
plants and trees, possesses an intriguing multi-level assembly, universally known as hierarchical

structure.
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At the molecular scale, cellulose is a linear polysaccharide composed of 3-(1—4) linked D-anhy-
droglucopyranose units (AGU), the building blocks of cellulose polymer chain, with the molecular
formula [CeH100s]n (n <20000).63 The size of the cellulose molecules can be defined by the aver-
age degree of polymerization (DP), which varies depending on the cellulose source and pro-
cessing methods.12.13.64-66

Each AGU has six carbon atoms with three hydroxyl groups at C2, C3, and C6 carbon atoms,
giving a high degree of functionality to cellulose molecule.®* The repeating unit of cellulose poly-
mer is cellobiose composed of two AGU covalently linked via acetal functional groups between
hydroxyl groups at C1 carbon atom of a glucose unit and C4 carbon of an adjacent glucose unit,
which are arranged with a rotation of 180° in respect to each other.'267.68 Electrostatic attractions
between oxygen and hydrogen atoms of adjacent rings (intramolecular hydrogel bonding), also
occurring between polymer chains (interchain hydrogens bonds), along with van der Waals forces

are responsible for the parallel stacking of cellulose elementary fibrils. 12:63.64.69
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Figure 1.3. Schematic of the hierarchical structure of tree wood, from macroscopic to molecular dimensions,
also llustrating the chemical structure of cellulose and the establishment of the intra/intermolecular
interactions within cellulose chains through hydrogen-bonding (H-bonding). Image adapted from references

63,66,70_

Moving from nano- to macroscale, cellulose chains (composed of =36 individual cellulose mole-
cules) are assembled to form elementary fibrils, which have nanoscale dimensions (=1.5-3.5 nm
in diameter) and are composed of highly ordered (crystalline) as well as disordered (amorphous-
like) regions.6166 Usually the sizes of crystalline regions are in the order of 100—250 nm long and



Chapter 1. Designing a path for electronics to go "green"

3—-10 nm wide, which can be isolated as individual crystallites.”’ Elementary cellulose fibrils, de-
fined as the universal structural unit of natural cellulose fiber, are further packed into reasonably
oriented microfibrils (micro/nancofibrillated cellulose — MFC/NFC) with a diameter larger than 15
nm and length of several micrometers, which then aggregate into macrofibrils, composed of thou-
sands of microfibril bundles.®® Cell walls of wood are composed of cellulose macrofibers, typically
combined with lignin, hemicellulose, pectins, and water, thus forming a naturally occurring cellu-

lose fiber composite.6'66.71.72

1.2.1.2. Isolation of nanocellulose and its properties

Taking advantage of the hierarchical structure of wood, the optical, mechanical, and morpholog-
ical properties of cellulose paper are tuned through morphological engineering of cellulose fi-
bers.”" Therefore, appropriate processing strategies are needed to isolate and make use of the
microfibrils and sub-microfibrils.

Two types of native cellulose nanomaterials, commonly referred to as nanocellulose, can be ex-
tracted from cellulose fibers. Acid hydrolysis is commonly used to isolate the cellulose crystallites
through the selective degradation of the amorphous regions, producing rod-like CNCs with high
crystallinity (=90 %) and excellent mechanical properties at the cost of low yields (<30 %).7*73 On
the other hand, NFCs can be isolated from wood pulp by breaking the interfibril hydrogen-bond-
ing, through intensive mechanical disintegration assisted by additional chemical and/or enzymatic
treatments to reduce the energy demand during defibrillation, thus preserving both disordered
and crystalline regions.%6

Contrarily to the conventional top-down approaches used to isolate CNCs and NFCs from wood
pulps, bacterial cellulose (BC) can be obtained by a bottom-up approach based on its natural
production from bacteria species, thus producing highly pure cellulose hydrogels (nanofiber net-
work structure composed of almost 99 % of water) with remarkable thermal and mechanical sta-
bility.13.60.74

A summary of the main features and respective differences of each type of nanocellulose is pro-
vided in Table 1.1.

Table 1.1. Comparison of different types of nanocellulose (CNCs, NFCs, BC)."360.75

Type of - Young’s Tensile Mass -
nanocellu- Length [nm] V[\:S‘:]h DP modulus strength density S;y?;ae"['(r,}';x
lose [GPa] [GPa]  [g cm?] 9 °
CNCs 100-300 570 o 20-50 9 15-16 54-88
NFCs 100-2000 4-100 =500 0.5-10 0.1-1 1.3-14 59-64

Various types 4000—
BC of nanofiber ~ 20-140 10000 79-88 21 1.1 65-79
networks

a) This parameter differs significantly depending on the technique and calculation method adopted.

Nanocellulose can be dispersed in a solution and then used as rheological modifiers in the for-

mulations of inks, reinforcing materials in composites, and also to produce substrates (referred to



Chapter 1. Designing a path for electronics to go "green"

as “nanopaper”).”® In contrast to traditional paper, which is made from loosely packed microscale
cellulose fibers, nanopaper is composed of densely packed nanoscale crystals or fibrils, thus
featuring a unique set of properties. It exhibits nanoscale smoothness (=5 nm), superior gas bar-
rier resistance (pore size: 10-50 nm), higher tensile strength (200-400 MPa), larger Young’s mod-
ulus (7.4—14 GPa), greater transparency (=90 %), and lower thermal expansion (12—-28.5 ppm K-
1).66.77 All these features trigger the interest of using nanopaper as an intrinsically insulating, flex-
ible, lightweight and transparent substrate for R2R printed electronics and transparent electronic
applications.13.61.66,77.78

The application of cellulose-based (nano)paper substrates in printed electronics will receive more
attention in section 1.2.2.

1.2.1.3. Regenerated cellulose materials from aqueous alkali hydroxide-

based dissolution solvent systems

Processing native cellulose though dissolution is a challenging issue, as a result of the rigid long-
chain and strong inter-molecular and intra-molecular hydrogen-bonded structure of cellulose that
hinders its solubility in water or common organic solvents.'279-81 For this reason, cellulose is usu-
ally chemically converted into derivatives, such as carboxymethyl cellulose (CMC), methyl cellu-
lose, hydroxypropyl cellulose, hydroxypropylmethyl cellulose, ethyl cellulose (EC), among others,
which can be used as thickener, binding agents, emulsifiers, film formers, suspension aids, sur-
factants, lubricants and stabilizers.4.19.82

Several kinds of multi-component solvent systems have been developed to prepare new regen-
erated cellulose materials, through dissolution, shaping and regeneration processes. These sol-
vents are generally based on dissolved salts in either organic or aqueous solutions, such as lith-
ium chloride/N,N-dimethylacetamide, N-methylmorpholine-N-oxide monohydrate (NMMO)/H20
(used in “Lyocell” process), sodium hydroxide (NaOH)/carbon disulfide (CS2) (used in “viscose”
process), and ionic liquids.™ However, these dissolution systems are limited to laboratory scale
applications due to volatility, toxicity and high cost.88:69.83

Alternatively, a simple and rapid route based on inexpensive and less toxic solvent systems for
cotton linter dissolution at low temperature was successfully developed, obtaining cellulose hy-
drogels without producing any hazardous byproducts.® This approach consists of dissolution of
cellulose in aqueous alkali hydroxide solvent systems, such as NaOH/urea, -8 NaOH/thiourea,8?
NaOH/urea/thiourea,® NaOH/ polyethylene glycol (PEG),%° NaOH/urea/zinc salts,®'-%6 and lithium
hydroxide (LiOH)/urea,8587:88.97.98 when pre-cooled to temperatures between -8 and -12 -C.

The mechanisms involved in cellulose dissolution using aqueous alkali hydroxide solvent systems
are still poorly understood and efforts have been made toward its interpretation. The most ac-
cepted mechanism is the inclusion complex (IC) model,8487.89.97.98 which proposes that the disso-
lution of cellulose is only promoted at low temperatures since it plays a key role in the creation of

stable hydrogen-bonded networks between cellulose, alkali hydroxide, urea, and water (Figure
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1.4). Moreover, the surface of the alkali hydroxide hydrogen-bonded cellulose is surrounded with
urea hydrates to form a stable IC. The urea channel IC aids in the reduction of the entanglement
and self-association of the cellulose chains, which in turn leads to the rapid dissolution of cellu-
lose, forming transparent solutions.87:97 Owing to the relatively small ionic radius and high charge
density of lithium ions (Li*), they have the ability to penetrate easier into the cellulose chain than

sodium ions (Na*), thus presenting a superior dissolution power.8+87

a}l‘reemw - m:aimdnlz b} - T ) . . c) A % ’ ) Hyamuvam
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Figure 1.4. Schematic of the dissolution process of cellulose in aqueous alkali hydroxide/urea solutions at
low-temperature: a) cellulose bundle; b) swollen cellulose; ¢) formation of a stable IC (transparent solution).
Image obtained from reference 7.

Despite the superior efficiency of LiOH to dissolve cellulose compared to NaOH, some concerns
arise regarding the use of lithium compounds as the global lithium consumption has increased
exponentially over the last years driven by the high demand for lithium-ion batteries. In the long
run, this will cause a huge stress in the environment from its extraction, which ultimately will dic-
tate a huge increase in its cost and the quest for searching alternatives for this material that is
forecasted to became scarce.®®-1%" This issue revived the research work in abundant alternatives
to lithium, such as sodium, due to its low cost (ratio of costs for carbonate Li:Na = 100:3),'% non-
toxicity, high abundance (the sixth most abundant element in the Earth's crust) and chemical
similarity with lithium. The reviews from the authorship of Andrés Yaksic,% K. Vignarooban, 190
Gebrekidan Gebresilassie Eshetu, ' and respective co-workers, give relevant insights in this to-
pic.

The addition of acidic solution, pure or aqueous alcohols, or acetone, or the application of ele-
vated temperatures breaks the cellulose IC, thus exposing the hydroxyl groups of cellulose that
in turn induces the self-aggregation of cellulose to form rapidly physical regenerated cellulose
hydrogels.8'89 While the dissolution of cellulose destroys its crystallinity, the regeneration process
leads to the conversion of thermodynamically metastable cellulose | into cellulose 1l type crystal
with anti-parallel arrangement, which is also characterized of being the most stable crystalline

structure.887.93
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1.2.1.4. Cellulose-based hydrogels: the potential of self-healing property

Considering the abundant charged hydrophilic functional groups, including hydroxyl, carboxyl,
and aldehyde groups, in the polymer chain of cellulose materials, they can be used to prepare
hydrogels through physical and/or chemical cross-linking.14.18.19.74,102

Hydrogel materials consists of cross-linked three-dimensional (3D) hydrophilic polymeric net-
works capable of absorbing large amounts of water (or biological fluids) and swelling in a reversi-
ble manner.'4.19.74.102.103 These materials have both wet and soft appearance and can exhibit fas-
cinating properties, such as high-water absorption capacity, stretchability, moldability, stimuli-re-
sponsiveness, and self-healing.19102

Hydrogels with healing functionality is of foremost interest to the next generation electronic de-
vices, from sensors, artificial electronic skins, tissue engineering, soft robotics, solar cells, actua-
tors, and energy devices to transistors,102.104-121 g5 they can repair themselves in response to an
external stimulus (e.g. light, heat, solvent, pH, or pressure).102.104-109,111.113 Thys, they can regain
mechanical and functional properties upon local damage, which leads to waste reduction by ex-
tending the lifetime of products, while avoiding failure of materials during use and even safety
problems.

This property can be achieved by introducing reversible chemical bonds, such as dynamic cova-
lent bonding (chemical cross-linking), non-covalent interactions (e.g. hydrogen bonding, ionic
bonding, hydrophobic bonding, supramolecular interactions, molecular diffusion, and chain en-
tanglement), or multi-mechanism interactions.102.105-108.113 Physical cross-linking yields mechani-
cally weaker hydrogels compared to those based on covalent bonding.®

Self-healable hydrogels with combined toughness and elasticity are difficult to achieve, which is
strictly related to the degree of cross-linking and amount of water retained.'?? Heavily cross-linked
hydrogels are relatively rigid and brittle, exhibiting poor elasticity, while high amounts of water
retained into the hydrogels may lead to their loss of dimensional stability, thus collapsing and
dissolving. Hybrid physical-chemical cross-linking (dual-network cross-linking) emerged as a
promising approach to address this issue by combining strong irreversible covalent bonds with
weak yet reversible physical interactions within the hydrogels, thus obtaining tough and soft hy-
drogels with self-healing property.'9.102.106,122.123 Contrarily to physically cross-linked hydrogels,
dual cross-linked hydrogels usually are not able to fully self-recover due to the contribution of the
non-reversible character of the covalent linkages. 1%

Interestingly, the charged functional groups promote ionic interactions with ionic species (e.g.
alkali metal ions) which in combination with the large amount of absorbed water result into hydro-
gels with liquid-like ionic conductivity, while preserving their dimensional stability.'92 This property
arises further interest to be explored in healable ionic conductive hydrogels as essential functional
elements for transistors with low-voltage operation based on electrolyte-gating mechanism (elec-
trolyte-gated transistors, EGTs), which constitutes the target application of this PhD work (sec-
tions 4.1 and 7.1).

10
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1.2.2. Cellulose-based paper substrates for printed electronics

Micro/nanostructured paper stands out as an attractive eco-friendly substrate for hosting elec-
tronics. This ubiquitous fibrous material, mainly composed of cellulose, combines a unique for-
mula of properties. It is affordable (=103 € m-2), flexible, foldable, lightweight, biodegradable, and
recyclable.*57.1% Furthermore, it is compatible with R2R manufacturing processes, enabling large-
area applications at reduced cost, and it is available in several textures, compositions, and coat-
ings (more than 10000 different types of paper available).4546.61

The idea of adding “intelligence” to ubiquitous paper or “paper-like” substrates as a suitable low-
cost, flexible and robust support for various printed applications, outside the traditional graphical
art industry, is no longer a novelty.'® A wide range of applications have been demonstrated on
cellulose paper as a suitable platform for printed and handwritten electronics from memory de-
vices,'?* chromogenic displays, 2>-127 photovoltaics cells, and paper-based microfluidic devices'?8
to transistors and integrated circuits.33:129-133

Handwriting techniques, such as pencil drawing*® and pen-on-paper,*> answer to the emerging
trend of using truly inexpensive and easily accessible techniques to design and fabricate “on-
demand” electronic components or devices in just a few minutes using nothing more than a sheet
of common office paper. While pen-on-paper approach relies on the design of printable functional
inks compatible with readily available writing accessories, such as brush pens, markers, fountains
pens, or rollerball pens, pencil-on-paper approach consists of a solvent-free method that enables
the deposition of environmentally friendly graphitic tracks.! In the latter case, the naturally rough
and irregular surface of office paper is ideal for the exfoliation of graphite particles from pencil to
the cellulose fibers through mechanical abrasion, leading to the deposition of resistive graphitic
tracks on paper.#¢ Thus, smooth substrates are not compatible with pencil-drawing. Due to their
reasonable electrical conductivity, pencil-drawn graphitic tracks on paper can be applied as elec-
trode for sensors and energy storage devices, or as an active channel layer in transistors.'3*
Concerning the use of inks, the large surface roughness, high absorption capacity, porosity and
the presence of chemical impurities in conventional fibrous paper arises major obstacles when
printing electronic devices, especially for those where smoothness is a key criterion to reduce
interfacial defects between active layers towards better electrical performance, as in the case of
transistors and integrated circuits.515.130.135

The hydrophilicity of cellulose fibers speeds up lateral spreading that is particularly large when
printing inks with low viscosity and slow evaporation rate, which promotes the swelling of the
paper substrate during the printing process, thus leading to low-resolution, and irregular/deformed
printed features. Besides, porosity and surface roughness of paper impact ink penetration and
printed film continuity, which can result in inhomogeneous films.

Calendering, planarization though the use of barrier coating layers prior to the printing process,
or the use of intrinsically smooth, transparent and less permeable nanopaper or regenerated cel-

lulose films (RCFs) are suitable strategies to enhance substrate properties for

11
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printability.6166.77.78,136,137 |n opposition to the complex, time-consuming, energy-intensive, and
thus very expensive procedures involved in the production of cellulose nanopaper, RCFs present
lower energy consumption during fabrication and yields membranes with a smoother surface, as
they are free of fibrous structures. However, the mechanical, optical, and thermal properties of
RCFs are slightly poorer due to the presence of cellulose |1.64.76.77.137,138

An additional strategy to minimize the adverse effects of conventional cellulose-based paper sub-
strates consists of printing viscous inks, such as the ones compatible with screen-printing tech-
nique (description in section 1.2.3.2), since they enable the deposition of thicker films, while
preventing the excessive spreading, bleed out and swelling of the cellulose fibers.”®

Contrarily to all these apparent “limitations” of traditional paper substrates, their fibrous and po-
rous structure can be advantageous to promote a faster drying of the ink and allow a better ad-
hesion of the printed film, from mechanical influences, when compared to non-absorbent sub-
strates, such as glass or plastic. Paper also presents some advantages over plastic substrates
upon heating, as it exhibits lower coefficient expansion (<40 ppm K-'), does not melt, and usually
withstands temperatures above 150 °C, although cellulose fibers start darkening and degrading
for such temperatures.13°

In alternative to conventional high-temperature thermal treatments performed to optimize the per-
colation pathway between the functional particles of the printed film, some annealing/sintering
processes compatible with flexible substrates have been already reported, as further mentioned
in section 1.2.3.2.

Last but not the least, although paper has been merely seen as a passive support, the reengi-
neering of paper with new functionalities can arise the concept of multifunctionality in a single
material, being used as a support with “active” role. In particular, the natural dielectric properties
of cellulose paper can be further enhanced with the introduction of ionic species within cellulose
matrix and/or through surface functionalization by adding extra charged hydrophilic functional
groups (e.g. carboxyl groups).5' These properties arise interest for application as a flexible ionic

conductive substrate in electronics devices, such as EGTs, as latter discussed in section 6.2.

1.2.3. Printed electronics

1.2.3.1. The interest behind printed electronics

Electronics industry is longing to produce high-performance products with extremely short switch-
ing times and high integration densities using low-temperature, or preferentially, RT processes.'40
Currently, these products are fabricated on non-flexible substrates using standard Si-based mi-
crofabrication technologies, which require sophisticated, complex, wasteful, time and high energy
consuming techniques, such as high-vacuum deposition techniques (e.g. evaporation, sputtering,
and chemical vapor deposition) and subtractive patterning processes (e.g. photolithography, and
etching).'.141.142 Therefore, large-area scaling is challenging and expensive, and these processes

are restricted to rigid substrates.
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Considering the ever-expanding technological demands, printed electronics is attracting a great
deal of attention due to its promise of low-cost, high-volume, high-throughput production of elec-
tronic components and devices on soft, flexible, bendable, and stretchable systems, enabling
concepts such as flexible electronics, and more recently stretchable and soft electronics.*° Printed
electronics has been extensively reviewed by several authors.1.15:48:49,55,56,61,139-158

The core of printed electronics refers to additive manufacturing processes inspired by graphical
art printing technologies that allow selective deposition over large-areas (in the kilometers scale)
and the patterning of functional inks or pastes containing soluble and/or dispersed materials (e.g.
inorganic, organic, and bio-inspired materials) with different functionalities in a variety of designs
and configurations, usually at low temperatures. 149142146

These factors lower the degree of process complexity, reduce chemical and energy consumption,
and the printing processes are not limited to rigid nor conventional substrates. However, the cri-
teria for printed electronics are far distinct from traditional graphic printing, as continuous and
homogeneous patterns with controlled thickness, roughness, and high-printing resolution are re-
quired in the prior case to yield high-performance functions.

In line with the benefits offered by printed electronics technology, it has been successfully demon-
strated in several applications, from passive components (e.g. resistors, capacitors, and induc-
tors) to active electronic devices, such as flexible organic light-emitting diode (OLED)-based dis-
plays, radio-frequency identification (RFID) tags, energy harvesting and storage devices, actua-
tors, sensors (e.g. light, humidity, temperature, gas, and mechanical deformations), transistors,
and even circuits (Figure 1.5).49.142.148.149,155159 |n particular, printing techniques offer great ad-
vantages for fabricating transistors and integrated circuits at temperatures below 200 °C, making
them compatible with flexible substrates, such as plastic or paper.15°

In the long run, various possible future applications of printed electronics can be forecasted, such
as smart packaging, healthcare monitoring and diagnosis, electronic-textiles, dynamic walls and
lighting panels, dynamic newspapers, security devices, among others. These applications will fuel
the growth of global printed electronics market, which is projected to grow from $9.8 billion in
2019 to $19.8 billion by 2024 at a compound annual growth rate of 15.1 % according to Mar-
ketsandMarkets™, a market research agency.

Furthermore, this technology may usher in a new generation of electronic devices towards inno-
vative concepts, such as DIY, where ordinary people without any skills or training can freely de-
sign, produce and use their own product, turning the idea of “everywhere, everyone, anytime” a
reality. An additional concept is the I0T, where a variety of sensors, communication devices, and

displays are integrated to connect everyday objects to the network. 150,160
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Figure 1.5. Overview of current applications of printed electronics. Adapted from references 16166,

1.2.3.2. Printing “intelligence” on lifeless objects or surfaces

Printing process involves a sequence of tasks, starting with the selection of functional materials
with the envisioned functionality, moving to the formulation of inks, and then selection of substrate
(e.g. plastic, paper, textile, glass, and Si) and printing technique depending on the ink’s properties
and intended features for the printed film.143-145.151.156 pgrticular attention is paid to the most com-
mon printing techniques for deposition and patterning of solution-based materials, including
screen-printing, which is the one in focus in this work. Finally, post-printing processes, usually
thermal treatment, are performed to guarantee a functional layer and, consequently, provide the
maximum performance of the resulting device.!.144.167

Inks’ formulation

In a similar way as the multiple layers that compose conventional devices, typically consisting of

electrical conductors, dielectric materials, and semiconducting materials, distinct functional inks
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are needed to display such functions. Therefore, the development of stable, low-cost, non-toxic,
and environmentally friendly printable inks with desired printability is crucial to deposit and pattern
these materials onto a substrate to enable the production of a new class of devices that are ex-
tremely lightweight, affordable, readily customizable, thin, flexible, and disposable.43

Printable inks consist of a mixture of functional materials, binders, additives and solvents, which
impact their viscosity, rheology, evaporation rate, and surface tension.43.156

An endless list of functional materials, from conductive polymers, ionic liquids, and carbon
nanostructures to metallic nanoparticles (NPs), and metal oxide nanostructures can be used to
formulate these inks (Figure 1.6).743.144.151 Polymers for use as planarization or passivation layers
can also be needed.”®'#" From this broad list, TMOSs, such as zinc oxide (ZnQO), assume a par-
ticular interest in this work as the functional material for the development of printable TMOS inks
compatible with flexible substrates for application in transistors and integrated circuits (sections
1.2.4 and 6.2).

The mixture of organic binder (e.g. acrylics, alkyds, rubber resins, and cellulose derivatives), ad-
ditive (e.g. humectants, surfactants, and wetting agents) and solvent (e.g. water, and organic
solvents) displays an important role in ink design.43.156 This mixture promotes wetting of the func-
tional material, dispersion stability, film formation, adhesion to the substrate, and regulates ink
drying during and after printing, thus affecting the strength, density, and inner structure of the
printed film. Hence, a proper selection of these components is needed to formulate an ink with
suitable properties for the intended printing process, and depends on the target substrate, the
drying conditions, and the final purpose of the printed films. Regarding the solvents, there is an
increasing interest in the development of water-based inks, since water is a non-toxic, cheap and

an environmentally friendly solvent.44

Printing techniques: screen-printing

A variety of printing techniques have been explored for the manufacturing of electrical compo-
nents and devices, such as inkjet, aerosol-jet, gravure, flexographic, flatbed screen-printing, and
rotary screen-printing (Figure 1.6). The selection of the printing technique depends on the re-
quired printing resolution, fabrication throughput, homogeneity, minimum layer thickness, ink
characteristics (e.g. viscosity, rheological behavior, size and dispersion of the particles), and sur-
face and mechanical properties of the substrate.5141.143.145148 ' A comparison of various printing

techniques is displayed in Table 1.2.
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Figure 1.6. Schematic illustration of the most common printing techniques and typical functional materials
used in inks’ formulation.

Table 1.2. Comparison of the features of most common printing techniques and inks
requirements. Adapted from references 11.15.49.139,141-143,145,147-149,168

Printing Surface ten-  Viscosity Resolution Thickness Throughput Speed
technique sion (mN m™) (Pa s) (um) (um) (m2s™) (m min)
Inkjet 15-50 0.001-0.1 10-100 0.01-20 0.01-0.5 0.02-500
Offset - 5-100 20-50 0.5-10 3-30 0.6—1000
Gravure 25-45 0.01-1.1 20-200 0.01-12 3-60 0.3-1000

Flexography 10-30 0.01-2 30-80 0.005-8 3-30 5-500
Screen 35-50 0.03-50 30-100 0.015-100 2-3 0.6—150
Aerosol jet - 0.001-2.5 10-250 0.01-5 <1 0.006-0.6

Of existing printing methods, screen-printing is widely used in printed electronics due to its simple

operation, ease of prototyping, no need of complex equipment, fast printing speed (150 m min-"),
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compatibility with substrates with tailored textures, and versatility of pattern designs (resolution
around 30-100 um). This technique is often used as a flat printing technique in batch processes,
and it is also scalable to industrial level and suitable for high-volume R2R fabrication using rotary
screen-printer for continuous processing, where the printing roller, substrate and impression roller
move synchronously.15.139.140

In terms of functional materials, screen-printing is already used commercially for printing conduct-
ing layers and dielectric materials. For instance, Hyun et al.’?® reported the design and screen-
printing of highly viscous pristine graphene inks compatible with glassine paper substrates. In-
stead of conventional thermal treatment at high temperatures (250—-300 °C) needed to decom-
pose the stabilizer and achieve better electrical properties, which cause significant degradation
of the paper substrate, the screen-printed graphene patterns were photothermally annealed. This
low-temperature annealing treatment is quick (<1 ms), promotes localized heat generation on
graphene patterns without degrading the underlying substrate, yielding graphene electrodes with
a minimum width of 58 uym and an average electrical conductivity of 2.35 x 102 S m-'. Besides the
screen-printed graphene flakes withstand several cycles of folding deformations without peeling
from the substrate and remains functional, and their electrical properties are suitable to explore
as electrodes of transistors.

Though little effort has been made on screen-printing semiconductors for application on flexible
transistors and integrated circuitry. The reason relies on the required printing resolution in elec-
tronics, which far exceeds the ones that screen-printing allows.% Up to date, mostly of the screen-
printed semiconductors already reported rely on organic semiconductors, such as poly(3,4-eth-
ylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS), due to their low-temperature pro-
cessing. 16-171

Regarding the printing process, the functional ink is spread over the screen mask, and then a
pattern is transferred to a substrate by pressing and moving forward the ink/paste with a squee-
gee (rubber or plastic blade) through a woven mesh (screen) or patterned stencil with open areas
that define the design of the pattern. In rotary screen-printing, the rotating printing roller is
equipped with a fixed squeegee and a mask, and it is loaded with the ink in the inner part to
minimize exposure to the surrounding environment.

The screen mask is usually based on woven from threads that are made of several yarns twisted
closely together, most frequently composed of polyester, although silk, nylon and metal nets are
also used. The pores of the mesh are selectively blocked-up with a photo-polymerized emulsion
that define the non-printing areas, whilst the open pores allow the ink to pass through mesh to
define the intended pattern. Nevertheless, screen fabrics have some limitations to yield high-
resolution screen-printed patterns, due to the poor lithography resolution of the photochemically
defined emulsion coated on the screen mesh. Besides, the particles tend to form agglomerates
that may clog the fine-mesh fabric openings, and the mesh thread tends to block the extremely

thin openings.
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In alternative, highly defined, non-woven, flexible, and smooth Si stencil (=90 um thick) with line
openings as narrow as 5 um, which are obtained by a photolithography process, have also been
reported for superior resolutions.72173 Si stencils are prepared through photolithography to define
the pattern, and wet etching process is performed to make the Si wafer thinner, and thus flexible
enough to withstand the screen-printing process, while it thinner size facilitates the direct transfer
of the ink from the stencil to the target substrate. Screen-printed conductive graphene, and silver
patterns on Pl substrate with a resolution of 40 and 22 um, respectively, were successfully ob-
tained using this approach.

The inks (also known as pastes) suitable for screen-printing exhibit “honey-like” viscosity (0.03—
50 Pa s) and shear thinning thixotropic behavior (i.e. the viscosity of the ink decreases as the
shear rate increases).74-176 Before applying the squeegee, these inks must possess a high vis-
cosity to remain on the screen mask without leaking through the permeable areas. Pressing and
moving the squeegee across the ink promotes an increase in the shear rate and, consequently,
a decrease in viscosity, thus allowing the ink to pass through the openings of the screen mask
towards the substrate. After removing the stress or shear stress, the viscosity of the ink is gradu-
ally recovered overtime towards its initial value to allow the ink levelling and filling of the irregu-
larities and voids of the substrate.74-176

Besides the properties of the ink and substrate, the printing resolution, thickness and functional-
ity/performance of the screen-printed films are also affected by the features of the screen mask
and printing conditions (e.g. pressure, angle, and the speed of the squeegee in respect to the

screen mask during ink deposition, gap between screen mask and substrate).515.175

Ink-substrate interactions

One of the most important aspects during printing is related to the ability of the ink to wet, spread,
and adhere to the surface of the substrate to enable the creation of smooth and continuous films
with good resolution and performance. Therefore, when selecting a substrate for a given applica-
tion, it is critical to consider its chemical endurance to solvents from the ink, roughness, surface
energy, absorption capacity, and porosity, since such features have a substantial effect on ink
characteristics during printing.'>78 The surface tension of the ink must generally be lower (nearly
7-10 mN m-" inferior)'#3 than the surface energy of the substrate to ensure a good wettability and
adhesion of the ink. Nevertheless, in the case of flexible, non-absorbing, and smooth plastic sub-
strates, such as polyethylene terephthalate (PET), polyethylene naphthalate (PEN), polycar-
bonate (PC), and polyimide (PI), their low surface energy is challenging for printing, showing poor
wettability in the case of water-based inks.

The interaction of the ink with the surface of the substrate can be improved by adding additives
in the ink composition to lower its surface tension or by performing surface treatments on the
substrate prior printing, such as surface plasma, or ultraviolet (UV) irradiation, to increase the

surface energy of the substrate. The latter approach changes temporary the surface energy of
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the substrate by creating functional groups on its surface, yet it implies an extra step in the man-
ufacturing process, thus increasing the time and cost of production.

Post-printing processes

After printing and deposition of the inks, post-printing procedures, such as drying, curing, anneal-
ing, and sintering, are performed to define the final morphology, uniformity, and functionality of
the printed pattern. Drying and/or curing are needed to evaporate the solvents, and induce cross-
linking of the binder, respectively. On the other hand, annealing or sintering process of the printed
film is usually necessary, especially in the case of inorganic materials, to eradicate organic insu-
lating components between the particles, such as organic binders and additives, that hinder an
efficient percolation pathway, or to chemically convert the deposited precursor into the active
material. The sintering treatment induces the merging and bounding between adjacent nanopar-
ticles in the printed film.

A criterion for obtaining the desired functionality is the formation of direct contact between the
particles in the printed pattern, which can be easily achieved by thermal decomposition of the
organic insulating components at high temperatures, typically performed above 150 °C.'S Thus,
it is of extreme relevance that the substrates possess dimensional and thermal stability during
thermal treatment.’® However, such thermal procedures are not compatible with flexible sub-
strates, like paper or plastic, as the high temperatures required for the annealing/sintering process
would deform, melt or burn flexible substrates. The low glass transition temperature or high ther-
mal expansion coefficient limit the maximum process temperature of plastics usually to tempera-
tures lower than 120 °C."3% High thermal expansion coefficient is an undesirable feature as it pro-
motes the straining and cracking of the deposited layers. On the other hand, paper substrates
present some advantages over plastic substrates upon heating, as they exhibit lower coefficient
expansion, do not melt, and paper can still withstand temperatures above 150 °C, although cel-
lulose fibers start darkening and degrading for such temperatures.

Some annealing/sintering processes compatible with flexible substrates have been already re-
ported, which involve the use of chemical agents (RT sintering), argon, plasma, microwaves,
electrical voltage, or light sources (e.g. infrared, UV, laser, or flash lamps). Besides, combined
annealing/sintering processes (e.g. thermal annealing/sintering and low wavelength far-UV irra-
diation) can be used to further enhance the degradation of organic residuals and improve densi-

fication without deteriorating the substrate.%148.158,177-179

1.2.3.3. Challenges hampering printed electronics

Despite the compelling concept behind printed electronics, which progresses go hand-in-hand
with flexible, conformable, and stretchable electronics, many challenges have hindered its devel-
opment from a dormant idea to a thriving technology. The limited resolution, lower alignment

precision, reduced lifetime, need for encapsulation with coatings or barrier layers to protect the
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device from environmental conditions, and both thermal and chemical sensitivity of the substrates
during or after printing of inorganic materials leads to poorer performances compared to conven-
tional Si-based technologies.*140.141 Therefore, in a first stage, printing technologies are not ex-
pected to be used as alternatives to conventional Si-based technologies, but as a complementary
technology, and an entirely new market and industry.

As further discussed in section 1.2.4, in the case of transistors and integrated circuitry, which
constitute the focus applications of this PhD thesis, the printing of TMOS transistors on flexible
substrates is far to be a simple process as TMOS materials usually require high annealing tem-
peratures (>350 °C), which do not meet the thermal budget requirements of most flexible sub-
strates. Besides, short-channel lengths and gate-to-contact overlaps with submicrometric dimen-
sions to obtain high-speed circuits that operate at high frequencies in the GHz range are difficult
to reach using printing techniques.41.160.180

Further advances in inks’ design and processing as well as the development of both high-resolu-
tion printing techniques, capable of higher resolution, registration and uniformity, and alternative
sintering procedures compatible with heat-sensitive substrates are vital to address such chal-

lenges to obtain “high-end” products, as projected by Guohua Hu et al. in 2018.49.143

1.2.4. Printing TMOS materials for flexible electronics

1.2.4.1. TMOSs vs. organic materials

Low-voltage, printed transistors and logic operations based on TMOSs with high performance on
flexible substrates, such as paper, have eluded scientists up to date. Organic semiconductors,
mostly relying in p-type semiconductors, have been the primary choice as channel of printed
transistors owing to their mechanical flexibility, and easy solution processability and printability
under less controlled environments than inorganic semiconductors, making them attractive for
low-cost printed electronics.#’-5" Nevertheless, organic FETs (OFETSs) still exhibit poor environ-
mental stability, low field-effect mobility values (<10 cm? V-! s-), although higher than the ones
obtained with amorphous Si transistors (<1 cm? V-1 s-).181-183 Besides, there is a lack of n-type
organic semiconductors and their mobility is lower compared to p-type organic semiconductors
(<0.1 cm? V-1 571).52 The charge transport in organic semiconductors is poorer than inorganic sem-
iconductors due to their weak intermolecular interaction based on secondary bonds (e.g. the van
der Waals force), whilst the latter is based on stronger and shorter primary bonds, such as ionic
and/or covalent bonds. 83

On the other hand, the superior electrical properties, and both greater thermal and environmental
stability of TMOSs, usually electron conducting (n-type), make them better candidates for high-
performance electronic devices, despite their limited mechanical strain tolerance, and higher pro-
cessing temperature.52-54 Still, their performance is inferior compared to vacuum-processed inor-
ganic-based devices counterparts due to the low film density with many defects and the presence

of organic impurities from incomplete metal-oxide formation or non-conducting stabilizers
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shielding TMOS particles.8'8 |In a similar way as organic semiconductors, p-type TMOS tran-
sistors still display poorer electrical performance and stability, which is an issue for practical
CMOS applications, where n- and p-type TMOSs are integrated into circuits.'®.18 Thus, one way
to alleviate the problems from both categories of semiconductor materials to get functional CMOS

would be the combination of n-type TMOSs with p-type organic semiconductors.

1.2.4.2. Strategies to formulate printable TMOS-based inks

Typically, printed TMOS transistors are fabricated by printing metal salt precursors (e.g. acetates,
hydroxides, chlorides, and/or nitrates), as this strategy produces multi-compositional, homogene-
ous, and high-quality films.1".154 Nevertheless, this method requires high-processing temperatures
(>350 °C) to activate semiconducting properties by burning-off the organic components, such as
organic solvents, binders and/or additives, while chemically converting in-situ the precursor into
metal-oxide-metal bonds, thus obtaining a high-quality TMOS.'%* Consequently, this approach
limits the choice of substrates to rigid, heat-resistant substrates, such as Si or glass.55255

Laser annealing, 8718 far-UV annealing, 788 and microwave-assisted annealing'®® can be used
in alternative to thermal treatment or combined to lower the processing temperature. Further strat-
egies can be implemented to lower the processing temperature, such as doping of TMOS precur-
sors (e.g. zirconium,'®! aluminum,'°2 hafnium,®3 fluorine,'%* or metal alkali ions'94-1%), performing
vertical diffusion technique, '8 controlling pH of solutions,'®” or changing conventional silica (SiO2)
dielectric oxide for high-k oxide dielectrics, polymer dielectrics, self-assembled monolayer dielec-
trics, organic-inorganic hybrid dielectric materials, or high-capacitance electrolytes.9.19 An ad-
ditional low-temperature processing strategy consists of using TMOS particles instead of precur-
sors, which is the strategy selected to use throughout this thesis.

Since the synthesis of TMOS nanostructures and film deposition can be separated from each
other, high temperatures can be applied during the synthesis to ensure the intended semicon-
ducting functionality, while deposition is achieved at lower.2%° Therefore, synthesized TMOS
nanostructures can be dispersed in a printable ink yielding a ready-to-use functional semiconduc-
tor layer after printing and annealing at low temperature (<250 °C), which is a criterion for the use
of flexible substrates.1%6-58 However, smooth interface roughness between the nanoparticulate
transistor channel and gate insulator is difficult to achieve due to the intrinsic morphology of the
particles and their tendency to form agglomerates.5? Therefore, small-sized nanoparticles are
preferred to ensure smoother interface roughness to avoid the creation of charge traps responsi-
ble for the inhibition of charge transfer from drain to source.5? Besides, stabilizers are usually
needed to get stable nanoparticle dispersion, which remain in the printed layer after drying as a
barrier that partially blocks the direct contact between oxide particles.5® The semi-insulating na-
ture of the stabilizer also hinders the electronic transport, thus compromising the device perfor-
mance considerably. For these reasons, their performance is usually poorer compared to precur-

sor-derived transistors.
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Better electrical performances can be achieved by blending TMOS precursors with nanostruc-
tures to aid in the film formation. This promotes the enhancement of the packing and percolation
of the particles within a continuous dual-phase layer that displays superior performance to those
obtained using these strategies individually.58-201

1.2.4.3. State-of-the-art of printed TMOS materials on transistors

General considerations

Several exceptional reviews on printed TMOSs and their application in transistors have been
provided recently.!41.148,167.202 Ag shown in Figure 1.7 (see Table S1 and Table S2 for more de-
tails), a variety of printed binary, ternary, and quaternary TMOSs have been studied, such as
Zn0,57:58,132,203-209 zjnc tin oxide (ZT0O),21%-214 indium gallium zinc oxide (IGZ0),87:188,215-220 jndjum
gallium tin oxide (1ZT0O),?21222 indium zinc oxide (120),?23-226 indium gallium oxide (IGO),?%” indium
tin oxide (ITO),%? indium oxide (In203),53:54.178,189,228-239 gnd tin oxide (Sn0O2).24° Rare examples of
transistors based on p-type TMOSs can be found in the literature, such as nickel oxide (NiO),2*!

cupric oxide or tenorite (CuQ),419 and cuprous oxide or cuprite (Cu20).230

Low-T High-T
a) C) & Low-T High-T
S250°C | >250°C
:f T T T f =4 T ; T T . T T T T E 4 =
10° ¢ * 1 % 10° aps: % .
; O] F H Zno| = o P
: NRs 7K @ E F> 1 :p““ W* w # ﬁ zmo| * * :P
wi0 ¢ 18 10°¢ “¥ * * S,?  zno| e o |a
S % i E x g b+ ¢
g i ﬁft w1 610 e 0* NPs &V zro *|up
210° =NPs* NRs: ﬁ @ NPsk-» NWs ] 2.« . * * zro © |EMD
3 * : (@] o % i = 10" S ENPs N J 1GZo * |wp
3 ¥ QDs - 8 H '&“ 4 1620 ¢ |EHD
10° EN?SNME NPs  NPs * Si0°F i mns o ol
(5 LA . L 1= , j, (MOPF : :
107 10" 10° 10' 10° 25 100 200 300 400 500 600
b) Mobility (cm?V-1s1) d) . Temperature (°C)
— Frrm T T /;" T T T * T T ¥ T In,0y  * * WP
i 10°} * i 10° ; r i N0, o |asw
T N'Vk\l's * .,*,Qos NPsﬁ’ i * o oy o EHD
10 v NP 7 : In,0; A |Flexo
RS L S Y v SRR |
L 400 NRSK* 9 <> v S . i 'ff% o5 S |l
2 NPs c10 ‘+NRs 3§° NPs ¥ ZTo * WP
= 10 NR$ N o ~aps = ‘g
- 5 X w10 PRENS o Ny cuo *
10 E| ; “P'S‘DPF i Cud| * * |WP
= L Lz <OPF 1 T . 1 NiO, WP
10" 10 10’ 0 25100 200 300 400 500 600

Channel length (pm)

Temperature (°C)

Figure 1.7. Graphical summary of several literature reports related with the topic of printed TMOS transis-
tors, showing typical device’s performance for different kinds of TMOS materials using different printing
techniques and thermal treatments. a) Variation of lonorr and mobility. b) Influence of channel length in
mobility. Influence of thermal treatment after printing in ¢) mobility and d) lon/orr. A distinction between low-
temperature (Low-T) and high-temperature (High-T) post-printing processes is presented in the graphs to
correlate their potential compatibility with heat-sensitive substrates. SP, IJP, AJP, EHD, Gv, Flexo, DPF,
QDs, NPs, NWs, NRs stand for screen-printing, inkjet-printing, aerosol-jet printing, electrohydrodynamic jet
printing, gravure printing, flexographic printing, dual-phase film (metal salt precursor combined with TMOS

nanostructures), quantum-dots, nanoparticles, nanowires, and nanorods, respectively. Data taken from ref-
erences 52-54,57,58,132,178,187,189,190,203-242
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In a transistor, there are two key device performance parameters, such as carrier mobility and
on-off current ratio (lon/orr), that heavily depend on the semiconductor material as well as tran-
sistor's design and must be maximized. Additionally, transistors with both high mobility and elec-
trical modulation as well as short channel lengths are desired to display fast dynamic response
when integrated in circuits comprising several interconnected transistors.'#' Therefore, these pa-
rameters are used as a means to get a fair comparison of the impact of the TMOS material on
the electrical performance of the transistors, also considering the printing technique, temperature
of the thermal annealing performed after printing of the semiconductor, and channel length of the
transistors.

A big share of these works is still devoted to printed TMOS transistors on rigid substrates, such
as Si wafer or glass, and inkjet printing stands out as the preferred printing technique to fabricate
such devices. The attractiveness behind this digital printing technique is related to low material
waste, the ability to print complex patterns with high-resolution, and compatibility with a variety of
functional inks (either precursors or nanoparticulate inks).243.244

Some efforts have been made these devices fabricated onto plastic substrates, such as
PENS3.188,189 o P|132,178234238  Despite some advantages offered by paper or “paper-like” sub-
strates over plastics, such as recyclability, lower cost, and lower thermal expansion, which is also
a determining factor to define a uniform pattern, little progress has been made on these hosting
materials using printing technology, specially implementing TMOS functional materials.
Interesting works were reported in the field of solution-processed or printed organic transistors on
paper.51.129,131,135245,246 Bo||strom et al.2*® developed a recyclable, smooth, multilayer-coated pa-
per-based substrate with good barrier properties suitable for printed functional devices. Later in
2013, the same author reported inkjet-printed organic poly(3-hexylthiophene) (commonly known
as P3HT) semiconductor thin-film transistors (TFTs) on smoothed, multilayer curtain coated pa-
per substrates.'3® The fabricated fully printed organic TFTs (OTFTs) gated by poly(4-vinylphenol)
(PVP) dielectric displayed a mobility approaching 0.1 cm2V-'s-' and lonorr of 3.2 x 10* at low-
voltages (<2 V). Hyun et al.'?® demonstrated all-printed, in-plane, foldable organic EGTs on un-
treated, glassine paper substrates manufactured by supercalendering. The photonically annealed
graphene electrodes, P3HT semiconducting channel, and ion-gel gate dielectric were printed us-
ing several printing techniques, such as screen-printing, aerosol-jet printing, and inkjet-printing,
respectively. The paper-based organic EGTs show an lonorr and mobility of 2.9 x 10% and
0.14 cm?2V-'s™, respectively, and withstand at least 100 folding cycles without losing performance,
due to the mechanical endurance of the graphene electrodes, intrinsic flexibility of the organic
semiconductors, and the deformable nature of the ion-gel.

Beyond organic semiconductor materials, fully screen-printed nanoparticulate Si-based FETs
were already demonstrated on paper, with no additional post-printing steps, where Si micro- and
nanoparticles were obtained by mechanical milling of bulk n-type Si wafers.?*” Nevertheless, such

devices still exhibit a poor electrical performance in comparison with OFETSs, yet similar to
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amorphous Si-based devices, showing small electrical modulation (=2000) and low mobilities
(=0.5 cm2 V-1 s71).

Furthermore, the interconnect, gate, source, and drain electrodes of printed TMOSs transistors
are often vacuum-deposited and patterned with photolithography to obtain short and well-defined
channel lengths (<100 um), targeting superior electrical performances. Only a few exceptions of
fully printed transistors were reported to date on Si wafer,209218.232 g|ass,203.227 including the recent
developments made in our research group,5-% and the contribution of this PhD work, where
(nano)paper-based materials and free-standing ionic conductive cellulose-based composites are
used as suitable substrates to host transistors and circuits (see chapter 5).

Contrarily to typical photolithographic methods, downscaling of channel length towards submicron
scale dimensions using standard printing techniques constitutes a critical challenge that remains
to be solved. Thus, the switching speeds is usually limited to 1-100 Hz.243248 Strategies for print-
ing submicrometric channel lengths were demonstrated using self-aligned inkjet printing (SAP),
yielding devices with high frequency operation up to 18.21 GHz,203.248.249 which is comparable to
CMOS fabricated devices.'#? Baby et al.,?? reported transistors with nanometric channel lengths
based on an inkjet-printed TMOS channel layer sandwiched between two vertically overlapped
source-drain electrodes. In this case, the thickness of the printed semiconductor below 50 nm
defines the channel length, which is at least two orders of magnitude smaller than conventional
inkjet-printing process. Although the dynamic response was not assessed in this publication, it is
possible to predict their operation at high frequencies in the GHz range as those prepared using

SAP process.

Printed ZnO transistors

From all the materials listed in Figure 1.7, In203 has been one of the benchmark n-type semicon-
ducting materials in these studies.53:54.178,189.228-239 The highest mobility value achieved to date of
230 cm? V' s' was obtained for printed TMOS transistors processed at low-temperatures
(=250 °C) on Si using electrohydrodynamic jet printing (EHD) to define In203 channel layer and
spun-coated high-k dielectrics.238

Regardless the superior performance observed in printed In20s transistors compared to other
TMOS materials, its high-cost and rarity arises economic and environmental issues. In alternative,
Zn0O is another well-explored n-type oxide semiconductor, due to its tendency to form oxygen
vacancies and/or zinc interstitials, with a direct wide bandgap (3.2-3.4 eV) and large exciton bind-
ing energy (60 meV) at RT."

A variety of synthetic techniques, from chemical, physical to biological methods, have been used
for the synthesis of ZnO nanostructures with tailored sizes and morphologies, such as nanorods
(NRs), quantum dots (QDs), nanoplates, nanoneedles, nanotubes, nanoflowers, nanobelts, and
nanowires (NWs).250-253 Besides, its low-temperature processability (<300 °C), chemical and ther-
mal stability, abundant availability, non-toxic nature, among several other features, which were

discussed in detail in recent reviews,250:253-258 have encouraged its investigation.

24



Chapter 1. Designing a path for electronics to go "green"

Several reports on printed ZnO transistors using different printing techniques, from screen-print-
ing,%” inkjet-printing,293-206 nozzle-jet printing,2°” aerosol-jet printing'32208.209 to simple approaches,
such as pen-writing®8 towards personal fabrication, are available in the literature. Field-effect mo-
bilities of up to 21.3 cm2 V-' s*' at a maximum processing temperature of 200 °C were demon-
strated for inkjet-printed ZnO NWs on glass. Other nanosized ZnO nanostructures, such as
NPs,57:58.204 and NRs,2% have been explored as attractive candidates for manufacturing printed
ZnO transistors at low-cost and low-temperature on flexible substrates, away from Si.

In our research group, some breakthroughs have been made in exploring cellulose-based paper
substrates as a suitable platform to host fully printed TMOS transistors, despite their poor mobility
values (<0.1 cm? V- s-1). Carvalho et al%” developed a screen-printable ZnO ink composed of a
high concentration of nanoparticles blended with ethyl cellulose, which provides printability and
excellent adhesion to paper substrates, including office paper and MFC. The high amount of par-
ticles is enough to produce an interconnected ZnO NPs matrix with a single screen-printing pass,
thus enabling the fabrication of printed ZnO EGTs with a turn-on voltage of 1.90 V, saturation
mobility of 0.07 cm? V-' s', and an lonorr of more than three orders of magnitude. In a different
work of the same group, 58 an aqueous solution of ZnO NPs was combined with a precursor
solution of zinc nitrate and hexamethylenetetramine with the purpose of aiding in the process of
particles interconnectivity. The viscosity of the mixed route ZnO inks (precursor mixed with NPs)
is compatible with pen-writing, enabling the deposition of a continuous dual-phase layer with good
adhesion to the paper surface. Nevertheless, when applied as a channel layer on paper, acting
simultaneously as substrate and ionic conductor, they suffer from a lack of electrical performance
due to interface inhomogeneities, and partial conversion of the precursor into ZnO.

Printed p-type TMOS transistors

Despite the exceptional performance exhibited by printed n-type TMOSs, the performance of p-
type oxide transistors is still lagging as they have very low carrier mobility.'8 Oxides of copper
and nickel are known to show p-type conductivity and are attracting renewed interest as promising
printable p-type TMOS materials for transistor applications and integrated CMOS cir-
Cuits_54,190,230,241

Recently, high-performance inkjet-printed NiOx TFTs on Si with 50-nm-thick alumina (Al203) high-
k dielectric layer deposited by plasma-enhance atomic layer deposition have been fabricated.2+!
The optimized electrical performance was obtained for annealing temperatures of 280 °C, show-
ing a hole mobility of 0.78 cm? V-' s and lonorr exceeding 4 orders of magnitude. In 2013,
Vaseem and co-authors3® demonstrated that it is possible to inkjet-print functional CuO QDs
transistors on Si/SiO2 without performing any type of post-printing treatment. The devices showed
p-semiconductor behavior with a high carrier mobility of 16.4 cm? V-! s-1, which performance is
intriguingly comparable or even better that previous reported printed n-type TMOS transistors.
Further improvements were demonstrated by performing microwave-assisted annealing to

produce defect-free, smooth, interconnected CuO QDs nanofilms. By doing so, the devices
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showed 2-times higher mobility of 28.7 cm? V- s-! after microwave-assisted annealing, which is
the best among the p-type inorganic-based FETs. This value is comparable or even better than
previous reported thermally treated n-type equivalents, which is quite impressive considering the
typical lower performance obtained for nanoparticulated TMOS transistors. Therefore, this work
arises a new hope in the field of high-performance p-type TMOS semiconductors by allowing the
production of highly compact CMOS circuits with low power consumption that will fuel 10T revolu-
tion. A different group used precursor-route to demonstrate printed CuO FETs, where a composite
solid polymer electrolyte (CSPE) was used as the gate dielectric to create a highly conformal
interface with the oxide semiconductor layer. Annealing temperatures of 400° C are needed to
activate semiconductor functionality of CuO, and the resulting electrical performance of the EGTs

is not as good as the previous approach using CuO QDs.

Printed integrated circuits

The lack of high-performance p-type oxide semiconductors with similar performance to n-type
counterparts is the main obstacle in obtaining functional CMOS inverters, a key component in
analog and digital electronic systems for logic functions, that demands co-integration of both types
of semiconductors (n-type and p-type semiconductors). The motivation behind CMOS in compar-
ison with unipolar logics, in which a single type of semiconductor is used, is regarded to its low
static power dissipation, as the steady state current is limited by the OFF current of one of the
single transistors.2%8 Additional advantages are superior signal gain, high noise immunity, and low
degree of design complexity, thus allowing higher density of logic functions on a chip.37:39:259

To date, there has been hardly any report published on printed all-oxide CMOS logics. In this
regard, in collaborative works, Baby et al.2®0 and Garlapati et al.5* demonstrated inkjet-printed
oxide-based CMOS inverters prepared from nanoparticle-route, and precursor-route, respec-
tively. Despite the limited performance of the p-type Cu20 and CuO semiconductors, the CMOS
inverters exhibited low static power dissipation and high signal gains of 18 and 21, respectively,
at a very low supply voltage of only 1.5 V, due to the use of high-capacitance CSPE.

In alternative to p-type TMOS semiconductors, hybrid CMOS circuits have been constructed by
combining n-type TMOSs with organic p-type semiconductors. Aerosol-jet printed CMOS invert-
ers onto Si substrates based on organic p-type P3HT and n-type ZnO EGTs with similar carrier
mobilities of 2 cm?2 V-' s*' were demonstrated.2%8 The fabricated CMOS inverters operate for sup-
ply voltages as low as 1.5V, showing negligible hysteresis, large signal gain of 15, and static
power consumption below 10 nW. Additionally, the circuits can switch continuously for 22 h at
1 kHz with stable operation. Five-stage ring oscillators were successfully fabricated with five
CMOS inverters and an output buffer, oscillating at maximum frequencies of 2.2 kHz at 2 V supply
biases with propagation delays of 40-50 ps.

Though simple resistive-load inverters with n-type semiconductors have often been fabri-
cated.53:58,132.210.238.260 Jnipolar resistive-load inkjet-printed In203 nanoparticles inverters on flexi-

ble PEN foils with small gains of 1.4 under 1 V were reported.5 Hong et al.’3? have demonstrated
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a resistive-load inverter by connecting aerosol-jet printed ZnO EGTs in series with 10 kQ printed
PEDOT:PSS-based resistors with better performance. Compared to the previous work, the circuit
displays a higher signal gain of 8, and responded well to a 1 kHz square-wave input signal for a
supply voltage of 2 V. Besides electrolyte-gating approach, high signal gains of 9.2 and 16 can
be obtained for supply voltages of 2 V and 4 V, respectively, by using a spun-coated high-k die-
lectric combined with EHD-printed, high mobility In2O3 TFTs on Si connected to a load resistor of
80 kQ.238 On the other hand, Grey et al.58 proposed a user-friendly approach to boost DIY con-
cept, where ubiquitous handwriting and printing tools enabled the design and fabrication of ZnO
transistors and logic gates on a sheet of office paper, where graphitic pencil-drawn tracks were
used as load resistances. Despite all the issues related to paper’s surface, it was used success-
fully as an ionic conductive substrate compatible with printing/handwriting techniques, thus sim-
plifying considerably the design of the devices. Nevertheless, input voltages of tens of volts are
needed to trigger signal inverting behavior, and the gain is inferior to one. This concept can be
extended to smoother paper or paper-like substrates to improve semiconductor/dielectric surface,
targeting superior performances.

Complex circuits, such as ring oscillators, were also demonstrated. Marques et al.20 have re-
cently demonstrated inkjet-printed three-stage ring oscillators using resistive-load In203 electro-
lyte-gated FETSs, which are able to operate at supply voltages as low as 2 V. The individual inver-
ters show a gain of 4.4 and 2.3 ms propagation delay time at 1 V supply voltage, while the ring
oscillators show a reasonable oscillation frequency of the order of 350 Hz at 2 V supply voltage
and a power consumption of 138 yW. Although CMOS circuit design displays superior perfor-
mances, a greater gain can be easily achieved for unipolar circuits by applying higher voltages,
increasing the width of the channel, and shortening its length.

Progressive efforts in the development of high-mobility, printable TMOSs, together with recent
advances in high-resolution printing technology will gradually close the gap towards real applica-

tions of low-power, flexible, printed electronics with high-frequency operations.

1.2.5. Electrolyte-gated transistors

One important challenge in developing transistors and integrated circuits is reduction of operating
voltage. The use of electrolytes, consisting of electrically insulating yet ionically conductive mate-
rials, in alternative to inorganic oxide gate dielectrics of conventional FETs, such as SiO2, titania
(TiOz2), and Al20s, is promising in this regard, thus introducing an innovative class of transistors,
known as EGTs.47:261

As sketched in Figure 1.8a, EGTs are composed of three fundamental layers, the semiconductor,
electrolyte, and electrodes (source, drain, and gate), in a similar way as typical FETs. The elec-
trolyte separates the semiconductor material from the gate electrode, and it can control electrical
isolation and regulate the number of charge carriers induced in the semiconductor channel
layer."?® Depending on the location of the electrodes to the semiconductor layer and on the posi-

tion of the gate electrode (on the top or bottom of the EGTs), the devices can be classified either
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as coplanar or staggered top/bottom gate.?%® Their configuration is selected depending on the
processing strategy of the materials and the operation conditions of the devices.8%

As illustrated in Figure 1.8b, for the electrolyte-gating case, by applying a positive (negative)
voltage to the gate electrode, electrons (hole) carriers accumulate in the semiconductor, while
anions (cations) and cations (anions) from the electrolyte migrate and accumulate at the
gate/electrolyte and semiconductor/electrolyte interfaces, respectively, forming nanoscale elec-
tric EDLs, known as Helmholtz double layer.47:262 Therefore, EGTs can be compared to a two-
electrode EDL capacitor.' The entire gate voltage is dropped across the EDLs, leading to large
gate-to-channel capacitances. Depending on the permeability of the semiconductor, they can be
classified as EDL transistors, if the semiconducting layer is impermeable to ions (as exemplified
in the figure), causing a field-effect mode, or electrochemical transistors, if ions can migrate into

the semiconductor (3D channel), causing electrochemical reactions (Faradaic processes).*’
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Figure 1.8. Overview of transistors configurations and gating mechanism. a) Schematic illustration of typical
configurations of transistors: staggered top gate (STGT) or bottom gate (SBGT), coplanar top gate (CTGT)
or bottom gate (CBGT) transistors. b) Cross-section of transistors depicting the semiconductor (n-type)/die-
lectric/gate electrode interfaces for different polarization mechanisms when using polymers dielectrics (di-
pole polarization), liquid electrolytes (ionic polarization), or solid polymer electrolytes (dipole and ionic po-
larizations).

Contrarily to electrolyte-gating, the working mechanism of polymer dielectrics relies on dipole

polarization.'®® While the large specific capacitance of the electrolytes is independent of their
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thickness, meaning that relatively thick layers with several micrometers can be deposited, poly-
mer dielectrics only achieve high-capacitance for reduced thicknesses in the submicrometric
scale to allow low-voltage operation in transistors, which clearly constitutes a processing disad-
vantage.?63

Common drawbacks of the EGTs are high parasitic capacitances, large gate-source leakage cur-
rents, and the use of electrochemically stable conductors (e.g. noble metal electrodes, and car-
bon-based materials) to avoid high off currents and device degradation.*” Besides, the maximum
speed is also limited by the polarization response time of the electrolyte, and high bias stress
(usually above 5 V) lead to electrochemical doping of the semiconductor layer that also pose a
critical limitation on the switching speed and leads to device instabilities. 198,262

In a similar way as traditional transistors, EGTs can be integrated into analog/digital circuits. '8
Yet, the ion movement principle of EGTs allied with their high signal amplification capability at low
operating voltages make them find far greater potential as promising building block for biosensors
capable of detecting biophysical (e.g. light, cardiac rhythm, and brain activity) or chemical signals
from biochemical species (e.g. glucose, cell receptors, enzymes, antibodies, and nucleic acids),
and neuromorphic computing based on artificial synaptic devices.47-261.264 Hence, EGTs can pro-
vide a platform that simultaneously integrate sensing and computing ability toward artificial intel-
ligent sensory systems, thus serving the purpose of loT.

lonic liquids, electrolytic solutions, ion gels, polyelectrolytes, and solid polymer electrolytes have
been used as gate dielectrics for EGTs.#-198 In a similar way as in solid-state electrolytes, ionic
hydrogels can be considered a good approach for EGTs since they are free from liquid-leakage,
thus easily applied and safe for users, minimizing one of the main problems associated to elec-
trolytes in the liquid form.265 Nevertheless, the ionic conductivity and contact at electrode/electro-
lyte interface are poorer when compared with liquid electrolytes.2¢ Furthermore, ionic hydrogels
are compatible with solution processing (printability/coating), and are able to drastically reduce
the transistors' operation voltage from tens of volts to just less than 3 V with high operating fre-
quencies up to the kHz range, due to their large capacitance (typically in the order of 1-—
10 yF cm™2), fast polarization times (within a few milliseconds), and high ionic conductivity
(>0.1 mS cm-! at RT).3347.132,263,267.268Thejr low operating voltage aspect is of foremost interest
from a power consumption perspective, offering the possibility of powering these devices by thin-
film batteries, external radio frequency fields, supercapacitors, solar-cells.*-6:43,263,269

Until now, not much can be found in the literature regarding EGTs relying on cellulose-based
electrolytes. Thiemann et al.33 introduced a new class of regenerated cellulose ion-gels based on
microcellulose and various methylphosphonate ionic liquids, which exhibit transparency, flexibil-
ity, transferability and high capacitance (5-15 yF cm2), finding pioneer applications in flexible
electronics as high capacitance gate dielectrics for EGTs. Solid-state cellulose electrolytes with
additional photonic properties were proposed by Grey et al.3%3! where intrinsically chiral nematic
photonic CNC films were ionically modified through ion infiltration with aqueous solutions of alkali

hydroxides. These multifunctional cellulose-based electrolytes were successfully integrated into
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photo-responsive transistors capable of sensing distinct polarization states of circular polarized
light. In addition, multifunctionality was also explored on (nano)paper as it can be used simulta-
neously as substrate and gate dielectric layer in FETs.434-37,39-41,44,270-275

Despite the considerable studies on exploring cellulose-based paper substrates with different tex-
tures and compositions as intrinsically ionic conductive substrates in transistors and integrated
circuits, their electrolytic performance is by far satisfactory enough for low-power applications
(Table S3). Their electrochemical behavior relies on the abundant charged hydrophilic functional
groups in the polymer chain of cellulose as well as the presence of hygroscopic species in the
cellulose fibers of paper that can retain water. As demonstrated by Pereira et al.,*! the water
sorption mechanism promotes the formation of the EDL in paper, providing cations (protons, H*)
and anions (hydroxide anions, OH-), that are responsible for the ionic conduction and build-up of
the capacitance at low frequencies.

One way to enhance the electrolytic performance of the cellulose nanopaper consists of adding
ionic species that can increase the amount of water retained into its framework. Up to now, Dai
et al.5" reported low-voltage (<5 V) organic FETs and complementary inverters fabricated on flex-
ible, transparent and intrinsically ionic conductive cellulose nanopapers, which were prepared
from a chemically modified NFC pulp using (2, 2, 6, 6-tetramethylpiperidin-1-yl) oxidanyl (TEMPO)

oxidation process assisted by sodium salts responsible for the ionic conduction.

1.3. Outlined objectives

Considering the motivation of this PhD work together with the knowledge acquired during a deep
research made in the current state-of-the-art in the field of cellulose advanced functional materi-
als, paper electronics, and printed TMOS electronics, several objectives were set in order to
merge all these concepts and design a path composed of numerous tasks to concretize the vision
of this work: a new Era of eco-sustainable, low-power, affordable, flexible, and customiza-
ble, printed smart-systems onto paper/“paper-like” platforms to serve the comfort and wel-
fare of citizens.

Throughout this work, the importance of the implementation of sustainable procedures, starting
with a proper selection of raw materials and compatible low-temperature processing and manu-
facturing methods, is systematically addressed targeting solutions for reducing the environmental
impact, while boosting an environmental-conscious mentality.

The objectives of this work are focused on two key essential pieces of a transistor, the semicon-
ductor (“heart”) and dielectric (“brain”). These materials are designed using cellulose-based ma-
terials as suitable matrix hosting the active material, which are integrated on paper substrates or
reengineered cellulose “paper-like” ionic conductive substrates targeting low-power operation and
low-temperature processing, while ensuring flexibility, recyclability/biodegradability. User-friendly

manufacturing processes, such as screen-printing and handwriting techniques as well as simple
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lamination processes, are used to create “on-demand” personal printed/handwritten transistors
and circuits, while having fun at it.

In the first place, a proper selection of cellulosic materials and ZnO nanostructures, and respec-
tive compatible processing routes must be made towards the development of cellulose compo-
sites with semiconducting or ionic conductive functionality, processable at low temperatures (pref-
erably <150 °C) to enable the use of flexible substrates. Water-based formulations are highly
attractive for reducing environmental impact as well as both processing and integration costs.
Secondly, several features must be evaluated and optimized during their formulation and further

integration onto cellulose-based materials:

e To formulate cellulose composite semiconducting inks, a compromise should be found be-
tween the ink’'s components, while ensuring percolation between the functional particles with
minimal defects after drying, such as voids, agglomerates and/or cracks. Thus, the inks’ char-
acteristics as well as surface, compositional, thermal, and mechanical properties of the target
cellulose-based substrate are of extreme relevance as they affect the printing resolution,
thickness, and functionality of the screen-printed pattern. In this work, cellulose derivatives,
such as CMC and EC, were tested as binders and their compatibility with ZnO nanostructures
to formulate stable inks compatible with screen-printing process was addressed. The amount,
morphology, and dimensions of the ZnO nanostructures were considered as they impact the
surface roughness, percolation network, and mechanical properties of the screen-printed

films.

e Regarding the cellulose-based ionic conductors, aqueous alkali hydroxide (LiOH and/or
NaOH) systems combined with urea are a suitable strategy to easily prepare new regener-
ated cellulose materials in the form of hydrogels. This strategy can be combined with water-
soluble derivatives, such as CMC, or nanocellulose materials, such MFC/NFC, as reinforcing
agents to improve their robustness. The study of their electrochemical properties (e.g. capac-
itance and ionic conductivity) assumes great interest to evaluate their suitability to ionic re-

sponsive devices with low-power operations, such as EGTs.

The accomplishment of these goals leads to the ultimate objective of integration of the produced
cellulose-based composites with the optimized formula into flexible, printed/written ZnO EGTs
and logic gates onto conventional paper substrates or developed “paper-like” ionic conductive
substrates.

Last but not the least, resource-conscious strategies, such as repairing, reusing, recycling, and
biodegradability, must be assessed to evaluate the environmental impact of the fabricated de-

vices.
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Chapter 2. Materials and Methods

In this chapter, a detailed description of all the steps required to successfully accomplish the
processing, manufacturing, and characterization of the engineered advanced cellulose composite
materials and integrated devices will be given.

The research activities were entirely developed using existing technological facilities and scientific
competences at the host institution (CENIMAT|I3N and CEMOP/UNINOVA). The methodology
used throughout this work consisted of several scientific tasks that covered the selection of ma-
terials and synthesis methods targeting the formulation of printable functional semiconductor ma-
terials based on ZnO nanostructures and development of ionic conductive membranes for the
design and fabrication of the individual transistors and circuits. An intermediate additional task
was addressed throughout this work that concerns the implementation of environmental-respon-
sible strategies to address the negative impact of e-waste on the natural environment. All these
tasks were strongly coupled with characterization and validation procedures at all levels from

materials to devices.

2.1. Screen-printable cellulose composite inks

2.1.1. Chemical synthesis and characterization of porous ZnO nanostruc-

tures

Porous ZnO nanostructures were synthesized by hydrothermal method assisted by microwave
radiation. Zinc nitrate hexahydrate (Zn(NOs)2 6H20, from Sigma-Aldrich 98 %) and urea (Sigma-
Aldrich 99.0-100.5 %) were used without further purification. In a typical synthesis, 0.05 M of zinc
nitrate was first dissolved in deionized water (Millipore), and after its total dissolution, urea was
added to the aqueous solution. The molar ratio of zinc to urea was kept at 1:5. Then, 25 mL of
the obtained solution was transferred to a 35 mL Pyrex vessel, which was placed in a Discovery
SP microwave (CEM corporation). The synthesis was carried out at 140 °C for 15 min under a
power of 100 W.

The resulting white precipitates were washed with deionized water, followed by isopropanol, and
centrifuged at 4500 rotations per minute (rpm) for 5 min each. This washing process was re-
peated three times. The powders were dried in air at RT for 48 h, and then calcinated in a furnace
(Nabertherm muffle furnace) at 700 °C in air for 2 h at a heating rate of 250 °C h-'.

The morphology of the porous ZnO nanoplates (ZnO PNPs) was evaluated and compared with
commercial ZnO nanopowder (Aldrich, <100 nm particle size) by scanning electron microscopy
(SEM) using a Carl Zeiss AURIGA CrossBeam FIB-SEM workstation. The structural analysis was
done via X-Ray diffraction (XRD) using a PANalytical X'Pert Pro, with Bragg—Brentano geometry
and Cu Ka line radiation (A = 1.5406 A). Fourier-transform infrared (FTIR) spectroscopy acquisi-
tions were performed at RT, using an attenuated total reflectance sampling accessory (Smart
iTR) equipped with a single-bounce diamond crystal on a Thermo Nicolet 6700 spectrometer. The

spectra were acquired between 4000 and 525 cm-! with a 4 cm'.
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2.1.2. Preparation and characterization of cellulose composite semicon-

ducting inks

Zn0O nanostructures were blended with different concentrations (10—40 wt.%) into a previously
prepared cellulose derivative solution used as binder. The mixture was slowly stirred (200 rpm)
for 4 h to obtain a well dispersed and homogeneous white viscous solution. The ink was stored
in a refrigerator at 3 °C, until being used.

Two types of ZnO nanostructures were tested, including commercial ZnO nanopowder and the
synthesized ZnO PNPs. Regarding the binders, distinct cellulose derivatives were investigated,
such as CMC (Sigma-Aldrich, Mw =250000), and EC (Sigma-Aldrich, 5 % in toluene/ethanol
80:20(lit.), extent of labelling: 48% ethoxyl). An aqueous solution of CMC was prepared with a
content of 3 wt.%. The EC solution was prepared by dissolving 5 wt.% EC in a solvent mixture
(80:20 v/iv%) of toluene (Merck, 299 %) and ethanol (Fisher Scientific).

Table 2.1 summarizes the developed inks and their composition, including the nomenclature

given for each ink to simplify description.

Table 2.1. Summary of all the developed ZnO-based composite inks.

Cellulose derivative/ weight ratio ZnO nanostructure/ weight

Ink in the binder solution [wt.%] Solvents ratio in the ink [wt.%]
Ethanol/ toluene ]
EC5Z40 EC/ 5 (80:20 vAv%) Commercial NPs/ 40
C3210 Commercial NPs/ 10
C3220 Commercial NPs/ 20
C3230 Commercial NPs/ 30
C3z40 Commercial NPs/ 40
C3ZPN10 CMC/3 H20 Synthesized PNPs/ 10
C3ZPN20 Synthesized PNPs/ 20
C3ZPN30 Synthesized PNPs/ 30
C3ZPN40 Synthesized PNPs/ 40

Viscosity of the binder solutions was measured on Bohlin Gemini HRnano rheometer, in parallel
plate’s geometry (20 mm diameter and 500 um gap) for steady-state measurements. Tempera-
ture was kept at 25 °C and, before starting the measurements, samples were subjected to a pre-
shearing stage, with a pre-shear of 1 s applied for 30 s, followed by a stabilization time of 180 s.
A solvent trap was used to avoid evaporation. The steady-state measurements were performed
for shear rates up to 1000 s™'.

The inks’ rheologic properties were analyzed with a Brookfeld CAP 2000+ Viscometer for steady-
state measurements under heating from 25 to 30 °C. Before starting the measurements, the ink
was subjected to a pre-shearing stage of 300 s for 30 s, followed by a steady-state measurement
with the same parameters as the pre-shear. A solvent trap was used to avoid evaporation.

The thermal characterization of the formulated cellulose semiconducting composite inks was per-
formed by thermogravimetric analysis (TGA) (TGA-DSC- STA449 F3 Jupiter, under air tempera-

ture.
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2.1.3. Inks’ printability on office paper

Standard office paper (The Navigator Company, 80 g m?2) was tested as printing substrate. The
morphological, thermal, and structural characterization of the paper substrate was performed by
SEM, TGA, and XRD, respectively. The surface roughness of paper substrate was performed
with an Ambios XP-Plus 200 Stylus Profilometer and the software data compilation from TrueMap.
The formulated cellulose composite inks were screen-printed on standard office paper, using a
custom-made screen-printing station. The inks were printed with a polyester screen with the fol-
lowing features: mesh model: 77-55; mesh count: 190 mesh/inch; aperture: 81 um; thread diam-
eter: 55 um; opening: 30%; thickness: 88—97 um). The printed films were dried at RT in less than
10 s.

The morphological and compositional characterization of the printed layers was performed by
SEM and FTIR, respectively. Thickness of the printed layers was estimated from the average of
10 measurements collected from the SEM cross-section images that were processed using Im-
ageJ software. Optical microscopes (Leica M80 or Olympus BX51) were used to observe the
topography of the printed films, and their printing resolution was estimated from the average of
10 measurements collected from optical microscope images that were processed using ImageJ
software.

The surface roughness of the printed films composed of commercial ZnO NPs was evaluated by
atomic force microscopy (AFM) using an Asylum Research MFP-3D operated in alternate contact
mode. The resolution of the image was 256 lines by 1024 columns and the scan size was
5% 5 pum2.

2.2. lontronic cellulose-based membranes

2.2.1. Preparation of self-healable cellulose iontronic stickers

Inspired in the procedures reported in the literature for the dissolution of cellulose,888° different
strategies were employed to prepare cellulose ionic conductive hydrogels (CICHSs). Cellulose dis-
solution medium was prepared by mixing 4.6 wt.% LiOH (0.46 g, Sigma-Aldrich, 298 %) or NaOH
(0.46 g, Labkem, 298 %), 15 wt%. urea (1.5 g, Carl Roth, 299.5 %) in 80.4 wt%. deionized water
(8.04 g, Millipore). Different alkali hydroxide mixtures of LiOH and NaOH (LiOH:NaOH = weight
ratio of 3:1, 1:1, 1:3, 1:19) were also prepared, while keeping the weight ratio of 4.6 wt.% alkali
hydroxides mixture, 15 wt.% urea and 80.4 wt.% of water (0.46 g of LiOH:NaOH, 1.5 g of urea
and 8.04 g of water in 10 g of solution). The solvent mixtures were precooled in a freezer at -
25 °C, until they became a frozen solid. The frozen solutions were then allowed to thaw at ambient
conditions and 4 wt.% of microcrystalline cellulose (MCC, 0.4 g in 10 g of solution, Sigma-Aldrich,
powder: 20 um) was immediately added into the solvent system (9.6 g in 10 g of solution) under
vigorous stirring at -8 °C until its complete dissolution (=30 min). A freezing-thawing cycle was

performed to improve cellulose dissolution.
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Mixtures of MCC and CMC were prepared by adding different amounts of CMC to the previous
cellulose solution obtained from aqueous LiOH/urea solvent system in the following MCC:CMC
weight ratios: 2:1 (0.4 g of MCC, 0.2 g of CMC, 9.6 g of aqueous alkali salt/urea solvent system)
and 1:1 (0.4 g of MCC, 0.4 g of CMC, 9.6 g of aqueous alkali salt/urea solvent system). For the
remaining MCC solutions prepared from aqueous NaOH/urea or LiOH:NaOH/urea solvents, mix-
tures of MCC:CMC were prepared with a weight ratio of 1:1.

The mixtures were stirred at RT conditions until complete dissolution of CMC, and then at -8 °C
to ensure MCC dissolution. The transparent solutions were kept overnight in a freezer at -25 °C.
The last step consists of neutralization of the solutions and simultaneous regeneration of cellulose
with acetic acid (=1 mL, Sigma-Aldrich, = 99). This process was performed in an icy bath by slowly
adding acetic acid “drop-by-drop” to the cellulose solution under stirring to avoid overheating. The
resulting solutions were shear-casted on a glass plate. The =1 mm-thick electrolyte films were
dried in a closed box with controlled environment (SICCO, T =24 £ 2 °C, 33 £ 2 %RH — relative
humidity) for 3 days and stored in air. The thickness of the resulting membranes was estimated
from the average of five measurements made using a Mitutoyo digital micrometer.

The CICHSs prepared from LiOH, NaOH, and mixtures of LiOH and NaOH will be referred to as
Li-CICHs, Na-CICHSs, and LN-CICHs, respectively. A summary of all the developed CICH mem-
branes, including their formulation details and respective nomenclature, are displayed in Table
2.2,

Table 2.2. Summary of all the developed CICHs membranes.

- - - T
M(_:C.CM(_: Alkali hydroxide Alkali hydromde_[wt. %] in
[weight ratio] urea/water mixture

CICH membrane

MCO0 4:0 LiOH 4.60
M2C1 4:2 LiOH 4.60
M1C1 (or L100) 4:4 LiOH 4.60
L3N1 4:4 LiOH:NaOH 3.45:1.15
L1N1 4:4 LiOH:NaOH 2.30:2.30
L1N3 4:4 LiOH:NaOH 1.15:3.45
L1N19 4:4 LiOH:NaOH 0.23-4.37
N100 4:4 NaOH 4.60

2.2.2. Preparation of iontronic cellulose nanopaper composite

A “paper-like” all-cellulose ionic conductive composites (ACICC) was prepared by blending
5 wt.% of Li-CICH slurry (0.5 g), corresponding to L100 membrane, with 95 wt.% of a cellulose
pulp (0.95 g) provided from Centre Technique du Papier, consisting of an aqueous kraft pulp
suspension containing 2 wt.% of MFC/NFC. The slow casting and evaporation of water was per-
formed from 5 mL of the all-cellulose nanocomposite solution mixture in polystyrene Petri dishes
(55 mm diameter) in a closed box with controlled environment (SICCO, T=24+2°C,
33 £ 2 %RH) for 3 days and stored in air. Freestanding membranes were also prepared by sol-
vent casting the nanocellulose pulp without adding the Li-CICH slurry (referred to as cellulose
nanopaper), and by shear-casting the Li-CICH slurry on a glass plate. Both membranes are ob-

tained after drying in the same conditions as the ACICC membrane. The thickness of the resulting
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cellulose nanopaper, ACICC and CICH membranes was estimated from the average of ten meas-
urements made using a Mitutoyo digital micrometer around 63.5 £ 1.59 ym, 78.3 + 0.78 ym and

336 £+ 31.0 ym, respectively.

2.2.3. Characterization of the iontronic cellulose-based membranes

The optical transmittance measurements were performed with a Perkin Elmer Lambda 950 spec-
trophotometer in the wavelength range from 400 to 800 nm, with a scan of 1 nm and using air as
the reference.

The morphological, structural, thermal, and compositional characterization of the membranes was
performed by SEM, XRD, TGA, and FTIR, respectively.

The surface roughness of the cellulose-based nanopapers was analyzed by AFM, and the reso-
lution of the image was 256 lines by 1024 columns and the scan size was 5 x 5 um2.
Electrochemical characterization of the CICHs was carried out at RT (23 + 2 °C, =40 %RH) in a
typical capacitor structure by depositing the electrolyte between two stainless-steel discs with an
active area of 1 cm?, using a Gamry Instruments Reference 600 potentiostat. For the ACICC
membrane, two electrochemical cells with an active area of 1 mm?2 were prepared depending on
the material’'s composition of the transistors: carbon/membrane/carbon, and Al/membrane/IZO.
Electrochemical impedance spectroscopy (EIS) measurements were performed with 10 mV AC
voltage in a frequency range of 0.1 up to 108 Hz. Cyclic voltammetry (CV) measurements were
performed in a potential range between -3 and 3 V at distinct scan rates and a collection of five
successive cycles were acquired before analysis. To test the electrochemical stability of the oxide
semiconductors (IGZO and ZnO), CV measurements were also performed including the semicon-
ducting layer in the capacitors’ structure.

2.3. Oxide-based transistors and integrated circuits based on

electrolyte-gating mechanism

2.3.1. Fabrication of CICH-gated IGZO transistors and inverters

A planar configuration was adopted based on titanium/gold (Ti/Au) bottom electrodes (source,
drain and gate) deposited on glass (Marienfeld) or multilayer-coated paper (Felix Schoeller type
3) in an interdigital architecture by electron-beam evaporation, followed by sputtering process of
amorphous IGZO, working as the active oxide semiconductor, and lamination of the CICHs as
gate dielectric.

Glass substrates were cleaned in an ultrasonic bath for 5 min, first in acetone and then in isopro-
panol, after that rinsed off in deionized water and dried using nitrogen. The electrical contacts,
double layer of Ti/Au with 6 and 65 nm, respectively, were deposited on the substrate by electron-
beam evaporation. Then a 35 nm IGZO (In203—-Ga203—Zn0; 1:2:2 mol%) layer was deposited by
radio-frequency magnetron sputtering, at RT in an AJA ORION system. The semiconductor
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channel and the electrodes were patterned by shadow masks with a channel width (W) of
6800 ym and length (L) of 40 ym (W/L = 170). Gate-to-semiconductor gap is 50 ym. The EGTs
were annealed in air at 150 °C for 30 min. The CICHs were laminated onto the devices to connect
the transistors’ channel and gate electrode.

An optical microscope was used to observe the surface topography of the devices. Images were
processed using Imaged software to estimate transistor’s real dimensions.

For circuits demonstration, CICH-gated EGTs on multilayer-coated paper were glued with double-
sided tape to a sheet of office paper. A resistive-load inverter was fabricated by exploiting pen-
on-paper and pencil-on-paper approaches. Thick conductive tracks were drawn with a silver con-
ductive ink rollerball pen (CircuitScribe) to establish the electrical connections between the drain
electrode and the load resistance. Graphitic line tracks were hand-drawn with a HB-2 pencil
(Black’Peps, Maped) to define the load resistances.

2.3.2. Fabrication of ACICC-gated IGZO transistors

The devices were produced with a staggered-bottom gate structure, and all the deposition steps
were performed at room temperature without any intentional substrate heating. The semiconduc-
tor layer of amorphous IGZO was deposited by RF magnetron sputtering with a thickness of
40 nm on the smoothest side of the ACICC membrane. Aluminum (Al) drain and source contacts
(200 nm thickness) were deposited by e-beam evaporation. Both layers were patterned using
shadow masks with a channel width of 2.3 mm and length of 230 um (W/L = 10). The bottom gate
electrode consists of a 200 nm thick layer of 1ZO (In203—Zn0O; 89.3:10.7 wt%) that was deposited
by RF sputtering on the opposite side of the membrane.

2.3.3. Fabrication of screen-printed ZnO EGTs and circuits on paper

Screen-printed ZnO EGTs with a planar configuration in a conventional architecture (theoretical:
W =500 um, L =200 ym, W/L =2.5, gap between the gate electrode and the printed semicon-
ductor layer = 300 um) were produced onto office paper, using a custom-made screen-printing
station. The active layers were sequentially deposited on paper, starting with the printing of the
electroconductive ink for the patterning of source, drain and gate electrodes on paper, followed
by the printing of the formulated semiconducting composite inks between the source and drain
carbon electrodes.

A commercial conductive carbon paste (CRSN2644 C INK, Sun Chemical) was used for printing
the electrodes, and a polyester screen was used with the following features: mesh model: 120—
34; mesh count: 305 mesh/inch; aperture: 45 um; thread diameter: 34 ym; opening: 30.5 %; fab-
ric thickness: 52-57 ym. The carbon patterns were cured at 100 °C for 30 min in air, and their
sheet resistance (Rs) was determined by four-point probe technique (Jandel Engineering Ltd.)

and estimated from the average of ten measurements. An optical microscope was used to
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determine the printing resolution of the ink from the average of 10 measurements collected from
the optical microscope images that were processed using ImageJ software.

The formulated semiconducting composite inks (detailed formulation is available in section 2.1.2)
were printed with a different polyester screen (mesh model: 77-55; mesh count: 190 mesh/inch;
aperture: 81 ym; thread diameter:55 um; opening: 30 %; thickness: 88-97 ym), and dried at RT
in less than 10 s.

To conclude the EGTSs’ fabrication, L100 electrolyte (detailed formulation is available in section
2.2.1, corresponding to Li-CICHs prepared from aqueous LiOH/urea solvent system) was lami-
nated onto the devices to connect the transistor’'s channel and gate electrode.

An optical microscope was used to observe the surface topography of the printed devices. Images
were processed using ImagedJ software to estimate transistor’'s real dimensions from the average
of 10 measurements. Cross-section images of the EGTs were obtained by SEM-EDS (energy-
dispersive X-ray spectroscopy).

For circuits demonstration, silver tracks were handwritten using a conductive silver ink rollerball
pen (CircuitScribe) to establish the electrical connections between the fabricated screen-printed
Zn0O EGTs on office paper and the load resistances, either based on pencil-drawn graphitic tracks
or screen-printed optoelectrical resistor (OER) switches.

Regarding the patterning of the load resistances, graphitic line tracks were hand-drawn using a
HB-2 pencil (Black'Peps, Maped). A more complex strategy was adopted to fabricate the OERs.
For the OERSs, planar electrodes were screen-printed with an interdigital architecture composed
of one pair of 4 interdigital fingers with a width of 300 um and length of 7.5 mm, spaced from each
other with a gap of 300 um. The carbon electrodes were dried at 100 °C for 15 min in air. Then,
the formulated C3ZPN10 ink was screen-printed in a square shape (6.6 x 6.6 mm?2) between the
planar carbon electrodes and dried at room temperature in less than 10 s. A piece of office paper
was laminated on top of the electrolyte to avoid the influence of the light source on the electrical

performance of the EGTs.

2.3.4. Fabrication of ACICC-gated screen-printed ZnO transistors and logic

gates

Planar carbon electrodes were screen-printed on the smoothest side of the ACICC membrane
using a conductive carbon paste (CRSN2644 C INK, Sun Chemical), and a screen mold made of
polyester with the following conditions: mesh model, 120-34; mesh count, 305 mesh/inch; aper-
ture, 45 uym; thread diameter, 34 um; opening, 30.5 %; fabric thickness, 52-57 um. The carbon
electrodes were dried at 70 °C for 15 min in air.

The Rs of the screen-printed carbon electrodes on ACICC membrane was determined by four-
point probe technique (Jandel Engineering Ltd.) and estimated from the average of ten measure-

ments.
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Before printing the next layer, the membrane with the printed electrodes was stored for 1 h at
ambient conditions to restore its moisture. The C3ZPN30 ink (detailed formulation of this ink is
available in section 2.1.2) was screen-printed between the source and drain carbon electrodes
(W=1mm, L =200 pum, WI/L =5) with a different polyester screen (mesh model: 77-55; mesh
count: 190 mesh/inch; aperture: 81 um; thread diameter: 55 um; opening: 30 %; thickness: 88—
97 um) and dried at RT in less than 10 s.

An optical microscope was used to observe the surface topography of the devices. Images were
processed using ImagedJ software to estimate transistor’s real dimensions from the average of 10
measurements. SEM images were also acquired.

To fabricate logic gates, the ACICC membrane was glued with double-sided tape to a sheet of
office paper. Graphitic line tracks were hand-drawn with a HB-2 pencil (Black’Peps, Maped) on
the office paper to define the load resistances. After printing the planar carbon electrodes, thick
carbon tracks were drawn with a pencil brush to establish the electrical connections between the
transistors and the load resistance, using the same ink to print the carbon electrodes. The screen-
printed electrodes and hand-drawn tracks were dried simultaneously at 70 °C for 15 min in air.
To conclude the circuits’ fabrication, the ACICC membrane with the patterned carbon layers was
stored for 1 h under ambient conditions, and then C3ZPN30 ink was screen-printed between the

source and drain carbon electrodes, and dried at RT in less than 10 s.

2.3.5. Electrical characterization of EGTs and integrated circuits

The EGTs and circuits were electrically analyzed in the dark in air at RT (24 £ 2 °C, 43 + 4 %RH)
using a microprobe station (Cascade Microtech M150) connected to a semiconductor parameter
analyzer (Agilent 4155C) controlled by the software Metrics ICS. In-situ temperature and bending
measurements were also performed using this apparatus.

The electrical characterization under vacuum was done in a Keithley 4200-SCS semiconductor
parameter analyzer connected to a JANIS ST-500 microprobe station.

For dynamic characterization, a microprobe station (Cascade Microtech MPS150) connected to
a semiconductor parameter analyzer (Keysight B1500A) controlled by the software Keysight
EasyEXPERT was used for biasing the circuit. A waveform generator was connected for input
signal (Keysight 33500B Series) and the output signal was measured with an oscilloscope (ISO-
TECH IDS 8062) with a high impedance probe (10 MQ). The oscilloscope cable and each probe

of the microprobe station have a parasitic capacitance of 15 and 160 pF, respectively.

2.3.6. Electrical characterization of UV-responsive screen printed ZnO cir-

cuits

The fabricated OERs and UV-responsive circuits were electrically analyzed at room temperature

(24 £ 2 °C, 38 + 4 RH%) using a microprobe station (Everbeing) connected to a semiconductor
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parameter analyzer (Agilent 4155C) controlled by the software Keysight EasyEXPERT for biasing
the devices.

The screen-printed OERs were irradiated with a fiber-coupled LED with a well-defined wavelength
controlled by a DC2100 Controller from Thorlabs, with a pulse train generator (Pulse Pal) pro-
grammed to turn on and off the LED. A fiber-coupled LED with a nominal wavelength of 365 nm
(M365F1 Thorlabs, 4.1 mW) was used as light source. The OERs were placed at 2 cm from the
light source and irradiated for 150 s (LED ON), followed by 150 s in the dark (LED OFF), during
five ON/OFF cycles. Simultaneously, chronoamperometry measurements were carried out with
an applied bias of 1.5 V for three light intensities (0.3, 2.0, and 8.7 mW cm-2). The light intensity
for each configuration was measured with a Suss MicroTec UV-Optometer.

For the OER-loaded inverters, consecutive voltage transfer characteristic (VTC) curves were ac-
quired overtime before (as-prepared), during and after exposure to the light source for a period
of 180 s in each state. The circuits were tested for a drain voltage of 1.5 V for three light intensities
(0.3, 2.0, and 8.7 mW cm2). Dynamic electrical characterization of the inverters was performed
by applying a fixed Vin (0 or 3 V) and Vbs (1.5 V), while irradiating the OER for 60 s (LED ON),
followed by 60 s in the dark (LED OFF), during ten ON/OFF cycles.
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Chapter 3. Cellulose composite semiconducting inks

Regarding the development of printable cellulose composite semiconducting inks, a deep re-
search in the literature was performed to identify typical TMOS materials compatible with low-
temperature printing processes that yield transistors with high performances, while ensuring com-
patibility with heat-sensitivity substrates, such as paper. Especial attention was given to those
prepared from nanoparticles-route as this approach enables low-temperature processing, contra-
rily to metal salt precursor approach that do not meet the thermal budget requirements of most
plastic substrates or paper substrate.

From a huge list of printed TMOS transistors, ZnO was identified as a well-explored n-type TMOS
material that can be prepared from various synthetic approaches, including hydrothermal method
assisted by microwave radiation,?54276 thus encouraging its investigation. The starting point of the
laboratory activities consisted of the use of commercially available ZnO NPs, and subsequent
analysis of their structural, compositional, and morphological properties, before moving to the
preparation of ZnO PNPs using hydrothermal synthesis assisted by microwave.

Secondly, binders are an essential component of printable inks to aid in the printing process,
while ensuring adhesion to the paper-based substrate and mechanical integrity of the printed film.
Aqueous, and non-aqueous soluble cellulose derivatives, such as CMC and EC, respectively,
have been reported as suitable binders to host functional materials.57:129.172.277-286 These materials
were tested as potential binders to formulate screen-printable ZnO-based inks.

Prior mixing the cellulose derivatives with the functional ZnO particles, the rheological behavior
of the binders was studied to evaluate their compatibility with screen-printing technique. The crit-
ical point was the adjustment of the cellulose derivatives and ZnO particles, and the optimization
of drying conditions to obtain screen-printed films with semiconducting functionality on naturally
rough, and porous paper-based substrates, such as regular office paper that is commonly used
in our daily-life. No additional coating or calendering treatments were adopted to office paper to
simplify the manufacturing process, while preserving its intrinsic advantageous properties, such
as low-cost and recyclability.

The surface morphology and roughness, substrate/printed film interface, printing resolution, and
thickness of the screen-printed films on office paper was exhaustively investigated. The influence
of the drying conditions, and morphology of ZnO particles was also assessed, as the size, shape,
and loading coating of the functional material affect the percolation network, and thus their func-

tionality/performance.

3.1. Characterization of ZnO nanostructures

In this work, ZnO powders from two different sources, including commercial ZnO NPs and ZnO
PNPs, were tested as semiconducting functional material. The latter were synthesized through a
facile and fast hydrothermal method assisted by microwave radiation, followed by a washing step
to remove remnants of reagents from the synthesis, and a calcination step in a furnace at 700 °C

to thermally convert the hydrozincite precursor into ZnO. Microwave hydrothermal/solvothermal
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synthesis presents several advantages over conventional heating due to the absorption of micro-
wave radiation by the materials, which results in high reaction rates and in a homogeneous and
fast volumetric heating.287.288

As shown in Figure 3.1a, commercial ZnO NPs exhibit distinct morphologies and sizes that can
reach 200 nm. Regarding the obtained ZnO PNPs powder, sharp porous nanoplates with serrated
edges are visible in Figure 3.1b, although these particles tend to be tightly packed into 3D hier-
archical structures in the form of flower-like microstructures. The nanoplates are thin (<100 nm
thickness), elongated (maximum length: <3.5 pym) and exhibit a highly porous surface with a large
pore size in the range of hundreds of nanometers that are formed during calcination at 700 °C.
In Figure 3.1c, the diffraction peaks for both ZnO powders can be attributed to hexagonal wurtzite
ZnO structure (International Centre for Diffraction Data (ICDD) Powder Diffraction File (PDF): 00-
036-1451).251.252276 The three highly narrow and intense peaks observed within the range 30—40°
imply that the ZnO powders are well-crystallized. There are not additional peaks related to the
presence of impurities in the ZnO PNPs, which suggests their high purity.28 On the other hand,
the bands between 1500-1300 cm" and 1100700 cm-'in the FTIR spectra confirm the presence

of carbonate groups, which implies the incomplete pyrolysis of the hydrozincite precursor (Figure

3_1d).251,289,290
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Figure 3.1. Characterization of ZnO nanostructures. SEM images for different magnifications of a)
commercial ZnO NPs, and b) synthesized ZnO PNPs. ¢) XRD diffractograms. d) FTIR spectra (inset:
magnification of the absorption band at 600-530 cm™).

FTIR spectra also shows a broad and intense band for low wavenumbers (<600 cm') attributed
to the Zn—O stretching vibrational mode.2”® The broad absorption peak at 3700-3000 cm-! and

small band at 1633 cm! correspond to stretching and bending modes of hydroxyl groups of
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absorbed water at the surface of the particles, respectively, which is related to atmospheric mois-
ture.2®' All the referred bands are very pronounced in commercial ZnO NPs in opposition to ZnO

PNPs, which clearly indicates a higher degree of contamination by the remaining precursor.

3.2. Characterization of office paper substrate

Figure 3.2a-b depicts SEM images of the office paper's morphology. Individual, heavily entangled
cellulose fibers can be clearly distinguished, which are held together by hydrogen bonding be-
tween the hydroxyl groups, aiding the mechanical robustness of office paper. The hydrogen bond-
ing and mechanical entanglement of the fibers yield a layered and relatively compact porous
network, as shown in the cross-section image in Figure 3.2b. The long and wide cellulose fibers
exhibit varied sizes, surpassing the microscale in length, while their width is in the range of 10—
25 ym. Also, some hygroscopic fillers are visible among the fibrous network of paper, correspond-
ing to calcium carbonate (CaCOs), as confirmed by XRD (inset in Figure 3.2a). Besides, XRD
diffractogram also reveals the characteristic peaks for (110), (110) and (002) crystallographic
planes at 26 = 15, 16.5, and 23.2°, respectively, correspond to cellulose I. According to the em-
piric method proposed by Segal et al.2%2, the crystallinity index (Crl) of office paper was calculated
using Equation S1, and it was estimated to be around 78 %.

As observed in Figure 3.2c, the surface defects existent in the office paper are responsible for its

high roughness (root mean square (RMS) roughness: =2.21 ym).

-10.00

Figure 3.2. Morphological and structural characteristics of office paper substrate. a) SEM images of the
surface of office paper for different magnifications (inset: XRD diffractrogram of office paper). b) Cross-
section image of office paper. ¢) 3D profilometry of office paper (area: 0.5 x 0.5 mm?).
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3.3. Formulation and screen-printing of cellulose composite

inks

3.3.1. Formulation of cellulose composite inks

Before mixing the organic binder with the inorganic nanostructures, a first attempt to optimize the
cellulose derivative content was performed towards better printability on office paper substrate.
Several aqueous solutions of CMC with different contents (1-3 wt.%) were prepared. For contents
lower than 3 wt.% the binder solution drains through the mesh openings without applying a shear
stress, therefore no further studies were carried for such concentrations.?”® On the other hand,
the supplier already reports a viscosity of 0.3 Pa s for 5 wt% of EC in a mixture of organic solvents
(80/20 v/v.% of toluene/ethanol), which value is within the typical range of values reported for
screen-printable inks.!".155 Superior amounts of EC were not tested due to the high volatility of the
organic solvents used to dissolve EC. Therefore, the chosen contents for CMC and EC were 3
and 5 wt.%, respectively.

The rheological behavior of the selected binders was first investigated (Figure 3.3a). It is clear
from the results that both binder solutions displayed a shear thinning thixotropic behavior. The
corresponding viscosities at a fixed shear rate of 1 s*! for the CMC and EC solutions are 3.9 and
21 Pa s, respectively. The rheological behavior and high viscosity (>1 Pa s) presented by both
binders is appropriate for screen-printing.'*1%5

The balance between the proportion of functional material and binder/solvent to yield good print-
ability on paper and achieve the intended functionality was further studied by changing the content
of commercial ZnO NPs from 10 to 40 wt.%. Higher loading contents were not tested as the re-
sulting inks are too viscous and pasty to be printed, drying almost instantly in the mesh. As verified
in Figure 3.3b, the incorporation of functional ZnO particles increases the viscosity of the inks.
Using as example the formulated water-based highly loaded C3Z40 ink, which is composed of a
40 wt.% of commercial ZnO NPs, the viscosity is around 1.2 and 1.1 Pa s at 25 and 30 °C, re-
spectively, for a shear rate of 300 s-'. This feature is required to prevent the excessive spreading

of the ink on the paper surface, allowing the formation of a continuous film.
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Figure 3.3. Inks’ characteristics. a) Rheological behavior of CMC and EC binder solutions. b) Viscosity as
function of the temperature for C3Z40 ink (Inset: photo of the cellulose composite semiconducting ink).
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3.3.2. Printing trials on office paper

3.3.2.1. Influence of cellulose derivatives and ZnO content

Figure 3.4 depicts SEM images of the office paper’s surface after performing printing trials with
the developed inks using a polyester screen mesh with an aperture width of 81 ym at ambient
conditions (40-45 %RH), which clearly demonstrates how the binder as well as the amount of
functional material affect the printability on paper and the formation of percolative paths. The
samples were dried at RT for 1 h before analysis.

Regarding the inks with CMC in their composition, these inks do not enable a uniform coverage
of the highly fibrous surface of office paper for ZnO contents lower than 40 wt.%, as individual
cellulose fibers as well as occasional uncovered areas can still be distinguished. The presence
of some poorly coated fibers with ZnO particles disrupts percolation paths that are crucial for the
intended functionality of the printed films as channel layer in transistors. Furthermore, the contri-
bution from CMC binder should also not be disregarded as its presence around the particles also
impairs part of their functionality, and it is more pronounced in the films composed of low amounts
of particles. As a result, these poorly percolated films do not display a satisfactory performance
when working as semiconducting layer in EGTs, as the number of percolative paths are not
enough to promote electrical modulation of the transistors.

A balance between the amount of CMC and ZnO must be found to ensure the printing of a densely
packed and reasonably uniform film along the irregular and rough surface of paper, while provid-
ing a continuous path between small-sized nanoparticles. From all the formulated inks, the ink
that endows such features is the one composed of 40 wt.% of ZnO nanoparticles. Some agglom-
erates are still visible along the surface of the printed films, which could be avoided with heavy
functionalization of the particle surfaces, although the semi-insulating nature of the stabilizers

would later compromise RT functionality.

C3Z10 EC5Z240

\

Figure 3.4. SEM images of the screen-printed cellulose/ZnO composite films on office paper.
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Concerning the influence of the binder, a comparison between C3Z40 ink and EC5Z40 ink was
performed for the optimized content of ZnO particles, set as 40 wt.%. When EC is used as binder,
the high volatility of the solvents promotes the formation micro-cracks during drying because of
the reduced network strength between the inorganic particles. Although a slight increase on the
EC content could promote a better coating of office paper, a thicker organic layer involving the
functional particles would compromise the functionality of semiconductor or introduce excessive
leakage in the devices. In alternative, the replacement of toluene and ethanol by solvents with
slower evaporation rate, such as diacetone alcohol, could promote a better film formation.

Higher magnifications of the screen-printed films prepared from C3Z40 ink and EC5Z40 inks show
a compact close-packing of particles and some agglomerates (Figure 3.5a,b). Particle bridging
occurs through the development of hydrogen bonding between hydroxyl groups existent within
the cellulosic materials and surface oxygen of ZnO particles.283.293 Despite the presence of the
insulating cellulosic matrix wrapping the semiconducting material that hinders the electronic
transport, the high content of ZnO in both inks provides a continuous path through small contact
points between adjacent individual particles for electron percolation. Some voids are formed be-
tween the particles, when non-ideally packed, that are more evident and larger in printed films
composed of EC, due to the fast evaporation of the organic solvents. As verified by AFM meas-
urements, the presence of such defects contributes for unwanted surface roughness, which was
measured to be of 106 and 166 nm for C3Z40 ink and EC5Z40 ink, respectively (Figure 3.5¢,d).
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Figure 3.5. Surface defects of the screen-printed ZnO films on office paper. SEM images for higher
magnifications of screen-printed film on office paper using a) C3Z40 ink, and b) EC5Z40 ink. AFM images
of the screen-printed films on office paper using ¢) C3Z40 ink and d) EC5Z40 ink.
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The interface between the printed layer and the paper surface was evaluated through the analysis
of cross-sectional SEM images (Figure 3.6). Despite all the challenges related to paper surface
roughness and absorption, a continuous composite thick film with good adhesion to the hydrogen-
bonded cellulose fiber network is formed with a single printing pass. There are no signs of cracks
nor peeling alongside their thickness. The cracks observed in the EC5Z40 film are formed at the
surface, thus maintaining its mechanical integrity. The high viscosity of the inks prevents exces-
sive swelling of the paper structure, allowing the formation of continuous thick films on paper’s
surface with a thickness of 18.8 + 0.33um and 17.4 £ 0.16 uym for C3Z40 ink and EC5Z40 ink,
respectively. The small error observed when measuring the thickness of the printed layer indi-
cates that screen-printing technique is suitable to form a uniform and relatively smooth intercon-

nected particle monolayer, even on highly textured substrates, like paper.
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Figure 3.6. Quality of the interface between the screen-printed films and office paper. Cross-section SEM
images of the screen-printed films on office paper using a) C3Z40 ink, and b) EC5Z40 ink.

Figure 3.7a,c show the optical microscope images of screen-printed lines on office paper with
various line widths (=150-350 um), which were obtained from a polyester screen with the same
line openings. Despite the high viscosity of the inks and the slight hydrophobic behavior of paper’s
surface (contact angle around 101 and 106 °),42278 the swelling of the paper can take place due
to the solvent absorption during the printing process and due to slight changes in the RH. This
hygroexpansion effect can promote the lateral spreading of the inks, which varies from 2.5 to
19 % and 1.3 to 15 % for EC5Z40 ink and C3Z40 ink, respectively. The lower spreading observed
for the water-based ink is possibly promoted by the hydrophobic behavior of paper, although this
effect decreases overtime owing to the absorptive porous surface of paper and slow evaporation
of water in comparison with the ethanol/toluene solvent mixture used on the EC5Z40 ink.278 Fur-
thermore, these variations are more significative for smaller line widths, where the micrometric
size (>10 ym wide) of the entangled cellulose fibers has a more notorious influence. The printed
lines exhibit wave-like edges and blank areas are also visible, which can be attributed to fast
printing and non-uniform pressure. 39

The maximum printing resolution achieved for each ink was obtained for a line width of 150 um,
enabling the printing of well-defined lines on office paper with a minimum width of and
167 £6.91 um and 162 + 2.68 ym for EC5Z40 ink and C3Z40 ink, respectively (Figure 3.7b,d).

The obtained values are within the typical printing resolution of screen-printing method, which

50



Chapter 3. Cellulose composite semiconducting inks

ranges from 50 to 150 ym when using conventional screen-printing meshes with line openings of
40 to 120 ym.'72 Despite the sub-micrometric size of the ZnO particles, they tend to form agglom-
erates with larger size that are prevented from passing through the screen woven mesh to the
substrate, creating defects in the printed film. Furthermore, the quality of the screen mask based

on woven mesh has inherent limitations, which hinders high-resolution screen-printed patterns.
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Figure 3.7. Printing resolution of the screen-printed films on office paper. Optical microscope image of
screen-printed lines on office paper with different spacings (150 — 350 um) for a) C3Z40 ink and ¢) EC5Z40
ink. Measured line width (widthprinted) @s a function of theoretical line width (widthscreen) for b) C3240 ink and
d) EC5Z40 ink, and respective lateral spreading (widthprinted/Widthscreen). The values show the average and
respective standard error of the mean obtained from ten measurements for each line.

3.3.2.2. Influence of drying conditions

The possibility to print a functional inorganic semiconductor under ambient conditions without the
need of thermal annealing is highly appealing in terms of compatibility with paper, thus ensuring
at the same time low energy consumption and less time expended in the manufacturing process.
Still, the time and temperature required to ensure the evaporation of solvents from the printed film
must also be considered.

TGA measurements were performed in air to study the thermal behavior of the inks and office
paper substrate (Figure 3.8a). Heating promotes an initial weight loss at temperatures lower than
100 °C on office paper, which is related to water desorption from hygroscopic fillers and hydro-
philic functional groups of cellulose fibers. The small weight loss is inferior to 5 %, thus the printed
layers are not expected to be significantly deformed during heating within this range of tempera-
tures. A sharp weight loss occurs between 240-325 °C related to the thermal degradation of cel-

lulose.
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Regarding the thermal behavior of the inks, the solvents in their composition have a major influ-
ence. For EC5Z40 ink, the evaporation of organic solvents occurs almost instantly due to their
high volatility, as verified by the significant weight loss (=46 %) shortly after starting the measure-
ment. On the other hand, it is possible to get a better control on the evaporation of solvents from
C3Z40 ink with heating. In this case, a considerable weight loss occurs at a slower rate as tem-
perature rises until 100 °C, corresponding to the boiling point of water. The thermal degradation
of the cellulose derivatives of the inks occurs for temperatures above 250 °C.57.278

Considering the slower evaporation rate of C3Z40 ink, a detailed study was carried out by FTIR
to understand the effects of drying time and temperature on the water evaporation rate of the
screen-printed films (Figure 3.8b-e). The drying temperature was limited to 120 °C to ensure
water evaporation, while preserving the integrity of the binder and substrate. For this purpose,
C3740 ink was screen-printed on glass, since FTIR spectra of paper is deeply influenced by the
adsorbed water.4! FTIR spectrum of CMC powder is also represented for comparison. The spec-
tra were baseline corrected to 0 at 1845 cm' and 3739 cm' and normalized to 1 at 2900 cm,
which forms a common baseline for the study of water content inside the printed films.2%4
Looking at the FTIR spectra in Figure 3.8b, the slight changes observed in the intensity and shift
of FTIR bands in the nanocomposite are related to the formation of interactions between ZnO
nanopowder and functional groups of CMC matrix through hydrogen bonding.29-297 This is also
confirmed by the presence of a wide peak for low wavenumbers (<570 cm-) related to the pres-
ence of a metal oxide bond (Zn-0O stretching vibrational mode), as observed in Figure 3.8¢.276
Several characteristic absorption bands for CMC are visible in the printed composite films.296-299
The absorption bands at 2920, 1593, 1413 and 1056 cm-! correspond to asymmetric C—H stretch-
ing from —CH2 group, asymmetrical vibration stretching of COO—, symmetrical vibrational stretch-
ing of COO-, and stretching vibration of C—O group, respectively. The peak around 1320 cm-"’
can be assigned to C—O-C stretching vibration. A new absorption peak around 1500 cm™' ap-
peared in the CMC/ZnO composite that can be attributed to H-O—H bending vibration mode of
ZnO due to the adsorption of moisture.3® The broad absorption band at 3700-3000 cm-' in-
creases significantly and shift to higher wavenumber with the addition of ZnO NPs (Figure
3.8d).2%5 This band is assigned for —OH stretching vibration, which can be associated to the water
content within the printed patterns, giving a valuable information about the evaporation rate.

The high loading content of ZnO NPs leads to faster drying of the printed film, even at RT. Alt-
hough there is a small decrease in the absorption bands in the range 3700-3000 cm-* for longer
drying times at RT, there were no significant variations after 19 h of storage under RT. This sug-
gests that the printed film establishes an equilibrium with the ambient moisture. These variations
are almost imperceptible at 120 °C, which indicates that the sample dried instantly when heated
(Figure 3.8e).

The drying conditions were selected to obtain an economically efficient and simplified manufac-
turing process. Thus, the inks were printed and dried at ambient conditions for a period of less

than 10 min for subsequent integration in EGTs and integrated circuits (chapter 6).
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Figure 3.8. Influence of the drying conditions. a) TGA curves of C3Z40 ink, EC5Z40 ink, and office paper,
and respective derivatives. Normalized FTIR spectra of C3Z40 ink screen-printed on glass and dried at b)
RT, and e) 120 °C for different times. Magnifications of the normalized absorption bands at ¢) 600-525 cm~
1, and d) 3700-3000 cm™" for C3Z40 ink screen-printed on glass and dried at RT for different times. Magni-
fications of the normalized absorption bands at €) 3700-3000 cm™' for C3Z40 ink screen-printed on glass
and dried at 120 °C for different times.

3.3.2.3. Influence of ZnO nanostructures

In this work, synthesized ZnO PNPs were used in alternative to the small commercial ZnO NPs
to form percolation network at lower contents. Interestingly, ZnO nanostructures with a porous
morphology is advantageous for sensing applications, as a high number of pores result in high
specific surface areas for the adsorption of molecules, thus enhancing their sensing responsivity.
Although there are several reports that demonstrate the superior performance of ZnO PNPs in
gas sensors, dye-sensitized solar cells, photodegradation, and biosensing, their performance in
transistors and circuits has never been tested.30!

To formulate inks with ZnO PNPs, CMC was selected as binder since it allows the printing of
smoother and less defective films on office paper in comparison with EC, as previously observed.
Different water-based CMC/ZnO PNPs inks were prepared by varying the amount of ZnO PNPs
(10-40 wt.%), and then screen-printed on office paper in the same conditions, as previously de-
scribed, and dried at RT for 10 min before analysis.

A closer examination of the SEM images in Figure 3.9 reveals a reasonably dense and compact
network structure of stacked ZnO PNPs, randomly oriented with dispersed sizes and shapes. The
mechanical stress induced during preparation of the inks under stirring promotes the disassem-

bling of the 2D nanostructures, thus destroying their arrangement in the form of flowers. On the
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other hand, the shear stress induced during the printing process can severely damage the parti-

cles, breaking some of the dispersed ZnO PNPs.

C3ZPN10 C3ZPN20 C3ZPN30 C3ZPN40

7100 pm . /100 ym o A00pm ) o 100 m

Figure 3.9. SEM images of screen-printed CMC/ZnO PNPs films on office paper.

For the smallest amount of ZnO PNPs, it is still possible to observe the fibrous surface of paper
as well as the binder surrounding the particles, which compromises their efficient percolation.
Larger amounts of ZnO PNPs yield better coating of office paper and a more direct percolation
path between the elongated structures, enhancing their conductivity thanks to the anisotropic
diffusion of electrons. On the other hand, extreme amounts of ZnO PNPs (=40 wt.%) make the
ink too viscous and pasty to be printed. Consequently, the texture of the woven mesh is trans-
ferred to the film during printing, yielding a wave-like rough surface from the crossed threads of
the mesh.

In comparison with commercial ZnO NPs, the elongated size of the ZnO PNPs can form a perco-
lation network at considerably lower particle loading, decreasing 50 % of the amount of functional
material in the ink. Nevertheless, despite the better percolation achieved for printed films com-
posed of ZnO PNPs, their morphology creates micro-sized voids that contribute to large surface
roughness. Bundles and aggregates responsible for the slightly rough and irregular surface are
also visible.

Regarding the printing resolution of the developed CMC/ZnO PNPs inks, printed lines with a min-
imum width of 147 £3.92, 152 + 2.65, and 132 £ 6.24 ym can be obtained for C3ZPN10,
C3ZPN20, and C3ZPN30 inks, respectively. Some variations in the width of the lines can be
observed for the same ink, which can be related to defects or poor resolution of the screen mesh
(Figure 3.10). Larger amounts ZnO PNPs lead to narrower lines, as the particles tend to be close
to each other.
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Figure 3.10. Printing resolution of screen-printed CMC/ZnO PNPs films on office paper. a) Optical micro-
scope image of screen-printed lines on office paper with different spacings (150 and 200 ym) for C3ZPN10
ink, C3ZPN20, and C3ZPN30 inks. Measured widthprinted @s a function of the loading content of ZnO PNPs
in the ink composition for a spacing of b) 150 and ¢) 200 um, and respective lateral spreading (width-
printed/Widthscreen). The values show the average and respective standard error of the mean obtained from ten
measurements for each line.
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Chapter 4. Cellulose-based iontronic membranes

This chapter is devoted to the results that cover the development of cellulose composites with
electrolytic properties targeting their application as electrolyte-gate layer in transistors and circuits
with low-voltage operation.

Regenerated cellulose-based electrolytes were strategically designed taking into consideration
the arise of a new worldview of modern society that demands the adoption of sustainable con-
cepts by making greater use of abundant, renewable and environment friendly raw materials.
Despite the challenges involved in the reengineering of cellulose through chemical processing,
many strategies have been reported over the last years to successfully dissolve this biopolymer
and prepare new regenerated cellulose materials. Among a broad range of solvent systems ca-
pable of dissolving cellulose, it is known that cellulose is soluble in aqueous alkali hydroxide sys-
tems combined with other additives such as PEG, urea, and/or thiourea, when precooled to tem-
peratures below -5 °C.8385-98 |n comparison with other methods that generally require time- and
energy-consuming procedures as well as toxic and expensive chemicals, this low-temperature
strategy is considered an economically efficient dissolution method of native cellulose. This route
fits the compromise of environmental awareness as it is fast, non-polluting, easy to handle and
uses common chemicals that do not produce any hazardous byproducts.®”

Having this in mind, regenerated cellulose-based hydrogels were produced from dissolution of
MCC in pre-cooled aqueous alkali hydroxide/urea solvent systems. The hydrogels were prepared
by varying the alkali hydroxide, such as LiOH/urea and/or NaOH/urea,® to result in Li* and/or
Na*, respectively, insertion within the cellulose matrix after regeneration. The influence of the
addition of a water-soluble cellulose derivative as a mechanical strengthener was also studied.
An additional strategy was implemented to further improve their robustness towards their appli-
cation as an ionic conductive substrate. For this purpose, a “paper-like” ACICC was prepared by
combining the intrinsic mechanical robustness and smoothness of MFC/NFC (nanopaper) with
the appealing electrochemical properties of the prepared CICHs.

The developed cellulose-based electrolytes will be under focus in the following sections, where a
deep understanding of the impact of their formulation on the compositional, morphological, struc-
tural, thermal, and optical properties will be addressed. More importantly, the study of their elec-
trochemical properties assumes great interest to validate their suitable use as electrolyte-gate in

transistors.
4.1. Development of self-healable cellulose iontronic hydrogels
4.1.1. Formulation using aqueous alkali hydroxide/urea dissolution system

4.1.1.1. Aqueous LiOH/urea solvent system

CICHs were produced from a simple, fast, low-cost, and environmentally friendly dissolution
method of MCC at low temperature, which involves an aqueous alkali hydroxide/urea solvent

system. The first attempts to develop the CICHs started with the use of LIOH as the alkali
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hydroxide component of the solvent system for the dissolution of MCC, due to its superior disso-
lution efficiency compared to NaOH.8+87

The transparency of the solutions can be related with the efficiency of the dissolution process of
cellulose. As shown in Figure 4.1a, a fully transparent slightly viscous solution is obtained due to
the good solubility of cellulose in the precooled aqueous solution LiOH/urea, using a freezing-
thawing process that promotes the fast dissolution of cellulose in a few minutes (=5 min) under
vigorous stirring at low temperatures (below -8 °C).

The dissolution of cellulose in the presence of an alkaline salt, urea, and water provides ions
which serve as charge carriers that contribute to ionic conductivity under the influence of an elec-
tric field. Thus, Li* is already trapped in the cellulose solution but the presence of OH- turn the
solution highly alkaline (pH = 14), impeding its direct application onto devices without damaging
the deposited layers.

A three-in-one step was conducted on the cellulose solution in alkali/urea aqueous system, which
consists of its neutralization, simultaneous cellulose regeneration, and additional incorporation of
protons with acetic acid. The acetic acid was slowly added “drop-by-drop” to the cooled cellulose
solution, under stirring, to avoid the overheating of the solution.

Figure 4.1b shows the resulting whitish liquid solution having a solid phase well dispersed in the
aqueous-based solution that is associated to the regenerated cellulose. Unlike the conventional
method of immersion of the dissolved cellulose solution in a regeneration bath, the regeneration
of cellulose under stirring conditions leads to the formation of a regenerated cellulose pulp instead
of a robust “sheet-like” hydrogel. Furthermore, it is also worth noting that after obtaining regener-
ated cellulose materials from this dissolution method, a washing step with excess in deionized
water is commonly performed to remove the residual chemical reagents, thus removing the mo-
bile ions yielded from the dissociated salts in water. In this work, the washing step in water was
skipped to trap the mobile ions within cellulose network that will deeply contribute to the ionic
conductivity of the resulting electrolyte.

The regenerated cellulose pulp was shear-casted on glass and dried at RT, yielding a sticky hy-
drogel membrane (Figure 4.1c). The produced hydrogel membrane (referred to as MCO) can be
delaminated from the glass and due to its gel-state, further it is possible to cut the hydrogel into
stripes and manipulate its shape. However, the smooth and sticky membrane is slightly cracked,
thus it is necessary to improve its mechanical properties to obtain a flexible yet robust free-stand-
ing hydrogel membrane that can be easily applied on bendable substrates, such as paper.

The development of composite hydrogels with reinforcing fillers or hybridizing of different poly-
mers can improve the mechanical properties of the original hydrogel without sacrificing the ionic
conductivity.'2 For this purpose, sodium-salt CMC was chosen due to its polymeric structure and
high molecular weight that enables a wide range of possible chemical reactions offered by the
presence of reactive carboxyl groups.392303 |t is as water-soluble anionic polyelectrolyte usually
used as a thickener and rheology modifier.302.303
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Different amounts of CMC were added to the MCC solution, where the resulting solution is trans-
parent and slightly yellowish (see Figure 4.1b) and its viscosity increases with the amount of
CMC added. The Li-CICHs obtained from MCC:CMC mixtures with a weight ratio of 2:1 and 1:1
were coded as M2C1 and M1CA1, respectively. The addition of CMC improves the mechanical
properties of the resulting Li-CICHs, where the regenerated cellulose pulp is dispersed into a
CMC matrix, decreasing the formation of fractures. Only for the highest CMC amount (M1C1
membrane), a flexible, robust and sticky regenerated cellulose-based membrane with high con-
formability is obtained, as it can be easily molded and folded (Figure 4.1c,d). The membrane can
be cut in the desired size and shape, peeled-off from glass and transferred using tweezers to a
device, like a sticker, decreasing considerably the time and degree of manufacturing. Thus, the
formulation of M1C1 hydrogel will be the prime focus on the following sections.

Considering possible concerns over rising lithium costs in the future, sodium salts emerge as a
more environmentally friendly and less expensive alternative. Thus, CICHs were also prepared

by replacing or combining LiOH with NaOH for cellulose dissolution.

Formulation Regenerated cellulose-based hydrggeﬁls

Figure 4.1. Photography of different stage steps of the developed Li-CICHs with different proportions of
MCC:CMC. Photograph of the MCC:CMC solutions with different weight ratios of CMC (0, 2, and 4 wt.%) a)
before and b) after regeneration. ¢) Resulting flexible, freestanding Li-CICHs, referred to as MCO (0 wt.% of
CMC), M2C1 (2 wt.% of CMC), and M1C1 (4 wt.% of CMC). d) Demonstration of the high conformability and
adhesion of the M1C1 hydrogel.

4.1.1.2. Aqueous mixed alkali salts/urea solvent system

As illustrated in Figure 4.2, the optimized formulation of CICHs consists of the dissolution of
mixtures of MCC and CMC in pre-cooled aqueous alkali hydroxide solvent systems, such as
LiOH/urea and/or NaOH/urea, followed by regeneration with acetic acid under stirring. In order to
get a reliable comparison on the influence both alkali hydroxides in the properties of the CICHs,
the concentration of NaOH used for dissolution of cellulose was the same as the typically reported

for LiIOH (4.6 wt.%) in urea (15 wt.%)/water solvent system.8488% Several mixtures of LiOH and
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NaOH were also prepared (LiOH:NaOH = weight ratio of 3:1, 1:1, 1:3, 1:19), maintaining the
weight ratio of alkali hydroxide in urea/water solvent system constant. The hydrogels obtained
from LiOH:NaOH mixture were named as L3N1, L1N1, L1N3 and L1N19, respectively. The hy-
drogels obtained from this method were compared with those prepared using just LiOH (also
referred to as L100) or NaOH (referred to as N100) in the cellulose dissolution.

The dissolution of MCC has shown to be less effective in the aqueous NaOH/urea solvent system
in comparison with the use of LiOH, since the smaller ionic radius of Li* and its high charge density
promotes an easier diffusion into the cellulose chain. One freezing-thawing cycle was performed
to optimize cellulose dissolution since the concentration of NaOH used is lower than the ideal for
an efficient dissolution, which according to literature is between 6-10 wt.% at temperatures be-
tween -15 and 4 °C.83 Still, the resulting viscous MCC:CMC solutions after regeneration with ace-
tic acid were shear-casted on glass and dried at RT, yielding flexible, robust and sticky regener-
ated cellulose-based membranes with high conformability, as they can be easily molded and

folded (Figure 4.3a).
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Figure 4.2. Photography of the different stage steps of the developed cellulose-based solutions with different
proportions of LIOH and NaOH. The procedure starts with the dissolution of MCC powder in the aqueous
alkali hydroxide/urea solvent system, followed by the addition of CMC and regeneration/ neutralization of
the cellulosic solution with acetic acid. A freeze-thawing process is performed between each step in order
to improve MCC dissolution.

4.1.2. Optical, structural, compositional, and morphological properties

As depicted in Figure 4.3b, the CICHs exhibit reasonable transparency, presenting a total trans-
mittance of 88, 87 and 86 % at 700 nm for L100, L1N3, and N100 electrolytes, respectively, mak-

ing them suitable for applications where transparency is a desirable feature.
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Figure 4.3c displays the XRD patterns of both L100 and N100 membrane, where are visible two
peaks at 20 and 22° for (110) and (200) planes, respectively, which are characteristic for cellulose
Il crystal, thus confirming the regeneration of cellulose with acetic acid.?7:304

Figure 4.3d shows the thermal degradation of the different CICHs, which starts with the desorp-
tion of moisture adsorbed in the cellulose-based matrix at temperatures below 100 °C, followed
by a steep weight loss up to nearly 240 °C related to the thermal degradation of the composite
material. The pronounced weight loss observed at low temperature corresponds to 11 and 14 %
at 100 °C for the L100 and L1N3 membranes, respectively, which corroborates their hydrogel
character due to their ability to retain a high amount of weakly bonded water that is adsorbed in
the cellulose network.

FTIR spectra of CICHs are displayed in Figure 4.3e, and the spectrum of MCC powder is used
as reference The spectra were baseline corrected to 0 at 1845 and 3739 cm-!, and normalized to
1 at 2900 cm™!, which forms a common baseline for the study of water content inside the mem-

branes.2%
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Figure 4.3. Optical, structural, thermal, and mechanical properties of CICHs. a) Photography of the
developed highly conformable and sticky Na-CICH, which was cut with the same shape of a leaf. Main
properties of CICH membranes: b) Total optical transmittance, ¢) XRD diffractograms, d) TGA curves and
respective derivatives (dotted lines), e) FTIR spectra (MCC powder used as reference).
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A series of characteristic absorption bands for cellulose are visible in MCC powder at 3600—
3000 cm-', 2893 cm-*, and 1641 cm-", which are assigned for stretching vibration of H-bonded O—
H groups, C—H stretching, and O—H bending of adsorbed water, respectively.304-306 Typical bands
assigned to cellulose at 1159 cm' and 894 cm™" are due to C—-O-C stretching vibrations of the
B(1—4)-glycosidic links in cellulose.304307 The absorbance at nearly 1051 and 1028 cm* is at-
tributed to C—O—-C pyranose ring skeletal vibrations, while the band at 661 cm' corresponds to
O-H bending out of plane.30”

On the other hand, the CICHSs’ spectra are very distinct from the MCC powder due to the regen-
eration of cellulose and contribution of urea hydrates. An overlapping of bands occurs in the range
of 3600—-3000 cm-" related to N-H stretching vibration of urea molecules (asymmetric stretching
at 3449 cm-' and symmetric stretching at 3342 cm-') and O-H stretching vibration of water mole-
cules.308309 The shoulder band at 3448 cm™' is a characteristic band of cellulose Il, assigned to
O—H groups forming intramolecular hydrogen bonds.3%4 Additional overlapped bands in the region
between 1750 cm " and 1520 cm-" are visible, corresponding to O—H bending vibration of water
molecules as well as Amide | and Amide Il of urea molecules. The band at 1456 cm-' is attributed
to the C—N asymmetric stretching and N—H deformation of Amide lll, while the overlapping band
at 1157 cm" assigns for rocking vibration of NH>.308,309

The evolution of water retention can be compared by looking closer to the broad band at 3600—
3000 cm-' and 1635 cm™'.4! These bands are more pronounced in the L100, followed by L1N3,
and N100 membranes, as smaller lithium ion tend to capture more water molecules than heavier
alkali metal ions that are weakly hydrated, thus promoting a better water retention within the re-
generated cellulose composite matrix.31.310

SEM images in Figure 4.4 show that the L100 hydrogel is slightly rough with a wavy-like texture,
and a dense and highly packed morphology, which indicates its high toughness and dense phys-
ical cross-linking. The cross-sectional images confirm a heavily wrinkled and lamellar morphol-
ogy, which may arise from the incorporation of metal ions.3' The incorporation of NaOH into the
dissolution solvent system increases considerably the roughness of the hydrogel due to a poorer
dissolution of cellulose, which can also explain its slightly lower transparency.

The CICHSs exhibit a smoother surface on the side that is in direct contact with the flat surface of
the glass and exhibits better adhesion. The smoothest surface of the CICHSs is the one in contact
with the semiconductor layer when used in EGTs to minimize the creation of interfacial defects

between the functional layers.
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Surface exposed to air Surface glued to the glass Cross-section

Figure 4.4. SEM micrographs of the different CICHs for different magnifications.

One side back of the use of NaOH in the formulation of CICHs is their poorer air-stability overtime.
As shown in Figure 4.5a,c, right after cutting the hydrogels composed of higher contents of
NaOH, “tree-like” structures start forming in a relatively short time (less than 28 h) on the top
surface (exposed to air during drying) of the membranes. Once the dendrites formation has
started, the growth is spontaneous and continuous, leading to a gradual loss of transparency
while the membranes become more brittle. Therefore, there is a clear reduction of their conform-
ability and adhesion to the substrate. XRD diffractogram in Figure 4.5b confirms the origin of the

dendrites, where new peaks are introduced corresponding to urea (ICDD PDF: 00-028-2015).
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b)

Intensity (a.u.)

Surface glued to Cross-section
the glass images

Figure 4.5. Air-stability of the CICHs. a) Photography of a slice of N100 hydrogel after one day of storage
at ambient conditions. b) XRD diffractogram of N100 hydrogel after formation of urea dendrites. ¢) SEM
images of LIN19 and N100 membranes obtained 28 hours after being cut and stick on the electrodes.

Aiming the application of CICHs as high capacitance dielectric in iontronic devices, such as EGTs
and integrated circuits, the study of their electrochemical properties gains great importance, being
the focus of the next section.

4.1.3. Electrochemical properties

Figure 4.6 displays a schematic of the electrochemical cell's assembly for electrochemical meas-
urements, where the electrolyte is cut into the same shape of the stainless-steel discs (active
area of 1 cm?), delaminated, and transferred with a tweezer onto one electrode disc, and then
sandwiched, obtaining a typical capacitor structure. Here, the role of the CMC and alkali hydroxide
used in the CICHs’ formulation was highlighted and their consequent impact in the resulting elec-
trochemical properties was discussed.
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Figure 4.6. Schematic representation of the electrochemical cell assembly in a typical capacitor structure
(metal/CICH/metal) to perform the electrochemical characterization of the developed CICHs.

4.1.3.1. Influence of the addition of CMC

As shown in Figure 4.7b, the specific capacitance (C) and phase angle (6) were measured as a
function of frequency (f) in the range of 0.1-10% Hz for the Li-CICHs with different concentrations
of CMC, and the respective Nyquist plots are displayed in Figure 4.7c.

An equivalent circuit model (ECM) is necessary to analyze the EIS results. Hence, the ECM sug-
gested by Dasgupta et al.52 (Figure 4.7a), which consists of a contact resistance (Rc) in series
with a RC circuit (related to the bulk resistance and bulk capacitance — Ry and Cb, respectively)
and a constant phase element (CPE), was chosen for data interpretation as it produces a rea-
sonably good fitting to the obtained data. Some important parameters can be obtained from the
ECM, namely the electric double layer capacitance (CpL) and ionic conductivity (oi), which are
listed in Table 4.1.3'23'3 These parameters were calculated using Equation S2 and Equation

S3, respectively.
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Figure 4.7. Electrochemical characterization of Li-CICHs with different proportions of MCC:CMC. a)
Electrical equivalent circuit of the proposed impedance model, where Cy is the bulk capacitance, Rc and Ry
are the electrical contact and bulk resistances, respectively, and CPE is the constant phase element. b)
Capacitance and phase angle versus frequency plots for the developed Li-CICHs (MCO, M2C1, and M1C1),
and respective ¢) nyquist plots. The symbols and the dashed lines denote the experimental and the fitted
data, respectively. d) CV measurements of the Li-CICHs from -2 to 2 V at different scan rates, whereas
continuous and dashed lines correspond to 25 mV s~' and 400 mV s, respectively.
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Table 4.1. Resume of the electrochemical characterization of Li-CICHs with different proportions
of CMC.

Li-CICHs CMC [wt.%] Ci=0.1 Hz [MF cm™?] CoL [UF cm?] oi[mS cm']  fo=.45[HZ]

MCO0 0 10.2 3.8 1.9 199
M2C1 2 13.4 5.3 4.2 252
M1C1 4 30.4 5.0 7.2 126

For frequencies above 126-252 Hz, a phase angle between voltage and current higher than -45°
suggests the predominance of a resistive behavior that is associated with ionic relaxation, and
this value gets close to zero for increasing frequencies. In this region, the specific capacitance is
low and increases rapidly when the frequency decreases until level out at intermediate frequen-
cies. A different mechanism takes place at lower frequencies associated to the EDL formation
due to ion accumulation at the electrode/electrolyte interfaces. A decrease in phase angle for
values lower than -45° and the leveling near -80° clearly indicates a transition from a resistive to
a dominant capacitive regime. Even at low frequencies the phase angle never reaches -90°, as
the electrolyte does not behave as a purely capacitive element. High specific capacitance up to
the order of tens of yF cm~2 can be achieved at 100 mHz, and this value increases from 10 to
30 uF cm™2 for higher CMC contents, which is far greater than typical dielectrics*’. A possible
explanation for the high capacitance is that the addition of CMC provides some extra Na* that can
aid in water retention, thus increasing the number of ionic species available that will also contrib-
ute to the formation of the EDL at low frequencies.31.32:41.314

According to some authors,312313 Cp. values should be considered instead of the specific capac-
itance values obtained directly at low frequencies, where EDL formation occurs. Although the
calculated Cop. values for Li-CICHs are slightly lower, they situate still in the typical reported val-
ues, usually around 1-10 yF cm=2[18] Additionally, the Li-CICHs exhibit ionic conductivity in the
range of =1073 S cm™', which is far superior than that of usual solid polymer electrolytes at RT
(=1075-10"* S cm™).47 Typically, the ionic conductivity of the solid polymeric electrolytes limits the
switching speeds of the transistors usually to less than 100 Hz owing to their slow polarization
response time.2% Thus, electrolytes with high ionic conductivity are desirable for faster switching
EGTs. In this case, the Li-CICHs can reach a high specific capacitance around 2—-6 uF cm=2 for
operating frequencies (when 8 = -45°) of 199, 252, and 126 Hz for MCO, M2C1, and M1C1, re-
spectively.

As depicted in Figure 4.7d, CV measurements were performed in the potential range of +2 V
using different scan rates. An enlargement of the hysteresis as well as an increasing time to
reverse the sign of the charging current tending toward higher scan rates relies on the incomplete
charging of the electrodes.52 The presence of faradaic currents is dominant and multiple peaks
are visible during forward and reverse scans, which can be related to reversible redox reactions
in the range of the voltages under study at the electrode/Li-CICH interface. These peaks are less

intense for increasing levels of CMC.
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4.1.3.2. Influence of the alkali hydroxide

Figure 4.8a shows the frequency dependence of the specific capacitance and phase for the dif-
ferent CICHs (nyquist plots are also presented in Figure 4.8b). In this section, the developed
M1C1 electrolyte, associated to the optimized formulation of CICHs prepared from LiOH (Li-
CICHs), will be often referred to as L100 electrolyte.

At low frequency (f <1 kHz) the specific capacitance is between 6 and 13 uF cm™ due to the
formation of EDLs at the electrodes/CICH interfaces. The phase angle levels around -80° due to
a slightly non-ideal capacitive behavior. The large specific capacitance values obtained for Li-
CICH, Na-CICH and LN-CICHs are superior than traditional dielectrics and comparable with val-
ues typically reported for ion gels.4”264 Such values persist up to the order of hundreds of Hz,
decreasing significantly for higher frequencies, where ionic relaxation takes place.

In a similar way as the previous electrolytes, the ECM suggested by Dasgupta et al.52 also pro-
duces a good fitting to the obtained data. The estimated CpL and oi were plotted as a function of
the amount of NaOH used for cellulose dissolution (Figure 4.8c). All the results are listed in Table
4.2,

The LN-CICHs exhibit high RT ai in the order of =102 S cm! comparable to those of single small
cation salt systems (Li*). Nevertheless, there is a decrease in the oi for the CICHs obtained from
high amounts of NaOH (L1N19 and N100 membranes), which can be related to a poorer water
retention into these hydrogels, as verified by FTIR spectra in Figure 4.3e. The superior water
retention ability of lithium compared to sodium leads to additional free ionic species (protons and
hydroxide anions) that aid in the process of ionic conduction.31:32:41.314

In this regard, some controversial results have been reported in literature and, therefore, there is
not a consensual explanation.3'5316 Typically, smaller ions, such as Li*, have greater conductivity
than larger ions. However, the degree of hydration in aqueous medium is superior in alkali metal
ions with smaller size, thus increasing the effective size of ionic radii of Li* in water (hydrated ionic
radii),3'? being less mobile. Although water molecules can lead to an increase in the amount of
free ions, when in excess it will reduce their mobility and hamper ion diffusion.3'* We must also
consider the affinity of the hydrated ions with hydrophilic functional groups existing in the struc-
turing polymers, such as the case of the hydroxyl and carboxymethyl, and the contribution of
protons for the measured a.

Despite such controversy, the lower values of oi obtained for the electrolytes that are highly en-
riched with Na* can also be related to a less efficient dissolution of cellulose in aqueous alkali
hydroxide/urea systems with higher contents of NaOH, which are also more prone to formation
of dendrites composed of urea, as aforementioned. The dendrites lead to large interfacial re-
sistances that jeopardizes the electrochemical properties of the electrolytes.

The voltage window stability of the developed CICHs was evaluated by CV measurements (Fig-
ure 4.8d), which has been found in the range from -2.5 to 2.5 V, that is suitable for the intended

application as gate dielectric in transistors. The presence of faradaic currents is dominant and
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multiple peaks are visible during forward and reverse scans, which can be related to reversible

redox reactions at the electrode/CICH interface.
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Figure 4.8. Electrochemical performance of the CICHs. a) Capacitance and phase angle versus frequency
plots of the developed CICHSs, and respective b) nyquist plots. The open symbols and the dashed lines
denote the experimental and the fitted data, respectively. ¢) Representation of CpoL and oi as a function of
LiOH:NaOH contents used for cellulose dissolution. The data points show the average and corresponding
errors bars obtained from 4 samples. d) CV measurements of the CICHs (the potential sweep was performed
with a scanning rate of 50 mV s in a potential range between -3 and 3 V).

Table 4.2. Resume of the electrochemical characterization of the CICHs. The values show the
average and respective standard error of the mean obtained from four samples.

Ct=1Hz CoL Oi fo=-s
CICH [UF cm] [UF cm] [mS cm] [Hz]
L100 6404 2.8+0.3 4714 257 + 33.7
L3N1 6.3+1.1 3.5+0.7 54+22 588 + 131
L1N1 93122 3.6+0.7 3.1+£13 456 + 100
L1N3 8.6+0.3 3.6+06 31+1.2 462 + 67.7
L1N19 13+0.7 27+04 0.7+£0.2 482 + 54.7
N100 8.2+0.6 3.1+0.6 1.1+0.3 288 + 63.9

Considering the superior electrochemical performance and stability of the L100 electrolyte, a
more in depth-study was performed towards its application as gate dielectric in printed transistors
and logic gates (chapters 5 and 6). Its formulation is also used to aid in the development of a

new class of “paper-like” ionic conductive substrates, as discussed in the following section.
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4.2. Development of iontronic cellulose nanopaper composites

Despite the appealing electrochemical properties of the developed CICH stickers, their sticky,
soft, and easy deformable surface is very challenging to host a device, as their hydrogel-nature
makes them highly sensitive to environmental conditions, thus deforming the layers deposited on
them. Within this context, an ionic responsive cellulose-based membrane that combines the me-
chanical robustness and smoothness of cellulose nanopaper, composed of MFC/NFC, with the
high capacitance of the CICHs was developed.

The ACICC membrane was prepared by slow casting and evaporation of water from a mixture of
MFC/NFC pulp with the optimized Li-CICH formulation.

4.2.1. Optical, structural, compositional, and morphological properties

Figure 4.9a-b display a photograph of the ACICC membrane and the comparison of its optical
transmittance with the cellulose nanopaper. Both membranes possess high total optical transmit-
tance in the visible region of the spectrum (400 — 800 nm), mostly above 80 %, due to their mi-
cro/nanosized fibers that contribute to a denser structure, as verified by the SEM images (Figure
4.10). The total transmittance of cellulose nanopaper can be tuned by filling its porous cavities
with the cellulose-based hydrogel, leading to a slight shift of the total transmittance from 86 %
(cellulose nanopaper) to 88 % (ACICC membrane) at 700 nm. Such feature makes them suitable

for applications where transparency is of great importance.

Figure 4.9. Optical characterization of the engineered nanopapers. a) Photograph of the developed ACICC
membrane, and b) its total transmittance compared with cellulose nanopaper.

As show in Figure 4.10, the hydrogel electrolyte promotes the swelling of the narrow
(=20 — 90 nm range), tightly packed, and entangled hydrogen bonded micro/nanofibrils of the
nanocellulose matrix. Some microfibrils are visible, reaching in some cases hundreds of nanome-
ters in width and a length of several micrometers. The cross-section images show that the nano-
paper exhibits a layered and unique porous network structure with a pore size with tens of na-

nometers. This type of network is beneficial for relieving the mechanical stress induced in the
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functional layers deposited on its surface, which contributes to its excellent flexibility.¢ In the case
of the ACICC membrane, the hydrogel fills the layered porous structure increasing its impermea-
bility.

e .

Nanopaper
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Figure 4.10. Morphological characterization of the engineered nanopapers.SEM micrograph images of
cellulose nanopaper and ACICC membrane on distinct surfaces (front, back surfaces, and cross-section).

As confirmed by AFM measurements (Figure 4.11), the soaking of the fibers in the ACICC mem-
brane leads to smoother and less permeable surfaces, reducing the RMS roughness nearly 11 %
(from 77 to 68 nm) when compared with cellulose nanopaper. The smoothest surface of the
ACICC membrane, related to the side dried in contact with the container, is the one used to fab-
ricate the iontronic devices. Their smoothness can be further improved by downsizing fibril's di-
mension through combined mechanical, enzymatical and/or chemical pre-treatment of cellulose

fibers’ pulp before mechanical shearing to obtain a nanocellulose pulp.'3
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Figure 4.11. AFM characterization of engineered nanopapers. Surface roughness of the front and back side
of cellulose nanopaper and ACICC membrane.

Figure 4.12a confirms that the crystalline structure and respective crystallinity index (Crl) of the
ACICC membrane are not affected with the addition of the CICH-based slurry into the nanocellu-
lose pulp. The characteristic peaks for (110), (110) and (002) crystallographic planes at 26 = 14.3,
16.3, and 22.4°, respectively, corresponds to cellulose I. According to the empiric method pro-
posed by Segal et al.2%2, the Crl was estimated to be around 61 and 65 % for ACICC and nano-
paper, respectively. It is noteworthy to mention that the values estimated for the Crl of both na-
nopaper-based membranes are useful just for comparison of their relative differences, as the Crl
differs significantly depending on the technique and calculation method adopted.*'-317

The amount of water retained within the cellulose-based membranes was evaluated by FTIR
(Figure 4.12b). The spectra were baseline corrected to 0 at 1845 cm™' and 3739 cm! and nor-
malized to 1 at 2900 cm-*, which forms a common baseline for the study of water content inside
the membranes.?** FTIR spectra of cellulose nanopaper and ACICC membrane reveal a series
of characteristic absorption bands for cellulose, which are identical to the ones identified in the
FTIR spectrum of MCC powder (Figure 4.3e) and discussed in previous section 4.1.2. Some
additional bands are also visible in the ACICC membrane, due to the contribution of urea hydrates
and regenerated cellulose from the hydrogel electrolyte. The bands in the region between 1750
and 1520 cm' can be related to Amide | and Amide Il of urea molecules, whereas the small
shoulder band at 3448 cm' corresponds to a characteristic band of cellulose Il, assigned to O-H

groups forming intramolecular hydrogen bonds. 304308309
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The evolution of water retention can be compared by looking closer to the broad band at 3600—
3000 cm™' and 1635 cm-'.4! The addition of the cellulose-based hydrogel enriched with hygro-
scopic species in the micro/nanofibrous matrix results in an increase in the amount of adsorbed
water species, showing a water retention behavior located between the Li-CICH membrane and
the cellulose nanopaper.

Figure 4.12c shows the thermal degradation of the individual materials that compose the engi-
neered nanocellulose composite. According to the weight loss curves, the thermal degradation of
the ACICC membrane occurs in two steps, starting with the desorption of moisture adsorbed in
the cellulose matrix at temperatures below 100 °C, followed by a steep weight loss up to 295 °C
related to the thermal degradation of the material. The cellulose nanopaper was found to have
better thermal stability nearly up to 325 °C, while the thermal degradation in the Li-CICH mem-
brane occurs for earlier temperatures (<240 °C). TGA measurements also confirms that the

amount of adsorbed protonic species in the cellulose nanopaper is inferior compared to the Li-

CICH and ACICC membranes, which is in line with the FTIR results.

4) —poEs b) 2 [—Licch | |
-~ Cellulose nanopaper (Crl = 65%) 2 —Ce¢llulose nanopapr
S | ——ACICC (Crl = 61%) g —AC'CC i
© c i
— - —
©
2 g
g ‘s
vt I
E T I 2

10152025 30 35 40 45 50

3500 3000 1500 1000

20 (°) Wavenumber (cm™)
c) T 0 "2
%ﬁ'm f'{*‘-_-'._ ou'-. FRA W m‘g%-‘] E
100 ; — ©
‘;- = "2 E_—
e 751 |3 £
b — § (=]
S 50 1-4 g

@ [_..L-CICH 39
; 25 e Cellulose nanopaper 1.6 2
r—— ACICC =
| L | . | 1 _7 >
100 200 300 400 500 '5
Temperature (°C) (]
Figure 4.12. Structural, chemical, and thermal characterization of the engineered nanopapers and

comparison with the Li-CICH membrane. a) XRD diffractograms. b) Normalized FTIR spectra. ¢) TGA curves
and respective derivatives.

Therefore, the ACICC membrane combines the thermal resistance from MFC/NFC and superior
water adsorption ability from the Li-CICH membrane, thus confirming its “composite” character.
The latter feature has a tremendous impact in the electrochemical properties, since water reten-

tion is the main source of H* and OH- responsible for the high capacitance values obtained at low
frequencies.32
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4.2.2. Electrochemical properties

Here, the enrichment of the cellulose nanopaper with a hydrogel electrolyte composed of alkali
ionic species was assessed by EIS and CV. The electrochemical characterization of the cellulose
nanopaper and the developed ACICC membrane was carried out under ambient conditions, using
a typical capacitor structure (Figure 4.13a), where the carbon electrodes were screen-printed on
both sides of the membranes with an area of 1 mm? to simulate the printed EGTs structure im-
plementing this membrane as gate dielectric (Figure 6.18).

Figure 4.13c,d display the measured specific capacitance and phase angle as a function of fre-
quency in the range of 0.1 Hz to 1 MHz, and the respective Nyquist plot is displayed in Figure
4.13b.
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Figure 4.13. Electrochemical characterization of the engineered nanopapers. a) Design of the capacitor
structure (carbon/membrane/carbon) with an active area of 1 mm?2. b) Nyquist plots for the engineered
nanopapers, and respective. ¢) capacitance and d) phase angle as a function of frequency, where the ionic
relaxation region is highlighted in blue and green for the cellulose nanopaper and ACICC membrane,
respectively. The symbols and the dashed lines denote the experimental and the fitted data, respectively.

Distinct polarization mechanics occurs depending on the range of frequencies under considera-
tion as well as the “degree” of ionic enrichment of the membranes. For the nanopaper, three
regimes can be clearly distinguished, starting with the dipole relaxation that occurs for higher
frequencies (=0.5 kHz—1 MHz, 6 <-45°), moving sequentially to ionic relaxation (2 Hz-0.5 kHz,
0 >-45°, highlighted in blue in the plot) related to a dominant resistive behavior, and then a tran-
sition to a dominant capacitive regime occurs as frequency decreases (<2 Hz, 8 <-45°) due to the

EDL formation. In the latter regime, the mobile ionic species trapped within the nanopaper matrix,
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which are mainly responsible for protonic conduction (the Grotthuss mechanism),3'® migrate to-
wards the nanopaper/carbon interfaces promoting an abrupt increase in the capacitance up to
0.15 yF cm2 at 0.1 Hz, whilst the phase angle levels near -80° since the nanopaper does not
behave as a purely capacitive element.

The ionic performance is considerably improved when mixing the nanocellulose pulp with a small
amount of hydrogel electrolyte enriched with hydrated alkali ionic species that aids water retention
within the membrane matrix, as demonstrated previously by FTIR and TGA measurements. The
EDL formation occurs for higher frequencies (<2 kHz), reaching a maximum capacitance of
0.8 uF cm2 at 0.1 Hz, where the phase angle levels around -75° due to a slightly non-ideal ca-
pacitive behavior. The Nyquist plot of the ACICC membrane reveals a shrinkage of the semicircle
width, correspondent to the difference between Ry and Rc (as indicated in the plot), when com-
paring with the nanopaper, which indicates a clear enhancement of both capacitance and o.

A reasonably good fitting is obtained to the data by using the ECM suggested by Dasgupta et
al.,%? and respective gi values were determined from five samples. The cellulose nanopaper yields
a low value of g around (9.38 + 0.88) x 10° S cm-', which is increased more than three orders of
magnitude to (4.18 £ 0.36) x 105 S cm-* for the ion enriched ACICC membrane.

Regarding the electrochemical stability of the membranes, there are no evidence of redox peaks
in the CV measurements in the range of voltages under consideration between -2.5 and 2.5 V at
a fixed scan rate of 0.2 V s™', which are the same parameters used in the electrical characteriza-
tion of the printed ZnO PNPs transistors gated by the ACICC membrane (Figure 4.14a), as further
discussed in section 6.2.2. The ACICC membrane exhibits superior current values when com-
pared to nanopaper, yet the currents observed for both membranes are mainly related to the
double layer charging.

It should not be disregarded the possibility of electrochemical reactions between the electrolyte
and the oxide semiconductor, which will ultimately influence the operation mode of the transistors
as well as their switching speed. Therefore, the electrochemical stability of the car-
bon/ACICC/semiconductor/carbon layered structure, which simulates the structure of the printed
Zn0O PNPs displayed in Figure 6.18, was also evaluated (Figure 4.14b). The interface between
the electrolyte and the semiconductor leads to the appearance of redox peaks that can evidence
the permeability of the semiconductor to ions existent within the ACICC membrane. Therefore, it
is possible to predict the working mechanism of the fabricated ZnO EGTs consisting of a mixed
operating mode (field effect and electrochemical doping), which is also influenced by the adsorp-
tion of ambient species (e.g. Oz and H20) that accelerate the chemical reactions in the oxide

semiconductor.319
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Figure 4.14. Electrochemical stability of the engineered nanopapers. a) CV curves of the cellulose
nanopaper and ACICC membrane using carbon/membrane/carbon structure. b) Influence of the CMC/ZnO
PNPs layer in the CV curve of the ACICC membrane (inset of the capacitor structure similar to the fabricated
screen-printed ZnO PNPs NCGTs, including the semiconductor layer). All the curves were acquired for a

scan rate of 0.2 V s

In conclusion, ACICC membrane combines a unique set of features from smooth surface, semi-
transparency, and temperature resistance to good electrochemical properties, which lead us to
explore its full potential as an ionic conductive substrate in low-voltage transistors and logic gates.
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Chapter 5. lon-controlled IGZO transistors and circuits

To put the attributes of the developed electrolytes in perspective, a first attempt was made to
study EGTs based on the benchmark amorphous IGZO n-type semiconductor prepared by con-
ventional vacuum-based deposition techniques on glass, and then on smooth, impermeable, and
flexible multilayer-coated paper. Two types of electrolyte-gating were tested, either based on hy-
drogels or ionic conductive substrates. Regarding the first case, the sticky, soft, and easy deform-
able surface allied with some mechanical robustness of the CICH membranes enable their appli-
cation directly onto iontronic devices as stickers. On the other hand, the ACICC membrane com-
bines a “two-in-one” functionality into a single material, as it works not only as the support but
also as a vital constituent of the devices themselves, thus making the manufacturing process

easier.

5.1. CICH-gated IGZO transistors and logic gates

This section is focused on the design and electrical characterization of the fabricated CICH-gated
IGZO transistors and resistive-load inverters. Firstly, the influence of CMC content of the Li-CICHs
on the electrical performance of the IGZO EGTs fabricated on glass is addressed. A better un-
derstanding on the operation mechanisms behind their performance is given by controlling the
applied gate voltage (Ves) and Ves scan rate of the EGTs. The ageing of the devices on glass,
stored under ambient conditions, was also investigated.

Due to the superior electrical performance observed on the devices gated by L100 membrane,
which also combine the best combination of mechanical/electrochemical properties (as previously
discussed in section 4.1), further studies were carried out with this membrane as gate dielectric
in flexible IGZO EGTs. The endurance of the flexible IGZO devices was studied under different
conditions (temperature, humidity, bending, and electrical stress) and their performance was com-
pared with the CICHs prepared using NaOH or mixtures of LIOH:NaOH as the alkali hydroxides
of the solvent system for the dissolution of cellulose.

If not mentioned otherwise, the IGZO EGTs and inverters were tested in air under ambient con-

ditions, right after transfer and stick the electrolyte onto the devices.

5.1.1. Design and architecture

As illustrated in Figure 5.1, the devices here reported rely on an electrolytic gate insulator based
on a new class of CICHs coupled with an oxide semiconductor based on amorphous IGZO as the
transistor's channel and gold bottom electrodes deposited in an interdigital architecture.

Gold was the material of choice for the electrodes, due to its well-known electrochemical stability
and corrosion resistance.*” The efficient use of sputtered amorphous IGZO as active n-channel
layer in rigid and flexible transistors was already extensively reported in the literature, being also
used throughout this work.320-322 The incorporation of oxide semiconductors with an amorphous

microstructure offer advantages on low-temperature processing and the ability to produce films
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with highly smooth surfaces that eradicate grain boundaries effects, which have unfavorable ef-
fects on the mobility of the devices.?59

Cellulose ionic
~ conductive sticker

Figure 5.1. Schematic illustration of two planar CICH-gated IGZO EGTs fabricated on multilayer-coated
paper integrated onto NOT gates with conductive/resistive tracks hand-drawn on office paper. Inset: SEM
image of the smooth and impermeable surface of the multilayer-coated paper substrate used for fabrication
of the EGTs. R, Vop, Vour, and Vi, stand for load resistance, supply voltage, output voltage and input
voltage, respectively.

Contrarily to conventional dielectric gating, where the dipolar polarization is unidirectional, elec-
trolyte gating enables the formation of EDLs at the electrode and semiconductor surfaces that are
in direct contact with the electrolyte, being possible to adopt an in-plane-gate device configuration
for fabrication of the EGTs. Such design offers some advantages as it allows to reduce the me-
chanical stress applied to the device compared to the vertical structure, and simplifies substan-
tially the device fabrication, since the source, drain, and gate electrodes are deposited simulta-
neously in a single deposition step, and thus they are disposed in the same plane. Hence, time
consuming procedures, such as the alignment of subsequent layers prior deposition as well as
the number of deposition steps needed to pattern all the functional layers are minimized.

The devices were fabricated on rigid (glass) or flexible substrates (multilayer-coated paper). In
the latter case, the nanoporous top-coating layer of the multilayer-coated paper substrate (inset
of Figure 5.1 was used to host the iontronic devices owing to its smoother and hydrophilic surface
as well as good barrier properties.2’8 Such properties make this paper-based substrate suitable
for applications that demand molecularly smooth interfaces.

Furthermore, we also demonstrate that the IGZO EGTs fabricated on multilayer-coated paper can
be easy and quickly integrated into simple logic gates. An example of a logic gate is the logic
inverter (or NOT gate), which is the basic building block in digital electronics, able to invert an

input signal.
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To do so, a hybrid manufacturing process was implemented that combines high-vacuum deposi-
tion techniques with user-friendly RT processes that allow the readily integration of transistors
into circuits, and their application. Although the prior set of manufacturing techniques is charac-
terized for being sophisticated, complex, time- and high-energy consuming techniques that re-
quire skilled individuals, they ensure the deposition and patterning of pure, thin, and high-quality
electrodes and semiconductor materials that will define the transistors on reasonably smooth and
impermeable multilayer-coated paper substrates. Regarding the adopted RT processes, a trans-
fer-lamination process is used to apply the electrolyte-sticker, while ubiquitous and portable cal-
ligraphy accessories allow to easily draw the conductive and resistive tracks of the circuits.

Since the plastic coating of the multilayer-coated paper is not compatible with pencil-drawing,
conventional office paper was used instead. Thereby, a resistive graphitic track is pencil-drawn
on a sheet of regular office paper, where the paper transistors are glued with a double-sided tape,
and then the electrolyte-gate sticker is laminated directly onto the devices. Thick
electroconductive silver tracks are handwritten with a commercial pen to establish the connection
between the drain electrode of the transistor fabricated on multilayer-coated paper and the pencil-

drawn load resistance (RL) on office paper.

5.1.2. Electrical performance of CICH-gated IGZO transistors
5.1.2.1. Li-CICHs as electrolyte-gate in IGZO EGTs on glass

Influence of CMC content

Figure 5.2 show the schematics illustration of the EGTs on glass with laminated Li-CICHs, and
respective cyclic transfer (drain current Ios vs. Ves) and output (los vs. drain voltage Vbs) charac-
teristic curves in the saturation region (Vos = 1.2 V). Table S4 provides the resume of the main
results obtained for IGZO EGTs on glass, which are represented in Figure 5.3, including ON/OFF
current ratio (lonjorr), turn-on voltage (Von), transconductance (gm = dlps/dVas), subthreshold gate
voltage swing (Ss) and saturation mobility (usat). The electrical parameters were calculated in the
forward sweep direction, from negative to positive gate voltage, in the saturation regime
(Vos = 1.2 V) and obtained at different scan rates. The parameters Ss and psat were calculated
according to Equation S4 and Equation S5, respectively.

Some considerations must be done regarding the calculation of psat. As observed in Figure 5.8,
the use of shadow masks often leads to misalignments of the patterned 1GZO with the source
and drain contacts, which affects the real dimensions of the devices, thus being one limiting factor
in calculating the device’s mobility. An additional parameter that impacts the mobility values is the
capacitance of the gate dielectric. Although the capacitance values obtained directly from the EIS
data at 0.1 Hz (Ct=0.1 Hz), Where occurs the EDL formation, are in the same order of magnitude as
those estimated from the fitting of the experimental data (Co.) with the ECM used for data inter-

pretation, they are still much higher. To demonstrate how these values lead to miscalculated
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values of mobility, we can exemplify by comparing the mobility calculated for the devices gated
by M1C1 hydrogel for a scan rate of 25 mV s™'. In this case, the mobility can shift from 21 to
merely 5.3 cm?V-'s-!, when using the capacitance values from the fitting and experimental data
at low-frequencies, respectively. For data interpretation, the mobility values considered will be

those determined using the CoL values, as previously explained in section 4.1.3.1.
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Figure 5.2. Electrical performance of IGZO transistors on glass gated by Li-CICHs. a) Schematic illustration
of two planar CICH-gated IGZO EGTs fabricated on glass. Influence of Vas scan rate on cyclic Ibs—Ves
curves of EGTs on glass gated by b) MCO0, ¢) M2C1, and d) M1C1 for saturation regime (Vps = 1.2 V), and
respective Ips—Vps curves for a Ves step of 0.25 V, from -0.5 to 2 V. Arrows represent the sweep direction,
whereas continuous and dashed lines correspond to drain (Ios) and leakage (|lcs|) currents, respectively.

The fabricated EGTs exhibit a typical n-type behavior, low operating voltage (<2 V), high lonorr
ranging from five up to almost seven orders of magnitude, gate leakage currents (|lss|) varying
between 10-7 and 10-8 A and a large Ips of up to 10 mA at a Vs of 2 V. The maximum Ss is lower
than 0.2 V dec™, and such a small value usually indicates that the transistor can modulate more
current with a lower Ves. Moreover, the EGTs are in the ON state at Vas <0 V (normally on char-
acteristics).

The differences visible in the electrical performance of the devices are mainly influenced by Li-
CICHSs’ formulation and the applied Ves scan rate. The latter parameter has great influence on
the hysteresis and transition to a predominantly electrochemical doping regime, as will be dis-
cussed further below. The EGTs gated by Li-CICHs with CMC in their composition exhibit higher
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loniorr (>106), enhanced psat (close to 21 cm2 V' s71), lower Ss (<0.13 V dec™'), and smaller |las|
values (<100 nA at Vs = 2 V and Vas scan rate = 400 mV s~1), when comparing with those gated
by MCO membrane. Concerning the amount of CMC, a superior modulation of los is observed for
the EGTs gated by M1C1 membrane, which translates into smaller values of Ss around
0.1 V dec™, as well as improved mobility reaching a psat of 21 cm? V-' s for a Vas scan rate of
25 mV s~'. Furthermore, faster scan rates considerably improve electrical modulation between
ON and OFF states at the cost of smaller mobility and higher |lgs| with a difference of one order

of magnitude.
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Figure 5.3. Comparison of electrical parameters obtained for the developed IGZO EGTs on glass gated by
Li-CICHs (MCO0, M2C1, and M1C1) using distinct Ves scan rates.

As mentioned before, the addition of CMC improves the mechanical and electrochemical proper-
ties of Li-CICHs. CMC was already reported in some works as an efficient material to be used as
a host of gel polymer electrolytes for application in electrochemical devices, including electro-
chromic devices,?® and lithium ion batteries.323.324 Thus, the enhancement of the electrical perfor-
mance observed on the EGTs gated by Li-CICHs composed of CMC (M2C1 and M1C1 mem-
branes) can be due to the suitable use of CMC as a hosting material of regenerated cellulose.
Thus, the smooth, sticky, and flexible surface of the Li-CICHs composed of CMC provides a better
conformity to the semiconductor, leading to an improved interface between the dielectric and the
surface of amorphous 1GZO.

According to the output characteristics, the EGTs can reach saturation regime, showing high Ips
values at very low Vas (2 V) and Vbs (1.2 V), which are significantly higher for the laminated M2C1
and M1C1 hydrogels (=20 mA).
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Working mechanism of IGZO EGTs

The understanding of the working principle of the EGTs is also of important matter.4” Depending
on the applied range of Ves, Vs scan rate, and ionic permeability of the semiconductor, distinct
operation mechanisms can occur in the developed EGTs. As previously shown in Figure 4.7c,
owing to the presence of faradaic currents associated to reversible redox reactions in the range
of voltages under study, the EGTs are expected to reach the electrochemical regime, depending
on the Ves used. Moreover, there is the possibility that the electrochemical reactions also take
place at the IGZO/electrolyte interface. Therefore, CV measurements were also performed under
identical experimental conditions, including the IGZO layer in the capacitor structure (Figure 5.4).
Although the same peaks are visible in the CV curves, the possibility of electrochemical reactions
occurring at the IGZO/electrolyte interface cannot be entirely put away. Therefore, we can expect

the devices working under mixed operating mechanisms (field-effect and electrochemical dop-

ing).
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Figure 5.4. Electrochemical stability of IGZO/electrolyte interface. CV measurements of the developed Li-
CICHs combined with IGZO from -2 to 2 V at different scan rates, whereas continuous and dashed lines
correspond to 25 and 400 mV s™, respectively (inset: schematic illustration of the electrochemical cell struc-

ture, including the 1GZO layer).
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The coexistence of two working mechanisms is clear on the transfer curves for higher Vas (>1 V),
and it is less evident on the EGTs gated by Li-CICHs with CMC, where the transition to a pre-
dominant electrochemical doping regime seems more continuous. A closer look in this range of
Vas (Figure 5.5) reveals a smooth decrease on Ips and |lgs| for a narrow range of Vas followed
by a new rise of current, which suggests that a different operation mechanism becomes dominant.
Transfer characteristics do not exhibit a constant value, which could be explained by redox reac-
tions occurring in the IGZO/electrolyte interface, and consequently doping of the semiconductor,

which require charge compensating ions as well as electrons.
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Figure 5.5. Influence of Vgs scan rate on Ips and |lss| of IGZO EGTs on glass gated by Li-CICHs, for satu-
ration regime (Vos = 1.2 V), on a narrow range of applied gate voltage from 0.5 to 2 V, where it is visible a
bump suggesting a redox reaction and consequently doping of the semiconductor. Arrows represent the
sweep direction.

Santos et al.3?® reported EGTs using IGZO nanoparticles gated by a composite solid polymer
electrolyte and has demonstrated that ions from the electrolyte can penetrate or be adsorbed into
the IGZO layer, and for a certain range of applied Vas the channel formation is an electrochemical
process. In a similar way, by controlling the applied Ves, the operation mechanism of the EGTs
can switch from EDL to electrochemical doping. Hence, the restriction of applied Vgs for smaller
values (<1 V) can ensure that electrostatic field-effect dominates rather than chemical reactions
at the IGZO/Li-CICH interface that are responsible for lower device switching speeds. Addition-
ally, undesired hysteresis effects during transfer characteristics can also be avoided.52

The transition to electrochemical doping also shifts depending on the Vs scan rate used, as this
ultimately determines the ionic relaxation in the electrolyte. For slower Ves scan rates, the ions
have enough time to diffuse into the semiconductor, promoting electrochemical doping even for
low Vas. Thus, an earlier hump of the Ips and a more pronounced field-effect to electrochemical
doping transition is visible in the transfer characteristics. In parallel, a higher Ss value is obtained,
leading to a slower transition between the ON and OFF states.

Considering the narrow range of operating gate voltage (<2 V), the EGTs show a small difference
in the current value during forward and backward sweeps of the Ves. Although, hysteresis in the
current—voltage characteristics has potential applications in nonvolatile memory devices, this phe-
nomenon is unwanted in standard integrated circuits, and as a result it must be avoided.3?6 In

agreement with previous results with IGZO as semiconductor in EGTSs,32% the direction of the
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hysteresis is always clockwise, which is attributed to charge carrier trapping effects close to the
IGZO/electrolyte interface. Moreover, hysteresis magnitude is heavily dependent on the sweep
rate that plays a key role for distinguishing different hysteresis mechanisms.3?¢ A larger hysteresis
is observed for higher scan rates, pointing to entrapment of charge carriers rather than species

with low mobility (ions) in the semiconductor.

Air-stability overtime

We have also examined the environmental stability of EGTs stored and operated in air. Just slight
changes in the transfer characteristics were observed for the devices exposed to ambient condi-
tions for more than one month (Figure 5.6). This demonstrates that these electrolytes have su-
perior environmental stability, which represents a huge advantage on EGTs application since

there is no need of specific device encapsulation.

V__(V)
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Figure 5.6. Electrical performance of IGZO EGTs on glass overtime. Cyclic Ios—Vas curves of EGTs gated
by Li-CICHs for saturation regime (Vbs = 1.2 V) at a fixed Vs scan rate of 400 mV s-'. Arrows represent the
sweep direction, whereas continuous and dashed lines correspond to Ips and |les|, respectively.

5.1.2.2. Li-CICHs as electrolyte-gate in flexible IGZO EGTs

Taking advantage of the low processing temperature of the laminated Li-CICHs, EGTs were also
fabricated on a multilayer-coated paper substrate adopting the design illustrated in Figure 5.1
(see also Figure 5.7a). For this purpose, the M1C1 electrolyte was chosen for further studies
owing to the impressive electrical performance of the IGZO EGTs when applied as gate dielectric,
and due to its flexibility, superior robustness, and ability to be easily shaped, peeled-off, trans-

ferred, and attached to other substrates.

Electrical performance: flat state

Figure 5.7b presents cyclic transfer characteristics of IGZO EGTs on paper and a comparison of

the electrical parameters depending on the Ves scan rate is displayed in Table 5.1. Compared to
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devices on glass, the main differences are higher Von (0.1 V) for the lowest scan rate (25 mV s™),
lower lonorr (near two orders of magnitude inferior), and smaller ysat. Even so, the EGT in its flat
state shows good electrical performance, with an lonorr higher than 104, large saturation Ips of
near 1 mA, and small Ss around 0.2V dec™'. A still impressive psat of 7.5cm2V-'s™! was
achieved at a fixed scan rate of 25 mV s~'. The output characteristic curves reveal an excellent
linear behavior at low Vps, and a high current saturation is reached (>1 mA) for increasing Vs,

making the flexible EGTs suitable for ultralow-voltage applications.
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Figure 5.7. Electrical performance of IGZO EGTs on multilayer-coated paper. a) Photography of the devel-
oped flexible IGZO EGT on multilayer-coated paper gated by M1C1 electrolyte. b) Cyclic Ips—Vas curves of
the bendable device on its flat state at different Ves scan rates for saturation regime (Vos = 1.2 V) and re-
spective Inps—Vbs curves (the step for the Ves was 0.25 V, from —0.5 up to 2 V). Arrows represent the sweep
direction, whereas continuous and dashed lines correspond to Ips and |lgs| currents, respectively.

Table 5.1. Results of the electrical characterization of the IGZO EGT on paper gated by M1C1
electrolyte (Vps = 1.2 V).

Scan rate [mV s*'] lonrorr Von [V] gm[mS] Ss [V dec™] Msat [cm2 V-1 s-1]2)
25 6.8 x 104 0.1 3.9 0.19 7.5
200 2.8 x 104 -0.2 3.4 0.22 5.1
400 2.6 x 104 -0.2 3.0 0.23 4.2

a) Mobility calculated using the CoL value determined from the data fitting of the EIS measurements using
Dasgupta’s ECM.

A possible explanation for the loss of electrical performance relies on the poorer quality of the
IGZO films deposited on the paper substrate. As shown in Figure 5.8, the removal of the paper
substrate from the glass holder used during deposition of IGZO and Ti/Au contacts promotes the
discharge of the accumulated strain on the substrate and, therefore, cracking of the Ti/Au brittle
film. Also, the surface of the nanoporous polymeric coating layer of the thick raw paper is slightly
cracked due to the thermal annealing performed on IGZO, which in turn affects the subsequent

deposited layers.
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Figure 5.8. Optical microscope images showing the IGZO and Ti/Au layers deposited on multilayer-coated
paper, where are visible cracks on Ti/Au electrodes and a misalignment of the patterned IGZO with the
source and drain contacts.

Bending measurements

To demonstrate the flexibility of the IGZO EGTs on paper, a device was tested under different
bending strain along the channel axis using substrate holders with several bending radii (from 45
down to 5 mm). Figure 5.9a compares the cyclic transfer curves of the EGT in its flat state, during
inward and outward bending strains for a bending radius of 5 mm, and after back in its flat state

(recovery). Figure 5.9b shows the most relevant transistor performance parameters for different

bending radii.
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Figure 5.9. Electrical performance of IGZO EGTs on multilayer-coated paper under bending. a) Cyclic lbs—
Vs curves of the IGZO EGT on paper gated by M1C1 electrolyte for saturation regime (Vos = 1.2V) at a
fixed scan rate of 25 mV s™' measured before bending, under inward (radius 5 mm) or outward (radius 5 mm)
bending, and after removal of bending deformation (recovery to the flat state). Arrows represent the sweep
direction, whereas continuous and dashed lines correspond to Ios and |les|, respectively. b) Comparison of
electrical parameters before and after deformation for increasing bending radii.

In general, inward bending induces compressive strain on the EGT, which in turn contributes to
slight improvements of the electrical performance of the device with decreasing bending radius
down to 5 mm. The formation of additional cracks in the deposited Ti/Au film can be induced
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owing to the bending deformation, turning the surface of the film irregular and rough. Still, the
contact at the IGZO/electrolyte interface can be at the same time enhanced due to the conform-
able and smooth surface of the electrolyte that allows its easy adaptation to the irregular surface
of the films. Also, the compressive strain promotes an artificial channel shortening, thus an in-
crease of lonorr and psat can be observed. After inward bending, the direction of deformation was
inverted. Therefore, a tensile strain deformation is displayed by outward bending and the perfor-
mance loss of the EGT is observed for the smallest bending radius (5 mm), due to the delamina-
tion of the electrolyte from the semiconductor in its extremities and the cracked surface of the
Ti/Au thin films.

Regardless the induced deformation, the bendable EGT exhibits similar electrical properties to
the ones obtained when the device is in the flat state, with some variations in lonjorr and psat. The
return to the flat state of the bended device occurs without changing or damaging the electrolyte
and the device remains functional, exhibiting an electrical modulation slightly above 105, a Ss of

0.2 V dec™' and psat near 2 cm2 V-1 s71,

Electrical stress: static and dynamic measurements

To assess the electrical stress of the flexible IGZO EGTs on paper, static and dynamic measure-
ments were performed. Regarding the static measurements, the EGTs on paper were studied
under electrical stress in air by performing 100 successive cycles with a delay of 5 min between
each scan. As shown in Figure 5.10a-b, the device exhibits a highly stable electrical performance
even after 100 cycles. Although there are some electrical variations during the first two cycles,
the lonorr decreases almost insignificantly for increasing number of cycles, keeping an electrical
modulation above five orders of magnitude, whereas Von remains constant at 0.2 V. Thus, the
device demonstrates high stability under severe electrical stress measurements.

Concerning dynamic operation of EGTs, the switching times (between OFF and ON states) and
operating frequencies should also be considered. These parameters are highly influenced by the
transistor's dimensions, the mobility of the carriers, the polarization response time, that is, the
EDL formation time of the electrolyte, and the ion permeability of the semiconductor.4” In general,
electrolytes with higher ionic conductivities can achieve high capacitances and fast polarization
speeds in response to the applied gate electric fields, which in turn contributes considerably to
the enhancement of dynamic behavior of the EGTs. Higher operating frequencies, even in the
kHz range, have been reported for EGTs/circuits with ionic liquids or ionic liquid-based gels used
as high capacitance gate dielectrics.263267.268

Dynamic electrical characterization of the flexible IGZO EGTs on paper was undertaken through
the application of a square-wave gate signal (between -0.6 until 2 V) for a fixed Vps (1.2 V) and
at different frequencies (1—200 Hz) (Figure S1), to determine the cut-off frequency and switching
response. The former parameter is here determined considering the frequency at which the lonjorr
becomes equal to 10,327 whereas the latter is defined as the time required to reach from 10 to

90 % of the maximum current. These times will be addressed as off (tof) and on (ton) times,
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respectively.32” Ten consecutive cycles of gate voltage pulses were performed, providing infor-
mation about the transistor’s stability during dynamic switching.

As shown in Figure 5.10c-d, the evolution of lonore with increasing cycles for a fixed frequency
and the variations of lon and lorr with increasing frequencies was plotted, evidencing that the
device can be switched frequently with stable lonorr within a few milliseconds.
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Figure 5.10. Electrical performance stability of IGZO EGTs on paper gated by M1C1 electrolyte under elec-
trical stress. Static measurements: a) cyclic los—Ves curves after 1 and 100 cycles (delay of 5 min between
each cycle) for saturation regime (Vps = 1.2 V) at a fixed scan rate of 25 mV s™'. Arrows represent the sweep
direction, whereas continuous and dashed lines correspond to Ips and |lgs|, respectively. b) Variation of Von
and lonorr after 100 cycles. Dynamic measurements: ¢) variation of lonorr with increasing cycles for a
square-wave gate signal between -0.6 until 2 V for a fixed Vps of 1.2V and at different frequencies; d)
evolution of lon and lorr with frequency for the tenth cycle.

Owing to the parasitic capacitance effect, spikes are observed during dynamic switching, which
are more evident for faster switching frequencies.2%¢ A significant variation of Ios between Off and
On states up to three orders of magnitude is observed on a very short time scale for the lowest
frequency (1 Hz), and the response times were determined around ton = 85 ms and tof = 3 ms. As
already reported in some work,327:328 the value calculated for ton is largely superior than tor, as a
result of the longer time required for electrochemical charging than discharging. The fast polari-
zation response is a demonstration of the large concentration and mobility of ionic species in the

electrolyte. Although, faster electrical response is obtained for higher frequencies (for instance,
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ton = 6 ms and tor = 2 ms at 50 Hz), this is directly related with the shrink of the lon/orr due to the
increase in lorr with increasing frequency. For a frequency of 50 Hz, an lonorr slightly above 10
is obtained. Although there is some electrical switching at 100 Hz, where lonorr is close to 10,
further increase in the working frequencies toward the cut-off frequency will lead to a fast de-
creasing of lonorr until unity. Current modulation is already below 10 at frequency of 200 Hz
(Figure S1f), which means cut-off frequency was already achieved, in accordance with the EIS
results (Figure 4.7a). Therefore, the potential of using the developed Li-CICH as gate dielectric
in EGTs that can operate up to, at least, 100 Hz under a narrow range of Vags (<2 V) was demon-
strated.

The fast switching speed verified by the developed flexible IGZO EGTs on paper is substantially
superior when compared with other reported solid polymer electrolytes used for electrolyte gating,
since they suffer from slow polarization response, limiting transistor’s switching frequency to less
than 1 Hz.327 The flexible and low-cost devices reported here are not limited to low operation
speed application and fits the requirements needed for circuit applications, as further discussed
in section 5.1.3.47 Additional improvements in speed and cut-off frequency may be possible to
achieve by proper optimization of both transistor’s design and fabrication process.

Besides, regarding the electrolyte’s composition, the high demand and the limited abundance of
lithium salts trigger the search for sustainable alternatives. In this regard, the most suitable alter-
native to replace LiOH in the electrolyte’s formulation, without compromising the dissolution of

cellulose, is NaOH, as mentioned earlier in this chapter in section 4.1.1.2.

5.1.2.3. LN-CICHs and Na-CICHs as electrolyte-gate in flexible IGZO EGTs

A more in-depth study of the influence of the alkali hydroxide used in the formulation of the differ-
ent classes of CICHs (Li-, Na-, and LN-CICHs when using LiOH, NaOH, or mixtures of both alkali
salts, respectively, for MCC dissolution) on the electrical performance of IGZO EGTs on paper is
presented in the following section. To avoid misunderstandings among the different CICHs’ com-
position, the developed M1C1 electrolyte, referring to the optimized formulation of Li-CICHSs, will

now be named L100 electrolyte.

Influence of the alkali hydroxide

Figure 5.11 shows typical cyclic transfer curves in saturation regime, and respective output
curves of the flexible EGTs on paper. Important figures of merit are summarized in Table S5 and
plotted as a function of the amount of NaOH used for cellulose dissolution (Figure 5.12). The
values shown represent a statistical average of measurements performed for five devices, and

respective errors.
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Figure 5.11. Electrical characteristics of the fabricated planar CICH-gated IGZO EGTs on multilayer-coated
paper. Cyclic Ips—Vas curves for saturation regime at Vos = 1.2 V of IGZO EGTs gated by a) L100, b) L1N3,
c) L1N19 or d) N100 membranes, and respective Ibs—Vbs curves obtained for a Ves step of 0.25 V from -
0.5V until 2 V. For the transfer curves, arrows represent the sweep direction, whereas continuous and
:_?shed lines correspond to Ios and |les|, respectively. All curves were acquired with a Ves scan rate of 50 mV
The fabricated flexible CICH-gated EGTs are enhancement n-type transistors, which is confirmed
by positive Von (0.04—0.18 V), and exhibit loniorr ratio larger than 104, low Ss up to 0.26 V dec™,
and the ysat average values were calculated to be around 3.4 and 6.9 cm?V-' s7'. The devices
operate at low Vgs (<2 V) showing a small hysteresis window with clockwise direction related to
charge carrier trapping effects close the IGZO/CICH interface, indication that is not determined
by ion relaxation in the electrolyte, as mentioned before.

It is clear from the results that the nature of cations has influence on the electrical performance
of the different CICH-gated transistors. The devices gated by L100 membrane achieve the highest
performance reaching an lonorr of 8.97 x 104 and a psat of 5.3 cm2V-'s-!, comparing with EGTs
gated by N100 electrolyte that reach 1.85 x 104 and 3.4 cm2V-'s"!, respectively. As aforemen-
tioned in sections 4.1.2 and 4.1.3.2 (see Figure 4.5 and Figure 4.8), the slight differences ob-
served are directly related with the quick and unstable formation of urea dendrites in the latter
electrolyte that leads to lower values of oi. These “tree-like” structures affect negatively its optical,

electrochemical, and mechanical properties, becoming opaquer and brittle as well as less
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conformable and adhesive to the active semiconducting surface, as expressed also by the slight
increase of Ss for higher contents of NaOH. Even so, EGTs gated by LN-CICHs have an electrical
performance comparable with those gated by Li-CICH.

The output characteristics of the flexible EGTs demonstrate a linear behavior at low Vps values
together with a clear pinch-off and saturation for higher Vos values, while the current levels in the

output characteristics decrease for increasing levels of Na* in the CICH composition.
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Figure 5.12. Statistical distribution of device metrics (lonorr, Von, psat and Ss) for flexible CICH-gated IGZO
EGTs on multilayer-coated paper substrate, represented as a function of LiOH and NaOH contents used for
cellulose dissolution. The electrical parameters were calculated from transfer characteristic curves in the
forward sweep direction and in the saturation regime at Vos = 1.2 V for a Vgs scan rate = 50 mV s™'. The
data points show the average and corresponding errors bars obtained from five samples.

Electrical stress: static measurements

IGZO EGTs on paper gated by LN-CICHs with the two highest concentrations of NaOH (L1N3
and L1N19 membranes) were subjected to 250 successive Ves cycles with a delay of 5 min
between each scan, and their performance was compared with L100 membrane (Figure 5.13).
The devices gated by L100 or L1IN3 membranes do not show significant signs of degradation,
demonstrating their high stability under severe electrical stress measurements. On the other
hand, it is clear a degradation of the EGT’s performance using the L1N19 membrane after around
150 cycles, as the dendrites start appearing.

Still, their performance can also be highly dependent on the environmental conditions as the
CICHs’ composition confers a hydrogel-state. One way to have a glance of such effects consists
of testing such devices under distinct environmental conditions, as further mentioned in the next

section.
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Figure 5.13. Electrical performance stability of the fabricated CICH-gated 1GZO transistors on multilayer-
coated paper under static electrical stress. a) Cyclic Ios—Vas curves of the fabricated EGTs gated by L100,
L1N3 or L1N19 membranes for saturation regime (Vps = 1.2 V) at a fixed Vs scan rate of 50 mV s before
and after 250 cycles (delay of 5 min between each cycle). Arrows represent the sweep direction. b) Variation
of the electrical parameters (lonorr and psat) after sucessive cycles.

Environmental endurance: influence of temperature and humidity

Considering the hydrogel-nature of the CICHs, the environmental conditions affect the amount of
water retained into their structure and, therefore, its swelling behavior. Thus, the role of temper-
ature and RH on the electrical performance of the IGZO EGTs on paper was also undertaken
(Figure 5.15 and Figure S2). The L1N3 electrolyte was used for these measurements due to its
superior environmental stability overtime in comparison with the CICHs with higher amounts of
NaOH, as well as similar thermal behavior and electrochemical properties to the L100 membrane.
The temperature range at which the devices were tested was limited to 100 °C, as the electrolyte
and paper substrate show some signs of degradation for higher temperatures (Figure 5.14). It is
worth to mention that the layers deposited on paper are not expected to be significantly deformed
with the swelling of the fibers, since it loses only a small amount of adsorbed water (4.2 % of its

weight) on the cellulose fibers at 100 °C.
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Figure 5.14. Thermal behavior of multilayer-coated paper substrate. a) Photographs of the L1N3 membrane
attached to the paper substrate after heating at different temperatures. b) TGA and respective derivative of
the TGA curve.

There is a clear change of the electrical parameters with heating, demonstrating a steep degra-
dation of the electrical performance for temperatures higher than 50 °C due to water release,
resulting in the loss of ionic conductivity and adhesion to the semiconductor surface.’®? As tem-
perature increases until 100 °C, lonorr is substantially affected decreasing to one order of mag-
nitude as a result of the increase of lorr and considerable decrease of lon. During heating, Von
shifts in direction to negative Vgs values due to thermal activation of the intrinsic conductivity of
the semiconductor, that also explains the increase of lorr (Table $6).32°

A very similar behavior was observed after testing a device overtime under vacuum conditions to
study the influence of the RH (Table S7). In this case, it is remarkable the stability of the device
as pressure drops inside the chamber down to 4.2 x 10-3 mbar, showing still some electrical mod-
ulation (inferior to one order of magnitude) at very low-pressure levels (=7.4 x 10 mbar). The
presence of hygroscopic alkali metal ionic species in the hydrogels aids in water retention even
in environments with low RH.330

Also, important to mention is the fast recovery of the electrical performance of the EGTs within a
few minutes when exposed again to ambient conditions (24 + 2 °C, 43 + 4 %RH). In both cases,
during cooling or after exposing the devices to atmospheric pressure conditions, loniorr reaches
the same range of values obtained for pristine devices, despite both lorr and lon shift to higher
values. This behavior demonstrates that this shift is determined by the IGZO rather than the elec-
trolyte. These results also demonstrate that the electrolyte can spontaneously recover its perfor-

mance overtime under ambient conditions without any external stimulus, due to the charged
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hydrophilic functional groups on cellulose chains that are able to attract the ions within the net-

work, whereas large amounts of water are reversibly adsorbed. 02
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Figure 5.15. Influence of temperature and humidity on the electrical performance of the fabricated L1N3
hydrogel-gated IGZO transistors on multilayer-coated paper. Variation of the electrical parameters lon and
lorr @) during heating directly on the probe station at different temperatures from RT to 120 °C (20 min of
stabilization at each temperature before measuring), and b) while cooling at ambient conditions a device
previously heated at 80 °C for 20 min. Variation of the electrical parameters lon and lorr ¢) under vacuum
conditions, and d) during recovery at atmospheric pressure. All curves were acquired with a Vas scan rate
of 50 mV s for saturation regime (Vbs = 1.2 V). Short dotted lines correspond to the original performance
of the EGTs before heating or vacuum.

This behavior is further explored in the chapter 7, as the reversible swelling ability of the electro-
lytes offers additional benefits in healing and recycling the membranes that can be reused in new
iontronic devices, triggering the introduction of environmentally responsible behaviors towards

sustainability.

5.1.3. Electrical performance of CICH-gated IGZO circuits on paper

Figure 5.16a shows four resistive-load inverters with planar sputtered IGZO EGTs on multilayer-
coated paper gated by N100 membrane, and its respective circuit schematic. The circuit VTC
curves (output voltage Vour vs. input voltage Vinand |gain| vs. Vin) are plotted in Figure 5.16b-c.
A good signal inverting behavior is observed when switching Vin from the “0” state (Vin =0 V) to
the “1” state (Vin = 2.5 V) for a supply voltage (Vo) of 1 V, meaning that if the applied input is low
then the output becomes high and close to Voo — RiIbs , and vice versa. The Vour fully swept from
near 1V to almost 0 V with a relatively small output hysteresis. When increasing the R. from 36
to 230 kQ, the logic gate reaches a maximum |gain| (-6Vout/dVin) of 1.8 and 2.4, respectively.
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Owing to their low-voltage operation, thin-film batteries, supercapacitors, external radio frequency
fields or energy-harvesting systems can be used to power these logic gate circuits.47.263.269

Regarding the dynamic response of the inverter (Figure 5.16d-g), the operation speed is highly
limited and degraded by the contribution of the parasitic capacitance from the probing (=160 pF)
and the oscilloscope cabling (=15 pF). Although the test setup, consisting of a semiconductor
parameter analyzer, an oscilloscope, and a wave generator, does not accurately simulate the
dynamic behavior of the circuit, we can get at least a sense of the magnitude of the switching

time.
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Figure 5.16. Electrical characterization of planar NOT gates on paper. a) Photograph of the fabricated flex-
ible planar NOT-gates with IGZO transistors gated by N100 membrane and pencil-drawn resistive tracks
(inset: circuit schematic). VTC curves for different load resistances along a pencil-drawn graphitic line (ar-
rows represent the sweep direction): b) Vour vs. Vin, and ¢) |gain| vs. Vin. d) Variation of maximum Vour
(Vour, max.) with frequency for different resistances along a pencil-drawn graphitic line to an input square-
wave pulse from Vin = -0.5 Vt0 2.5V and Vop = 1 V after five cycles. Dynamic response of the flexible planar
NOT gate with a pencil-drawn Rv of 36 kQ to an input square-wave pulse from Vin=-0.5 to 2.5 V and
Vop =1V fore) 0.1 Hz, f) 1 Hz, and g) 10 Hz.
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Figure 5.16d demonstrates that the inverter can switch at rates in the 1-20 Hz range depending
on the RL. As shown in Figure 5.16e-g (see also Figure S3), a better dynamic response is ob-
served for lower values of RL around of 36 kQ. Higher operating frequencies, in kHz range, have
already been reported in literature for EGTs and circuits.208.260.328,331,332

The dynamic performance can be further improved by adopting a vertical top-gate architecture,
shortening transistors’ channel length, getting a better control of the overlap between source-
drain electrodes and the thick electrolyte, and reducing the gate-channel distance. Less capaci-
tive probing or isolation of the output note with a buffer circuit can considerably improve the fre-

quency of operation.

5.2. “Interstrate” ACICC-gated IGZO transistors

Throughout this thesis, it was heavily emphasized the importance of depositing compatible func-
tional materials that can establish smooth interfaces among the different layers that compose the
transistors towards enhanced electrical performance. Moreover, the patterning of electrodes with
shorter channel lengths and the design of EGTs with a vertical architecture were pointed out as
key factors when looking for transistors with fast switching speed. In line with these considera-
tions, the paper substrate and the hydrogel electrolyte-gate are replaced by a single material, an
intrinsically ionic conductive cellulose-based substrate, which combines the advantages of both
materials, thus allowing the manufacturing of EGTs with simpler designs.

As displayed in Figure 5.17a, sputtered amorphous IGZO EGTs were fabricated onto the ACICC
membrane with a “interstrate” staggered-bottom gate structure, consisting of Al source-drain elec-
trodes and 1ZO gate electrode. The channel length and width were 230 um and 2.3 mm, respec-
tively, resulting in a W/L ratio of 10 (Figure 5.17b).

As demonstrated in Figure 5.17c (see Table 5.2), a considerable improvement on the electrical
performance of the “interstrate” nanopaper composite gated transistors (NCGTSs) is observed in
comparison with the fabricated flexible in-plane CICH-gated IGZO transistors. Despite the supe-
rior conformability of CICH membranes compared to the ACICC substrate, the direct lamination
of these hydrogels on the channel region can create local interface defects from trapped air bub-
bles. On the other hand, the controlled deposition of uniform stacked inorganic layers with nano-
metric dimensions alongside the smooth surface of ACICC membrane can avoid such issue.
The devices show a good electrical performance, where the hysteresis is almost inexistent and
exhibit anti-clockwise direction, related to the accumulation of ionic charges on the interfaces that
the ACICC membrane establishes with the IGZO and IZO electrode. An electrical modulation of
more than four orders of magnitude is achieved at lower operating voltages (<2 V), reaching the
saturation regime for Vbs values lower than 1.5 V. The devices work in the depletion mode (nor-
mally-on), achieving a maximum lon of nearly 1 mA for a Ves of 2 V, whereas the |lgs| values are

within the 0.2 yA scale, and Ss is substantially decreased down to just about 0.14 V dec.
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Figure 5.17. Design and electrical characterization of the fabricated ACICC-gated IGZO transistors. a) Sche-
matic illustration of the structure of the sputtered IGZO EGTs using the ACICC membrane as ionic conduc-
tive substrate. b) Optical micrograph image of a single device fabricated on the ACICC membrane, showing
the source and drain contacts. Ibs—Vas curves and respective Ips—Vps curves (the step for the Vs was
0.25V, starting from -0.5 up to 2 V), collected with a Vbs = 1.5V and Ves scan rate of 0.4 Vs ¢) as-
prepared, and d) after almost eleven months of storage under ambient conditions. Arrows represent the
sweep direction, whereas continuous and dashed lines correspond to Ips and |lss|, respectively.

Table 5.2. Resume of the electrical performance stability of ACICC-gated 1GZO transistors
overtime. The values show the average and respective standard error of the mean obtained from
six samples (Vbs = 1.5V, Ves scan rate: 0.4 V s).

Electrical parameters As-deposited 11 months
Von [V] 0.00 £0.03 -0.12 £ 0.02

lorr [NA] 22.7£2.49 20.8 £ 1.68

lon [mA] 0.63 £ 0.09 0.25+0.03

|les| [nA] 192+ 11.5 102 £ 2.00
loniorr [x104] 2.78 £ 0.28 1.22 £0.10
Ss[V dec™] 0.141 £ 0.003 0.144 £ 0.003

Msat [cm?2 V-1 s1]2) 11.4 +1.07 4.02 +0.60

a) Mobility calculated using the capacitance values extracted directly from the EIS data at 0.1 Hz.

Considering the materials that establish an interface with the ACICC membrane, the capacitance
of the electrolyte-gate was determined from EIS measurements, using a capacitor structure con-
sisting of stacked layers of AI/ACICC/IZO that constitute the source-drain electrodes, gate dielec-

tric, and gate electrode, respectively (Figure S4a-c). The psat value is around 11.4 + 1.07 cm2V-
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s for a capacitance value of 6.93 + 0.68 uF cm2, extracted from EIS data at 0.1 Hz (EDL for-
mation regime). Furthermore, the ECM proposed by Dasgupta et al.>? was used to estimate oifor
such capacitor structure, which is around 0.16 + 0.03 mS cm-'. Both capacitance and giare much
superior to that previously calculated in section 4.2.2, when using carbon electrodes. A plausible
explanation for the differences observed in the electrochemical behavior of the ACICC for distinct
conductive materials relies on a possible electrochemical doping mechanism that occurs in the
contact regions of the electrolyte with Al and 1ZO contacts, thus leading to much larger capaci-
tances.261

For the ACICC-gated 1GZO transistors under discussion, the composition of the source-drain
electrodes can generate some drawbacks because Al is an electropositive metal, meaning that
under positive bias the metal electrode can be dissolved in the electrolyte, and Al has also a
strong affinity for oxygen that promotes its oxidation.2®3 Furthermore, electrochemical doping of
IGZO has already been reported.3':32265 Therefore, the electrochemical stability of the devices
was also undertaken, using a capacitor structure that includes the semiconducting material
IZO/ACICC/IGZO/AI (Figure S4a). A capacitor structure without IGZO was used as reference to
ensure where the electrochemical reactions take place.

Contrarily to the electrochemically stable screen-printed carbon electrodes, electrochemical re-
actions are visible in both electrochemical systems composed of Al and 1ZO electrodes (Figure
S4d). Additional faradaic redox currents are visible when IGZO is integrated into the electrochem-
ical cell, which evidences its permeability to ions, as already verified in this work in section 5.1.2.
Nevertheless, the sputtered IGZO NCGTs show exceptional environmental stability, remaining
functional after ageing for almost 11 months under ambient conditions, showing some changes
in their performance, namely on psat and lon parameters (Figure 5.17d and Table 5.2). For longer
storage periods, the Al contacts show some signs of deterioration probably due to the ionic com-
position of ACICC membrane.

Despite the considerably larger channel length of the electrochemically-gated sputtered 1GZO
EGTs fabricated on the ACICC membrane in comparison with the flexible CICH-gated IGZO tran-
sistors, the prior devices exhibit a faster dynamic response, being able to operate for superior
frequencies up to 250 Hz with a proper electrical modulation above one order of magnitude (Fig-
ure 5.18 and Figure S5). The considerable enhancement in the dynamic response can be justi-
fied by the adopted vertical configuration and better conformability of the active layers to the

electrolyte-gate.
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Figure 5.18. Dynamic electrical characterization of the fabricated sputtered amorphous IGZO NCGTs. Evo-
lution of lon, lorr and lonjorr with frequency for gate voltage pulses from -1 until 2 V (the data points show
the average and corresponding errors bars obtained from five devices).
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Chapter 6. lon-controlled screen-printed ZnO transistors and circuits

The substitution of time-consuming, sophisticated, energy-intensive, and highly expensive con-
ventional microfabrication techniques, such as those addressed in the previous chapter, by solu-
tion-processed functional materials compatible with printing techniques is an important strategy
towards flexible electronics, where cellulose-based paper substrates fit in, decreasing drastically
the cost of the devices.'®139 Therefore, an important objective of this PhD plan was to integrate
the developed cellulose-based composites (electrolyte membranes and semiconducting inks) in
fully printed/written transistors and circuits able to operate with only a few volts (<3 V).

Within this context, devices were also fabricated using the formulated screen-printable ZnO-
based inks to pattern the channel layer either on paper-based substrates, where the Li-CICH
works as gate dielectric, or directly on the developed ACICC membrane. Both strategies reduce
considerably the time and degree of complexity of the manufacturing process of the EGTs, while
ensuring additional features, such as low-voltage operation, flexibility, and recyclability.

Logic gate operations either on paper or on the developed “paper-like” active substrate are
demonstrated by adopting a user-friendly hybrid manufacturing process that combines screen-
printing with handwriting techniques to easily draw conductive/resistive paths. Having in mind the
huge potential demonstrated by ZnO nanostructures for UV photodetection, which has been ex-
tensively explored in our research group,58254.276.284,333,334 |ow-voltage photo-electronic ZnO-
based logic circuits are also demonstrated on paper, which brings a new light to the field of flexible

smart sensing applications through UV illumination stimuli.

6.1. Screen-printed ZnO EGTs and integrated circuits on paper

The formulated CMC/ZnO inks are further explored in this section as they yield screen-printed
films composed of densely percolated functional particles on paper that display good adhesion,
superior smoothness and homogeneity compared to the heavily cracked and non-uniform
EC/ZnO films. Several measurements were performed on the screen-printed ZnO EGTs and in-
tegrated circuits (NOT, NAND, and NOR logic gates) fabricated on office paper to assess their
electrical endurance under mechanical bending, static and dynamic electrical stress as well as
resilience under extreme environmental conditions (temperature vs. humidity), and air-stability
overtime. The influence of particles morphology on the electrical performance of the devices is
also studied. Moreover, due to the ability of tuning the electrical properties of ZnO upon UV light
exposure, photoelectronic ZnO circuits on paper were also fabricated by combining UV switchable

light sensors, working as tunable load resistances controlled by UV light, with ZnO EGTs.

6.1.1. Design and architecture
6.1.1.1. Pencil-drawn resistive-load logic gates with screen-printed ZnO

EGTs

As depicted in Figure 6.1, handwritten logic gates with CICH-gated screen-printed ZnO transis-
tors with a channel length (L) and width (W) of 200 and 500 um (W/L = 2.5), respectively, were

produced on standard office paper using a conventional source and drain electrodes architecture
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with an in-plane-gate configuration. Contrarily to the previous approach (section 5.1.1), the man-
ufacturing/assembling processes involved are exclusively devoted to printing and handwriting
techniques, including a film-transfer lamination process, which were strategically selected to offer

freedom of design.

Printing direction Printing direction

Zn@:based|ink

e Ed 3 S - ].

1. Screen-printing of carbon electrodes (80°C, 15 min) 2. Screen-printing of ZnO-based ink

\1.Cut

Cellulose ionic

Pencil drawn graphitic
load resistances - IND NiR
VlN,A VIN,B VIN,.I\ VIN,B

PRl = =

graphitic load resistances of logic gates sticker

Figure 6.1. Schematic representation of the fabrication steps of handwritten logic gates with screen-printed
ZnO EGTs on office paper gated by the Li-CICH (inset: optical microscope image of a printed ZnO EGT on
office paper). S, D, G, RL, Vopb, Vour, GND, Vina and Ving are referred to source, drain, gate, load resistance,
supply voltage, output voltage, ground, and input voltages for EGTs A and B, respectively.

Sheets of ordinary office paper, where are already patterned the carbon electrodes and the
inorganic semiconducting layer of the transistors, are provided in the form of a portable kit that
includes calligraphy acessories (HB-2 pencil and commercial conductive silver ink rollerball pen)
and the Li-CICH sticker.

The unique features of the healable and recyclable CICH stickers, which offer portability, flexibility
and conformability, together with the developed water-based cellulose composite semiconducting
ink that does not require sintering processes after printing, have a significant role in this
demonstration of portable, disposable and low-cost circuits fabricated on-the-spot. Both functional
materials can withstand large periods of storage under ambient conditions without loosing
performance.

A commercial carbon-based electroconductive ink was selected as the material for the electrodes,
since it is electrochemically stable and a less expensive alternative material to inert and costly
noble metals, such as gold and platinum.4” With only one screen-printing pass, it is possible to
deposit a continuous carbon electroconductive layer (Figure 6.2a-c). Pinholes and pores are vis-
ible on the surface of the electrodes, which were likely formed during evaporation of residue from

the ink. Despite these surface imperfections, the carbon layer smooths paper’s surface roughness
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from nearly 3 um?%8.12% down to 161 nm RMS (Figure 6.2d). Screen-printed carbon films with a
square shape (area of 1 cm?) reach a Rs of 160 + 6.96 Q o' (determined from four-point probe
measurements, using Equation S6) after curing at 100 °C for 30 min.

As the dynamic response of the printed transistors is improved for shorter channel lengths, the
device dimensions were downscaled towards the maximum resolution achieved for the carbon
electrodes on office paper.'" Well-defined lines can be printed with the commercial carbon ink on
office paper with a width resolution of 162 + 2.80 ym and 211 + 5.15 um for line openings of 150
and 200 um, respectively (Figure 6.2e).172 Since for line widths of 150 um the printed lines still
tend to occasionally merge on office paper along a single fiber coated with conductive carbon,
the channel of the transistors was designed with screen masks with minimum openings of 200 um
to avoid unintentional short circuits between the electrodes, thus ensuring a better yield of func-

tional devices.
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Figure 6.2. Printability and electrical characteristics of screen-printed carbon electrodes on office paper. a-
c) SEM images for different magnifications of screen-printed carbon films dried at 100 °C for 30 min, and
respective d) AFM image. e) Printing resolution of the carbon ink on office: widthprinted VS. Widthscreen, and
respective widthprintea/Widthscreen ratio (inset: optical microscope image of screen-printed lines on office
paper). The values show the average and respective standard error of the mean obtained from ten
measurements for each line.

Then, the developed cellulose composite inks based on ZnO nanostructures were printed in the
channel region, and the printed film is dried at RT in a short period of time (<10 min). To complete
the printed EGTs’ fabrication, the developed freestanding cellulose electrolyte-gate sticker is cut
from the glass substrate, transferred with a tweezer, and laminated directly on the device to bridge

the channel region and gate electrode.
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Considering the simplicity of all the tasks involved in the printing and assembling of the active
materials, the whole process of manufacturing takes less than 1 h. As demonstrated in section
6.2.1, this time can be even shortened by using a substrate with ionic conductivity, thus eradicat-
ing the subsequent task related with the deposition of the gate dielectric.

The fabricated screen-printed EGTs can be easily integrated in logic gates (NOT, NAND, and
NOR gates) by using basic ubiquitous calligraphy accessories, such as a commercial conductive
silver-based ink rollerball pen and a pencil, for easy patterning of conducting tracks and graphitic
load resistances, respectively. The logic circuits were constructed by connecting in series a pencil
drawn RL with one drive ZnO EGT (EGTb) for the NOT logic gate. The NAND logic gate is
designed by a series connection of a pencil drawn load resistance and two identical driving printed

ZnO transistors, while a NOR logic gate is formed by two parallel driving transistors instead.

6.1.1.2. Tunable optoelectrical resistor switch as load resistance for NOT

logic gates

Flexible broadband photosensing devices, that combine electrical signal amplification with light
detection, can be used for detecting, processing, and control information when integrated in logic
circuits controlled by incident light, answering to the emerging demand for applications in the field
of optical imaging, health monitoring and diagnosis, flame detection, security control, and envi-
ronmental monitoring.335-338

From a broad list of optoelectronic materials, ZnO nanostructures stands out as one of the most
preferred materials for UV photodetection by virtue of its wide bandgap in the UV range and high
photosensitivity due to a higher aspect ratio of length to diameter and higher surface area of
nanostructures_58,254,276,333,335,339—343

In this work, UV photo-switchable circuits were fabricated by connecting the fabricated screen-
printed ZnO PNPs EGTs with UV sensors with a conductive silver ink rollerball pen (Figure 6.3),
being both components based on porous ZnO nanostructures as the inorganic photosensitive
material. A porous morphology in combination with a high surface area is advantageous to create
additional active adsorption sites, thereby improving photosensing properties of Zn0.257:344 |n this
case, the photo-electrical modulation of the circuit is promoted by exposing the UV sensor directly
to a UV light source, thus working as an optoelectrical load resistor that shifts from a high resistive
state to a more conductive state. A piece of office paper was laminated on top of the sticky elec-
trolyte-gate to protect the photosensitive ZnO channel layer of the transistors from the effects of
UV radiation, thus being possible to control the electrical performance of the circuit through the
OER switch.
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Figure 6.3. Schematic representation of the fabricated photoelectronic ZnO inverter on office paper,
composed of a single screen-printed ZnO EGT gated by the Li-CICH connected to a switchable opto-load
resistance that is controlled by UV light (365 nm).

6.1.2. Electrical performance of screen-printed ZnO EGTs on office paper

6.1.2.1. Performance of as-printed devices

Figure 6.4 shows cyclic transfer and respective output curves of the fabricated CICH-gated
printed CMC/ZnO transistors prepared from C3Z40 ink on standard office paper. As already dis-
cussed in section 3.3.2.1., inks with lower concentrations of commercial ZnO NPs (< 30 wt.%)
were also tested, however such inks were not further studied as the fabricated printed EGTs did

not show appealing electrical modulation.
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Figure 6.4. Electrical performance of screen-printed C3Z40 EGTs on office paper. Cyclic Ips—Vass curves of
screen-printed C3Z40 EGTs for saturation regime (Vos = 1.2 V) at a fixed Vas scan rate of 50 mV s™', and
respective Ips—Vps curves (the step for the Ves was 0.25 V, from -0.5 up to 2.5 V). Arrows represent the
sweep direction, whereas continuous and dashed lines correspond to Ios and |les| currents, respectively.
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Table 6.1. Results of the electrical characterization of CICH-gated screen-printed CMC/ZnO NPs
EGTs on office paper. The values show the average and respective standard error of the mean
obtained from twenty samples (Vbs = 1.2 V, Ves scan rate: 0.05 V s).

Electrical parameters Values
Von [V] 0.75 £ 0.07
lorr [NA] 1.40+0.26
lon [pA] 36.8 £ 6.46
lles| [MA] 0.56 + 0.06

lonjorr [x104] 3.31+0.50
Ss[V dec™] 0.19+£0.02
Msat [cm? V-1 s71]2) 21.7+2.70

a) Mobility calculated using the CoL value determined from the data fitting of the EIS measurements using
Dasgupta’s ECM.

The screen-printed EGTs exhibit n-type behavior and operate in the enhancement mode (nor-
mally-off), which is confirmed by positive Von (=0.8 V), thus, leading to more stable operation.
When Ves is varied within a narrow range of values from -0.5 to 2.5 V, the channel conductance
shifts sharply more than four orders of magnitude recording a maximum value of 8.2 x 10%. The
devices can reach a maximum lon of tens of yA, whereas the |lss| values range from 0.1 to 1 pA,
which are comparable with typical reported values for electrolyte-gates.#” The calculated psat is
also found to be notably large around 21.7 £2.70 cm?V-'s', whereas the Ss is low
(0.19 £ 0.01 V dec™). Despite such remarkable results, there are still some variations in the de-
vices’ performance that can be attributed to the rough and non-uniform surface of the untreated
office paper.

The devices display small current hysteresis with clockwise direction, which is associated to
charge carrier trapping effects close to the semiconductor/CICH interface rather than species with
low mobility (ions) in the semiconductor. According to the output characteristics, the printed de-
vices show hard saturation behavior at very low Vas (<2.5 V) and Vbs (<1 V).

Compared to the current state-of-the-art in the field of printed TMOS transistors, this work demon-
strates screen-printed ZnO transistors using a suitable strategy that enables RT processing of the
oxide semiconductor in combination with ease of fabrication, while ensuring outstanding devices
characteristics at low operating voltages on challenging and heavily texturized paper substrates.
As far as we know, the superb mobility achieved for the fabricated devices, when using CMC/ZnO
ink (Table S1 and Table S2), is the highest ever reported for printed ZnO transistors (precursor
and/or nanoparticulate route) or other printed TMOS materials using nanoparticulate ap-
proach.52:53,57,58,132,190,203-209,230 High mobility is desirable to display fast dynamic response when
integrated in circuits comprising several interconnected transistors. 4!

As verified by a cross-sectional SEM image depicting the distinct layers that compose the EGTs
(Figure 6.5a), the sticky, soft, and highly conformable surface of the Li-CICHs provides a good
interface quality with the screen-printed CMC/ZnO semiconductor layer, mitigating the adverse
effects of rough surfaces. All the screen-printed layers can be clearly distinguished and confirmed
through an EDS element analysis (Figure 6.5b-d). The thick screen-printed films do not exhibit
cracks alongside their thickness, which was estimated around 9.20 £ 0.89 ym and 8.65 + 0.21 ym

for carbon electrode and semiconductor layer, respectively.
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Figure 6.5. Quality of the interfaces between the different layers that compose the printed EGTs, including
the office paper substrate, screen-printed carbon electrode, screen-printed C3Z40 ink, and the electrolyte.
a) Cross-section SEM image depicting the EGT’s layers. EDS mapping of b) O, ¢) C, and d) Zn.

6.1.2.2. Air-stability overtime

Regarding the environmental stability of the devices, a steep degradation of the electrical proper-
ties of the C3Z40 EGTs is observed after one week of storage in air, decreasing significantly the
electrical modulation from four to two orders of magnitude, due to a considerable decrease of lon,
while psat decays almost 98 % (Figure 6.6 and Table 6.2). The increase of |lcs| and decrease of
lon over the weeks can be associated to the reactivity of the ZnO particles with protons and hy-
droxyl ions from the electrolyte, leading to the formation of zinc complexes under potential biases

and/or UV light illumination.319,345,346
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Figure 6.6. Electrical performance stability of screen-printed C3Z40 EGTs on standard office paper overtime
under ambient conditions. Ios—Vas curves: a) obtained after storing a device up to 2 weeks under ambient
conditions; b) obtained after storing separately the electrolyte and the office paper with the printed layers for
nearly 3 years under ambient conditions (Vps = 1.2 V, Vas scan rate of 50 mV s™'). Continuous and dashed
lines correspond to Ips and |lgs| currents, respectively.
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Table 6.2. Variation of the electrical performance of CICH-gated screen-printed CMC/ZnO EGTs
on office paper overtime. The values show the average and respective standard error of the mean
obtained from three samples (Vbs = 1.2 V, Ves scan rate: 0.05 V s).

Electrical parameters  As-deposited 1 week 2 weeks =3 years of storage®

Von [V] 0.93 £0.03 1.30+0.06 1.17 £0.09 1.03+0.12

lorr [NA] 1.04 £ 0.09 246+045 3.72+2.20 1.11+£0.13

lon [pA] 13.1+4.74 0.92+0.18 1.06 £0.63 5.95+1.43

[les| [MA] 0.75 + 0.11 116 +0.15 0.78+0.27 0.59+0.18

lonjorr [x103] 13.6 £6.14 0.39+£0.07 0.34+0.18 5831212

Ss[V dec™] 0.23 £ 0.01 0.19+0.01 0.20+0.05 0.22 £ 0.03

Usat [cm? V-1 s1]2) 2261742 0.52+0.35 0.26 £0.05 4.38 +2.23

a) Mobility calculated using the CoL value determined from the data fitting of the EIS measurements using
Dasgupta’s ECM.

b) Electrolyte and office paper with the printed layers of the transistors were stored separately for nearly 3
years under ambient conditions.

It is also important to mention that the electrolyte and the office paper platform that hosts the
printed layers can be stored separately for long periods of time (tested after nearly 3 years of
storage under ambient conditions) without significative degradation of performance. Since elec-
trical degradation occurs after lamination of the electrolyte, the as-prepared devices are best

suited for low-cost, portable, and disposable applications on-the-spot.

6.1.2.3. Bending measurements

The mechanical flexibility and robustness of the printed C3Z40 EGTs on office paper was inves-
tigated under inward (Figure 6.7a) and outward (Figure 6.7b) bending strains along the channel
axis, while varying the bending radius. The mechanical deformation of the devices promotes the
cracking of the CMC/ZnO layer, which in turn leads to a slight loss of performance (Figure 6.7c-
h). Bending deformation promotes a decrease of lon and psat, which negatively affects the lon/lore
ratio, while Von shifts to increasing values. For a bending radius of 15 mm, which corresponds to
an equivalent strain (€) of 0.36% (calculated according to Equation S7),347 lon decreased almost
72 % (21 to 6 pA) and 82 % (17 to 3 pA) when inducing a tensile and compressive strain, respec-
tively. In a similar way, psat was reduced by 80 % (18 to 3.5 cm?V-'s-') and 83 % (17 to 2.8 cm?V-
1s1) after outward and inward bending, respectively.

Considering the slightly better mechanical endurance of the devices under outward bending de-
formation, the paper transistors were also tested for a smaller bending radius of 5 mm
(€ = 1.09 %). Such bending conditions promote an even greater decline in the electrical charac-
teristics of the devices, due to the decrease of lon down to 2 pA, while the electrical modulation
decreases one order of magnitude (= 103), and the same trend is observed for psat, which is esti-
mated around 1 cm?V-1s-1, Still, the devices can keep working with lower performance when re-

turning to the flat state without damaging the electrolyte, due to its conformable and robust nature.
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Figure 6.7. Mechanical flexibility of screen-printed C3Z240 EGTs of office paper. Photos of the devices during
a) inward and b) outward bending deformation. ¢) los—Ves curves of the devices obtained before bending
(flat), during inward or outward bending, and after removal of bending deformation for Vps = 1.2 V and Ves
scan rate =50 mV s (inset: photo of the flexible paper devices under outward bending). Respective
electrical performance variation during d) inward, and e) outward bending stress. Comparison of the
electrical parameters before bending (flat), during inward (bending radius of 15 mm) or outward bending
(bending radii of 5 and 15 mm), and after removal of bending deformation: f) lorr, g) lon, h) psat. All the data
points show the average and corresponding errors bars obtained from three devices for each bending
condition.

While for outward bending the device can still recover a small share of its performance, the same
is not observed when bending is performed in the opposite direction (Figure 6.7f-h). The reason
relies on the large thickness of the semiconducting film that leads to a lower mechanical re-
sistance under compressive strain rather than tensile strain. This behavior is evident when folding
the device (Figure 6.8). The fractures along the surface of the printed channel layer grew consid-
erably under folding leading to device’s performance breakdown. During inward bending, the ZnO
particles crash with each other in the folding region and are peeled-off from the device, destroying
the channel layer. On the other hand, outward bending promotes the stretching of the active layers
printed on the paper substrate, creating smaller fissures along the fold line. The cellulosic matrix

that hosts the ZnO NPs can follow the stretching, avoiding the creation of macrofissures at the
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cost of increasing the distance between ZnO NPs in the folding region, thus destroying some

percolation paths that can be restored when returning to the flat state.
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Figure 6.8. Optical microscope images of the screen-printed layers on office paper before bending, and after
extreme inward (-180° folding) and outward bending (180° folding).

6.1.2.4. Environmental endurance: influence of temperature and humidity

As the environmental conditions display a key role in the amount of water retained into cellulose
structure, the role of temperature and RH was also undertaken on the electrical performance of
flexible printed CMC/ZnO NPs EGTs.

Figure 6.9a,b show the transfer characteristics within a temperature range from RT to 100 °C and
corresponding variation of the electrical parameters with heating. The range of temperatures con-
sidered do not promote cracking of the printed layers (inset image in Figure 6.9d). The device
was heated directly on the hotplate of the probe station and kept at each temperature for 20 min
before measuring. As temperature increases, there is a larger concentration of free carriers avail-
able in the semiconductor. As a result, Von shifts towards negative values from 0.7 down to -0.4 V
while Ips increases, implying that the semiconductor and hence the device are becoming more
conductive.329:348

As depicted in Figure 6.9c,d, in just a couple of minutes the device starts recovering its perfor-
mance under cooling at ambient conditions after heating at 80 °C. In less than 6 h, the device
restores up to 28.5 % of its initial lonorr value (=9.3 x 103). The reason relies on the reversible
swelling of the cellulose-based matrix that is present in the composition of the electrolyte and

inorganic semiconductor layers.
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Figure 6.9. Thermal response of screen-printed C3Z40 EGTs on office paper. a) Ips-Vas curves for different
temperatures (Vps=1.2V, Ves scan rate =50 mV s™), and b) respective variation of the electrical
parameters with heating. c) Ips-Vas curves of a device during cooling at RT after being heated at 80 °C for
20 min (Vps = 1.2V, Vas scan rate = 50 mV s™'), and d) respective variation of the electrical parameters
(inset: optical microscope image of the CMC/ZnO layer after heating at 80 °C for 20 min).

Figure 6.10 shows the effect of the RH on the electrical properties of the printed EGTs acquired
during pressure dropping for various time intervals and then its recovery at atmospheric pressure
overtime. As pressure drops inside the chamber, the water desorption occurs, and the device
exhibits a variation of the electrical characteristics in a similar way as observed during heating.
The device still exhibits current modulation after 20 h under vacuum conditions (pressure inside
the chamber reaches 9.7 x 104 mbar). When the device is brought again to atmospheric pres-
sure, it restores very quickly a big share of its original performance in less than 10 min at the cost
of smaller loniorr (2.2 x 103), which decreases more than one order of magnitude in comparison
with the initial performance (=1.5 x 10%). There is not a significant improvement of its performance

even after 4 h of storage at atmospheric pressure conditions.
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Figure 6.10. Humidity response of screen-printed C3Z40 EGTs on office paper. Ibs-Ves curves a) under
vaccum, and b) during recovery at atmospheric pressure (Vps=1.2V, Vas scan rate = 50 mV s™).
Respective variation of the electrical parameters curves b) under vaccum, and d) during recovery at
atmospheric pressure. Dotted horizontal lines correspond to the initial electrical performance of the device
before depressurisation.

6.1.2.5. Electrical stress: static and dynamic measurements

Static electrical stress measurements were performed to get a better estimation of how quickly
the devices deteriorate (Figure 6.11a,b). Immediately after laminating the electrolyte on the de-
vice, the device starts showing changes in the transfer characteristics during the first ten cycles.
An increase of Von from 0.8 to 1.2 V is observed, due to electron trapping in the electrolyte/sem-
iconductor interface trap-sites,349350 while both lorr and lon shift for lower values, decreasing the
loniorr nearly 58 % of its initial value, and psat decreases from 37 to 6.3 cm?V-'s™' (-83 %). %).
Despite the changes observed in the first few cycles, the device then maintains a reasonable
stable performance for four days under successive cycling. After 800 cycles, the devices exhibit
a good electrical performance, operating with a current modulation above three orders of magni-
tude and reasonable high psat around 6 cm?V-'s-!, which is still high considering the current state-
of-the-art in the field of printed TMOS as channel layer in transistors (see Table S1 and Table
S2).

The dynamic response of the EGTs was assessed by applying a square-wave gate signal at
different frequencies (1-10 Hz), between -0.5 and 2.5 V for a Vos fixed at 1.2 V (Figure 6.11c-f).
It can be estimated that an loniore above 10, required for proper integration in digital circuits, is

achieved for frequencies lower than 10 Hz.
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Figure 6.11. Static and dynamic electrical characterization of screen-printed CMC/ZnO EGTs on standard
office paper. a) Ibs—Vas curves after performing consecutive cycles (delay of 5 min between each cycle,
Vbs = 1.2V, Ves scan rate of 50 mV s'). Arrows represent the sweep direction for each curve. b) Respective
variation of the electrical parameters with increasing number of cycles. ¢) Dynamic response for different
frequencies: 0.1, 1, and 10 Hz. f) Evolution of lonwas =25V), loFF(ves =-05v), and respective lonorr with fre-
quency for the tenth cycle of the square-shaped Vas signal.

6.1.2.6. Optimization of EGTs’ performance with porous ZnO nanoplates

Throughout this work, commercial ZnO NPs were successfully used to formulate screen-printable
water-based inks suitable for patterning reasonably smooth semiconducting layers with RT func-
tionality in flexible EGTs on paper-based substrates. The devices exhibit appealing electrical per-
formance without performing additional post-printing treatments that could compromise the integ-
rity of the paper substrate, while adding complexity to the manufacturing process. However, a
high loading content of functional material (40 wt.%) is needed to create enough percolation paths
between the particles and achieve a satisfactory electrical modulation of the fabricated screen-
printed EGTs on rough and fibrous standard office paper. Besides, although such devices show
some mechanical flexibility under bending, the thick channel layer is destroyed under folding due
to the formation of large fissures along the fold line.

To address these issues, percolative pathways for conduction can be improved by using particles

with higher aspect ratio, while enhancing the mechanical endurance of the functional layer.33:351
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Therefore, the small sized commercial ZnO NPs were replaced by ZnO PNPs, which exhibit
higher aspect ratio and larger active area for interaction with ionic species from the electrolyte.

Figure 6.12 shows the impact of the loading content of ZnO PNPs in the electrical performance
of the fabricated EGTs. Despite the significantly rougher surface of screen-printed ZnO PNPs on
paper compared to commercial ZnO NPs, the conformable nature of the hydrogel electrolyte can
easily follow the surface roughness of the printed composite films, thus reducing charge trapping
effects that hinder charge transfer from drain to source.5? It is possible to decrease nearly 50 %
the amount of functional material to yield devices with almost comparable electrical performance
to those composed of commercial ZnO NPs. Besides, the electrical performance is considerably
improved for superior amounts of ZnO PNPs (= 30 wt.%), showing a notorious increase of lon
(43 £ 0.4 pA), lonorr ((8.6 £ 3.5) x 10%), and psat (35 £ 3.0 cm?2V-'s!). There are not significant im-

provements in the electrical performance for loading contents of 40 wt.%.
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Figure 6.12. Electrical performance of screen-printed ZnO PNPs EGTs on office paper. Cyclic lps—Vas
curves of screen-printed ZnO PNPs EGTs with different contents of ZnO PNPs a) 20 wt.%, b) 30 wt.%, and
c) 40 wt.%) for saturation regime (Vbs = 1.2 V) at a fixed Vgs scan rate of 50 mV s™', and respective Ips—Vps
curves (the step for the Vaes was 0.25V, from -0.5 up to 2.5 V). Arrows represent the sweep direction,
whereas continuous and dashed lines correspond to Ios and |lgs| currents, respectively. Respective electrical
parameters obtained for screen-printed ZnO PNPs EGTs fabricated on office paper (the data points show
the average and corresponding errors bars obtained from ten devices), and comparison with screen-printed
commercial ZnO NPs (C3Z40 ink) EGTs (the data points show the average and corresponding errors bars
obtained from twenty devices): d) lorr and lon, e) |las|, f) loniorr, g) Von, h) Ss, and i) ysat.
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The exceptional performance displayed by the devices prepared with C3ZPN30 ink is further ex-
plored in sections 6.1.3.2 and 6.2.

6.1.3. Electrical performance of screen-printed ZnO circuits on office paper

6.1.3.1. Handwritten logic gates with screen-printed ZnO EGTs

A user-friendly strategy designed for early-stage learners to produce low-voltage,fully recyclable
and flexible circuitry on ordinary paper targeting on-the-spot applications was demonstrated
(Figure 6.13a).

Figure 6.13b-d displays the circuit diagrams and respective VTC curves of the handwritten digital
electronic circuits with printed C3240 EGTs on office paper. As shown in Figure 6.13b, it is clear
that the inverter circuit outputs a voltage representing the opposite logic-level to its input, when
Vin is swept from 0 V (logic input signal “0”) to 3.5 V (logic input signal “1”) for a low Vop of 1.5 V.
Therefore, Vour becomes “HIGH” and close to Voo — Rilbs when the applied Vin is “LOW’. On the
other hand, when VN is “HIGH”, the driving EGT starts conducting and there is a finite voltage
drop across the R, which results in low Vour. For RL = 150 kQ, Vour shows logic output “1” of
1.44 V close to Vb, and output logic “0” of almost zero, demonstrating a maximum |gain| of 2.4.
The inverter exhibits low output hysteresis between the forward (Vin switched to “1” state) and
reverse (Vin switched to “0” state) Vin sweeps, which is a good indicative of reliable switching
behavior. A detailed study of the resistive-load inverter is presented in Figure S$6, which
demonstrates that almost full swing of the Vour to near =0 V is observed when increasing the RL
along the same graphitic line from 50 to 150 kQ. The maximum |gain| is considerably improved
from 2 to 3.4 for a R of 50 kQ by increasing the Voo values from 1 to 2 V, respectively.

Figure 6.13c,d show good NAND and NOR logic gates responses to a Voo of 1.5 V and two input
signals Vina and Ving for a RL of 150 kQ. The fabricated NAND gate only produces a “LOW’ Vout
(=0.12 V) when both input signals are “HIGH” (Vina = Ving = 3.5 V). Otherwise, a “HIGH” Vour
and close to Vob — RLIps (=1.48 V) is obtained. The opposite behavior is observed for the NOR
gate, in which a “HIGH” Vout (=1.38 V) is obtained if both of the inputs to the gate are held at “0”
state (Vina = Ving = 0 V), whereas a low Vour (=0.04 V) results only if one or both input signals
Vina (= 3.5 V) and/or Ving (= 3.5 V) are at “1” state, due to a high voltage drop across RL. The
maximum |gain| reaches 2.4 and 3.2 for NAND and NOR logic gates, respectively.

NAND and NOR gates are considered the “universal gates”’, meaning that they can be used to
make all the other gates. The low-voltage operation of these circuits enables the use of portable
thin-film batteries, external radio frequency fields, or energy harvesting schemes as power supply,

which is essential for the development of the loT concept. 132263269
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Figure 6.13. Electrical performance of planar pencil-drawn resistor-loaded logic gates with driving screen-
printed C3Z40 EGTs on office paper. a) Photograph of the fabricated handritten/printed paper-based circuits.
Schematic and VTC curves (Vour vs. Vin) of the printed EGTs with a pencil-drawn resistance of 150 kQ: b)
NOT gate; c) NAND gate and d) NOR gate for a Vob = 1.5 V and voltage scan rate of 50 mV s™'. Arrows
represent the sweep direction. Dynamic response (Vour, ViN vs. time) of the logic gates with a pencil-drawn
resistance of 50 kQ for a Voo = 1.5 V at 500 mHz: e) NOT, f) NAND, and g) NOR gates.

Figure 6.13e-g show that the Vour of the logic gates responded well to a 500 mHz square-wave
Vi~ signal at Voo of 1.5 V for a RL of 50 kQ (see also Figure 6.14). The small spikes observed at
this frequency result from the contribution of the parasitic capacitance effect, which may limit the
operation frequency.263352 The logic gates are still able to exhibit desired functionality, though
degradation in the output is noticed for relative higher frequencies around 1 Hz.

As already mentioned in section 5.1.3, some strategies can be implemented to improve the
frequency of operation of the circuits, but some of them can be limited by the materials, processing
and manufacturing methods used. Although the reduction of the channel's length towards
submicrometric dimensions can contribute positively for the enhancement of the dynamic
performance of these devices, this strategy is challenging when using printing techniques.243.248
Some efforts have been made to overcome this issue whether using SAP technique or adopting
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a new transistor design, where the semiconductor is printed between source-drain electrodes.?40
Furthermore, the planarization of fibrous standard office paper, without compromising its
recyclability nor low-cost, or the use of highly smooth nanocellulose or RCF substrates can also
display a key role to reduce its surface defects, enhancing interface interaction with the oxide

semiconductor targeting maximum operating frequencies.>15.129
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Figure 6.14. Dynamic response of the logic gates with a pencil-drawn resistance of 50 kQ fora Vop = 1.5V
at different frequencies (50 mHz, 100 mHz and 1 Hz).

6.1.3.2. UV-responsive inverters

Figure 6.15 shows the UV sensing performance of the photonic devices for different UV light
intensities, under a fixed bias voltage of 1.5 V, which value is identical to the applied Voo to oper-
ate the previous logic gate circuits with pencil-drawn load resistances. Regarding the photosens-
ing layer of the UV sensor, the C3ZPN10 ink was used to pattern this layer as it enables the local
functionalization of the paper’s surface with a reasonably good percolation of ZnO particles (see
Figure 3.9). Since the UV sensors are intended to be used as R for logic operations, the obtained

photocurrent values were converted to resistance.
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Figure 6.15. Photoswitching characteristics of the screen-printed ZnO PNPs OERs on office paper under
different UV light intensities: a) variation of the resistance overtime for a bias voltage of 1.5 V, during five
consecutive ON/OFF cyles (LED ON: 150 s; LED OFF: 150 s), and b) respective dark resistance (Rdark),
resistance under UV light (Riight), and OFF/ON ratio (Rdark/Right) for the last ON/OFF cycle. The data points
show the average and corresponding errors bars obtained from 4 samples.
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By exposing the sensor to UV light, electron-hole pairs are created by absorbing photons with
energy larger than the band-gap energy of ZnO. The adsorption and desorption of oxygen mole-
cules on the ZnQO'’s surface from ambient atmosphere also play a crucial role in the photoconduc-
tion. Under UV light illumination, the photogenerated holes recombine with negatively charged
oxygen ions and release the adsorbed oxygen molecules from ZnO surface back to atmosphere,
decreasing the depletion region. The unpaired photogenerated electrons in the conduction band
of the ZnO together with the available holes contribute for photoconduction, and consequently an
increase in current is observed. When returning to the dark state, oxygen molecules are again
adsorbed onto the particles’ surface, capturing free electrons and depleting the channel region,
which will promote the decrease of the electrical conductivity.353-355

The sensors exhibit a stable performance under consecutive ON/OFF cycling, shifting exponen-
tially from =10 MQ to less than few tens of kQ under UV light illumination, which represents a
decrease of more than two orders of magnitude in the resistance, thus being possible to work as
a UV-tunable load resistance. Regarding the influence of the UV light intensity, lower resistance
values are achieved for increasing intensities, as a consequence of the increase of the number
of photogenerated carriers with the increase of the incident photons, reaching an average re-
sistance value of 32, 11, and 8 kQ for a UV light intensity of 0.3, 2.0, and 8.7 mW cm, respec-
tively. There are not significant differences between the two highest UV light intensities, possibly
due to the balance between recombination and the generation of electron-hole pairs during ex-
posure to UV light radiation.33”

The switching response kinetics of the photonic sensors was evaluated to understand how quickly
they shift the optoelectrical properties when exposed to UV light (rise time) and when turning back
to the dark state (fall time). Both parameters were calculated in the range between 10 and 90 %
of the total electrical modulation. The reasonably long-time response in both states is related to
slow adsorption/desorption of oxygen molecules from the nanostructures’ surface, which is typical
for ZnO-based UV photodetectors.340:356 The rising time increases with UV illumination intensity,
and it was determined to be around 24.2, 45.8, and 45.7 s for UV light intensities of 0.3, 2.0, and
8.7 mW cm?, respectively. On the other hand, the fall time does not change much with the UV
light intensity, being around 11 s. The shorter fall time response lies on the faster oxygen adsorp-
tion kinetics, while the longer rise time is related to the decreasing rate of the adsorbed oxygen
ions.35%

The integration of EGTs with the optoelectronic sensing system enables photo-stimulated logic
functionality on a single platform, where the electrical performance switches actively under UV
light stimulus. The optically triggered NOT logic gate circuits were investigated by acquiring suc-
cessive VTC curves overtime during an ON/OFF UV illumination, under different light intensities,

while applying a fixed Vop of 1.5 V and sweeping Vin from 0 to 3 V.(Figure 6.16).
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Figure 6.16. Photoswitching characteristics of the fabricated planar OER-loaded opto-NOT gates under cy-
clic UV illumination. VTC curves acquired overtime during (a, ¢, e) and after (b, d, f) UV light exposure for a
UV light intensity of 0.3, 2.0, and 8.7 mW cm?, respectively (LED ON: 3 min, LED OFF: 3 min, Vop = 1.5V,
voltage scan rate =400 mV s™"). Grey arrows represent the sweep direction.

The variation of the electrical parameters of the inverters were plotted in Figure 6.17. In the pris-
tine state (before UV illumination), the opto-logic gates exhibit an inverter behavior that alternates
from 1.1 V to =0 V for increasing Vin values, when sweeping from 0 to 3 V, respectively. Under
such conditions, the inverter reaches a maximum gain of 2.2, and shows a reasonably small
clockwise hysteresis.

Immediately after turning on the UV light, the VTC curves quickly shift towards superior Vin values,
which is more prominent for increasing UV light intensities, and the hysteresis becomes negligi-
ble. As the UV light promotes the decrease of the RL of the OER, output high level (Von) increases
rapidly towards the applied Voo (=1.5 V), whereas output low level (VoL) is also pulled up with the
increase of UV light intensity, shifting to 0.1, 0.3, and 0.5 V for 0.3, 2.0, and 8.7 mW cm-2, respec-
tively. Although an increase of the gain up to 2.9 is observed for the lowest UV light intensity,
where the RL is around 32 kQ, this trend is reversed with the further decrease of the R. as the UV
light intensity increases, reaching a gain value of 2.1 for the highest UV light intensity. When
returning to the dark state, the VTC curves show a very slow transition towards the initial inverter

characteristics obtained before UV light exposure.
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Figure 6.17. Electrical characterization of planar opto-NOT gates on office paper composed of screen-
printed ZnO PNPs EGTs and OER as photoswitchable load resistance. Respective variation of the main
figures of merit of the inverters during an ON/OFF cycle (3 min ON, and 3 min OFF) for increasing light
intensities from 0.3 to 8.7 mW cm- (Vop = 1.5V, voltage scan rate = 400 mV s™"): a) |gain|, b) output high
level (Von), ) output low level (VoL), d) maximum value of input interpreted by the inverter as a logic “0”
(ViL), and e) minimum value of input interpreted by the inverter as a logic “1” (Vin). The data points show the
average and corresponding errors bars obtained from 5 samples. f) Variation of Vout for successive ON/OFF
UV illumination cycles (60 s ON, and 60 s OFF) at a fixed light intensity (0.3 or 8.7 mW cm?) and Vin
(Oor3V).

Dynamic electrical characterization of the inverters was assessed by measuring the change of
Vout during consecutive ON/OFF switching of UV light, under a constant light intensity, while
applying a fixed Vin (0 or 3 V) and Vop (1.5 V) (Figure 6.17f). The photo-inverter exhibits a rea-
sonably stable and reversible electric-switching behavior for repeated ON/OFF UV light cycles.
As the UV light is turned on, Vour increases rapidly to 1.5 V for a Vin of 0 V with a rise time of 4.8
and 0.4 s for an UV light intensity of 0.3 and 8.7 mW cm, respectively, while the fall time is very
slow and does not reach the initial value due to a persistent photoconductivity.35” The inverter
operating at a Vin of 3 V, corresponding to output logic level “0”, exhibits a faster photoresponse
with a rise time of 12 and 9.7 s for a UV light intensity of 0.3 and 8.7 mW cm2, respectively, and

a fall time of 16 and 13 s for the same UV light intensities.
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6.2. Fully screen-printed ZnO nanopaper composite gated tran-

sistors and logic gates

To further simplify the manufacturing process, the developed ACICC membrane was used as a
robust ionic conductive material to support the printed devices, while displaying electrochemical
features favorable to achieve low-operating voltages. For such purpose, the optimized screen-
printable water-based CMC/ZnO PNPs ink was used to pattern the semiconducting layer of the
NCGTs, since, as previously observed in section 6.1.2.6, it yields printed ZnO EGTs on office
paper with the best electrical performance.

The operation of the NCGTs under mechanical deformation or electrical stress will be presented
and discussed, and their integration in low-voltage cellulose-based microelectronic circuits will be
addressed. Furthermore, a comparison between the two types of electrolyte-gating (deformable
hydrogel sticker vs. robust ionic conductive substrate), and the impact of the interface between

the electrolyte and the semiconductor layer will be studied.

6.2.1. Design and architecture

As illustrated in Figure 6.18, fully screen-printed, in-plane, ZnO NCGTs were fabricated on the
smoothest side of the ACICC membrane, used as support and high capacitance gate dielectric.
Only two printing steps are needed to fabricate fully functional NCGTs by patterning the planar
carbon electrodes (Rs = 253 £ 10.2 Q o', determined from four-point probe measurements using

Equation S6), and then the semiconducting layer onto the ionic conductive substrate.

Frmung direction Printing direction

Carbon ink

Fully screen-printed nanopaper
composite gated transistors
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Step 1: Screen-printing and drying of the Step 2: Screen-printing and drying of the
carbon electrodes. semiconductor.

Figure 6.18. Schematic illustration of the fabrication process of the fully screen-printed ZnO NCGTs.

As previously discussed in section 6.1, we demonstrated screen-printed ZnO EGTs and logic
gates using a suitable strategy that enables RT processing of oxide semiconductors in combina-
tion with ease of fabrication, while ensuring outstanding devices’ characteristics at low-operating
voltages on ubiquitous office paper substrates. The substitution of nanosized commercial ZnO
NPs by ZnO PNPs revealed advantageous to form percolative pathways for conduction at lower
contents, thus leading to devices with enhanced electrical performance.3335" The C3ZPN30 ink

was used to pattern the channel layer as it yields devices with superior electrical performance.
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Figure 6.19 show SEM images focused on the semiconducting layer printed onto the ACICC
membrane, which reveal a very similar topography as the one observed on office paper substrate
(see Figure 3.9). The nanoplate-shape provides a more direct percolation path for electron
transport and a larger interface between the particles and the ACICC substrate. This morphology
assists in the interaction with ionic species of the electrolyte that can also interact with the porous
surface defects, working as electrochemically active sites. No signs of cracks along its surface
nor peeling are visible, although micro-sized voids are observed among the particles for higher
magnifications, which also contributes for the large surface roughness of the printed CMC/ZnO
PNPs film.

ferent magnifications.

To further develop applications based on the fabricated planar, fully screen-printed NCGTs, these
devices were integrated into digital logic circuits (Figure 6.20), using a similar strategy as the
pencil-drawn logic gates fabricated onto office paper. Yet, since the ACICC membrane is not
compatible with pencil drawing, a sheet of office paper was used instead to pattern resistive gra-
phitic tracks that will in turn establish the R.. The ACICC membrane was glued with a double-
sided tape to the office paper, and the transistors were printed onto its smooth surface. After
printing the carbon electrodes, a pencil brush was used to handwrite thick carbon conductive
tracks. The drawn electrical connections and the screen-printed electrodes were dried simultane-
ously at 70 °C for 15 min, and stored at ambient conditions for 1 h to let the ACICC membrane
restore its moisture, before printing the CMC/ZnO PNPs channel. By doing so, it is possible to
easily bridge the intended electrodes from the hosting cellulose-based materials (office paper and
ACICC membrane).
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Figure 6.20. Schematics of the fabricated logic gates (from left to right — NOT, NAND, and NOR gates) with
planar fully screen-printed NCGTs.

6.2.2. Electrical performance of fully screen-printed ZnO nanopaper com-

posite gated transistors

6.2.2.1. Performance of as-printed devices

Figure 6.21c shows typical cyclic transfer and respective output curves of the fabricated fully
screen-printed ZnO NCGTs depicted in Figure 6.21a-b. The devices were tested one hour after
printing de semiconducting layer, under ambient conditions (=40 % RH). Statistical variations of
twenty-five devices are displayed in the histograms of Figure 6.21d-i, corresponding to the vital
figure of merits of transistors, which strongly depend on the capacitance of ACICC membrane
and its surface defects. The electrical parameters were calculated in the forward sweep direction
and in the saturation regime (Vos = 1.2 V). The corresponding mean values and their standard
error of the mean are also mentioned.

The parameters Ss and psat were calculated according to Equation S4 and Equation S5, respec-
tively. Regarding the latter parameter, contrarily to the previously studied CICHSs, the less con-
formable nature of the ACICC membrane to the deposited functional materials can lead to addi-
tional interfacial defects that can make the estimation of CoL more complex, despite the good
fitting of the ECM chosen for data interpretation. Thus, the capacitance value used to determine
the NCGTs’ mobility was the one obtained at the lowest value of frequency (0.1 Hz) from previous
EIS measurements (section 4.2.2), within the EDL formation regime, which corresponds to
0.8 uF cm=2.
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Figure 6.21. Electrical characterization of the fabricated fully screen-printed ZnO NCGTs. a) Photograph of
the fabricated fully screen-printed “intertrates” EGTs on the ACICC membrane. b) Optical micrograph image
of a single NCGT (S, G and D stand for source, gate and drain electrodes). ¢) Cyclic Ios—Ves curve, and
respective Ins—Vbs curve (the Vs step was 0.25 V, starting from -0.5 up to 2.5 V) for saturation regime (Vbs
=1.2 V) at a fixed Ves scan rate of 0.2 V s™'. Arrows represent the sweep direction, whereas continuous and
dashed lines correspond to Ips and |las|, respectively. Histograms of device metrics for 25 devices: d) Von,
e) lorr, f) lon, @) |les|, h) Ss, and i) psat.

The fabricated NCGTs operate with negligible hysteresis (anti-clockwise direction) in the en-
hancement mode (normally-off) with a Ves of less than 2.5 V, which is much lower than conven-
tional cellulose-based paper transistors, typically reported in the order of tens of volts. The chan-
nel conductance varies more than three orders of magnitude (3.5 x 10%), reaching an lorr, lon and
[les| of 4.69 £ 0.58 nA, 11.2 £ 0.78 pA and 0.64 + 0.06 pA, respectively.

The large |les| observed is strictly related to the faradaic redox currents (as previously confirmed
by CV measurements in Figure 4.14, since small ions, such as H* and Li* ions, tend to diffuse
into the highly permeable semiconducting layer. Its porous morphology works as electrochemi-
cally active sites that promote electrochemical reactions, inducing a 3D conduction channel. Both
Ips and |les| curves exhibit distinct behaviors depending on the applied Vgs, which evidence that
a different operation mechanism becomes dominant, shifting from a field-effect to a predominant
electrochemical doping regime for higher Vgs values. Furthermore, the devices exhibit large psat
of 27.1 £ 1.56 cm? V-' s*!, and relatively small Ss of 0.37 + 0.01 V dec™'. According to the output
characteristics, the printed devices show hard saturation behavior at very low Ves (<2.5 V) and
Vbs (<0.5 V).

Although the smooth surface of the ACICC membrane leads to lower variations in the electrical
parameters in comparison with the ZnO PNPs EGTs printed on rough and non-uniform standard
office paper, the electrical performance of the fully screen-printed NCGTs is not as good as the
latter ones. The observed differences are due to the lower conformability of the ACICC membrane
to the semiconducting layer that leads to a poorer dielectric/semiconductor interfacial quality in

comparison with the Li-CICH sticker. The adverse effects of the intrinsically rough and porous
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surface of the ZnO PNPs are easily mitigated when using the highly conformable, smooth, and
sticky CICH stickers, as they enhance considerably the contact at the semiconductor/electrolyte
interface.

The electrical performance of the NCGTs can be improved by sintering the particles to some
extent to create a denser yet smoother structure,5177.178 or through the creation of a continuous
and smooth ZnO dual-phase layer to address the large surface roughness issue.5835! Besides,
the degree of alignment of the semiconducting particles also influence the devices’ performance,

being favorably affected for well-aligned particles along the transport direction.35

6.2.2.2. Air-stability overtime

The environmental stability of six printed ZnO NCGTs overtime was also assessed. The transfer
curves are measured at as-prepared conditions and after three weeks in air (Figure 6.22). In a
similar way as the screen-printed ZnO EGTs on office paper (section 6.1.2.2), the electrical per-
formance of the devices is also quickly degraded just after a few days, decreasing their electrical
modulation almost one order of magnitude, due to a considerable decrease of lon, while psat de-
cays almost 95 %. Their performance remains almost constant after one week, yet for longer
periods of storage they no longer exhibit a satisfactory electrical modulation as the |lcs| surpasses
the lon. Since the devices’ performance is not maintained for long periods of time, they are more
suitable for disposable applications.
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Figure 6.22. Ageing effect of the fabricated fully screen-printed ZnO NCGTs. a) Ibs—Vas curves obtained
after three days, one week, and three weeks of storage under ambient conditions and comparison with the
as-prepared devices (Vbs = 1.2 V, Ves scan rate = 0.2 V s'). Arrows represent the sweep direction, whereas
continuous and dashed lines correspond to Ibs and |les|, respectively. Variation of electrical parameters
overtime: b) lon, |les|, lorr, €) Von, Ss, and psat (the data points show the average and corresponding errors
bars obtained from six samples).
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6.2.2.3. Bending measurements

Although several reports have demonstrated the flexibility of oxide-based paper TFTs with proper
operation under bending strains,32:33.41.4457 foldability has not been achieved. Up to date, organic
semiconductors have demonstrated superior endurance to mechanical deformations. 12°

Figure 6.23 shows the influence of mechanical deformation on the transfer characteristic curves
of the devices before and after inducing a bending deformation along the channel axis, using a
substrate holder with a bending radius of 15 mm, as well as the recovery to the flat state of the
folded devices. The ACICC membrane and printed carbon electrodes show mechanical re-
sistance after bending or folding, which lead us to conclude that the differences observed in the
devices’ performance can be mainly attributed to the cracking, peeling or even alignment of the

Zn0O PNPs, depending on the type of induced mechanical deformation.

---------- REEOVE I tr folding

Figure 6.23. Electrical characterization of the fabricated fully screen-printed ZnO NCGTs before and after
inducing a mechanical deformation. Ips—Ves curves obtained before and after performing a) inward or b)
outward bending/folding (Vas scan rate of 0.2 V s). Arrows represent the sweep direction, whereas contin-
uous and dashed lines correspond to Ios and |les|, respectively.

Figure 6.24a,d displays the respective variation on the electrical performance before and after
performing bending or folding. For inward bending, a deterioration in the electrical properties is
observed, where a small shift of Von for higher values is observed, while lon and psat reduces
about 12 and 11 %, respectively, compared to its original performance in the flat state. These
changes are due to the formation of some cracks throughout the thick CMC/ZnO layer. When

returning to the flat state, the performance is further degraded due to the peeling of crashed
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particles. Despite the propagation of the fractures along the channel layer during folding, contrarily
to ZnO NPs, the elongated size of the ZnO PNPs proves to be advantageous to guarantee enough
percolation paths that ultimately avoid the total failure of the devices after folding, as confirmed
by SEM (Figure 6.24b,c).

A quite different behavior is observed when inducing a tensile strain correspondent to outward
bending. In this case, a considerable improvement of the devices’ performance is observed since
the outward bending promotes the local preferential orientation of the particles in the source-drain
direction, which facilitates electron transport of the semiconducting film, and the local alignment
of the nanopaper fibers, thus enhancing ion percolation within the ACICC membrane. This reason
can explain the favorable increase of 47 and 14 % of lon and psat, respectively, resulting in an
optimization of lonorr of 4 %. The removal of the bending stress promotes a better accommoda-
tion of the locally oriented particles, restoring and creating new percolation paths, which in turn
leads to a further improvement of the NCGTs’ original performance. Comparing the performance
before and after bending, the lon increases 61 %, whilst an increase of 46 % is achieved for the
Msat.

Regarding recovery after folding, the devices demonstrate a remarkable performance, almost
comparable to that obtained before inducing a bending deformation, showing only a slight shift of
Von from 0.3 to 0.7 V and a decrease in lonorr of 24 %. As observed in Figure 6.24ef, the device
remains uninjured after folding, which clearly demonstrates the good quality of the semiconduc-

tor/ACICC membrane interface.
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Figure 6.24. Electrical characterization of the fabricated fully screen-printed ZnO NCGTs before and after
inducing mechanical deformation. Variation of the electrical parameters before and after performing a) in-
ward or d) outward bending/folding (Vos = 1.2 V, Vas scan rate = 0.2 V s™'). The data points show the aver-
age and corresponding errors bars obtained from five samples. SEM images of the devices in the flat state
after performing (b,c) inward or (e,f) outward folding.

As depicted in Figure 6.25, the folding stability of three screen-printed ZnO NCGTs was assessed
over 100 outward folding/unfolding cycles. The most significant changes occur during the first five
cycles in a similar way as previously described, showing a decrease in lon and mobility, as well

as a displacement of the Von to higher values. Their performance remains stable with the increase
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in folding/unfolding cycles, which demonstrates that these devices have satisfactory mechanical

tolerance, serving the purpose of flexible electronics.
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Figure 6.25. Mechanical electrical stress measurements of the fully screen-printed ZnO NCGTs on the flat
state after consecutive 100 outward folding/unfolding cycles. a) Schematic representation of successive
folding/unfolding cycles. b) Ibs—Ves curves of three devices after successive folding/unfolding cycles
(Vbos = 1.2V, Ves scan rate = 0.2 V s'), and respective evolution of the electrical parameters: ¢) lorr, d) lon,
e) Von, and f) psat.

Considering all these results, a fair comparison was performed with the current state-of-the-art in
the field of transistors gated by cellulose-based paper substrates, starting with the works of CEN-
IMAT group, which established the foundations of paper as an active material in electronics, and
the follow up from several research groups (Table S3). Although most of these works are devoted
to conventional vacuum-based deposition techniques to deposit inorganic semiconductors mate-
rials on several types of engineered cellulose-based paper substrates, their operating voltage is
still in the range of tens of volts to enable the creation of electric double layers. More recently, Dai
and co-workers®5':3%8 produced flexible transistors and CMOS inverters with low-voltage operation
on TEMPO-oxidized NFC membranes using thermally evaporated n- and p-type organic semi-
conductors.

In comparison, this work reports for the first time fully printed devices on ACICC membrane, suc-
cessfully using ZnO nanostructures as the channel layer, showing remarkable mechanical endur-

ance under folding deformations, while operating with merely a few volts with appealing electrical
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characteristics. Therefore, the possibility to build extremely low-power flexible transistors based
on TMOS materials is no longer limited to low-mobile organic semiconductors, despite their un-
deniable superior processability.

6.2.2.4. Electrical stress: static and dynamic measurements

Static and dynamic measurements were performed to assess the electrical stress of printed ZnO
NCGTs. For the static measurements, one device was subjected to 1000 consecutive cycles be-
tween -0.5 a 2.5V (forward and backward sweep), without delay between each measurement
(Figure 6.26a,b). The device exhibits a satisfactory electrical endurance after 1000 cycles. For
increasing number of cycles, lorr and Ss decrease, whereas the remaining electrical parameters
show some fluctuations over cycling. In a first stage until 100 cycles, the Von shifts from 0.6 to
1.1V, and an increase on lon (37 %), |les| (2.4 %) and psat (28 %) is observed. Then this trend is
reversed as the same parameters start to decrease successively, and an enlargement of the
hysteresis occurs. Despite the shift of both Ibs and |les| for lower values, an improvement of the
device’s modulation is observed. This trend can be associated with a side effect that can occur
after successive cycling, which is the Joule heating, as it can promote water desorption, thus
hindering the ionic conduction of the ACICC.

The dynamic characterization was carried out by applying a square-wave gate signal at different
frequencies (1-25 Hz), between -0.5 until 2.5V for a Vos fixed at 1.2 V (Figure 6.26c-h). The
devices show an electrical modulation above two orders of magnitude at 0.1 Hz, and a steep
decrease of lonorr towards one order of magnitude is observed for frequencies between 5 and
10 Hz, this being the maximum frequency at which the fabricated logic gates are expected to
operate. Although it is still possible to distinguish between the OFF and ON states at 25 Hz, the
loniorr does not reach one order of magnitude. Despite the ionic response of the ACICC mem-
brane points to a capacitive behavior for superior frequencies (=1.9 kHz) (according to previous
EIS results in Figure 4.13), the rough ZnO PNPs particles can limit the device’s switching.
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Figure 6.26. Static and dynamic electrical characterization of the fabricated fully screen-printed ZnO NCGTs.
a) Ios—Vas curves obtained after consecutive cycling without delay between each cycle (Vbs = 1.2V, Vas
scanrate = 0.2 V s™"). Arrows represent the sweep direction. b) Normalized electrical parameters for increas-
ing cycles. Variation of Ips with increasing cycles of Vs pulses from -0.5 until 2.5 V for different frequencies:
c) 0.1, d) 1, e) 10, and f) 25 Hz. g) Variation of lon and lorr with increasing cycles for a square-wave gate
signal between -0.5 until 2.5 V for a fixed Vbs of 1.2 V and at different frequencies (open symbols correspond
to lon, while closed symbols correspond to lorr). h) Evolution of lon, lorr and lonorr with frequency for the
tenth cycle (the data points show the average and corresponding errors bars obtained from four devices).

6.2.3. Logic gate operations with fully printed ZnO nanopaper composite

gated transistors

Figure 6.27a show VTC curves of the NOT gate with a pencil-drawn R. of 300 kQ and a EGTo

with L = 200 ym and W = 1 mm. The circuit shows a clear steep inverting behavior with low output
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hysteresis when Vin is swept from -0.5 (logic input signal “0”) to 3 V (logic input signal “1”) for a
low Vob of 1.5 V. The Vour at logic input signal “0” is close to the Vob (=1.43 V), which is deter-
mined by Vour = Voo — Ri.Ibs. When the transistor shifts to the ON state with the increase of Vi,
Vourt drops almost to zero (=0.05 V). The inverter exhibits a maximum |gain| of 2.9.

The output characteristics of NAND and NOR logic gates are shown in Figure 6.27b,c, respec-
tively, showing also low hysteresis. In the case of the NAND gate, when either one or both of the
input gate voltages (Vina and Ving) are logic “0” (Vina = Ving = 0 V), the Vour is “HIGH” (1.34 V),
corresponding to output logic “1”. Only when both input gate voltages are logic “1”
(Vina = Ving = 3 V), the transistors turn to ON state and the Vout becomes “LOW’, corresponding
to output logic “0” (0.09 V), reaching a |gain| of 1.6.

In contrast, for the NOR gate, output signal “1” is obtained only when all the transistors are in the
OFF state. The maximum value to define output signal “1” corresponds to 1.33 V, reaching a
|gain| of 1.1. The output logical “0” can be defined when applying input signals Vina =3V and
Ving = 0V, reaching a minimum value for Vour of 0.09 V. Nevertheless, Vour is slightly high when
Ving = 3 V and low input signals Vina are applied, since either the EGTa is not entirely in the OFF
state or |lss| have increased. In this case, when Ving =3V and Vina =0V the Vour records a
value of 0.83 V.

NOT gate NAND gate NOR gate

—V low ' A B'Output

1

sV high

0
0
1
1

VOUT (V)
|Gain|

V. (V)

IN,A (
Figure 6.27. Logic gate applications of the planar fully screen-printed ZnO NCGTs with pencil-drawn load
resistances. VTC curves of a) the NOT gate; b) NAND gate, and ¢) NOR gate, and respective |gain| for
different Voo = 1.5 V at a fixed voltage scan rate of 0.2 V s™'. Truth tables of the fabricated logic gates are
summarized as insets in the respective plots.
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Chapter 7. Environmental responsible strategies

Beyond the need of ecofriendly materials as well as compatible economically efficient and scala-
ble processing, manufacturing, and assembling methods, a convenient end-of-life management
of electronic/electrochemical systems is imperative in a current world that assists to a more and
more use of these systems integrated into commodity items, and now the upcoming trend of loT
devices that threatens to increase E-waste in the future.3%°

The arise of 1oT is also in line with the benefits offered by scalable printing/handwriting manufac-
turing technologies that enable the fabrication of multiple devices in a short-time and at extremely
low-cost, thus making the resulting product affordable to the final end-user. Nevertheless, the
criteria regarding their properties and stability overtime are usually more relaxed, when compared
to similar devices prepared from sophisticated vacuum-deposition techniques, being sometimes
meant to endure from a single to just a few life cycles, and then discarded, as in the case of health
monitoring or diagnosis applications. Therefore, a path must be drawn to ensure an entirely sus-
tainable system, where the entire product or a share of its materials/components, whether partially
or totally damaged due to either extreme or overtime usage or even contamination from toxic
materials (e.g. heavy metals, and biological hazards), are easily recovered and repaired to mini-
mize as much as possible the harmful effects to the environment resulting from improper waste
management.

When looking into environmental sustainability, current end-of-life management has focused pri-
marily on recycling. Nonetheless, depending on the degree of complexity of the products, recy-
cling can be an energy consuming process since a large amount of energy can be dispended to
transport, process and reassemble recyclable materials. Instead, repair or reuse are far kinder
strategies compared with recycling for a proper implementation of the circular economy concept.
In this section, although the use of cellulose-based materials in electronics is usually linked with
the concept of disposability due to its biodegradable nature, 37360 sustainable concepts from re-
using, repairing to recycling are demonstrated to reduce the generation of waste and extend the
lifetime of the devices, as illustrated in Figure 7.1. Furthermore, the possibility to apply these
sustainable strategies in the recover and processing of biocomposite wastes, such as those ob-

tained from cork industry that can not find appealing commercial use, was also investigated.
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Figure 7.1. Circular sustainability loop for cellulose-based ionic conductors using repairing and recycling
strategies that enable the endless reuse of the obtained ionic conductive membranes.

7.1. Reuse, repair, and recyclability of cellulose iontronic stick-

ers

Due to the superior performance and stability of the L100 electrolyte demonstrated throughout
this work, further tests were performed to assess its reusability. For this purpose, a single mem-
brane used as gate dielectric in an IGZO EGT on paper was carefully removed with a blade and
reused successive times in different flexible IGZO EGTs. As shown in Figure 7.2, the results
demonstrate the efficient reuse of the recovered membrane in five additional flexible EGTs, since
no electrical degradation of the devices was observed after its repeated use. However, for such
tests, the reused membrane is not damage during the transfer process. Thus, the possibility to
repair damaged materials due to improper or overtime usage arises substantial interest, as such

strategy extends their lifetime and durability.
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Figure 7.2. Electrical performance of IGZO EGTs gated by repeatedly reused L100 hydrogel. a) Ips—Vas
curves, and b) respective electrical parameters obtained for five additional IGZO EGTs on multilayer-coated
paper substrate gated by reused L100 membrane (Vos = 1.2 V; Ves scan rate = 25 mV s™).

Considering the presence of hydrogen bonds in the developed CICHs (see Figure 4.3e), cut/heal-
ing tests were performed under ambient conditions to assess the healing capability of the CICHs.
For these tests, the L100, L1N3 and N100 electrolytes were cut into two parts with a razor blade,
and then the fragments were instantly merged into one by pressing them back together in the
cutting region for 10 s (see Figure 7.3a). Figure 7.3b shows the oi of the electrolytes after re-
peated cutting-off and contact healing (see also Figure S7). The results suggest that the two
fragments, after being brought back into contact, can rapidly reestablish the network at the inter-
face through the formation of physically cross-linked domains by hydrogen bonding, mediated by
either hydroxyl or amide groups.102.104-106,109,111,113,314 Ag a result, the CICHs can restore their
electrochemical properties by combining pressure with their self-healing characteristic, keeping
the aiin the same range of values. By doing so, waste membranes can be recombined, reshaped,
and reused.

Another important point is that the reversible swelling ability of the electrolytes prepared from
solutions with high levels of NaOH can delay or even reverse the formation of dendrites. The self-
healing ability through a hydration process, under distinct environmental conditions, were further

explored in the N100 membrane, which is more prone to dendrite formation (Figure 7.3c-f).
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Figure 7.3. Self-healing ability and recyclability of the freestanding CICHs. a) Photograph of the repaired
N100 membrane after being cut into two pieces with a razor blade and then restored by gently pressing the
pieces back into contact in the cutting region for 10 s (inset: optical microscope images of the N100 mem-
brane in the cutting region after cut and repair). b) lonic conductivity of the L100, L1N3 and N100 membranes
after multiple cutting/healing cycles in the same position at RT. Photographs of the freestanding N100 ionic
hydrogel c¢) before, and d) after formation of dendrites. Comparison of (e, g) Co. and (f, h) oi for the different
N100 membranes (pristine, recycled, healed — “hot-humid” environment, healed — “cold-dry” environment).
The data points show the average and corresponding errors bars obtained from 4 samples.

To investigate the influence of environmental conditions on the self-healing ability of the N100
electrolyte, the membrane was cut into two fragments and stored in a closed box with controlled
environment (T =24 +2°C, 33 £2 %RH) until both were completely covered by dendrites
(=1 day). One of the fragments was exposed for 2 hours to water vapor, mimicking a “hot-humid”
environment. The other fragment was kept inside a freezer at -25 °C overnight, simulating a “cold-

dry” environment. The membranes obtained from both experiments were then kept in a controlled
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environment at 24 + 2 °C and 33 = 2 %RH for one day and tested right after exposing them to
ambient conditions (=45-50 %RH).

In both cases, the rehydration of the membranes promotes the solubilization of the urea dendrites
in water, thus promoting their healing. Yet, the electrochemical performance of the healed hydro-
gel membranes is very distinct in comparison with the pristine membranes, as the performed
hydration treatments influence the water content retained in the membrane that aid the healing
process.

Figure 7.3¢,f (see also Figure S8 and Table 7.1) confirms that both approaches are suitable to
recover the electrolyte after occurring the unwanted formation of dendrites at the cost of smaller
oiwith a difference of almost one order of magnitude. The membranes repaired in a “hot-humid”
environment exhibit a better electrochemical performance (i =0.29 mS cm'), as the rehydration
occurs faster when compared with those exposed to a “cold-dry” environment (oi =0.17 mS cmr
). In the latter case, the rehydration only starts when the membrane is stored inside the closed
box in a relatively dry environment. This leads to a slower but not complete recovery of the mem-
brane, as only a limited number of hydrophilic groups of cellulose are in an active state to promote
self-healing.3'4

At the end of the products lifespan, recycling is a very attractive and sustainable strategy to ad-
dress the negative impact of waste on the natural environment (Figure 7.3g,h, Figure S8, and
Table 7.1). The CICHs can be easily disassembled from sputtered IGZO EGTs, and then effi-
ciently recycled by soaking the recovered membranes in water under stirring to obtain a homo-
geneous solution, and new recycled membranes were prepared in the same way as the pristine
ones. In a similar way as the healed membranes, a loss of electrochemical performance is ob-
served in the recycled membranes that is more pronounced in the recycled L100 electrolyte,
where oi decreased almost 91 % (4.73 to 0.41 mScm™) in contrast with 58 % (1.07 to
0.45 mS cm) in the case of recycled N100 membrane.

Considering the electrochemical performance displayed by the healed and the recycled mem-
branes, they can be successfully reused as gate dielectric in IGZO EGTs and lead to devices that
display satisfactory electrical performance with an electrical modulation in the range of five orders
of magnitude (Figure 7.4). The electrical parameters obtained for each device are also displayed
in Table 7.1.
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Figure 7.4. Electrical performance of IGZO EGTs gated by pristine, healed, or recycled CICHs. Comparison
between Ins—Vas curves of IGZO EGTs on glass gated by: a) pristine, recycled or healed N100 membranes
recovered from exposure to hot-humid or cold-dry environment; b) pristine or recycled L100 membranes
(Vos = 1.2 V; Ves scan rate = 50 mV s™).

Table 7.1. Comparison of the electrochemical parameters for the different N100 membranes
(pristine, healed, and recycled) and recycled L100, and their influence on the electrical
performance of the fabricated IGZO transistors on glass (Vbs = 1.2 V, Vs scan rate: 0.05 V s).

Parameters Pristine Healed_ Healed Recycled L100
(“hot-humid”) (“cold-dry”) recycled
Ct=1Hz [WF cm2]? 8.2+0.6 79+£12 71+13 9.8+0.6 9.9+0.7
CoL [MF cm2]?) 3.1+0.6 21+04 21+05 3.1+0.3 3.8+1.0
oi[mS cm-]?) 1.07 £ 0.26 0.29 £ 0.01 0.17 £0.03 0.45+0.08 0.41x0.13
Von [V] -0.1 -0.1 -0.1 -0.1 -0.3
lorr [NA] 19.5 504 16.3 29.9 30.2
lon [MmA] 7.40 3.04 6.27 10.1 4.72
loniore [x10%] 3.80 0.60 3.84 3.37 1.56
Ss[V dec™] 0.13 0.18 0.12 0.17 0.21
Msat [cm?V-1s1]9) 30.3 22.7 24.9 54.8 18.5

a) Values obtained directly from the EIS data. The values show the average and respective standard error of
the mean obtained from four samples.

b) Electrochemical parameters calculated from the data fitting of EIS measurements using Dasgupta’s
ECM.The values show the average and respective standard error of the mean obtained from four samples.
) Mobility calculated using the capacitance values determined from the data fitting of the EIS measurements
using Dasgupta’s ECM.

7.2. Biodegradability and recyclability assessment of all-cellu-

lose ionic conductive substrates

Considering the short lifetime of the fabricated screen-printed ZnO NCGTs and circuits related to
the reactivity of the ZnO PNPs when in contact with the ACICC membrane, we explored a non-
toxic, low-cost process to efficiently recycle the devices.

Taking advantage of the water-based formulation of both electrolyte and semiconductor layers,
the pristine ACICC membranes that host the iontronic devices were soaked in water, and then

stirred to obtain a homogeneous pulp of fibers, which is used as raw material for the preparation

139



Chapter 7. Environmental responsible strategies

of recycled membranes by performing solvent-casting in polystyrene Petri dishes. During stirring,
the transistors array disintegrate into individual devices, and then gradually disappears depending
on the dispersion or dissolution rate of the various constituent materials.3¢' As observed in previ-
ous reports.362-384  ZnO can be easily dispersed and partially dissolved in water to form zinc hy-
droxide. On the other hand, the carbon material, coming from the electrodes and conductive
tracks, has different dimensions and is randomly dispersed in the composite pulp that can be
partially sieved before preparing the recycled membrane.

The clear biodegradability of ACICC membrane and CMC/ZnO layer arises concepts such as
biodegradable electronics (or “transient electronics”), in which the materials completely or partially
dissolve, resorb, or physically disappear after functioning in environmental or physiological con-
ditions at controlled rates.3¢* Therefore, such devices can be used as environmentally friendly
alternatives to existing electronics that disintegrate when exposed to water, thus solving the prob-
lem of E-waste management.

Also, the composite pulp can have a greater use when recycled. Figure 7.6a shows a photograph
of the resulting recycled ACICC membrane, which is clearly less transparent, and more fragile
than the pristine one due to the present of carbon conductive material and ZnO particles from the
devices, as demonstrated by EDS (Figure 7.5d). Although the sieving of the carbon material
minimizes the creation of irregularities on the surface and avoids unintentional conducting paths
in some regions of the recycled membrane that might occur if not properly filtered, the recycled
membrane still exhibits a quite irregular fibrous surface covered by waste material from the de-
vices (Figure 7.5a-c). Thus, its surface is substantially rougher compared to the pristine one,
reaching a large RMS roughness in the range of a few hundred nanometers (Figure 7.5¢).
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Recycled membrane

Figure 7.5. SEM images of the recycled ACICC membrane, and EDS mapping of Zn. SEM images of the a)
front side (surface in contact with air), b) back side (surface in contact with the container during the drying
stage), and c¢) cross-section. d) EDS element identification of Zn. e) AFM characterization of the front and
back side of the recycled ACICC membrane.

The electrochemical behavior is also very distinct compared to pristine membrane (Figure 7.6).
We need to take into consideration the contribution of carbon and porous ZnO particles trapped
within the membrane, as they create new interfaces. In particular, the ZnO PNPs exhibit a high
surface reactivity, due to their large active surface area and porous morphology that is filled with
electrolytic species, working as electrochemically active sites, where EDLs form and electrochem-
ical reactions take place. These observations led us to the proposed ECM depicted in Figure
7.6b, which produced a good fitting to the experimental data. This ECM has already been reported
in the literature.3’

As shown in Figure 7.6c,e, although the capacitance of the recycled membrane is slightly lower
compared to the pristine one, the giand maximum frequency at which the EDL formation occurs
are substantially higher, reaching average values in the order of 15 kHz and 0.25 mS cm™', re-

spectively. The incorporation of inorganic fillers, such as ZnO particles, into gel electrolytes has
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been reported to be a promising way to enhance the ionic conductivity by developing additional
conductive pathways.365

CV measurements reveal redox reaction peaks in the same range of voltages applied to operate
the printed transistors on the recycled membrane under study, meaning that the devices can

operate in mixed operating mode (field-effect and electrochemical doping mode) (Figure 7.6f).
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Figure 7.6. Electrochemical characterization of the recycled ACICC membrane. a) Photograph of the recy-
cled ACICC membrane. b) ECM used for data fitting, where R¢, Rb, Rp, Cp, CoL correspond to contact re-
sistance, bulk resistance, pore resistance, pore capacitance, and interface double layer capacitance, re-
spectively. ¢) Capacitance and phase angle as a function of frequency, and respective d) nyquist plots for
the pristine and recycled ACICC membrane, using carbon/membrane/carbon structure with an active area
of 1 mm2. The symbols and the dashed lines denote the experimental and the fitted data, respectively. e)
Comparison of capacitance and oi for the pristine and recycled ACICC membranes (the data points show
the average and corresponding errors bars obtained from five samples). f) Comparison of the CV curves of
the pristine and recycled membrane for electrochemical cell with carbon/membrane/carbon layered struc-
ture.
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The recycled ACICC membrane was successfully reused as gate dielectric in printed ZnO tran-
sistors, working at low-voltages with higher hysteresis and slightly lower performance compared
to the pristine one (Figure 7.7). The large counterclockwise current hysteresis behavior indicates
the existence of a memory effect, being capable of storing electrical information.36:273 This feature
can be exploited in neuromorphic systems capable of mimicking human brain activity as they can

realize artificial neurons and synapses.36¢
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Figure 7.7. Electrical performance of screen-printed ZnO transistors fabricated on the recycled membrane.
Ips—Ves curve and respective Ips—Vps curve (the step for the Vas was 0.25 V, starting from -0.5 up to 2.5 V),
collected with a Vs scan rate of 0.2 V s™'. Arrows represent the sweep direction, whereas continuous and
dashed lines correspond to Ips and |las|, respectively.

As summarized in Table 7.2, the devices exhibited a more significant variation in the electrical
performance, compared to those printed on pristine ACICC membrane, which can be attributed
to the large surface roughness. The performance of such devices can be significantly improved
by performing better filtration of the remaining conductive carbon material. Despite this deviation
in the device metrics, they exhibit an electrical modulation of almost three orders of magniture
with psat of 4 cm2 V-1 s7" and Ss of 0.5 V dec!, demonstrating that sustainability and performance

can go hand-in-hand.

Table 7.2. Comparison of the electrical parameters of the printed ZnO NCGTs using pristine or
recycled ACICC membranes. The values show the average and corresponding standard error of
the mean obtained from twenty-five and ten devices gated by pristine and recycled membranes,
respectively (Vpbs = 1.2V, Ves scan rate: 0.2 V s).

ACICC Von lorr lon Ss Msat
membrane vl [nA] [uA] [V dec] [cm2V-1s]2)

Pristine 0.37+0.04 469+058 11.2+0.78 3.48+047 0.37+0.01 27.1 £ 1.56
Recycled 0.31+0.10 4341059 349+082 0.88+0.19 0.45+0.03 4.04 +0.91
a) Mobility calculated using the capacitance values extracted directly from the EIS data at 0.1 Hz.

loniorr [x103]
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7.3. Adding value to cork wastes

Throughout this chapter, we demonstrated the remarkable synergy between cellulose and sus-
tainability. Interestingly, these concepts are not limited to cellulose and can be further extended
to other naturally occurring materials, using similar processing strategies, as further demon-
strated.

When selecting raw materials intended to be reengineered into an innovative and sustainable
class of materials with appealing functionalities, beyond the criteria that they must fulfill regarding
abundancy and renewability, an additional interest arises concerning the possibility of reinventing
already processed raw materials that did not find applicability. Therefore, a paradigm shift of re-
using and recycling wastes from industry, especially those derived from nature, can fuel a new
source of raw materials towards a more circular economy.' A proper waste management through
reusing and reengineering reduces the stress on the environment as it eradicates the activities
related to resource exploitation, thus minimizing chemical and energy consumption.

In this regard, an important issue that cork industry is currently dealing is the huge amounts of
industrial waste materials, such as cork powder, scraps, and granulates, that are obtained from
cork processing stage or during the quality control phase. These residues are mostly generated
from cork stoppers industry, representing 20—30% of the total annual cork production in Portugal
that is estimated around 100000 tons (=50% of the world’s total cork production).367-371 The final
use of these residues are mainly as burning fuel for energy production, finding no other commer-
cial value.

Hence, valorization of cork byproducts is of high interest, and can be achieved by either exploring
them in their natural form, without further modification, as reinforcement or filler agents for the
development of cork-based composites or through the development of suitable processing meth-
odologies to extract valuable chemical components.3%8 Regarding the latter strategy, the one-of-
a-kind chemical composition of cork deserves especial focus as it gives unique properties, that if
explored individually can have a better use for certain applications. Yet, a better understanding
of the interest behind cork, which is strictly related to its origin, composition, and morphological
arrangement, and how it can be a perfect ally for the purpose of sustainability, must be addressed.
Cork is a natural, biodegradable, renewable and sustainable biocomposite raw material that can
be 100% reused and recycled, constituting one of the most important economic sectors in Portu-
gal.372 It is stripped from the outer bark of the cork oak tree (Quercus Suber L.) that grows mostly
in Mediterranean climates, where Portugal covers the world's largest cork oak forest area (one
third of the total cork oak forest area of 2.1 million hectares).3” The harvesting of cork is per-
formed periodically every 9 years without felling nor damaging the tree, unlike wood, whose bark
undergoes a self-regeneration process.3® Furthermore, cork offers additional environmental ben-
efits, including its capability of capture and retain carbon dioxide that is improved with the har-

vesting process (carbon dioxide sequestration is up to five times more efficient in harvested cork
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oak tree than unharvested), making it a formidable ally against climate change with the help of
mankind’s invervention,373.374

Microscopically, cork consists of suberin, a natural aliphatic-aromatic cross-linked polyester, as a
major cell wall structural component (30-50 %) with a porous alveolar microstructure composed
of closed, hollow, and thin-walled pentagonal or hexagonal honeycomb cells (Figure 7.8c), with
a few micrometers wide, that contain in their interior an air-like gas (=80 % of its volume).368.374-
376 Other compounds are identified in its chemical composition, such as lignin (15-30 %), poly-
saccharides, including cellulose and hemicelluloses (6—25 %), and extractives (8-
20 %)_368,372,375,377,378

The unique composition and cellulose structure of cork endows several fascinating properties,
such as good thermal, electrical and acoustic insulation, low density (120—-240 kg m-3), imperme-
ability to liquids and gases, resistance to fire and high temperatures, high-friction resistance, elas-
ticity, compressibility, and significant chemical and microbial resistance.372373.378-381 Thjs set of
properties are the reason for the numerous applications of cork ranging from wine stoppers, tex-
tiles, packaging, flooring, absorption of pollutants, heat shields of spacecrafts to construction
structures and automobile components.373:382.383 Yet, cork is far to be limited to such applications
and new approaches have been developed to take advantage of cork and its valuable compo-
nents, such as suberin.

Suberin is exceptionally interesting as it is very abundant in cork, it is responsible for the majority
of the properties of cork, and it plays the role of a protective hydrophobic barrier.38 Several meth-
ods have been reported in the literature to promote its depolymerization and simultaneous isola-
tion from cork, which involves extensive ester bond cleavage through alkaline methanolysis with
sodium methoxide, calcium oxide methanolysis, aqueous alkaline hydrolysis, or ionic liquids (cho-
linium hexanoate) that release monomeric and/or small oligomeric constituent.370.379,382,384,385 Thjg
hydrophophobic polyester component can serve as building block for new macromolecules and
materials with interesting properties.368370.385 Recently, Garcia and co-authors3® demonstrated a
suitable application for suberin films obtained from ionic liquid cholinium hexanoate depolymeri-
zation method, which are moderately hydrophobic, waterproof, and biocompatible and show bac-
tericidal and anti-biofouling properties, making them suitable for clinical usage.

Contrarily to this trend of understanding the structure and complex chemical composition of su-
berin, little efforts have been done to find suitable applications for this material. This served as
motivation for two Master Thesis entitled “lontronics with cork” and “Cork as a raw material for
antibacterial membranes and fibers”, developed by Antdnio Além, and Hélder Alves, respectively,
under my co-supervision. Both works were focused on finding alternative ways to give a second
life to wine cork stoppers, while bringing new insights to advanced functional materials based on
cork components and their application in the field of electronics or as antibacterial agents.
Learning from the previous results obtained in this PhD work using the aqueous alkali salt/urea
dissolution system of cellulose that is suitable for the preparation of ionic conductive materials,

this approach shares some resemblances with the alkaline hydrolysis process used for cork
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depolymerization.382 Therefore, this method was adapted to develop electrolytes based on cork
components, as it assists in the depolymerization of suberin structures, by breaking ester linkage
between carboxylic and hydroxyl groups existing in the aliphatic and aromatic chains, while af-
fecting the hydrogen-bonded structure of the polysaccharides.

To do so, cork stoppers, collected from different wine brands (Figure 7.8a), were recycled by
grinding with a domestic mixer grinder, and the recycled granulates resulting from this process
were sieved down to a powder with approximately 500 um in size (Figure 7.8b). The obtained
cork powder was sequentially washed in boiled ethanol, and then boiling deionized water to ex-
pand and collapse the honeycomb-like morphology of cork, while removing its impurities, and
finally dried at 100 °C.

4 wt.% 15 wt.%

i
Liguia
phasess

Phase separation

Figure 7.8. Schematic representation of the depolymerisation process used for cork. a) Photograph of the
collected cork stoppers. b) Cork powder obtained after sieving the recycled cork stoppers granulates with a
500 ym mesh. ¢) SEM image of the obtained cork powder. d) Resulting solutions after hydrolysis of cork for
a starting amount of 4 or 15 wt.% in aqueous LiOH/urea solvent system and neutralization with acetic acid.
e) Precipitation of a “muddy-like” phase after performing a centrifugation step. f) Separation of the “muddy-
like” material from the liquid phase.

Contrarily to the low-temperature dissolution method of cellulose explored in this work, the cork

powder was fully processed at RT conditions as it yields a faster solubilization of cork. As
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illustrated in Figure 7.8d-f, the processing strategy consists of mixing a certain amount of cork
powder with the previously prepared LiOH/urea/water solvent system (4.6/15/80.4 weight ratio)
under vigorous stirring at RT, until its complete solubilization in a homogeneous brownish solution
(= 1 day). A neutralization step was performed with the addition of acetic acid under stirring, and
shortly after concluding this step and stopping the stirring process an insoluble “muddy-like” by-
product started accumulating at the bottom of the flask. A centrifugation step was performed to
optimize and accelerate the phase separation between the clear brownish liquid and the depos-
ited “muddy” phase, which were then collected to further study.

Looking at the FTIR spectra in Figure 7.9, the pre-treatment performed on the recycled cork
powder does not affect its composition, showing the typical characteristic peaks of cork associ-
ated to suberin (2915, 2850, 1733, 1260, 1153 and 719 cm'), lignin (1508, 848, and 817 cm-"),
and polysaccharides (1089 and 1029 cm-").370.379,381,382,384,387 Fyrthermore, the spectra display the
broad band between 3000 and 3700 cm-! that is associated with the stretching vibration of hy-

droxyl groups and can be attributed to carboxylic acids and alcohol groups.370.382,384
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Figure 7.9. FTIR spectra of the cork raw materials (before and after perfoming the pre-treatment in ethanol
and water and extracted materials from the depolymerization process of cork powder (15 wt.%) in aqueous
alkali salt (LiOH or NaOH)/urea solvent system. The peaks assigned for suberin (S), lignin (L), and polysac-
charides (P) are represented by dotted vertical lines.

Comparing the characteristic peaks of cork with the spectrum of the filtered liquid phase, obtained
after performing dissolution/depolymerization in the aqueous LiOH/urea solvent system and neu-
tralization with acetic acid, it is clear that all the peaks associated with the cork components dis-
appeared, except the one at 1153 cm! that can be related to suberin, corresponding to asym-
metric C-O stretching vibration.37° Thus, this suberinic liquid material is mainly composed of a
“soap” of monomers obtained from the several components that constitute the cork raw material.
However, as also observed in the FTIR spectra of the developed CICHs (Figure 4.3e), the visible
suberinic peak can be overlapped with a band assigned for rocking vibration of amino group, and
this theory is reinforced due to the presence of a band between 1800 and 1400 cm-', which can

be attributed to Amide |, Amide Il, and Amide Il of urea molecules.308.309
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On the other hand, the “muddy-like” sediment, collected from the bottom of the flask, is richer in
suberinic material, as evidenced by the smalls peaks at 1153, 2848 and 2915 and cm™', being the
latter two attributed to the long aliphatic chains of suberin, accounting for symmetric and asym-
metric C—H stretching vibrations, respectively.370376.379 The disappearance of the band at 3000—
3700 cm', and a remarkable increase of the peak intensity attributed to suberin at 2915 and
2850 cm-! is observed in the sample obtained after washing the “muddy” material with water to
remove remnants of the liquid phase and reagents. Furthermore, there is a resurgence of other
suberinic peaks at 1733, 1260, and 719 cm™', corresponding to the vibration of carbonyl groups
typical of esters, symmetric C—O stretching, and C—H bend associated with vinyl groups, respec-
tively, as well as those associated to lignin at 1508 cm™' and polysaccharides at 1029 cm-
1 _370,379,382

A comparison was also carried out between LiOH and NaOH to address the influence of alkali
ionic species in the depolymerization of suberin. The overall spectra obtained for the samples
prepared from hydrolysis with NaOH, which is a “greener” and less expensive alkali salt, are very
similar to those prepared with LiOH, thus being also a suitable approach to exploit suberin depol-
ymerization.

To fully explore the materials extracted from cork, the ionic properties of the extracted liquid phase
were explored to develop a freestanding electrolyte membrane suitable to be used as electrolyte-
gate in printed EGTs. Considering the suberinic-based composition of both extracted materials,
they were also investigated for antibacterial applications.

Regarding the first set of applications, the suberinic liquid phase was left to dry at RT in a glass
container yielding a highly adhesive, brownish “resin-like” material (Figure 7.10a). Still, to make
it robust enough, CMC was added to the solution prior the neutralization step aiming to obtain
freestanding membranes, similarly to what was done in the preparation of the CICH stickers (sec-
tion 4.1). For an amount of 5 wt.% of CMC (relative to the total amount of solution), stretchable,
moldable and sticky membranes are obtained (Figure 7.10b), which can be conveniently shaped
according to the need as the developed cellulose-based electrolyte stickers.

As shown in Figure 7.10c, the obtained composite membrane exhibits interesting electrochemical
properties to be used as electrolyte-gate material in transistors, displaying large EDL capacitance
(=8 uF cm2) and high ionic conductivity (=10* S cm"), being both electrochemical parameters
estimated from the fitting of the experimental data with the Dasgupta’s ECM (Figure 4.7a).

As a proof-of-concept, EGTs were screen-printed on a commercial sheet of cork textile from Cor-
ticeira Viking Lda to investigate the potential use of this material also as substrate for electronic
applications, while using the developed composite membrane as electrolyte layer. This type of
substrate was already reported in our research group by Figueira and co-authors,284 who demon-
strated for the first time its successful application, without any previous surface treatment, for the
fabrication of fully screen-printed ZnO UV photodetectors.

Screen-printed EGTs with a channel width of 890 um and length of 319 um were fabricated in the

same conditions as mentioned in section 2.3.3, using the C3Z40 ink to pattern the
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semiconducting layer. However, considering the non-regular surface of cork, the semiconductor
layer was printed before the carbon electrodes. For comparison purposes, the electrical perfor-
mance of the EGTs was compared with a device gated by Li-CICH sticker (L100 hydrogel mem-
brane).

Figure 7.10d shows the electrical performance of the printed transistors on cork, disclosing a fully
functional low-voltage device mostly composed of cork-based materials in its composition. As
verified in Table 7.3, preliminary results point to an inferior performance when using cork as a
substrate in comparison with office paper, which can be attributed to the defective and slight
hydrophobic behavior of cork’s surface. Besides, the suberinic composite electrolyte revealed to
lead to devices with poorer performance in comparison with the cellulose-based electrolyte, yield-
ing devices with an electrical modulation that does not exceeds the three orders of magnitude.
Apart from this application, the antibacterial effect of the suberinic materials obtained after alkaline
hydrolysis of cork (suberinic liquid phase and suberinic/lignocellulosic “muddy-like” paste) was
investigated against gram-positive Staphylococcus aureus (ATCC® 6538 ™) and gram-negative
Escherichia coli (ATCC® 8739™) using the agar well diffusion method. The inhibition zone diam-
eters formed around each well were measured with a ruler to evaluate the antibacterial activity.
Figure 7.10e-g demonstrate that the extracted materials from cork exhibit antibacterial activity,
which is in accordance to literature.386.38 The inhibition of bacteria growth is improved by increas-
ing the amount of cork used for suberin depolymerization, as evidenced by the enlargement in
the blurred zones formed around the wells. Yet, different behaviors in the antibacterial activity
were observed in the suberinic materials. While the suberinic liquid phase displays antibacterial
activity against both types of bacterias, showing antibacterial effect even for low amounts of cork
(10 wt.%) against Escherichia coli, the suberinic/lignocellulose paste showed a poor intervention
in the inhibition of bacteria growth, especially to Escherichia coli. On the other hand, the washed
suberinic/lignocellulose paste did not exhibit any antibacterial activity, despite being the sample
that revealed the presence of several suberinic functional groups. Therefore, alternative assays
for screening and/or quantifying the antibacterial response must considered.38°

For comparison, the influence of the addition of ZnO in the antibacterial activity was investigated,
as it is well-known its antibacterial features against the bacterias under study.3°9-3%2 For such
purpose, suberinic materials were also extracted from alkaline hydrolysis depolymerization pro-
cess assisted by ZnO, using a small amount of commercial ZnO NPs that was mixed with the
solvent system (ZnO/LiOH/urea/waster: 0.5/4.6/15/79.9 wt.%) prior suberin depolymerization.
The results show the beneficial contribution of ZnO in the antibacterial activity against both bac-

terias, creating a clear inhibition zone.
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Figure 7.10. Features of the extracted materials from cork raw material and their potential applications.
Photographs of the a) “resin-like” material obtained after drying the suberinic liquid phase extracted from
cork, and of the b) developed composite membrane composed of a mixture of liquid phase and CMC
(LP/CMC). c) Capacitance and phase angle as a function of frequency for LP/CMC membrane using stain-
less-steel discs with an active area of 1 cm?. d) Comparison of the cyclic los—Vas curves of the fabricated
screen-printed CMC/ZnO NPs EGTs fabricated on cork textile substrate, using LP/CMC membrane or CICH
membrane (L100 hydrogel) as electrolyte-gate, collected at a fixed Vps of 1.2V and Ves scan rate of
50 mV s™'. Arrows represent the sweep direction, whereas continuous and dashed lines correspond to lps
and |les|, respectively. Antibacterial assays: suberinic liquid phase against e) Escherichia coli, and f) Staph-
ylococcus aureus, and also g) “suberinic/lignocellulosic” paste against Staphylococcus aureus. The ex-
tracted suberinic materials were obtained from alkaline hydrolysis depolymerization process, with or without
Zn0, using different amounts of cork powder (10 or 15 wt.).

Table 7.3. Comparison of the electrical parameters of the printed ZnO EGTs gated by the
developed suberinic-based composite with those gated by Li-CICH electrolyte (Ves scan rate:
50 mV s™).

Electrolyte Vbs [V] Von [V] lon/orr Ss[V dec™] Msat [cm2 V-1 s1]2)
LP/CMC 0.8 1.0 1.41 x 108 0.27 0.41
L100 1.1 1.2 9.52 x 108 0.09 2.23

a) Mobility calculated using the capacitance values determined from the data fitting of the EIS measurements
using Dasgupta’s ECM.

The preliminary results obtained for the extracted suberinic materials, using recycled cork stop-
pers as raw material, bring a new light for novel fields of research by exploring their application
in packaging with antibacterial capacity, which provides an interesting solution to prolong the life-

time of perishable food, while respecting current environmental concerns.
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Chapter 8. General conclusions and new directions

8.1. Main achievements

In summary, several strategies were addressed in line to a sustainable design thinking concept
focused on drawing a path for electronics to go “green”. The methodology adopted considers the
exponential growth of new technologies in the field of electronics, which are affordable and readily
accessible to individuals, together with a consumerist mentality, fed mostly by mass media and
advertisements that encourages consumers to replace existing products with new ones.

To avoid the negative outcome for the environment and human health in a long term, from an
overexploitation of resources as well as unproper management of e-waste, the development of
novel nature-based engineered functional materials combined with sustainable and economically
efficient processes are among the great challenges for the future of mankind. Furthermore, sus-
tainability, flexibility, and low-power consumption are key features to meet the growing require-
ments of increasing simplicity and multifunctionality of low-cost, disposable/recyclable smart elec-
tronic systems in the emerging area of the loT.

Within this context, cellulose was chosen as the key natural raw material in this PhD project to
integrate a new class of “green” electronic devices to impact the upcoming generations, while
fulfilling the sustainability concept. Yet, far more than technological advances, a societal evolution
by means of an environmental conscious mindset, focused on reusing, repairing, and recycling,
will ultimately define the course of our future.

As summarized in the following sections, the main achievements of this work rely on the devel-
opment of cellulose composite materials with different functionalities (semiconductor or ionic con-
duction), using scalable solution-based procedures compatible with R2R principle, which were
successfully integrated in recyclable, fully printed, flexible iontronic circuits with low-voltage oper-

ation.

8.1.1. Screen-printed ZnO semiconducting films with RT functionality

Printing of TMOS materials to integrate into flexible, fully printed transistors and circuits is far to
be a simple process, as these materials usually require high annealing temperatures that are not
compatible with conventional paper substrates.

In this work, screen-printable highly loaded inks based on ZnO commercial NPs (40 wt.%) were
formulated. With only one printing step, it is possible to pattern relatively smooth, continuous,
thick, and densely percolated films on the heavily rough and porous surface of non-coated stand-
ard office paper, that display semiconducting functionality at RT. Due to the better film-forming
ability of CMC compared with EC, water-based inks composed of ZnO PNPs were also formu-
lated. By replacing the small-sized ZnO NPs with ZnO PNPs, their elongated size forms a perco-
lation network at considerably lower amounts at the cost of the resulting films exhibit rougher
surfaces.

To put the attributes of the formulated inks in perspective, these inks were used to pattern the

active semiconducting channel in flexible screen-printed transistors and integrated circuits.
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8.1.2. Cellulose-based ionic conductors: from stickers to substrates

A new generation of versatile flexible, adhesive, and highly conformable regenerated cellulose
hydrogel electrolytes with high ionic conductivity (=10-4-10-3 S cm'), large specific capacitances
(>1 JF cm-2), and reasonable transparency (>80 %) were successfully demonstrated. The re-
ported CICHs were designed and engineered through a simple, fast, low-cost, and environmental-
friendly dissolution method of MCC at low temperature using aqueous alkali hydroxide (LiOH
and/or NaOH)/urea solvent system. The cellulose solution was combined with CMC, as a me-
chanical strengthener, followed by the regeneration with acetic acid and simultaneous ion incor-
poration into the cellulose matrix. Freestanding membranes were prepared by shear-casting.
Due to their robustness and sticky surface, as well as appealing electrochemical performance,
the developed CICH membranes can be supplied in the form of conformable stickers, easily
molded as plasticine, and thus applied “on-the-fly”, through a “cut, transfer and stick” process,
making them suitable for integration in low-power flexible iontronics.

Although the use of NaOH is a more environmentally friendly and less expensive alternative com-
pared with LiOH, the hydrogels prepared from NaOH approach exhibit a rougher surface, retain
less water, and inferior electrochemical performance compared to those prepared with LiOH or
mixtures of both alkali hydroxides. Beyond the lower dissolution efficiency of cellulose in solvent
systems mostly composed of NaOH, which requires an additional freeze-thawing step to enhance
cellulose solubility, one additional side back is the poorer air-stability overtime of the resulting
membranes. This is due to the formation of urea dendrites that lead to a gradual loss of transpar-
ency, conformability, and adhesion of the membranes, while becoming more brittle.

Despite the appealing features demonstrated by the CICHs, their soft, sticky, and easy deforma-
ble surface, which is influenced by the environmental conditions that affect the amount of water
retained into their structure, is not suitable to host electronic systems. To address this issue, an
all-cellulose nanopaper composite was developed.

The underlying science of the engineered nanopaper composite is based on the merging of the
intrinsic mechanical robustness, thermal resistance, and optical transparency of micro/nano-
fibrous cellulose nanopaper, used as reinforcing agent, with the superior electrochemical perfor-
mance and environmental stability of the Li-CICHs. These materials yield an ionic conductive
nanopaper composite with tailored properties, including robustness, smooth surface, high-capac-
itance, and acceptable transparency (>80 %), which are not possible to achieve when used solely.
Thus, the “dual-functionality” (support and dielectric) of the engineered nanopaper composite has

revived a compelling concept of low-power paper electronics.

8.1.3. lontronic devices on paper or “paper-like” substrates

The appealing electrochemical properties demonstrated by the developed ionic conductive mem-
branes make them suitable for application as electrolyte-gate in transistors and circuits. Two types

of electrolyte-gating strategies were adopted, either based on the developed CICH stickers, which
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are directly applied on the devices using a transfer-lamination procedure, or the developed “pa-
per-like” active substrate (ACICC membrane) that works not only as the support but also as an
“active” constituent of the devices themselves.

Conventional high-vacuum deposition techniques were used in the first place to fabricate the
EGTs, through the deposition and patterning of pure, thin, and high-quality evaporated electrodes
and sputtered benchmark amorphous IGZO channel layer, either on glass or on cellulose-based
substrates (multilayer-coated paper or the developed ACICC membrane). A planar configuration
was adopted to simplify the devices’ fabrication and integration in circuits.

The produced planar IGZO EGTs on glass gated by the Li-CICHs, with an optimal proportion of
MCC:CMC (1:1 weight ratio), displayed excellent electrical performance at low operating voltages
(<2 V), showing mixed operating mode (field-effect and electrochemical doping mode), and good
environmental stability after one month of storage at ambient conditions, reaching an lonjorr of
108, a Ss lower than 0.2 V dec! and large psat of 26 cm? V-1 s-1. A slight loss of electrical perfor-
mance was observed in the EGTs fabricated on the reasonably smooth, flexible, and impermea-
ble multilayer-coated paper substrate, due to the poorer quality of the deposited films. Still, these
devices exhibit a good performance (lonorr >10%, psat >3.4 cm? V-' s-1, and Ss <0.26 V dec™) un-
der operating voltage below 2 V, and under electrical stress. Furthermore, they can operate at a
bending radius down to 5 mm, and their maximum operation frequency is up to 100 Hz.

Basic low-voltage (<2.5 V) NOT gates were demonstrated by combining the manufacturing pro-
cedures used for the fabrication of the planar CICH-gated IGZO EGTs on paper with ubiquitous
and portable calligraphy accessories. The use of handwriting techniques allows the easy and fast
patterning “on-the-fly” of conductive paths and graphitic load resistances of the circuits on a sheet
of office paper, where the EGTs are attached. The inverters can reach a maximum |gain| of 2.4
for low Vop values of 1 V, while the dynamic performance does not exceed 20 Hz.

In alternative, both paper substrate and hydrogel electrolyte can be replaced by a single intrinsi-
cally ionic conductive cellulose-based substrate. The fabricated sputtered 1IGZO NCGTs with
staggered-bottom gate structure showed lower hysteresis, superior mobility values, remained
functional after ageing nearly one year, although showing some signs of deterioration of the elec-
trical contacts, and exhibited a faster switching speed around 250 Hz in comparison with the pre-
vious CICH-gated IGZO EGTs on paper. The overall improvement in the electrical characteristics
is due to the adopted vertical configuration and better interface established between the thin in-
organic layers and the smooth surface of the ACICC membrane.

To substantially decrease the manufacturing complexity and cost of the devices, solution-phase
printing or handwriting techniques, compatible with R2R principle, offer competing advantages
over conventional microfabrication techniques, towards flexible electronics, where cellulose-
based composites and paper fit in. Within this context, the manufacturing/assembling processes
involved in the fabrication of the printed EGTs and integrated circuits, which includes screen-
printing technique, calligraphy tools and a transfer-lamination process, were strategically selected

to offer freedom of design. Furthermore, the materials chosen for the different layers of the digital
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electronic circuits were fully processed and functional at temperatures near ambient conditions,
and fit the compromise of low-cost, abundancy and environmental awareness.

The printed EGTs were fabricated with a planar configuration, using the formulated screen-print-
able ZnO-based inks to pattern the channel layer either on office paper, where the Li-CICH works
as gate dielectric, or directly on the developed ACICC membrane.

Despite the extremely rough and fibrous surface of standard office paper, the electrolyte-sticker
has a key role in the performance of the fabricated planar screen-printed ZnO NPs EGTs, ena-
bling their low-voltage operation (<2.5 V) with satisfactory electrical performance (lonorr <10% and
Msat =22 cm?V-'s), and under mechanical deformation (bending radius down to 15 mm). Still, this
performance is only achieved for high amounts of small-sized ZnO NPs (40 wt.%), and the thick
channel layer is destroyed under folding.

On the other hand, the elongated nanoplate-shape of the porous ZnO nanostructures, which ex-
hibit higher aspect ratio and a larger active area for interaction with the ionic species from the
electrolyte, results not only in a more direct percolation path for electron transport, due to the
reduced nanoplates’ thickness (<100 nm), but also in plane-to-plane contacts between the parti-
cles. Although the screen-printed CMC/ZnO PNPs films exhibit a considerably rougher surface
compared with those with ZnO NPs, the electrical performance is almost comparable with the
CMC/ZnO NPs films for half the amount of functional material in the ink (20 wt.% ZnO PNPs),
which can be improved for higher contents of ZnO PNPs (=30 wt.%). Such results demonstrate
the benefits of using the developed electrolyte-sticker, since its highly conformable, smooth, and
sticky behavior can overcome the undesirable surface roughness of the printed CMC/ZnO PNPs
films, thus reducing charge trapping effects.

Considering the exceptional performance displayed by the devices prepared with C3ZPN30 ink,
this ink was further explored in the successful fabrication of the first planar, fully screen-printed
NCGTs with low-voltage operation and exceptional mechanical endurance. Compared to the elec-
trolyte-sticker, the poorer conformability of the ACICC membrane to the intrinsically rough and
porous surface of the ZnO PNPs creates additional interfacial defects, which in combination with
the larger overlap between the ACICC membrane and electrodes, yield devices with inferior elec-
trical performance. Still, the smooth surface of the ACICC membrane led to lower variation in the
devices’ performance, and the devices displayed a remarkable mechanical endurance upon fold-
ing stress that competes with the current state-of-the-art in the field of transistors gated by cellu-
lose-based substrates, serving the purpose of flexible electronics.

A negative aspect of the use of ZnO as the channel layer of the fabricated printed EGTs concerns
its lack of stability overtime (=1 week), thus making these devices more suitable for disposable
applications on-the-spot.

Regarding the dynamic performance of the printed ZnO EGTs, they can operate at switching
speeds up to 10 Hz, which is mostly limited by the large dimensions of the channel length and

planar configuration.
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Flexible cellulose-based ZnO iontronic circuits, from simple inverters to “universal” logic gates
(NOR and NAND gates), were also demonstrated for both types of electrolyte-gating strategy. In
a similar way as the previous flexible IGZO inverters, the printed ZnO circuits were fabricated “on-
demand” by connecting pencil-drawn load resistances and driving printed ZnO EGTs, using suit-
able printing tools. Although the fabrication of the printed NCGTs is simpler in comparison with
the CICH-gated EGTs on paper, their integration in circuits using pencil-drawn load resistances
is slightly more complex, as the ACICC membrane, unlike office paper, is not compatible with
pencil drawing. Thus, the ACICC membrane is previously attached to an office paper platform,
and thick carbon conductive tracks are draw with a pencil brush to establish the electrical con-
nections between the NCGTs and the pencil-drawn resistive tracks on office paper. On the other
hand, the screen-printed CICH-gated EGTs on office paper are readily integrated into circuits
using pen-on-paper and pencil-on-paper approaches to establish the proper electrical connec-
tions and pattern the graphitic tracks, respectively.

Furthermore, additional functionalities can be incorporated into the circuits, by exploring the
photo-electronic properties of ZnO under UV light exposure. Thus, photoswitchable ZnO circuits
on paper were also demonstrated by connecting the fabricated drive ZnO EGTs with optoelec-
tronic ZnO load resistances, capable to actively tune their electrical performance under UV light
stimulus.

All the fabricated screen-printed ZnO circuits operate at low VN inferior to 3.5 V and reach gains
suitable for signal amplification. Thus, they can serve as building blocks for more complex func-
tions, while being powered by portable energy storage and/or harvesting systems, which makes
them attractive for smart sensing applications and concepts such as the loT.

8.1.4. Sustainable end-of-life management

The environmental impact of the developed composites and integrated devices was evaluated.
The CICHs can be reused and easily repaired if mechanically damaged. Interestingly, those pre-
pared from NaOH approach, that are susceptible to the formation of urea dendrites, can be re-
paired through a rehydration process in humid environments. Such sustainable strategies avoid
the full replacement of the devices in case of damage and overtime usage, thus extending their
lifetime and durability. Besides, the hydrogels can be recycled by soaking them in water and a
similar recycling strategy can also be applied to the ionic conductive substrates.

Due to the short lifetime of the printed ACICC-gated devices, they can be easily disintegrated in
water to form a composite pulp that can be recycled and reused to produce new membranes to
host iontronic devices, thus ensuring a resource-conscious mentality that fits into a circular econ-
omy model, where waste is treated as a resource.

These exciting results may usher in a new era of sustainable, low-power, foldable, printed biopol-
ymer-based iontronic devices with simplified designs that combined with user-friendly, safe, low-

cost, and non-complex manufacturing approaches and proper management of end-of-life
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devices, paves the way for the concept of DIY electronics without generating waste, as the ma-
terials involved in the whole process can be reused, healed, or recycled.

Furthermore, the possibility of using these strategies with other naturally occurring raw materials,
such as cork, was successfully addressed. Motivated by the excessive waste of the cork industry
along with the poor applicability found for cork materials besides the traditional applications, cork
stoppers were reused and recycled to obtain a powder that was used as starting material for
suberin depolymerization through alkaline hydrolysis. This process is identical to the one used for
cellulose dissolution, but it is performed at RT conditions, thus being less energy demanding and
simpler.

The extracted suberinic materials can be combined with CMC to yield stretchable and conforma-
ble membranes with suitable electrochemical properties to be used as electrolyte layer in printed
EGTs, using a sheet of cork textile as substrate. The applications of suberin goes beyond elec-
tronics, finding also potential as antibacterial material for safe and hygienic packaging. Like cel-
lulose, cork can be foreseen as an exceptional raw material with plentiful of potential for applica-

tions that will surpass its conventionality.

8.2. Future perspectives

Considering the results obtained throughout this work, there are still several challenges that re-
main to be addressed regarding the operation lifetime, interfacial surface roughness, dynamic
response, as well as reliability and yield of the fabricated printed ionic-responsive transistors un-
der focus to fabricate circuits that display more complex functions. Thus, this list of issues fuels
another explosion of research activity focused on these optimizations.

Following all the proposed suggestions and contemplating the further advances in cellulose en-
gineering, paper electronics and printed electronics, it is possible to predict a faster progress of
these technologies way out of the laboratory towards their maturity, while keeping in mind the
conquest of the market and be part of people’s routine. This will in turn open new avenues to
obtain flexible, low-cost, and disposable/recyclable printed transistors and circuits on cellulose-
based substrates, either based on n-type or p-type semiconductors with high-mobility, able to

operate at low-voltages with faster switching frequencies.

8.2.1. Smoother cellulose-based (nano)paper substrates

The first consideration is regarding the well-known challenges related to the surface of office
paper when looking to more ambitious applications, as the ones demonstrated in this work, far
away from its common use as a simple tool for taking notes. Planarization of fibrous standard
office paper, without compromising its recyclability nor low-cost, or the use of highly smooth and
less permeable nanocellulose-based paper or RCFs can display a key role to reduce its surface

defects.515.61,66,77,78,129,130,135-137,393 S ch strategy is expected to enhance interface interaction with
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the oxide semiconductor, while the electrodes can be patterned with a better definition and supe-

rior resolution targeting maximum operating frequencies.

8.2.2. Submicrometric channel lengths

More importantly, there is a plenty of room to optimize the operation speed of the circuits towards
GHz, by adopting transistors with vertical architecture instead of side-gate geometry, and by
shortening the channel length dimensions to submicron scale. However, the latter strategy is one
of the major challenges in printed electronics, thus limiting the switching speed to just some tens
of Hz, as observed in this work.

Accordingly to what has already been reported in literature, two distinct approaches can be ex-
plored in future works focused on reducing the channel length, whether using SAP manufacturing
technique,203:248.249 which is based on chemical gapping processes, or by fabricating transistors
with vertical source-drain configuration,394.3%5 where the channel length corresponds to the thick-

ness of the semiconducting layer.

8.2.3. Environmental stability

An easy approach to overcome the reasonably short lifetime of the fabricated TMOS devices
consists of depositing a passivation layer (e.g. self-assembled monolayers, parylene-based pol-
ymers, poly(methyl methacrylate, photoresists, etc) to protect the TMOS material against the ex-
ternal reactive molecules in ambient atmosphere, block light exposure, and eliminate uncoordi-

nated oxygen species from TMOS material, thus enhancing its stability.319.346

8.2.4. Low-temperature sintering of TMOS materials on paper

The intrinsic morphology of nanostructures and their propensity to agglomerate lead to surface
roughness issues that can hinder the devices’ electrical performance, even when using intrinsi-
cally smooth yet non-conformable ionic conductive substrates, such as the developed ACICC
membrane. Therefore, low-temperature sintering can be an appealing approach that deserves
special attention to address this issue, through the optimization of the percolation pathways be-
tween the ZnO particles, while creating a denser and smoother film, without compromising the
integrity of the remaining functional layers nor the substrate.!5177.178

As mentioned in section 1.2.3.2, there is a boom of recent works that trigger different directions
to follow when looking for low-temperature methods to aid in the sintering of TMOS materials,
including microwaves, plasma, electrical voltages, and/or RT sintering using chemical
agents.15.148,158,177-179 The proposed low-temperature sintering techniques can certainly be ex-
tended to p-type TMOS materials to optimize their mobility values towards those typically obtained
for high-performance n-type counterparts, envisioning their further application in integrated

CMOS circuits that require both type of semiconductors.
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8.2.5. From personal fabrication to upscaling printed electronics based on

cellulose materials

The satisfactory results obtained at a lab-scale for the printed EGTs and integrated circuits, using
solely user-friendly, low-temperature, sheet-to-sheet (S2S) manufacturing processes suitable to
be used by non-skilled individuals, without requiring sophisticated facilities, raised a realistic in-
troduction to the concept of DIY while booming creativity. In fact, we demonstrate how fun it can
be, since an amateur in electronics can participate in all the fabrication stages of the developed
iontronic devices by following basic instructions. Thus, the idea of designing, training, prototyping,
or even developing personal electronic gadgets at home (“lab-at-home”) is far to be farfetched,
being only necessary for that purpose a compartment where we can find room to trigger our
imagination, but also to accommodate and store the materials and tools needed to accomplish
such ideas.

Despite the vision behind DIY idea, towards easy customization of electronic systems, this con-
cept is limited to small volume of manufacturing and the process is mostly handmade. However,
when looking for a complex level of integration of materials, components, and devices, we need
to move to a fully automated production by large-scale R2R principle, where manual handling
from printing to completion is avoided, to speed up the process, minimize error, and obtain a high
volume of products, which in turn leads to extensive cost reductions.

Thus, considering the extreme importance of ensuring a reliable process with high yield, before
transferring the developed technology from S2S to industrial R2R manufacturing environments,
we need to implement a strategy that envision the optimization and upscaling of the EGTs’ man-
ufacturing process. To do so, the custom-made flatbed screen-printing station can be replaced
by a semi-automatic screen-printer machine. Although this approach still relies on S2S principle,
this is a significant step to take as it opens an opportunity to start distancing from lab-scale pro-
totyping and get closer to pilot-scale manufacturing process using rotary screen printing, by hav-
ing a better control over the printing parameters.

Furthermore, to ensure the patterning of high-resolution features using screen-printing technique,
the polymeric mesh made of twisted yarns can be replaced by a non-woven, flexible, and highly
defined metal plate that exhibit superior durability and endurance to hard conditions, although
being more expensive.172:3%

Regarding the step related to the deposition of electrolyte-gate stickers, instead of laminating
individual hydrogel membranes one-by-one for each device, a single hydrogel membrane can be
directly laminated to fit multiple devices alongside a row of an array of EGTs to make the manu-
facturing process easier and faster. Although such strategy minimizes the number of lamination
steps to activate the partially manufactured EGTSs, this approach can have a negative impact in
the devices’ electrical performance. This is due to the overlap between the electrodes and the
electrolyte that is substantially increased when using such strategy, thus leading to an increase

in off and leakage currents.
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In line with these issues, a transfer/stamping process''.141.153.397 can be an efficient and fast pro-
cedure to easily transfer multiple patterned thick membranes into individual EGTs in a single
move. To do so, a macroscopic membrane formed on a donor substrate (glass) can be patterned
through a mechanical cutting process. The excess of membrane is removed and reused/recycled,
whereas the patterned membranes can be transferred to a reusable, conformable elastomer
stamp with compatible adhesion. An alignment step is required between the stamp, where the
individualized electrolyte-gate membranes are attached, and the receiving substrate that hosts
the fabricated screen-printed devices. This ensures that in a single move the multiple patterned
membranes are transferred during the stamping step to the devices in their precise positions. For
faster and precise integration, a “pick-and-place” machine can be used to align, arrange, and

transfer the stamp with the electrolyte membranes towards the desired place.

8.2.6. Printed cellulose-based ring oscillators with multi-responsiveness

The accomplishment of these suggestions will establish the road for the easy integration of sev-
eral transistors into more complex circuitry, such as ring oscillators that can be realized by con-
necting in series an odd number of inverters, where the output of the last inverter is fed back into
the input of the first one.25°

To minimize circuits dimensions, the pencil-drawn graphitic load resistances can be replaced by
a single transistor or a sensing component capable of tuning its electrical properties upon an
external stimulus. Although this latter strategy was successfully explored in this work using ZnO
UV sensors as photoswitchable load resistances, additional features can be added to a single
circuit by exploring the multi-responsiveness of ZnO, as it also exhibits pyro-, thermo- and piezo-
electric properties,253:353 while enhancing the performance of the sensing devices.

The integration of these properties into smart-signal responsive systems capable of processing
optical illumination, mechanical strain, and/or thermal inputs into electronic controlling signals,
affords a reconfigurable platform that performs multiple logic operations by tuning the input
states.336.:340,342,353,355,398,399 Fyrthermore, the incorporation of switchable sensing components into
circuits can generate internal built-in electrical field that is enough to power them without any

external bias voltage, which is extremely appealing in terms of power consumption.

8.2.7. Future prospects for suberinic-based composites

The preliminary results obtained for recycled cork stoppers as a sustainable raw material to ex-
tract suberin were very promising, serving as foundation for new research paths in the field of
electronics, as well as safe and hygienic packaging. Hence, there is a lot of room for further
development and optimization in future works.

In the first place, the methodology used for processing cork must be deeply investigated looking
for a better understating of the influence of each component in the chemical composition of the

resulting suberinic-based materials. The role of urea, alkali salt, and the influence of the acid used
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during the neutralization process is still unclear as how they affect the features of the components
extracted from cork as well as their antibacterial properties. The latter property assumes particular
interest considering the need for materials composites, either in the form of membranes, fiber
mats, patterned or coated films, that can protect human health from bacterial infections. Thus,

the realization of complementary antibacterial assays must be performed in the developed mate-
rials.
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Chapter 9. Outputs

A proper selection of the most relevant results obtained during the execution of the PhD activities
resulted in the preparation of brief reports that were immediately converted into scientific papers,
developed in co-authorship research. Furthermore, these works were also presented in scientific
meetings as a helpful tool to share and acquire knowledge related to new research trends, ad-
vanced materials, and techniques that might impact our work.

A summary of all the publications, oral and poster presentations in national and international con-

ferences is provided as well as their recognition.

9.1. Publications

Published work during PhD activities (8, +2 ongoing):

e |. Cunha, J. Martins, P. Ganga Bahubalindruni, J. Tiago Carvalho, J. Rodrigues, S. Rubin, E.
Fortunato, R. Martins, and L. Pereira. Handwritten and sustainable electronic logic circuits
with fully printed paper transistors (under revision in Advanced Materials Technologies);

e M. Jodo Oliveira, I. Cunha, M. P. de Almeida, T. Calmeiro, E. Fortunato, R. Martins, L. Pe-
reira, E. Pereira, H. J. Byrne, R. Franco, and H. Aguas. Reusable and highly sensitive SERS
immunoassay utilizing gold nanostars and a cellulose hydrogel-based platform (under revi-
sion in Journal of Materials Chemistry B);

e S. H. Ferreira, I. Cunha, J. V. Pinto, J. P. Neto, L. Pereira, E. Fortunato, R. Martins. UV-
responsive screen-printed porous ZnO nanostructures on office paper for foldable electron-
ics. Chemosensors (2021). doi: 10.3390/chemosensors9080192;

e P.Claro, A. C. Marques, I. Cunha, R. Martins, L. Pereira, J. M. Marconcini, L. H. C. Mattoso,
and E. Fortunato. Tuning the Electrical Properties of Cellulose Nanocrystals through Laser-
Induced Graphitization for UV Photodetectors. ACS Appl. Nano Mater. (2021). doi:
10.1021/acsanm.1c01453;

e P. Claro, I. Cunha, R. Paschoalin, D. Gaspar; K. Miranda, O. N. Oliveira Jr., R. Martins; L.
Pereira, J. Marconcini, E. Fortunato, L. Mattoso. lonic conductive cellulose mat by solution
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Figure S1. Dynamic electrical characterization of IGZO EGTs on paper gated by M1C1 electrolyte. Variation
of drain current with increasing cycles of gate voltage pulses from -0.6 until 2 V for different frequencies: a)

1 Hz, b) 10 Hz, ¢) 50 Hz, d) 80 Hz, e) 100 Hz and f) 200 Hz.
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Figure S3. Dynamic response of N100 hydrogel-gated NOT gate with a pencil-drawn resistance of 36 kQ.
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Table S4. Results of the electrical characterization of IGZO transistors on glass gated by Li-
CICHSs (Vbs = 1.2 V).

. Scan rate Von m Ss Sat Sat
Li-CICHs [mV s] lowore 1y [gs] [V dec] [cm2‘<1'1 s [cm2l<l'1 s

25 15x106 0.0 116 0.17 24.8 9.25

50 1.1x106 0.1 122 0.16 25.6 9.53

mMCo 100 8.8x10° -0.1 120 0.16 25.1 9.35
200 7.9x105 -01 115 0.15 23.6 8.81

400 6.3x10° -0.1  10.8 0.14 21.2 7.88

25 15x108  -0.5  20.4 0.13 17.3 6.77

50 1.8x108 0.5 17.4 0.12 12.7 4.99

M2C1 100 1.9x106  -0.5 132 0.12 12.1 472
200 27x106  -04 128 0.10 12.1 476

400 54x108 -02 117 0.09 12.0 469

25 14x108 0.3 222 0.11 20.8 5.31

50 2.0x106  -03 229 0.11 20.4 5.21

M1C1 100 2.7x106 03  19.7 0.10 15.0 3.83
200 53x106 -02 157 0.10 15.3 3.91

400 8.2x106 02 125 0.09 12.8 3.26

a) Mobility calculated using the CpL values determined from the data fitting of the EIS measurements using
Dasgupta’s ECM.
b) Mobility calculated using the capacitance values extracted directly from the EIS data at 0.1 Hz.

Table S5. Resume of the electrical performance of CICH-gated IGZO transistors on multilayer-
coated paper. The values show the average and respective standard error of the mean obtained
from five samples (Vbs = 1.2 V, Ves scan rate: 0.05 V s).

CICHs Von [V] loniorr [x104] gm/width [uS mm™] Ss[Vdec']  psat[cm? V-1s ]
L100 0.18 £ 0.04 8.97 £ 3.15 214 +78.8 0.22 £ 0.02 5.30 £ 2.00
L1N1 0.14 £ 0.07 7.38 £2.31 316 £ 66.9 0.23 £0.02 6.92 + 1.62
L1N3 0.16 £ 0.05 5.56 + 2.50 169 + 38.2 0.24 £ 0.03 4.04 + 0.52

L1N19 0.04 £ 0.07 5.28 + 2.05 284 + 104 0.26 £ 0.02 6.74 + 2.52
N100 0.10 £ 0.05 1.85+0.29 155+ 11.7 0.26 + 0.02 3.43 +0.23

a) Mobility calculated using the CpL values determined from the data fitting of the EIS measurements using
Dasgupta’s ECM.

Table S6. Variation of Von and Ss of the fabricated L1N3 hydrogel-gated IGZO transistor on
multilayer-coated paper during heating at different temperatures (Vos = 1.2V, Ves scan rate:
50 mV s).

Temperature [°C] Von [V] Ss[V dec]
RT 0.0 0.22
50 0.0 0.27
60 0.0 0.30
70 -0.1 0.35
80 -0.2 0.49
90 -0.2 0.66
100 -0.1 0.92

120 -0.5 1.69




Table S7. Variation of Von and Ss of the fabricated L1N3 hydrogel-gated IGZO transistor on
multilayer-coated paper during vacuum for various time intervals (Vbs = 1.2V, Vas scan rate:
50 mV s).

Pressure Time [min] Von [V] Ss[V dec]
Atmospheric pressure 0 0.1 0.27
4.8 x 102 mbar 5 -0.1 0.27
3.1 x 102 mbar 10 -0.4 0.27
2.5 x 102 mbar 15 -0.8 0.22
1.7 x 102 mbar 30 -0.8 0.21
1.0 x 102 mbar 60 -0.7 0.21
6.8 x 10 mbar 90 -0.7 0.21
6.2 x 103 mbar 120 -0.7 0.21
4.2 x 10 mbar 150 -0.8 0.22
7.4 x 10" mbar 1080 0.5 0.08
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Annex

Supplementary equations



I -1
Crl = (002) am
Lioo2)

Equation S1. Equation used for calculating the crystallinity index (Crl) from the empiric method proposed
by Segal. l(o2) is the maximum intensity (in arbitrary units — a.u.) of the (002) lattice diffraction taken at
20 = 22°, and lam is the intensity of the amorphous phase diffraction in the same units at 26 = 18°.

CDL — [YORC—(a—l)]l/a

Equation S2. Equation used for calculating the double layer capacitance from the Dasgupta’s ECM. Yo is
the capacitance associated to the CPE, Rc is the contact resistance, and a is a constant between 0 and 1
that determines how non-ideal the capacitor behaves (a = 1 corresponds to the case of an ideal capacitor).

l

% R

Equation S3. Equation used for calculating the ionic conductivity from the Dasgupta’s ECM. R is the bulk
resistance, | is the thickness of the electrolyte membrane, and A is the surface area.

-1
max)

Equation S4. Equation used for calculating the subthreshold swing (Ss). Ibs and Vas correspond to drain
current and gate voltage, respectively.

S = alOgIDS
ST\ Vs

04/ Ips 2 2L
Usat =

Vs ) WCpy

Equation S5. Equation used for calculating the saturation mobility (Usat). Ips, Vas, CoL, W and L correspond
to drain current, gate voltage, double layer capacitance of the CICHs, width and length of the channel,
respectively.

|4
Ry = 4.5327

Equation S6. Equation used for calculating the sheet resistance (Rs) from four-point probe measurements.
V, and | correspond to the measured voltage between the two inner probes, and the current applied between
the outer probes, respectively.

£~ (tCMC/ZnO + toffice paper)
- 2r

Equation S7. Equation used for calculating the bending strain (€). r, tcmc/zno, and tofiice paper correspond to
the bending radius, and thicknesses of the CMC/ZnO film (= 8.65 ym) and office paper substrate (= 100 pm),
respectively.
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