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ABSTRACT

Cork is one of the oldest materials used by Man, with exceptional characteristics that
allow its introduction in the field of electronics as a material that is not only innovative but also
sustainable. Composite cork agglomerates from cork industrial waste have all the intrinsic
properties of natural cork, making it a great starting point for introducing cork into electronics.
Motivated by the growing need in the use of new natural and self-sustainable materials, it was
developed with the use of another ecological and innovative material, cellulose nanofibers, a
simple, low energy and low-cost method of surface planarization, which improves significantly
the surface characteristics of cork for later use as an electronic substrate.

Several surface studies were carried out on the cork agglomerate at various stages of the
planarization process to optimize each step of the overall process. Due to the hydrophobicity of
cork surface, oxygen low-pressure plasma treatment was performed as an essential initial step for
surface activation, followed by an extensive surface analysis through SEM, ATR-FTIR spectrum,
contact angle measurements, and surface energy calculation to understand the induced changes.
Subsequently, several types of thin cellulose nanofibers layers were applied over the activated
cork agglomerate surface, significantly reducing the surface roughness hitherto presented, with
improved adhesion. As a result, planarized cork agglomerate substrates display lower surface
roughness, being optimized to be used in a wide range of electronic devices.

Proving its applicability in electronic devices, the produced planarized substrates were
successfully used alongside carboxymethyl cellulose and zinc oxide in the development of screen-
printed ultraviolet sensors, presenting high production replicability, higher photocurrents than the
equivalent substrate without any type of treatment, and stable performances over continuous use
cycles.

Keywords: Cork, cork electronics, printed electronics, cellulose nanofibers, planarizing layer,
ultraviolet sensors.
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RESUMO

A cortica € um dos materiais mais antigos utilizados pelo Homem, com caracteristicas
excecionais que possibilitam a sua introducdo no campo da eletrénica como um material ndo s6
inovador, mas também totalmente sustentavel. Aglomerados compdsitos de cortiga provenientes
do desperdicio industrial apresentam todas as propriedades intrinsecas da cortica natural, sendo
assim um 6timo ponto de partida para a introdugdo da cortica na eletrénica. Motivado pela
crescente necessidade que a industria eletronica apresenta na utilizacdo de novos materiais
naturais e autossustentaveis, foi desenvolvido com a utilizacdo de outro material ecolégico e
inovador, as nanofibras de celulose, um método de planarizacéo superficial simples e de baixo
custo energético, que melhora de forma significativa as caracteristicas superficiais da cortica para
posterior utilizacdo como substrato eletrdnico.

Em primeiro lugar, foram realizados diversos estudos superficiais ao aglomerado de
cortica em varias etapas do processo de planarizacéo, a fim de aperfeicoar cada passo do processo
global. Devido a hidrofobia da cortica, foi realizado como etapa inicial do processo um tratamento
de plasma a baixa pressdo com oxigénio essencial para a ativagdo superficial, juntamente com
uma extensa andlise superficial através de SEM, espectro ATR-FTIR, medi¢do do angulo de
contato e célculo da energia superficial de modo a analisar as alteragdes provocadas.
Posteriormente, diversos tipos de camadas finas de nanofibras de celulose foram aplicadas sobre
a superficie ativada da cortica, diminuindo de forma acentuada a rugosidade superficial até entdo
apresentada. Como resultado, foram obtidos substratos planarizados que apresentam rugosidades
muito inferiores as iniciais, estando otimizados para utilizagdo num vasto leque de dispositivos
eletronicos.

Comprovando a sua aplicabilidade num dispositivo eletrénico, os substratos planarizados
foram utilizados com sucesso na criacdo, atraves de screen-printing, de sensores ultravioleta de
carboximetilcelulose e Oxido de zinco. Estes sensores possuem elevada reprodutibilidade de
producdo, fotocorrentes superiores ao substrato equivalente sem qualquer tipo de tratamento e
performances estaveis ao longo de ciclos continuos de utilizag&o.

Palavras-chave: Cortica, eletronica em cortica, eletronica impressa, nanofibras de celulose,
camada planarizadora, sensores ultravioleta.
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1. MOTIVATION

Looking at the World today and to us, Humans, it is easy to perceive that our dependence
on technology in our daily lives is huge. Imagining a single day without the use of an electronic
device, no matter how simple the device, is practically an impossible task. Feeding this
dependence on technology, an ongoing technological revolution is providing us with new types
of electronic devices, creating more and more functionality in these devices and, in a way, end up
influencing our simple existence progressively. [1] We can state that small electronic devices and
the “Internet of Things” are revolutionizing our society. However, this revolution is not being
done sustainably. This electronic development is based on materials such as high-grade silicon,
metals, or both materials and the process of how we obtain them (mining) and process them still
requires high energy expenditure. Altogether are harmful to the environment and their use must
be rethought. Also, electronic devices, considered most often as disposable, are made up of toxic
metals and organics, difficult to recycle, and are not biodegradable. Therefore, the problem of
electronic waste is growing nowadays, presenting itself as a threat to public health and the
environment. [2] Aside from all these problems, unease related to the availability of the so-called
“critical materials”, the ones essential to the production of electronic devices, became real to the
society when in 2010, the world market was disturbed by the fact that the demands of the world’s
electronic industries could not be met by the available supplies, thus creating the need for new
alternatives. [3]

Printed Electronics can be the key factor in a "new wave" of sustainable electronic
development. Unlike conventional electronics, they present themselves as a sustainable
alternative due to the use of environmentally friendly and Earth-abundant materials. In addition
to this, it is endowed with high energy efficiency, thus not requiring complex and expensive
processes for manufacturing the electronic devices, characterizing it as low cost. Furthermore,
some of these printed devices may even be recycled later. [4]

Printed electronics are also innovative in terms of flexibility. There is an increasing
interest from both industry and consumers in flexible electronic devices, largely because of the
exceptional properties they offer: lightweight, bendable, conformable, rugged, and not easily
breakable. Therefore, the wide range of applications possible to be printed on flexible substrates
are capable of being molded or bent, unlike silicon electronics. [5,6]

The cork industry plays an important socio-economic role in the countries of the western
Mediterranean. In the Portuguese case, the importance is even greater since is the world leader in
the production and processing of cork. However, this industry creates a considerable value of
material waste, with cork powder being the main waste of the cork industry (approximately
30.000 tons/year). [7] To reduce this waste, new applications for cork waste material are being
considered. Cork composites display themselves as one of the most promising fields of cork
technology evolution, as cork properties present in natural cork are also present in them. [8]

CORK AS A NOVEL MATERIAL FOR PRINTED ELECTRONICS



2. OBJECTIVES

Understanding the necessity of creating a sustainable green future in the topic of
electronics, this master thesis will combine the use of abundant organic materials allied with low-
cost, energy-efficient processes to create first a planarized substrate and secondly, a screen printed
ultraviolet (UV) sensor on the optimized planarized substrate. Cellulose-based substrates, such as
paper or cork, have been in the spotlight of research and development at Centro de Investigacao
de Materiais/Instituto de Nanoestruturas, Nanomodelacdo e Nanofabricagdo (CENIMAT]/i3N),
leading to a vast work done on the topic of cellulose as a major component in printed electronics.

Using cork agglomerate composites as a groundbreaking substrate, this thesis reports the
creation of a cellulose-based planarization layer, that will provide a pioneer contribution to a new
perception and knowledge of revolutionary printed electronics based on cork material.
Simultaneously, several characterization techniques will be employed to understand deeply how
the different steps of this work change/improve the cork agglomerate surface towards its
planarization. Also, the created planarized substrates will have as proof of concept a successful
assembly of a screen-printed UV sensor on them.

CORK AS A NOVEL MATERIAL FOR PRINTED ELECTRONICS



3. INTRODUCTION

For a complete understanding of this master’s thesis, an introduction to the most
prominent topics will be made in this chapter. Beginning with a global analysis of the material
under study, cork, going on to fundamentals and explanations about the main topics of interest,
such as printed electronics and its printing techniques, UV sensors, a planarization layer, and
cellulose nanofibers.

3.1. Cork: raw material and characteristics

Cork is a timeless material, used by mankind since Ancient History until the present day.
[9] It performs a considerable role in the social and economic development of the Western
Mediterranean countries, in which Portugal is included. Portugal has a special connection with
this material, holding a substantial cork oak forest inside its borders (737000 hectares, 34%
worldwide) [10] and being the world leader in cork production, controlling about 50% of the total
global market, which is equivalent to 100000 tons. [11] Also, Portugal is by far the biggest World
exporter of cork products, owning 63% of the world trades and generating an income of 986.3
million euros, as reported by Banco de Portugal in 2016 and updated in 2018. The cork industry
in the Mediterranean countries is estimated to employ about 100000 workers and in Portugal’s
specific case, about 8310 workers. [11] From an ecological point of view cork also presents itself
as a very interesting material, considered a sustainable material. Cork oak forests prevent
desertification and keep a close role in the maintenance of biodiversity. [12] Furthermore, cork is
harvested without the demand of killing the tree, granting that is possible to extract bark from that
same tree in the future and harvested oaks absorb 4 times more carbon dioxide than unharvested
ones. [8,11]

The Quercus Suber L. cork microscopic morphology is characterized by layers of
homogeneous thin-walled cells that are organized without any kind of intercellular space, creating
an alveolar structure, and offering cork a hollow honeycomb microstructure, as Figure 1 shows.
Chemically speaking, cork is constituted predominantly by suberin (40%), lignin (22%),
polysaccharides (18%), and extractables (15%). [13,14] Physical properties of Quercus Suber L.
cork are extraordinarily fascinating. This material accommodates a combination of insulation
properties, low density, lightness, elasticity, gas and water impermeability, surface and dielectric
properties as well as being fire retardant. [13,15] Giving an insight towards the surface properties,
cork is a hydrophobic material with low wettability towards polar liquids and high affinity for
non-polar, with a surface energy of 18 mN m* and the contact angle of water on cork is between
84 °and 100 °. [16]

a) Tangential section b) Transverse sectio

¢) Radial section

Figure 1 — SEM images of the three sections of cork: a) tangential, b) transverse and c) radial.
Adapted from [16] with no scale bar available.
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Besides traditional applications such as a wine stopper or a naturally insulating material,
cork can also be used to produce agglomerates. Since large amounts of cork are discarded during
the production of stoppers, wasted material is granulated, mixed with a polymeric binder, and
compressed under heat and pressure. Size and fraction of cork granules in the mixture, type of
polymeric binder, and packing density are the main variables to consider during the production
of cork agglomerates, depending on the use that will be given after to the agglomerates.
Innovation starts to flourish on the use of cork in new ways, thanks to its remarkable
characteristics. [13]

3.2. Cork as a new substrate in printed electronics

We live in a world that is progressively more dependent on electronic devices, verified
by the rising of connected devices each year [17]. Consequently, electronic waste is a growing
problem to be solved, suggesting a need for sustainable and eco-friendly materials. [17,18]
Considering the previously mentioned properties, cork starts to be recognized as a material that
can be used in technological evolution by a wide range of professionals. [19] Corroborating that,
published works [17,20,47] focused on cork are increasing with time, showing a flourishing
interest of the scientific community on this material.

For example, fully printed UV sensors on a cork substrate have been created for the first
time at CENIMAT|i3N, proving that is possible to use this material as an alternative low-cost and
sustainable substrate for printed electronics. [17] Radio-Frequency Identification tags also have
been created using pressed cork agglomerates, given its isotropic behavior, as they display
excellent characteristics such as low permittivity, roughly the same loss tangent values over the
whole directions of the material, and a low dissipation factor. The work done by Gongalves et al.
shown good results and proven that the material can be used for this type of device. Also, a passive
humidity sensor could be created using cork as the sensing surface since cork is a porous dielectric
material and therefore, absorbs water. This characteristic enables sensitivity to humidity changes.
[20]

3.3. Printed electronics and printing techniques
The production of traditional electronic devices requires the use of vacuum and high
temperatures, corrosive chemicals, expensive sophisticated equipment, and large infrastructures,
creating huge energy consumption and complexity of processes. [13] In addition to a vast interest
in the use of eco-friendly materials, the use of sustainable processes from an environmental and
financial point of view is also becoming increasingly vital today. Printing techniques have
received great prominence as they can comply with the requirements of sustainability due to their
distinctive characteristics: simplicity, high adaptability, cost-effectiveness, and adaptability to the
fabrication process, as well as being suitable to use with eco-friendly materials, culminating in
the production of eco-sustainable devices. [17,19,21] Therefore, printed electronics are an
innovative technology that allows us to create a wide range of devices such as sensors and

transistors, for example, on low-cost and flexible substrates. [12]
Targeting the best properties possible for a specific device, the chosen printing method
should not be trivial. To achieve very high-definition patterns, we should think about using a
technique that provides a very small line width and thickness such as nanoimprint, with the
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downside of the slow speed. However, focusing on fast printing, techniques such as offset, and
gravure printing should be used because of its high throughput speed. Thinking about
straightforward and economical techniques, inkjet and screen-printing, firstly they grant precise
patterning with reduced raw material waste and secondly having as best features simplicity,
adaptability, and reliability even when performed manually on an affordable and homemade
system. [22] Thus, in a wide range of available printing techniques, screen-printing stands as the
most mature of them all, given its simplicity and reproduction. [23]

The manual screen-printing system can be described as flat support incorporating a
previously patronized screen inside its frame, holding it, and giving stability to the whole system.
Ink is pushed through a patterned screen with a squeegee, leaving the pattern printed on the
substrate, as shown in Figure 2. High-speed screen-printing tools own a commercial resolution
worse than 50um. Therefore, to obtain the optimal performance of this technique, several
parameters related to the screen mesh properties, intrinsic ink characteristics, printing speed, and
external factors embracing the operator should be considered. Aiming attention at the ink,
parameters such as viscosity, surface tension, wettability, and adhesion to the substrate should be
fine-tuned, with the use of high viscosity inks or pastes being mandatory as they prevent excessive
spreading and bleed-out through the used mesh. On the other hand, binders used to make the ink
viscous create a loss of performance. [22-24] The viscosities used in screen-printing are relatively
high, with values usually over 1000 cP. High viscosity is required to prevent excessive spreading
and bleed-out during the printing. [24]
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Jiffy hinges
rinting stage (PTFE
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Figure 2 — Schematic drawing of custom-made manual screen-printing system used at
CENIMATIi3N. Adapted from [22].

In summary, parameters such as viscosity, solvent compatibility, physical and chemical
stability, and surface energy compatibility alongside resolution limits of printing techniques
already referred tend to negatively influence the performance of the printed devices. [23]

3.4. New perspectives for cork in printed electronics
Although cork can play a fundamental role in the production of “green” electronic
devices, there are few reports on using cork as a substrate for printed electronics. Therefore,
among other devices, UV sensors integrated into cork substrates could start to introduce cork as
a new “green” material to be used in the growing market for smart and wearable products. [17]
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To understand the potential of cork as a substrate for a UV sensor, an insight into the
fundamentals of UV sensors is going to be explained below, allied with a brief introduction to
zinc oxide (ZnO) main characteristics and application in electronics devices.

There is a growing appeal to the synthesis and application of nanoscale materials, in the
field of electronic devices. These nanoscale materials present exclusive mechanical, electrical,
optical, and chemical properties that are different from the bulk, mainly because of their high
surface-to-volume ratio and spatial confinement. [25,26] Materials such as ZnO feature a wide
bandgap of 3.34 eV and a large exciton binding energy of 60 meV at room temperature, thus ZnO
is transparent to visible light. It has a semiconductor behavior, meaning that can be made highly
n-type conductive by doping. ZnO nanostructures have a high specific surface area, low toxicity,
chemical stability, electrochemical activity, and high conductivity, opening the door to its use in
high-performance sensors. [27] Therefore, ZnO stands out as one of the most important metal
oxides due to its exclusive properties alongside a high transmittance in the visible region and a
high chemical, thermal, and mechanical stability. To achieve the optimal electrical and optical
properties of ZnO films, the deposition conditions, type of substrate, temperature, oxygen (O,)
partial pressure during the deposition, and the final film thickness should be taken into
consideration. [28, 29] There is an attempt to develop different ZnO nanostructures with improved
properties since the shape and aspect ratio of the nanostructure are fundamental parameters to
reach better electrical and optical properties. [30] Various morphologies and dimensions for ZnO
have been synthesized so far, granting the possibility of the use of diverse nanostructures such as
nanorods, nanotubes, nanocorals, nanoflower, and nanowalls [29]. Also, ZnO is a recognized UV-
radiation-photosensitive material given its standard proprieties, allowing its use at UV sensors.
[17] Boosting all these exceptional features, ZnO is also low-cost, biocompatible, and eco-
friendly [18].

Before explaining the fundamentals of a UV sensor, a brief insight into UV light is
essential. UV light can be characterized as electromagnetic radiation owning a wavelength
between 10 nm (124 eV) and 400 nm (3 eV) and has four divided spectral regions, with most of
the UV light emitted by the Sun being absorbed by the atmospheric ozone layer. [27]

Firstly, UV sensors have been used in extraterrestrial applications, however over time,
terrestrial applications have also been discovered for them. Chemical, environmental, and
biological analysis or monitoring, flame and radiation detection, astronomical studies, and optical
communications stand as examples of how the detection of UV radiation can be used. Focusing
on the modern-day semiconductor photodetectors, they present us a great sensitivity, great
stability of response, and provide good linearity characteristics. The working principle of most of
these UV sensors is the internal photoelectric effect in which an electron-hole pair is created due
to the excitation of an electron from the valence band to the conduction band, provided by the
absorption of a photon by the semiconductor. Providing an electric field, the movement of the
free charges starts and creates a current in the detector. [31] Figure A.1 — Annex A displays a
scheme that represents the working principle of the UV sensors.

To have a high-performance photodetector, high sensitivity, high signal-to-noise ratio,
high spectral selectivity, high speed, and high stability should be assured. One-dimensional
nanostructures, such as ZnO UV sensors, must be considered as they show improved sensitivity
to light due to their large surface-to-volume ratio and Debye length comparable to their small
size, providing enhanced photosensitivity. [27] Testifying that, over the last two decades the
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research over one-dimensional nanostructures has increasing interest over the scientific
community, especially due to their outstanding properties and potential applications. [28]

3.5. Planarization layer

With the expected market growth of the printed electronic devices combined with many
of them being disposable, there is also a growing need for the use of biodegradable materials as a
substrate, contrasting with the present-day solution of using plastic. [32] Paper, for example, is
being employed as a flexible substrate material for printed electronics because of wide
availability, low-cost, and being environmentally friendly. [33]

However, these biodegradable materials might not have the suitable requirements to be
used as-is in the production of printed electronics since, for example, the roughness and porosity
of paper are typically high and their chemical, mechanical and thermal stability is worse than the
ones of plastics, leading to a negative influence over the device stability. Despite being possible
to improve the gas and chemical barrier properties of paper, the rough surface remains a problem
when printing conductive lines on this material. [32-34]

3.5.1. Oxygen plasma treatment

Plasma, also called the fourth state of matter, can be defined as an ionized gas and its
constituent of more than 99% of the universe. It is composed of a set of atoms in excited states,
free radicals, metastable particles, electrons, and ions and although from a macroscopic point of
view plasma is electrically neutral, it contains free charge carriers and electrical conductivity. At
a laboratory scale, low-pressure plasma is created by applying electrical energy to a previously
selected gas. The electric field starts to excite the gas electrons, generating electronic energy that
is transmitted to neutral species through collisions. Most of the excited species then release a
photon and return to a neutral state in a very short space of time. There are several types of surface
treatments that can be performed using plasma: cleaning (decontamination and grease removal),
activation (adherence or anti-adherence properties), etching, and functionalization (electrical
conductivity, protection against corrosion, and chemical barrier), among others. [35,36] A scheme
of plasma instrumentation can be seen in Figure A.2 — Annex A. Enhancement of surface
reactivity and wettability are some of the advantages that are obtained when using this type of
surface treatment. In the case of surface activation, using the example of an argon-oxygen plasma
treatment, polar and hydrophilic functions are propagated through the surface of the material
under treatment which translates into an increase of the material surface energy. This kind of
activation is useful to prepare the surface before other treatments such as printing and coating, as
it increases wettability and promotes adhesion, for instance. [36]
Cork is a hydrophobic material due to the biopolymer suberin and therefore low adhesion between
cork surface and other materials is expected. [35] The use of surface chemical treatments towards
a change in the surface properties of different materials has shown some success in increasing the
capacity of interfacial bonding. However, the high cost of these treatments, the disposal of
chemical products used, and the environmental pollution associated with them narrow their
industrial application. Differently, plasma treatments are considered a clean dry process with huge
environmental potential and energy conservation benefits, modifying the surface of several
materials without affecting its intrinsic properties. [38] Thus, giving the cork surface a plasma
treatment will generate a change in hydrophobicity towards a more compliant surface to coatings.

CORK AS A NOVEL MATERIAL FOR PRINTED ELECTRONICS



In comparison to polymers, plasma treatments modify the wettability of the cork surface, allowing
subsequently to spread a layer of another material on an adhesive form on the surface without
changing the intrinsic characteristics of the cork. [35]

In this work, surface activation through an O, low-pressure plasma treatment (LPPT) is
the necessary step to be made to achieve a hydrophilic surface. [35] Since low pressure is used,
the treatment can be carried out at low or moderate temperatures. Because of this, the
aggressiveness of the plasma treatment is reduced, hence low degradability of the material under
treatment is guaranteed. [39] LPPT can deliver a large variety of surface modifications allied with
a positive environmental and economical aspect, increasing the general interest in the use of this
technique to achieve desired surface modifications. [40] Silva et al. presented a study of how
plasma treatment can affect the surface, wettability, morphology, and chemical composition of
cork agglomerate. In conclusion, the study proved that plasma treatment can create more polar
groups, increase surface energy, improve wettability, and increase the work of adhesion of the
samples. Also, it is shown that plasma treatment can change the surface of cork agglomerates
without changing their bulk characteristics. [47]

3.5.2. Cellulose nanofibers

Cork surface has well known discontinuities that influence the in-use performance of cork
products. Heterogeneity of the cork surface exists due to the presence of lenticular channels,
woody inclusions, small fractures, and other defects referred to as porosity of cork. [34] To
overcome such problems associated with the roughness of the surface in organic devices, a
planarization layer should be applied. This layer will play an important role both in terms of the
device's performance as well as its reliability. We can consider that this layer serves multi-
purposes such as smoothing the substrate surface for device fabrication, creating better adhesion
of organic materials on the substrate, improved wetting for organic semiconductors, and stable
electrical performances. [41]

Cellulose nanofibers (CNF) are a nanomaterial with a bio-based origin, widely available,
renewable, non-toxic, biodegradable, and simultaneously owning outstanding properties that can
be used as a coating layer in printed electronics applications. [42] CNF has a high aspect ratio,
high specific strength, flexibility, large specific surface area, and thermal stability, combined with
biodegradability and biocompatibility. At a structural level, CNF can be compared to a
“spaghetti”-like structure and can be obtained through their isolation from wood and plant cell
walls, using chemical, enzymatic, and/or mechanical treatments. [42,43] However, the mentioned
processes generally require a high number of passes and therefore, high energy consumption. Pre-
treatment methods, an enzymatic treatment, can facilitate the fibrillation of cellulose fibers and
decrease energy consumption. CNF display their diameter in the nanometer range and length
dimension in the microns scale, depending on the processing and pre-treatment methods. The
combination of all these exceptional features (structure, mechanical properties, and surface
reactive chemistry allows CNF to be used in a wide range of applications. [44]

The work of Hamada et al. shows how the coating of synthetic fiber sheets with CNF
provokes changes at the level of the surface roughness and contact angle (alongside with other
properties) of the coated sheets, providing excellent insights on how CNF can cause an increase
in ink density and print quality. Also, this shows that CNF can be incorporated as a low-cost
surface treatment in the form of a coating that creates porous hydrophilic surfaces. [45]
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4. MATERIALS AND METHODS

In this chapter, all the necessary steps along the process of creating a CNF coating layer,
and its further characterization will be described. Furthermore, the production and posterior
characterization of screen-printed UV sensors on cork agglomerate CNF planarized substrates
will be also described.

4.1  Cork agglomerate
The access to the used cork agglomerate in this work was made through a local shop,
where cork agglomerate strips measuring 2 m width and 6 cm wide from the brand “Eva Arte”
reference “83263” were obtained. Afterward, the raw cork agglomerate strip was cut using
scissors to create rectangular-shaped samples with dimensions of 6 cm wide and 5 cm width,
facilitating all the necessary subsequent steps of the process. Neither solvent wash nor any other
kind of pre-treatment was made before the cut of cork agglomerate samples.

4.2. Oxygen low-pressure plasma treatment
The O, LPPT was performed with an LPPT system from the Diener Electronics ZEPTO
model. This system allows total control of the following experimental variables: pressure (p) of
the vacuum chamber from 0.1 to 1 mBar, generator power (P) from 0 to 100 W, O gas supply
mass flow, working pressure (pw) of the vacuum chamber from 0.1 to 1 mBar and time (T) of
plasma treatment. Table B.1 — Annex B resumes all four plasma treatments performed to cork
agglomerate samples and their respective nomenclatures.

4.3. Cellulose nanofibers mixtures formulation and application

The bulk CNF mixture used at this work has a weight ratio (wt.) of 0.95% CNF in
deionized water and was obtained with commercial bleached sulphite eucalypt pulp that went
through a pre-treatment with 2,2,6,6-tetramethylpiperidine-1-oxyl radical (TEMPQO) — mediated
oxidation and mechanical treatment. Scanning Electron Microscopy (SEM) image of some fibrils
of this CNF mixture can be seen in Figure B.1 — Annex B. Attenuated Total Reflectance - Fourier
Transform Infrared Spectroscopy (ATR-FTIR) was performed to characterize the spectrum of the
CNF, with the results from this analysis shown in Figure B.2 — Annex B.

At this work, three CNF solutions with different wt. were used. The first solution uses the
bulk CNF mixture of 0.95wt. % CNF (0.95CNF) in deionized water, while for the formulation of
the other 2 solutions the bulk mixture was diluted to a weight ratio of 0.75wt. % (0.75CNF) and
0.60wt. % CNF (0.60CNF), respectively in deionized water. Before the next step, the three
solutions were stirred using a magnetic stirrer at room temperature for 1 hour each for
homogenization.

To coat the samples, an auto bar coater system from RK Printcoat Instruments, model K
Control Coater 101 equipped with a close wound meter bar was used. Two types of bars were
used, one with a 0.51 mm wire diameter and a wet film deposit of 40 um and another with a 1
mm wire diameter and wet film deposit of 80 um. This auto bar coater allows the control of the
coating speed between 2 and 15 m min™. Table B.2 — Annex B resumes all the 12 CNF planarized
cork agglomerate samples produced by the auto bar coating system and their respective
nomenclatures. Another planarization method was also applied at this work, using a membrane
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created with the bulk CNF solution. This membrane was laminated through a simple process to
the surface of one formerly CNF coated sample, creating sample 0.95CNF-M.

4.4. UV sensor production and characterization

The screen-printing technique, as shown in Figure 2, was used to produce the UV sensors.
Adapted from Figueira et al. [17], the composite semiconductor ink was a mixture of ZnO and
carboxymethyl cellulose (CMC, CAS:9004-32-4, Aldrich). The ink content was 40wt. % ZnO
nanopowder (<100nm, CAS:1314-13-2, Aldrich) and 3wt. % CMC in deionized water, with a
weight ratio of 40:60 respectively. The commercial conducting carbon ink used to print the
interdigital electrodes on top of the semiconductor layer was CRSN2644 from Sun Chemical.

For the comparison between the glass and planarized cork substrates, laboratory glass
from Marienfeld with 1 mm thickness was used. Before the screen-printing of the UV sensors,
the glass underwent a UV-irradiation surface treatment for 30 minutes using a UV-ozone cleaner
from Novascan PSD Series. An Agilent 4155C semiconductor parameter analyzer connected to
an Everbeing probe station equipped with a Thorlabs 365 nm wavelength UV light regulated by
a Sanworks Pulse Pal was used to electrically characterize and evaluate the performance of the
UV sensors.

4.5. Characterization methods

4.5.1. Contact angle and surface energy

Static contact angle and surface energy (y) of all samples produced during this work were
obtained through a Dataphysics OCA15 Plus system. For each sample, three measurements were
done through the sessile drop technique on 3 different spots. After the measurement, the measured
static contact angles were used to calculate the work of adhesion of the samples.

To attain the surface energy dispersive and polar components values using the Wu
method, four liquids with known surface energy components were used. Surface energy
components of the four used liquids (deionized water, glycerol, ethylene glycol, and diethylene
glycol) are presented in Table B.3 — Annex B. [48,50]

4.5.2. Scanning electronic microscopy

SEM was used to observe and analyze the surface morphology of untreated, LPPT treated
and LPPT treated CNF coated cork agglomerate samples produced. The results displayed in this
work were obtained using a Zeiss AURIGA CrossBeam and Hitachi TM 3030Plus Tabletop
system. ImageJ software was used to perform measurements on the obtained SEM images.

45.3 Attenuated total reflectance - Fourier transform infrared
spectroscopy
ATR-FTIR was used to gather the spectrum of different samples produced in this work.
All the results were obtained using a spectrometer device from Thermo Electron Corporation
Nicolet 6700, using a SMART iTR adapter. The spectrums were collected at room temperature
using a 4500-525 cm* range, with 32 scans allied to a spectral resolution of 4 cm™.

CORK AS A NOVEL MATERIAL FOR PRINTED ELECTRONICS



S. RESULTS AND DISCUSSION

In this chapter, the main results obtained throughout this work will be shown and
analyzed. First, the effect of LPPT on the cork agglomerates will be analyzed, with a special focus
on its morphological and surface characteristics, to optimize the LPPT for the following CNF
coating. Then, an analysis of the surface properties of the CNF coating applied after the LPPT to
the cork agglomerate was also performed, to optimize this coating treatment. Finally, a fully
optimized CNF coated cork agglomerate was used as a substrate in the production of a UV sensor,
and the results of its electrical characterization were compared with a UV sensor produced without
any substrate treatment.

5.1. Production and characterization of a planarized cork agglomerate

substrate

Samples were treated under LPPT with four different times of plasma treatment. The time
increase in the plasma treatment was done to evaluate the possible changes in morphology and
superficial characteristics of the cork agglomerate due to the LPPT. The pressure of the vacuum
chamber, generator frequency power, O, gas supply mass flow and working pressure of the
vacuum chamber was maintained the same in the production of all samples.

Cork agglomerate samples were placed on a glass holder inside the system chamber and
low pressure was created inside the chamber using an external vacuum pump. After the pressure
reached approximately 0.15 mBar, 17 standard cm® min'* of O, was fed into the chamber via a
gas flow control system until the pressure reached its working value of 0.3 mBar. Then, the
generator was switched on, O started to get ionized and consequently, the sample was exposed
to plasma. At the end of the plasma treatment, the samples were taken out of the chamber and
stored at room temperature with approximately 50% relative humidity (RH) until testing and
coating with CNF.

SEM images shown in Figure 3 verify the general surface heterogeneity of the cork
agglomerate, with areas of high compression of the cellular structure and the presence of several
surface defects of different sizes and depths. All these surface defects in the cork agglomerate
cause this substrate to have a high roughness, negatively influencing the manufacturing of any
type of electronic device. [32-34] Additionally, it is possible to see the layer composition of the
cork agglomerate with the cork granules bonded together over a layer of cloth material.

Comparing higher magnification SEM images from the untreated sample and from the
one that underwent the longest plasma treatment time, the honeycomb structure of the cork
agglomerate stays conserved but underwent slight changes in the size of the structural cells.
Structural cells look less compressed and slightly rounder than the ones from the untreated
sample, which leads to these having a slightly larger cell size and thinner cell walls. These results
are in line with what was observed in the work of Abenojar et al. [35]

Additionally, it is possible to see the layer composition of the cork agglomerate. The cork
granules are bonded together and fixed over a layer of fabric material as the cross-section SEM
Figure 4 shows. To obtain the average thickness of the untreated cork agglomerate, a micrometer
was used. The measured thickness value was approximately 0.46 £ 0.11 mm.
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Figure 3 — SEM images of untreated and 10 minutes plasma treated cork agglomerate samples
showing general surface heterogeneity and noteworthy details of the honeycomb structure.

Figure 4 — SEM image of untreated cork agglomerate cross-section.
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Cork exhibits a complex FTIR spectrum with many peaks and bands, due to its chemical
composition. This complexity is caused by the coupling of vibrations, named skeletal vibrations,
over a large part or all the molecules, creating fingerprint signals of the molecules and not of the
functional groups. [35] ATIR-FTIR spectrum from the untreated cork sample and the sample that
underwent the maximum time of LPPT, 10 minutes, were analyzed and compared to detect
possible superficial chemical modifications due to LPPT.

In Figure 5 it is possible to notice noteworthy cork FTIR absorption details such as the
2917 cm™ and 2850 cm* peaks related to suberin, the characteristic fingerprint region related to
hemicelluloses and lignin at 1800-600 cm, respectively, where: lignin is marked by 1510 cm™?,
854 cm?, and 817 cm bands, polysaccharides are represented at 1093 cm* band and extractives
are represented by the 1600 cm* and 1460-1300 cm bands. Accordingly, the FTIR spectrum of
the 10 minutes plasma-treated sample shows no significant structural chemical changes compared
to the untreated sample FTIR spectrum, ensuring that plasma treatment does not modify the
chemical structure of the cork agglomerate. Further, higher absorbance peaks in the plasma-
treated sample at 1364 cm™ carbon-nitrogen bond and 1315-1008 cm™ carbohydrate and lignin
carbonyl bond stretching vibration suggests that polar oxygen and nitrogen functional groups had
raise onto the surface after the LPPT [47,49], improving the wettability of cork surface through
the creation of adhesive bonds with other materials. [35]
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Figure 5 — FTIR spectrum of untreated and 10 minutes plasma treated cork agglomerate samples.

As it is well known, the surface of the untreated cork is hydrophobic, an undeniable
characteristic of the material mainly due to the presence of suberin, creating a poor adhesion
between untreated cork surface and other materials. [35] Therefore, a high contact angle between
deionized water and untreated cork surface is expected. [16] A series of contact angle
measurements were performed concerning the changes provoked by the LPPT.
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Figure 6 shows the average static contact angle values between deionized water, glycerol,
ethylene glycol, and diethylene glycol and the surface of cork agglomerate samples. Results on
the samples that experienced LPPT show a major decrease in the static contact angle between the
deionized water droplets and the cork agglomerate surface, verifying the switch from a
hydrophobic to a hydrophilic behavior. Untreated cork agglomerate has an initial contact angle
of 124.4 + 1.9 ° with deionized water (Figure 6A) but as the time of plasma treatment increases
the average value of the static contact angle decreases, with the lowest value of 43.3 + 2.4 °
achieved with 10 minutes of plasma treatment (Figure 6B). Nevertheless, at the first minute of
LPPT is where the major decrease in the static contact angle, drastically changing the wettability
of the cork agglomerate surface. With the time increase of LPPT, there is still a subsequent
decrease in the static contact angle but less so than in the first minute. Thus, there is a connection
between the decrease of static contact angle and consequently, higher hydrophilicity and the
increase of the LPPT time. Hence, it is demonstrated that the wettability of the cork agglomerate
surface is boosted by the time exposed to the LPPT.

It is intended that all steps of the planarization process are optimized for the shortest
possible time. It is verified by the results that the decrease of the average contact angle is smaller
with the increase of the treatment time, making the results obtained by the LPPT very similar after
a certain time. Therefore, the plasma treatment was not performed for more than 10 minutes.
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Figure 6 — Average static contact angle of cork agglomerate samples before and after LPPT with
deionized water, glycerol, ethylene glycol and diethylene glycol for different treatment times.

The contact angle of a substrate depends on surface factors including surface energy,
roughness, and cleanliness of the surface [38], thus results can be explained due to interaction
between active species of the O, plasma and the cork agglomerate surface, where the hydrophobic
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layer is partially decomposed by the LPPT due to the etching process and the creation of polar
groups at the surface. [47,51]

Concerning the total surface energy of the cork agglomerate samples, the Wu method
using deionized water, glycerol, ethylene glycol, and diethylene glycol average static contact
angle values were applied to determine the dispersive and non-dispersive components. Figure 7
displays the obtained results. Also, the work of adhesion for deionized water of each cork
agglomerate sample was calculated and the results were displayed in Figure C.1 — Annex C.

Untreated cork displays low surface energy of 8.85 mJ m2, with a dispersive component
3.1 times higher than the non-dispersive. When LPPT is applied, total surface energy and work
of adhesion considerably increase, with the time of plasma treatment influencing this rise. When
analyzing the maximum time of LPPT, it is possible to see that surface energy enhances by a
factor of 4.8 with a higher increase at the non-dispersive component, reaching 30.45 mJ.m-2
Furthermore, the work of adhesion also increased by a factor of 3.4 between the untreated and the
10 minutes plasma-treated sample.

45

Il Non-dispersive component

40 4 | [[__] Dispersive component
35 —
30 —
25 —
20 —
15 —
10 —

5 m

0 - I ! I ! I ! | ! |

0 1 4 6 10

Time of plasma treatment (min)

Surface energy (mJ m'z)

Figure 7 — Surface energy components before and after LPPT on cork agglomerate samples.

For the CNF planarization process, samples of cork agglomerate with 10 minutes of LPPT
time were coated with single and double layers using the previously created solutions of CNF. In
samples with a double coating layer, the second layer was only applied after air drying at room
temperature after the first one (approximately 30 minutes). After all CNF layers were applied in
each sample, they were placed in a custom-made frame to prevent curling and dried at room
temperature. The coating speed and the temperature were maintained the same through the
production of all the samples, with values of 3 m/min and room temperature, respectively. The
parameters of production can be consulted in Table B.2 — Annex B. Also, one CNF coated sample
without previous LPPT was produced to observe the influence of the plasma treatment in the
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creation of the planarization layer. This sample was created using the parameters of sample 80-
0.95CNF-1L but without the plasma treatment.

Figure 8 shows FTIR spectra from CNF coated cork agglomerate samples with and
without previous 10 minutes plasma treatment, emphasizing the LPPT key role in the way that
the planarization layer of CNF is properly coated to the surface of the samples. Through the
analysis of the FTIR spectra, it is possible to observe the appearance of characteristic CNF peaks
(Figure B.2 — Annex B) such as the hydroxyl group stretching band at 3600-3000 cm*, methyl
and methylene groups C-H stretching vibration at 2914 cm, the peak near 1058 cm™ related to
hydrophilic carboxylate groups and the typical C-O-C ring vibration related to cellulose at 1031
cm? in the cork agglomerate sample after the coating step. [54] At the cork agglomerate sample
that experienced 10 minutes LPPT, higher absorbance peaks were registered, suggesting the
presence of more CNF onto the substrate.

Therefore, the superficial changes caused by the LPPT are essential for the successful
application of the CNF planarization layer on the samples, since the hydroxyl groups on the CNF
surface [44] will combine with the abundance of carbohydrate and carbonyl polar groups created
by the LPPT on the cork agglomerate surface, culminating in stronger hydrogen bonds between
the CNF coating layer and the surface of the substrate.
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Figure 8 — FTIR spectrum of CNF auto bar coated without LPPT and 10 minutes plasma treated CNF
auto bar coated cork agglomerate samples.

Through SEM images from Figures C.2 and C.3 — Annex C, it is possible to observe the
successful creation of various CNF planarized samples and analyze the influence that the CNF
coating thickness has on the creation of a better quality planarization layer.
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Samples coated with the close wound meter bar of 40 um wet film deposit show
significant differences with the change in the CNF weight ratio used to planarize them. Starting
with the samples that were coated with the lowest CNF weight ratio (0.60%), a poor planarization
layer was achieved. In these samples, it is possible to observe that the honeycomb structure was
not uniformly covered (Figure C.2A). Even applying a second layer of CNF (Figure C.2B), the
obtained results are still not satisfactory. Similarly, samples coated with the intermediate weight
ratio of CNF (0.75%) continue to show a poor overall coating, despite slight improvements
especially when the second layer of CNF was applied (Figure C.2C and C.4D). The two coated
samples with the highest CNF weight ratio (0.95%) present a surface that is different from the
previous samples since a higher CNF weight ratio increases the surface smoothness. [56]
Therefore, Figure C.2E and C.4F reveal an effective planarization of the surface of the cork
agglomerate, despite the existence of certain areas in which the honeycomb structure is still
notorious as pointed out.

The results obtained in the samples coated with the close wound meter bar of 80 um wet
film deposit, shown in Figure C.3 — Annex C, are comparable with those previously mentioned.
The use of a higher CNF weight ratio mixture and the application of two layers of CNF on the
cork agglomerate create a more uniform surface, and therefore, a better planarization layer, as
shown in Figure C.3E and C.5F. At these samples, the honeycomb structure, superficial fractures,
and inclusions of the cork agglomerate are almost covered by the CNF, leading to a drastic
reduction of the superficial imperfections and, as consequence, to a marked decrease in its
roughness. However, the differences caused by the variation in the CNF weight ratio in these
samples are not so significant due to the greater deposit of wet film on the substrate surface. This
particularity demonstrates that the increase in the thickness of the CNF layer deposited on the
substrate possibly has more influence on the creation of a good planarizing layer than the CNF
weight ratio used.

Figure 9 shows the average deionized water contact angle values of the CNF auto bar
coated samples. The results expose the hydrophilicity of these coated substrates, contrasting with
the original hydrophobicity of untreated cork agglomerate (Figure 6).

Surface roughness is a parameter with a great impact on the wettability of the substrate,
as smoother substrates tend to have substantially lower contact angles than rougher substrates.
[57] As such, we can conclude through the values presented in Figure 9 together with the SEM
images of Figure C.2 and C.5 — Annex C, that although the difference between the contact angle
values of the samples with one or two layers is not relatively large, there is nevertheless a
smoother surface in the samples with the planarizing layer composed of two layers of CNF.

Also, a higher weight ratio of CNF generates a slightly lower average contact angle,
indicating a smoother surface [57]. Hence, these results corroborate what was previously
mentioned: samples produced with higher CNF weight ratio and the close wound meter bar of 80
um wet film deposit are way smoother than the others because of the thicker planarization layer.
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Figure 9 — Average static contact angle of the produced CNF auto bar coated cork agglomerate
samples with deionized water. The insets show the samples with lower average static contact angle
from each close wound meter bar used at this work.

SEM cross-sectional images of the better-planarized samples from each close wound
meter bar used are displayed in Figure 10. Using ImageJ software, five measurements along each
sample were done to estimate the average thickness. Firstly, it is possible to observe how CNF
covers the surface of the cork agglomerate. After the auto bar coating step, the CNF dries on the
surface creating a thin layer that is conformal to the uneven surface and covers the existing
irregularities. The results are shown in Table C.1 — Annex C. A higher thickness of the
planarization layer can explain the more effective coating displayed by 80-0.95CNF-2L in Figure
C.3F — Annex C.

a) 40-0.95CNF-2L sample cross-section b) 80-0.95CNF-2L sample cross-section
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Figure 10 — Cross-section SEM images of a) 40-0.95CNF-2L and b) 80-0.95CNF-2L cork
agglomerate samples.

To produce the CNF membrane coated sample, 5 g of bulk CNF were dispersed on 12.5
g of deionized water and stirred using a magnetic stirrer for 15 minutes. Then, the dispersed
solution was drop-casted onto a polystyrene Petri dish and left to dry at a controlled temperature
of 20°C and 31% RH. This procedure resulted in the creation of a thin, transparent, and smooth
membrane. [44] A 10 minute plasma-treated cork agglomerate sample was then coated following
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the same coating parameters of the sample 80-0.95CNF-1L. This CNF layer served also as an
adhesive between the previously produced membrane and the cork agglomerate substrate.
Without letting the previously coated CNF layer dry, the CNF membrane was laminated onto the
sample and placed on a custom-made frame to dry at 22 °C and 48% RH. The laminated samples
with the CNF membrane had their surface fully covered and without any type of cork
characteristic superficial defects, as shown by the SEM image in Figure 11. Furthermore, it is also
impossible to visualize any cell of the cork honeycomb structure, indicating a drastic reduction in
surface roughness since the CNF membrane reduces the porosity of the surface, thus increasing
its smoothness. [44] Consequently, the coating performed using a CNF membrane lamination
method presents, in comparison to untreated and CNF auto bar coated samples, less superficial
roughness and therefore, a more uniform surface. To determine the thickness of the CNF
membrane, five measurements using a digital micrometer on the cork agglomerate sample before
and after the coating were performed. The results showed that the CNF membrane has a thickness
of approximately 20 um.

>~ Y Sador by W TR B .
* Cork agglomerate laminateds: ::’fu Drastic increase in the
with CNE membrane . - surface homogeneity

Figure 11 — SEM image (at right) of the CNF membrane coated sample produced.

5.2. UV sensors production and characterization

Substrates coated with 0.95wt. % CNF were used in the production of UV sensors, as this
weight ratio of CNF displayed better results. To understand the influence of the planarization
layer in the device performance, both untreated and plasma-treated substrates were used in the
production of UV sensors for performance comparison. Manual screen-printing was the selected
printing technique to produce the UV sensors, as it allows fast production of devices and is a
simple technique. [23] 40wt. % ZnO dissolved in aqueous 3wt. % CMC solution with the weight
ratio of 40:60 was used as the semiconductor ink to print the first layer of the UV sensor. CMC
was used as a binder material due to its viscosity, thickening capability, and good dispersing and
stabilizing agent for functional nanostructures. Aqueous 3wt. % CMC was also referred to as the
ideal binder concentration to use in screen-printing by Barras et al. [55] This semiconductor layer
was printed using a mesh model 77T and dried at room temperature for approximately 5 minutes.
After the total drying of the semiconductor layer, conducting carbon ink was used to print the
interdigital electrodes layer on top of the semiconductor, using this time a mesh model 120T to
improve the printing resolution of this layer. The device was cured at 100°C in a hotplate for 10
minutes. A schematic representation of the final printed UV sensor is shown in Figure 12, with a
ZnO photosensitive layer of 6.5 x 6.5 mm and a carbon electrode layer with three pairs of 0.5 mm
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interdigital fingers gapped also by 0.5 mm between them. This procedure was applied on seven

types of substrates as Table C.2 — Annex C displays, for subsequent performance comparison
between them.

d) 3" step: ZnO/CMC
semiconductor layer

¢) 4" step: Conducting
carbon electrodes

a) 15¢ step: 10 minutes plasma
treated cork agglomerate

b) 274 step: Cellulose-based
planarization layer

Figure 12 — Schematic representation of the UV sensor produced on the cellulose-based planarized
substrate

Figure 13 highlights the effect of the planarized CNF layer at the macroscopic level. The
untreated cork agglomerate sample (shown in Figure 13A) has visible surface defects and
irregularities. The samples with the planarization layer (shown in Figure 13 from B to E) showed
a clear improvement in the uniformity of the semiconductor layer of ZnO, with fewer holes,
cracks, and irregularities. Hence, increasing the thickness of the planarized layer results in a
noticeable decrease in areas with defects for the ZnO layer which might be an indication of a
possible increase in electrical performance. The conductive carbon layer also has fewer
irregularities, which is crucial to avoid the occurrence of discontinuities, holes, and cracks. As for
aesthetics, the characteristic untreated cork agglomerate pattern and color is conserved despite
using the planarization layer, which can be important for future applications concerning the
device’s appearance design.

Increase in the number of coating layers

b) 40-0.95CNF-1 ¢) 40-0.95CNF-2L

>

v A e . o [ S By

40 um wet film deposit bar |3

A-;' : B

a) Untreated

80 um wet film deposit bar

Figure 13 — Decrease of the UV sensor superficial defects in the cork agglomerate substrate with the
increase of the CNF planarization layer thickness.
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For electrical characterization of the produced UV sensors, 1 V of bias voltage was
continuously applied between the interdigital electrodes of the sensors, and four completed
ON/OFF cycles were performed on each substrate type, with a 60 s time step. Three light
conditions were performed inside a dark chamber: dark (UV light OFF) and light (UV light ON)
with two different intensities. To guarantee good reliability of the results, five produced UV
sensors from each selected substrate were electrically characterized, at a known RH (shown at the
photoresponse curve figures). The photoresponse curves of the UV sensors screen-printed on cork
agglomerate substrates without planarization are represented in Figure C.4 — Annex C. Sensors
printed on the untreated and 10 minutes plasma-treated substrate showed low replicability
between them because both types of substrates have a non-uniform surface. The non-uniformity
of the not planarized cork agglomerate substrate leads to a device performance randomness: if the
UV sensor is printed in a substrate area with fewer surface defects, the performance will be better
and vice versa.

It is desirable to achieve high electrical performance on UV sensors so that they perform
the intended task properly. [58] As such, high performance is translated by high on/off current
ratio, fast response, and recovery times, and large photoresponse current. [28] The better
performance achieved in areas with fewer surface defects is explained by the ZnO UV-sensing
mechanism. The working principle is based on the O, vacancies that exist on the surface of the
ZnO nanoparticles. Exposure to UV light with photon energy above the ZnO bandgap
photogenerates electron-hole pairs, with the holes reducing the depletion zone through the
discharge of absorbed negative ions which follows desorption by the surface, creating free
electrons.

Consequently, the measured photocurrent will increase. Hence with the absence of UV
light, electrical conductivity suffers a reduction caused by the capturing of free electrons by the
absorption of molecules with high O, concentration at the vacancy site, depleting the particle’s
surface. Absorption and desorption process can be described by the next three Equations [17]:

0;(g9) +e~ - 0, (ad) 1)
hv - e~ +h* (2)
h* + 0,7 (ad) - 0,(9) 3)

Photoresponse current (Iyn) is defined by Equation (4):
Iyn = liighe = laark 4)

Where lgar is the dark current and liign: is the photocurrent under UV illumination. [28]

Figure C.4 — Annex C also shows that higher I,n was achieved with higher intensity of the
UV light, reaching a value of approximately 21.39 pA for the best performing untreated sample
when applying 8.66 W c¢cm at the last ON/OFF light cycle with 51% RH. For the 10 minutes
plasma-treated samples, the results show a lower maximum Iy, value achieved then at untreated
samples, with approximately 16.21 pA for the best performing plasma-treated sample with the
same characterization conditions of the untreated substrate. Although these samples experienced
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LPPT, they were not planarized, and therefore, the performance depends on whether the area
where they were printed has better or worse surface characteristics.

No noteworthy photocurrent degradation along the four completed ON/OFF light cycles
was observed in both types of substrates, ensuring stability and consistent performance.

Dark current (lqar) values were low for both types of substrates along the four completed
ON/OFF light cycles, with values under 12 and 47 nA for the untreated and 10 minutes plasma-
treated substrate samples, respectively. This indicates that most of the electrons in the ZnO layer
are depleted by the surface-adsorbed oxygen molecules. [28]

The sensor’s photosensitivity (ps) is defined by Equation (5):

_ on )
Idark

Ds

With a higher p, ratio suggesting a better quality of the produced sensor. [28] Untreated
and 10 minutes plasma-treated substrates present a p, of 1.78 x 102 and 3.45 x 102 for the 8.66
W cm? light condition, respectively.

The ideal UV sensors translate their performance into a quadratic photoresponsive curve
due to fast rise and fall times. Rise time (tise) is defined as the time taken by the UV sensor to
reach 90 % of the I,n from 10 %. In contrast, fall time (trn) is the time taken to reach 10% of Iy
from 90 % [17], with tiise and trn Values decreasing with the increase of light intensity. [59]

Figure 14 shows average tiise and tr Values for the UV sensor that reached the highest Iy
value on untreated and 10 minutes plasma-treated substrate along the four completed light
ON/OFF cycles. tiis values were lower when the light intensity was higher for both substrates,
with the untreated substrate having the most pronounced difference. Further, ti value at both
types of substrates also suffered a decrease with increasing light intensity but only with a small
variation on the 10 minutes plasma-treated substrate.

Nevertheless, the UV sensors produced with the untreated and plasma-treated substrates
present photoresponse curves that do not fully approach a quadratic shape due to relatively long
trise and tr values. The decreasing rate of adsorbed O ions relates to the tis. of the UV sensor.
With the UV light hitting on the UV sensor, the surface band-bending will cause the generated
holes to migrate towards the surface to neutralize the O, ions existing there, leading to the
desorption of O, molecules. The height of the band-bending will decrease due to the continuity
of this process, slowing down the holes migration speed and making the UV sensor have long tyise.
When the UV light stops reaching the UV sensor, the O, molecules will gradually adsorb on the
ZnO surface, creating O ions. This adsorption process is divided into two parts: the physical
process and the chemical process. First occurs the physical process through a concentration
gradient. As the physical process happens, a decrease of the O, density gradient near the ZnO
surface takes place, slowing down the O, adsorption and generating longer tru. Therefore, the
velocity of adsorbing O, molecules that create O, ions determine the tri of the UV sensor. [58]

Since tise and tran values are influenced by the adsorption and desorption rates of O;
molecules from the ZnO surface, it is possible to conclude that on the untreated sample the UV-
induced O desorption rate is much smaller than the O, adsorption rate on the ZnO surface and
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for the 10 minutes plasma-treated sample the rates are quite similar. The interdigital electrode
spacing can also not be ideal, with shorter spacing contributing to shorter tise and tr values. [58-
60] Another possibility is a “shadow effect” caused by the printing of the interdigital electrodes
on top of the ZnO semiconductor layer. This reduces the ZnO layer area that is exposed to UV
light. Also, the UV lamp can change from the UV light ON to the UV light OFF state slowly,
influencing the tise and tra1 measurements of the UV sensor.

a) Rise time for 0,33 and 8,66 W em’ UV light intensities b) Fall time for 0.33 and 8.66 W em” UV light intensities
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Figure 14 — Average trise and tza values for sensors printed on untreated and 10 minutes plasma
treated substrate samples for both UV light intensities used along the four completed ON/OFF
light cycles. The dashed lines are given just as guide and have no physical meaning.

Contrarily, planarized substrate samples have a more homogenous surface. The sensors
printed on the 40-0.95CNF-2L and 80-0.95CNF-2L substrates display notable improvements in
replicability, with more accurate printing results as Figures C.5 and C.6 — Annex C display. This
improvement is more noticeable in substrates that have two layers of CNF. Although the
application of only one layer of CNF presents a reasonable coverage of the cork agglomerate
surface, there are still some surface imperfections and some areas with noticeable honeycomb
cellular structure not planarized, as seen previously in Figures C.2 and C.3 — Annex C. When the
second layer of CNF is applied, those faulty covered zones will reduce, creating a general
improvement of surface homogeneity. Again, no noteworthy photocurrent degradation along the
four completed ON/OFF light cycles was observed in all types of auto bar coated substrates,
ensuring stability and consistent performance.

Figures C.5 and C.6 — Annex C show that higher Iy, on the planarized substrates was also
achieved at the higher intensity of the UV light, with 80-0.95CNF-1L and 80-0.95CNF-2L
attaining the highest I, values from all tested substrates. I,n reaches approximately 92.04 and
133.38 pA in the 8.66 W cm light intensity condition at the last ON/OFF cycle with 54% RH
for 80-0.95CNF-1L and 80-0.95CNF-2L substrates, respectively. Best performing UV sensors of
40-0.95CNF-1L and 40-0.95CNF-2L substrates disclose lower Iy, values than the other two
coated substrates (39.24 and 75.37 YA, respectively) but still higher than the untreated sample for
the same characterization conditions. Accordingly, performing the auto bar coating with the close
wound meter bar of 80 um wet film deposit creates higher Iy, results. Higher I,n was achieved by
the 80-0.95CNF-1L and 80-0.95CNF-2L substrates since they have the smoothest surface
between all produced auto bar coated samples, as Figures C.5E and C.5F — Annex C show, with
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fewer cracks and discontinuities in the printed layers. [44] As the ZnO UV-sensing mechanism is
based on surface reactions, lower surface imperfections improve the achieved Iph. [17]

Figure 15 shows the relation between the UV light intensity and the induced photocurrent
of the 80-0.95CNF-2L substrate. It is possible to see the increase in photocurrent as UV light
intensity also increases.

Zn0/CMC - 80-0.95CNF-2L substrate

UV light ON with increasing intensity and 54% RH
100

8.66 W cm®
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Current (pA)
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Figure 15 — Influence of different UV light intensities on the induced photocurrent at the
80-0.95CNF-2L substrate.

lsark Values were higher for all types of auto bar coated substrates when compared to the
untreated substrate samples, along the four completed ON/OFF light cycles, with the highest lga
value registered at the 80-0.95CNF-2L substrate sample but still under 120 nA. lgak is mostly
influenced by the barrier weight generated from electron depletion between the ZnO grain
boundaries, having lower values when more electrons are depleted. Therefore, at the planarized
samples the electrons are not being totally depleted by the surface adsorbed O, molecules,
translating into an increase of lqark. Further, ps was calculated for all planarized substrate samples.

The ps was higher for the 80-0.95CNF-1L and 80-0.95CNF-2L substrates, with values of
4.61 x 102 and 1.1 x 103 for the 8.66 W cm light condition, respectively. For the 40-0.95CNF-
1L and 40-0.95CNF-2L substrates, ps values were of 2.68 x 102 and 3.84 x 102 for the 8.66 W
cm? light condition, respectively. The lower ps results for all planarized substrates except 80-
0.95CNF-2L are induced by the higher Il measured mentioned before. To solve this problem,
the ZnO layer thickness should be close to the depleted layer caused by the O, adsorption. With
this characteristic, the UV sensor will have major improvements on the lga.[58] Likewise,
reducing the electrode spacing can be a possible solution [59] still achievable by manual screen-
printing technique. [24]

Figures 16 and 17 show average tise and trn values for the UV sensor that reached the
highest I;n value on each auto bar coated substrate type along the four completed light ON/OFF
cycles. Like the untreated substrate samples, tise and trai Values were again lower when the light
intensity was higher. Further, there is an increase for both tis and tra values when compared to
the untreated cork agglomerate substrate samples, also not featuring the ideal quadratic
photoresponsive curve. This is justified by slower O, molecule adsorption and desorption rates if
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compared with the untreated substrate samples. [58] UV-induced O desorption rates and the O
adsorption rates on the ZnO surface were alike especially at 80-0.95CNF-1L and 80-0.95CNF-
2L samples due to similar tiise and trn values. However, at the 40-0.95CNF-1L sample, the t;is. and
tran Values are not similar, with lower tru than tiise as previously registered at the untreated sample.
[59]
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Figure 16 — Average tiise and tgy values for sensors printed on 40-0.95CNF-1L and 40-0.95CNF-
2L substrate samples for both UV light intensities used along the four completed ON/OFF light
cycles. The dashed lines are given just as guide and have no physical meaning.
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Figure 17 — Average trise and tgy values for sensors printed on 80-0.95CNF-1L and 80-0.95CNF-
2L substrate samples for both UV light intensities used along the four completed ON/OFF light
cycles. The dashed lines are given just as guide and have no physical meaning.

A UV sensor was screen-printed using the same production parameters on a glass
substrate. The glass substrate was used as a reference since it is rigid and non-porous and
therefore, allows the creation of much smoother, homogeneous, and continuous layers at the UV
sensor, allowing better performance. [17] The glass substrate was subjected to UV light pre-
treatment for 30 minutes to clean and activate the surface, previously to printing. Figure 18 shows
the photoresponse curves of UV sensors produced on glass and 80-0.95CNF-2L substrates. It is
possible to observe that the UV sensor assembled in the planarized cork agglomerate substrate
presented a higher Ip, than the one in the glass substrate. The observed Iy, decreasing tendency
throughout the four UV light ON cycles may be explained by the carrier scattering caused by
residual charges in the trap level. As the lqark increases along the four UV light ON cycles, the
trapped carriers are not totally released and the decrease of the I, occurs. [60]
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laark is significatively higher for the 80-0.95CNF-2L substrate sample, with the planarized
substrate sample displaying lqar under 120 nA as opposed to the under 18 nA of the glass substrate
sample. The lower lqar Of the glass substrate guarantees higher ps for the UV sensor assembled
on this substrate. Therefore, higher ps is achieved at the glass substrate. The UV sensor assembled
on the glass substrate displays a photoresponse curve close to the ideal quadratic photoresponsive
curve and consequently, tise and trn are lower than the planarized cork agglomerate substrate.
Nevertheless, it should be noted that the surface of the cork agglomerate is different from glass
in terms of roughness and homogeneity. As such, the impressive results obtained by the 80-
0.95CNF-2L substrate demonstrate the surface transformation that is caused by the CNF
planarization layer. Furthermore, through the UV sensor improvements mentioned before, the
planarized cork agglomerate substrate can still achieve equal or better results at 4k values and
trise and tra.

ZnO/CMC -Glass vs 80-0.95CNF-2L substrate
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Figure 18 — Comparison of the photoresponse curves of UV sensors assembled on 80-0.95CNF-2L
and glass substrates.

Figure 19 displays the photoresponse curves of planarized substrates by lamination of the
CNF membrane on the cork agglomerate surface. Unlike auto bar coated substrates, the UV
sensors assembled on planarized substrates through the lamination of a CNF membrane showed
less replicability in electrical performance between the produced sensors despite the smoothest
substrate surface. These results can be explained by the shrinkage that occurs in the drying of the
samples. As the adhesive CNF layer has deionized water in its composition, during the drying of
the laminated membrane with the substrate it evaporates, and the coated substrate shrinks. [61]
Although the drying of the samples is done in a custom-made frame that prevents shrinkage and
curling, it ends up occurring slightly. Posteriorly, when handled in the screen-printing process,
the shrunk substrate is damaged with the generation of cracks on the surface of the membrane, as
Figure C.7 — Annex C shows. To overcome the shrinking and curling of the samples, the drying
method must be optimized. Laboratory work suggested that the creation of a custom-made frame
with the exact dimensions of the produced samples to place for the drying step can generate better
results and prevent the sample borders from curling.
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Lower lp, was achieved by the 0.95CNF-M substrate at the 8.66 W c¢cm? UV light
intensity when compared with the auto bar coated substrates. However, at 0.33 W cm, a higher
Ioh was registered with a value of 12.03 pA at the last ON/OFF cycle with 53% RH. lqa Values
are alike to those of the 80-0.95CNF-2L sample with the UV light intensity of 8.66 W cm?.
However, when the lower UV light intensity of 0.33 W cm2 is applied to the sensor, the lgark value
stays under 39 nA. Therefore, lgark is 1.90 times lower than the one registered at the 80-0.95CNF-
2L sample. Due to the lower lqax measured, ps at the lower UV light intensity is superior in this
type of substrate. The 0.95CNF-M substrate presents a ps of 30.79, greater than 10.69 of the 80-
0.95CNF-2L substrate, and 10.33 of untreated cork agglomerate substrate. These results suggest
that with a lamination method that prevents the curling of the substrate better results can be
achieved.
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Figure 19 — Photoresponse curves of five screen-printed ZnO UV sensors on CNF membrane
laminated substrate samples along four ON/OFF cycles for two UV light intensities.

Average tise and tra values for the 0.95CNF-M substrate UV sensor that has the best
performance are shown in Figure 20. tise and tran values were lower when the applied UV light
intensity to the sensor was higher, like the UV sensors assembled onto auto bar coated substrates.
Overall, the results obtained at this type of substrate are alike the ones of the auto bar coated
substrates, with an increase for both tise and trn values when compared to the untreated cork
agglomerate substrate samples also justified by slower O, molecules adsorption and desorption
rates than the untreated substrate samples as previously mentioned. [58]
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Figure 20 — Average tiise and trai values for sensors printed on CNF membrane laminated substrate
samples for both UV light intensities used along the four completed ON/OFF light cycles. The dashed
lines are given just as guide and have no physical meaning.
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A bending test was performed on all planarized cork agglomerate samples so the
flexibility outside their original planar shape could be analyzed. This test was done to evaluate
the possibility of UV sensors assembled on the planarized substrates being used, for example, in
wearable devices. These devices create great challenges for their production, as it is necessary to
combine high performance with favorable mechanical properties such as flexibility. [62]

The planarized samples were subjected to a 15 mm radius cylinder and left in that bent
position for 24 hours at a temperature of 21°C and 51% RH to simulate a real working scenario.
After 24 hours, the UV sensors were removed from the cylinder and measured in their planar
form. The mechanical stress caused by bending deformation led to the loss of functionality in all
sensors except for the one assembled on the 40-0.95CNF-1L substrate.

Figure 21 shows the large loss of performance of the UV sensor assembled onto the 40-
0.95CNF-1L substrate, with Iy, suffering a decrease from 75.37 pA to 96.89 pA at the 8.66 W
cm?2 UV light intensity condition. Also, the stability and consistency of the UV sensor were
compromised.

As previously mentioned, the ZnO UV-sensing mechanism is largely affected by surface
defects. [17] Consequently, the noticed decrease in the performance and stability of the UV
sensors is driven by the breakdown of conductive electrode lines and the formation of cracks in
the ZnO semiconductor layer, as Figure C.8 — Annex C shows.

Notwithstanding, this test was performed with the smallest radius cylinder available,
causing high strain. A more comprehensive bending test using multiple cylinders with a larger
radius will unveil the possibility of the UV sensors assembled on the auto bar coated substrates
work in a non-planar form.

a) UV light ON with 0.33 W cm” and 52% RH b) UV light ON with 8.66 W cm” and 52% RH
90 120
—— 40-0.95CNF-1L | —— 40-0.95CNF-11
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Figure 21 — Photoresponse curve after 24 hours bending test in a 15 cm radius cylinder of an UV

sensor printed 40-0.95CNF-1L substrate for both UV light intensities used along the four completed
ON/OFF light cycles.
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6. CONCLUSIONS

In this work, it is possible to state that the surface characteristics of cork have been
improved using low energy methods for its use as a substrate in printed electronic devices.
Moreover, produced planarized substrates were successfully used as a substrate for fully screen-
printed UV sensors, proving that cork can be used as a sustainable and low-cost substrate for
printed electronics.

Within the planarization process, the LPPT plays a fundamental role due to the change in
surface wettability, allowing better adhesion of the CNF to cork without changing its chemical
properties. For the auto bar coated samples, the use of a higher concentration of CNF together
with the application of two layers of CNF creates planarized samples with a smoother surface
mainly due to the thicker CNF planarization layer created. CNF membrane laminated samples
also show excellent roughness improvements through the total coverage of cork surface
imperfections but take more process time compared to the auto bar coating method.

Overall, the planarized substrate creates an improvement in the UV sensor’s production
and electrical performance results. One of the main advantages of using the planarized substrate
is the increase in replicability and accuracy in printing results, which may be essential when
producing these devices on a large scale. Also, higher Iy, was achieved even with the substrate
sample with the thinnest planarization layer. However, higher lgaw and longer trise and tr registered
by the planarized samples are still problems to be studied and solved in future work. Contrarily,
printing the UV sensors on substrates that only experienced LPPT does not show any upgrades in
replicability or performance. The comparison with a glass substrate shows that the best
performing planarized substrate reaches higher Iyn than a rigid and non-porous substrate, but with
longer tise and trn. The substrates planarized through CNF membrane lamination show better
performance at the lowest UV light intensity tested, with the results suggesting that with an
improved lamination and drying method this substrate can achieve overall better performance.

The bending test reveals the need for a deeper study to fully understand the flexibility of
the planarized substrates, as now the performed bending test caused the breakdown of the
conducting electrode lines in the UV sensor and the formation of cracks in the ZnO semiconductor
layer. Nevertheless, it should be noted that this bending test was performed with the smallest
radius cylinder available at the laboratory, causing much more strain to the sample as compared
to higher radius cylinders. Therefore, performing bending tests with higher radius cylinders is
essential to fully analyze the flexibility of the produced planarized substrate.

Also, it should be taken into consideration that the obtained results and their replicability
in all untreated or planarized substrates were also influenced by the slight variations of the user's
technique throughout the screen-printing process of the sensors. Therefore, some discrepancies
between produced samples may be caused by the operator. To overcome this problem, an
automatic screen-printing station can be used, as the printing is no longer done manually.
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7. FUTURE PERSPECTIVES

Although cork is one of the oldest materials known to man and being utterly studied, the
application of cork in electronics is still a topic with limited research carried out so far, only with
few publications available. Therefore, there is space for future improvement and better
optimization of all the steps carried out in this work. Still, the successful creation of a planarized
cork agglomerate substrate accomplished at this work opens the door to the use of cork as a
substrate for a wide range of printed electronic devices.

UV-irradiation could also be an efficient method to activate the cork surface since the
improvement of adhesion proprieties on various types of hydrophobic polymers have been
reported. [63] Also, this method can be applied at atmospheric pressure and ambient temperature,
which facilitates its large-scale application. Therefore, with correct optimization, this method can
achieve the same or better results than LPPT. [64]

Concerning the planarization layer, several aspects can be improved towards a more
effective planarization. First, the water content of the CNF coating formulations must have special
attention. Even with the drying of the coated samples at a custom-made frame, the high-water
content caused light curling to the coated cork agglomerates. Therefore, drying in an optimized
controlled environment and the addition of a natural-based plasticizer can solve this problem.
Plus, to improve the overall uniformity of the planarization layer, the addition to the CNF
suspension of CMC or another cellulose derivative that possesses the ability to disperse fibers and
reduce their flocculation, can be a good solution. [65,66] Moreover, other coating methods can
be more efficient than the methods used. Spray coating is an interesting technique for future
research as it allows the creation of a very thin and uniformly distributed coating layer also using
CNF. [67] Also, surface analysis by three-dimensional profilometry could be an excellent
technique to reach a better understanding of the roughness and homogeneity of the CNF
planarized samples.

The manual screen-printing technique showed the total capability to be used in the
production of UV sensors in a laboratory environment. For the quality of the sensors produced to
be excellent, the rheological properties of the inks used in printing were adjusted considering the
characteristics of the substrate. As such, to avoid short-circuits and poor print resolution, a better
adjustment of the semiconductor ZnO ink, even if slight, can give better results. Besides, the use
of an automatic screen-printing station can greatly improve the quality and replicability of the
sensors due to the elimination of printing errors associated with the operator's technique. As
opposed to manual screen-printing, this automatic station also allows large-scale printing of UV
sensors quickly and efficiently. Further, the possibility of defining several printing parameters on
the automatic screen-printing station makes it possible to study how changes in these parameters
will also affect the performance of the sensors.

Furthermore, bending tests with more types of round mods should be done on all
planarized samples. Respectively, round mods of larger curvature radius should be used to fully
understand the maximum bending limits of the samples and evaluate the possibility for using
these planarized substrates in future wearable applications such as health and environmental
monitoring. [62]
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ANNEXES

1. Annex A

Figure A.1 —Working principle of a semiconductor detector.
Adapted from [30].
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Figure A.2 — Scheme of the plasma instrumentation.
Adapted from [37].
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2. Annex B

100 pm

Figure B.1 — SEM image of bulk 0.95wt. % CNF used at this work.
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Figure B.2 — FTIR spectrum of bulk 0.95wt. % CNF used at this work.
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Table B.1 — Nomenclature and parameters used on the plasma treatment of the cork agglomerate

samples.

Sample p (mBar) pw (MBar) P (W) T (min)
C1 1
c4 0.15 0.30 4
Cé 6

C10 10

Table B.2 — Nomenclature and parameters used on the production of LPPT treated CNF auto bar
coated cork agglomerate samples.

Sample Bar wet film deposit (um)  CNF weight ratio Number of
(%) layers

40-0.95CNF-1L 40 0.95 1
40-0.95CNF-2L 2
40-0.75CNF-1L 40 0.75 1
40-0.75CNF-2L

40-0.6CNF-1L 40 0.60 1
40-0.60CNF-2L 2
80-0.95CNF-1L 80 0.95 1
80-0.95CNF-2L 2
80-0.75CNF-1L 80 0.75 1
80-0.75CNF-2L 2
80-0.60CNF-1L 80 0.60 1
80-0.60CNF-2L 2

Table B.3 — Surface energy components of deionized water, glycerol, ethylene glycol, and diethylene

glycol.
Liquid ¥p (MI m?) Ynp (MJI m?) ¥y (MJ m?)
Deionized Water 221 50.7 72.8
Glycerol 37.4 26.0 63.4
Ethylene glycol 30.1 17.6 47.7
Diethylene glycol 31.7 12.7 444
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3. Annex C
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Figure C.1 — Work of adhesion before and after LPPT of deionized water on cork agglomerate
samples.

Table C.1 — Thickness of auto bar coated produced CNF planarizing layers.
Thickness (pm)

Sample

40-0.95CNF-2L
80-0.95CNF-2L

5.17 +0.88
9.39+0.96
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Table C.2 — Types of cork agglomerate substrate used at the UV sensor producing.

Used close wound Number of coating Membrane
Type of substrate meter bar film layers coating
deposit (um)
Untreated cork - - X
agglomerate
10 minutes plasma - - X
treated
1
10 minutes LPPT 80 X
plus 0.95CNF coating 2
1
40 X
2
10 minutes LPPT
plus 0.95CNF 80 1 v

membrane coating
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Increase in the number of layers
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a) 40-0.60CNF-1L b) 40-0.60CNF-2L
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Figure C.2 — SEM images of the different CNF coated samples produced by auto bar coating method
with the close wound meter bar of 40 um wet film deposit.
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Figure C.3 — SEM images of the different CNF coated samples produced by auto bar coating method
with the close wound meter bar of 80 um wet film deposit.
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Figure C.4 — Photoresponse curves of five screen-printed ZnO UV sensors on untreated and 10
minutes plasma treated substrate samples along four ON/OFF cycles for two UV light intensities.

CORK AS A NOVEL MATERIAL FOR PRINTED ELECTRONICS



Current (pA)

Current (nA)

2.0

ZnO/CMC - 40-0.95CNF-1L substrate

a) UV light ON with 0.33 W cm” and 54% RH b) UV light ON with 8.66 W cm” and 54% RH

50

=y

20

NENEVA\RNARUAURUE

T T T T T T T T
100 200 300 400 500 0 100 200 300 400 500

Time (s) Time (s)

Current (pnA)

ZnO/CMC - 40-0.95CNF-2Lsubstrate

¢) UV light ON with 0.33 W em” and 54% RH d) UV light ON with 8.66 W cm” and 54% RH

100

80 4

60

40+

Current (pA)

204

T T T T T
100 200 300 400 500

Time (s)

T T 4 T T T
0 100 200 300 400 500

Time (s)

Figure C.5 — Photoresponse curves of five screen-printed ZnO UV sensors on 40-0.95CNF-1L and

40-0.95CNF-2L substrates along four ON/OFF cycles for two UV light intensities.
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Figure C.6 — Photoresponse curves of five screen-printed ZnO UV sensors on 80-0.95CNF-1L and
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80-0.95CNF-2L substrates along four ON/OFF cycles for two UV light intensities.

Figure C.7 — Surface CNF membrane crack on the 0.95CNF-M sample.
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Figure C.8 — SEM images of the UV sensor assembled onto the 40-0.95CNF-1L substrate surface
after the 24 hours bending test.
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