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Preface

This thesis is submitted in partial fulfillment of the requirements for the degree of
Philosophiae Doctor at the University of Granada, Spain. The research presented
here was mainly conducted at the University of Granada under the supervision
of Prof. Noel Rodriguez and Prof. Diego P. Morales. Some of the results
presented in this thesis were also partially carried out during a research stay at
the Institute for Nanoelectronics of the Technical University of Munich, Germany,
under the supervision of Prof. Markus Becherer. This work was supported by the
Spanish Ministry of Science, Innovation and Universities through the predoctoral
grant FPU16/01451 and its international mobility program; as well as by the
University of Granada by means of its program for junior researchers (project
ref. PPJIB2019-05).

The thesis is a collection of different papers presented following a thematic
order. The papers are preceded by an introductory chapter that relates them to
each other and provides background information and motivation for the work,
and by a second chapter describing methodological aspects. Finally, the last
chapter summarizes the main conclusions drawn during the course of this thesis.
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Abstract

Flexible and stretchable electronics is one of the most promising fields for
diverse scientific and industrial areas such as electronic skin, wearables devices
or biosensing. In this way, there is a big emerging effort focused on the synthesis
of flexible conductive materials as an alternative to the conventional rigid silicon-
based technology to satisfy the requirements of this kind of applications (flexibility,
lightness, transparency, etc.).

Since Andre Geim and Konstantin Novoselov were awarded with the Nobel
Prize in Physics in 2010 for their groundbreaking experiments regarding the two-
dimensional material graphene, it has attracted the interest of many researchers
due to its unique electrochemical, mechanical and optical properties. However,
although it is a perfect candidate to be used in flexible and stretchable electronics,
these expectations have not been yet materialized into end-user applications
since its current synthesis methods remain costly and unscalable. For these
reasons, the interest of some research activities around graphene is shifting to
the graphene-derived materials which, even though they do not present a pristine
monolayer structure, capitalize part of the unique graphene’s properties and are
paired with synthesis processes suitable for a mass-production of samples.

In this context, the main objective of this thesis is the study of promising
graphene-derived materials, such as graphene oxide (GO), reduced-graphene
oxide (rGO) and laser-induced graphene (LIG), for their use in flexible electronics
devices. In particular, the work carried out during this doctoral thesis includes
from the synthesis and study of these materials to the exploitation of their
properties to develop end-user devices and applications.

Regarding the fabrication processes, this thesis is focused on a scalable method
based on laser assisted photothermal processes to obtain conductive graphene-
derived patterns on flexible substrates, specifically, laser-induced graphene and
laser-reduced graphene oxide (LrGO). In addition to the laser-synthesis of these
nanomaterials, this work also addresses other fabrication techniques for the
mass-production of flexible electronics over large area substrates, such screen
and inkjet printing.

Apart from the description of these fabrication techniques and the character-
ization of the different materials synthesized, this thesis presents different kinds
of sensors and devices based on these materials, including temperature and hu-
midity sensors, heaters, supercapacitors and electrocardiogram (ECG) electrodes.
Furthermore, some of these devices have been studied in final applications. Thus,
the LrGO-based temperature sensors were integrated in an IoT sensing platform
with Bluetooth Low Energy capability, whereas the ECG electrodes were tested
in combination with a commercial wearable and custom processing techniques in
order to be used for the ubiquitous and long-term monitoring of the heart rate.

Vii



Abstract

Furthermore, this work also reports a pioneering research on the fabrication of
laser-lithographed graphene oxide memristors. Finally, the use of memristors for
the implementation of memcapacitor and meminductor emulators has also been
addressed.

The eleven articles published in indexed journals and the contribution to a
conference of international relevance reflect the success of results achieved during
this thesis.

Keywords: flexible electronics, graphene oxide, heater, laser-induced
graphene, laser fabrication, memristor, nanomaterials, printed electronics,
reduced-graphene oxide, sensor, supercapacitor.
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Resumen

La electrénica flexible y deformable es uno de los campos méas prometedores para
diversas areas cientificas e industriales, como la piel electrénica, los dispositivos
vestibles o los biosensores. Es por ello por lo que existe un gran esfuerzo cientifico
dirigido a la sintesis de materiales flexibles y conductores eléctricos que permitan
constituir una alternativa a la electrénica rigida convencional basada en silicio
para asi satisfacer las necesidades de este tipo de aplicaciones (por ejemplo,
flexibilidad, ligereza, transparencia, etc.).

Desde que Andre Geim y Konstantin Novoselov fueron galardonados con
el Premio Nobel de Fisica en 2010 por sus innovadores experimentos sobre el
material bidimensional grafeno, este ha atraido el interés de muchos investigadores
por sus singulares propiedades electroquimicas, mecanicas y 6pticas. Sin embargo,
aunque es un candidato perfecto para ser usado en el desarrollo de electrénica
flexible y estirable, estas expectativas atin no se han materializado en aplicaciones
para el usuario final, ya que sus métodos de sintesis actuales siguen siendo costosos
y poco escalables. Por ello, el interés de algunas actividades de investigacién
en torno al grafeno se esta desplazando hacia materiales derivados del grafeno
que, aunque no presentan una estructura monocapa pristina, si que cuentan con
una parte de las propiedades que hacen al grafeno un material tinico, con la
adicional ventaja de que estar asociados con procesos de sintesis que permiten
una produccién masiva de muestras de una forma més simple y menos costosa.

En este contexto, el objetivo principal de esta tesis es el estudio de materiales
derivados del grafeno, como el 6xido de grafeno (GO), el éxido de grafeno
reducido (rGO) y el grafeno inducido por ldser (LIG), para su uso en dispositivos
electronicos flexibles. En concreto, el trabajo realizado durante esta tesis doctoral
incluye desde la sintesis y el estudio de estos materiales hasta la explotacién de
sus propiedades para el desarrollo de dispositivos y aplicaciones para el usuario
final.

En lo que respecta a los procesos de fabricacién, esta tesis se centra en un
método escalable basado en procesos fototérmicos asistidos por laser para obtener
patrones conductores derivados del grafeno sobre sustratos flexibles, en concreto,
grafeno inducido por laser y 6xido de grafeno reducido por ldser (LrGO). Ademds
de la sintesis por laser de estos nanomateriales, este trabajo también aborda otras
técnicas de fabricacién para la produccién masiva de electrénica flexible sobre
sustratos de gran superficie, como la serigrafia (screen-printing) y la inyeccién
de tinta (inkjet printing).

Ademés de la descripcion de estas técnicas de fabricacién y la caracterizacion
de los diferentes materiales sintetizados, esta tesis presenta diferentes tipos
de sensores y dispositivos basados en estos materiales, incluyendo sensores de
temperatura y humedad, calentadores (heaters), supercondensadores y electrodos

iX



Resumen

para electrocardiograffa (ECG). Ademds, algunos de estos dispositivos han
sido estudiados en aplicaciones finales. Asi, los sensores de temperatura
basados en LrGO se integraron en un nodo sensor IoT con capacidad de
transmisién Bluetooth Low Energy, mientras que los electrodos de ECG se
probaron en combinaciéon con un wearable comercial y técnicas de procesamiento
personalizadas con el fin de ser utilizados para la monitorizaciéon ubicua y a largo
plazo de la frecuencia cardiaca. Ademads, este trabajo también presenta una
investigacion pionera sobre la fabricaciéon de memristores de 6xido de grafeno
litografiados por laser. Por tltimo, también se ha abordado el uso de memristores
para la implementacién de emuladores de memcondensadores y meminductores.

Los once articulos publicados en revistas indexadas y la contribucién a una
conferencia de relevancia internacional reflejan el éxito de los resultados obtenidos
durante esta tesis.

Palabras clave: electrénica flexible, 6xido de grafeno, heaters, grafeno
inducido por laser, fabricacion por laser, memristor, nanomateriales, electrénica
impresa, 6xido de grafeno reducido, sensor, supercondensador.
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Chapter 1
Introduction

In recent years, our society is demanding smart-solutions to meet the increasing
and novel needs of diverse strategic fields, such as transportation, energy and
health. So far, decades of nanotechnology research have enabled ultra-small
formats and low-cost sensors and devices, which have led us to the Internet of
Things (IoT) era in which we are immersed nowadays. Thanks to the IoT, we
count on a wide range of interconnected electronics devices that are making
the impact of the Internet more pervasive and ubiquitous in our daily life [1].
However, despite the technology is evolving rapidly, a large part of the current
electronics devices that tries to improve our quality of life are still devices that
have to be operated in specific environments or by a specialist. In addition, the
scope of the IoT is still closely linked to just machine-to-machine communications
(M2M). That is why, in order to meet the expected requirements of the tomorrow’s
applications, the IoT must evolve to surpass these limitations and extend its
scope to the so-called Internet of Everything (IoE) [2]. The concept IoE was
introduced by Cisco as a paradigm beyond IoT. It is built not only upon things,
but also upon people, process and data. This networked connection of people,
process, data and things is intended to bring intelligence and interactivity to
our environment, trying to provide an immersive and integrated experience in
a new digitally monitored and connected world. Thus, the IoE expands the
M2M communication to machine-to-people (M2P) and people-to-people (P2P)
communication, bringing unprecedented opportunities for business, individuals
and countries [3], [4].

Flexible and strechable electronics is one of the most promising fields for some
of the emerging IoE applications, such as electronic skin, robotics or wearable
biosensors and health-monitoring devices [5]-[14]. Many of the advances in this
context came with the emergence of new conductive and flexible materials as
alternative to the traditional silicon-based electronics to address the requirements
of this kind of applications (i.e., flexibility, lightness, transparency or bio-
compatibility, among others) [15]. This led to intensive studies on different
kinds of flexible materials with promising results in terms of electrical conduction
and integration, examples of them are some semiconducting metal oxides (e.g.,
Sn0,, TiO2, ZnOy or ITO [16]-[18]) or the poly-crystalline silicon (poly-Si)
[19], [20]. More recently, the graphene also emerged as a key player for the
development of flexible electronics devices. Without any doubt, the unique
physical, electronic, optical, mechanical and chemical properties of this 2D
material make it a perfect candidate to cause a disruption in the field of flexible
electronics as well as in many other areas of technology [21], [22]. However,
factors such as high volume manufacturing, reliability and performance per cost
difficult the cost-effective circuit integration of these materials and therefore the
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wide commercialization of electronics devices based on them [23]-[25].

Because of this, many researchers are still seeking alternative materials and
fabrication technologies that allow the inexpensive mass-production of sensors
and electronics devices over flexible substrates. The efforts in this direction
have been mainly focused on the use of several classes of nanomaterials with
different conductivity and sensing capabilities, including carbon nanotubes
(CNT) [26]-]28], graphene-derived materials [29]-[33], metal-based inks [34]—
[38] and conductive polymers [39]-[42]. Omne of the greatest advantages of
these materials relies on their compatibility with printing techniques (e.g.,
ink-jet or screen printing), spray deposition and/or laser-processing, which
allow their economical and efficient processing on diverse flexible substrates,
thereby providing a commercially attractive possibility to obtain multifunctional
electronics over large areas [43], [44]. In addition, some of these materials are also
fully biodegradable so, in combination with certain biodegradable substrates (e.g.,
paper or some polymers), printing techniques can be oriented for a sustainable
and eco-friendly production of biodegradable electronics devices [45].

For all these reasons, flexible electronics and their associated production
methods are expected to "transform the way we make and use electronic devices"
[46]. Therefore, although they do not yet provide the level of integration and
performance achieved by the silicon chips, the investigation on flexible and
conductive materials as well as on their inexpensive and large-scale fabrication
are key factors to pave the way for many IoE applications.

1.1 Motivation

As introduced before, graphene is expected to be used to develop an
unprecedented generation of flexible electronics devices due to its outstanding
properties. Nevertheless, these expectations have not been yet materialized
into end-user applications since their current synthesis methods remain costly
and unscalable. Because of this, in recent years many research groups have
focused its interest on studying those graphene-derived materials that, despite
not having all the unique properties of pristine graphene, do posses convincing
features to satisfy certain application-dependent requirements [47]. Some of the
most promising graphene derivatives in the context of flexible electronics are the
graphene oxide (GO), the reduced-graphene-oxide (rGO) and the laser-induced
graphene (LIG) [48]-[51]. These materials have in common a simpler and cheaper
synthesis process when compared with 2D graphene. In the case of GO, it has
become of high interest within the graphene research community given that it can
be easily synthesized from the chemical oxidation and sonic exfoliation of bare
graphite powder [52]. Despite its low electrical conductivity as a consequence
of a structure composed mainly of sp? carbon domains, GO offers excellent
properties that could be of high interest in many applications, ranging from
biosensors to optical devices [53]-[55]. Moreover, the most attractive property
of GO in the scope of flexible electronics is that it can be reduced to graphene-
like sheets by removing the oxygen-containing functional groups from their

2
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structure, hence recovering, at least partially, a conjugated sp? carbon-based
structure. Despite none of the current reduction methods is able to obtain rGO
with properties comparable to that obtained with the mechanical exfoliation of
individual layers of graphite [21], it has been demonstrated that rGO presents
some of the interesting properties of graphene, such as electrical and thermal
conductivity and flexibility, among others [56]. Until recently, the reduction
of GO has been carried out by means of either thermal or chemical processes
[57], [58], however it has been recently proved the feasibility of the laser-assisted
photolithography for the fabrication rGO patterns by the direct and selective
patterning of GO films [59]. The laser reduction of GO offers the advantages
of being 7) able to obtain rGO patterns in various geometries with micrometer
resolution (without the use of lithography masks), i) environmental friendly
and ii7) able to modulate the electrical conductivity of the resulting rGO sheets
[25]. The laser-synthesis of graphene-based nanomaterials opened up a wide
range of possibilities for the development of flexible electronics devices, given its
suitability for a straightforward synthesis in a scalable approach. The results on
the LrGO led to exploit the laser-assisted processes for the synthesis of other
laser-induced graphene (LIG) materials on diverse carbon-based precursors, such
as polyimides, cloth, paper or even food [60].

Therefore, the GO and both LrGO and LIG are perfect candidates for being
studied in the scope of flexible electronics for IoE applications. In addition, the
focus of this work is based not only on the mere synthesis of these graphene-based
materials on flexible substrates, but also on the study of their properties to
be exploited for the fabrication of transducers and other electronics devices to
contribute to the further development of the IoE.

1.2 Objectives

The prime objective of this thesis was the design, modeling and fabrication of
flexible sensors and devices by means of emerging materials and technologies with
special interest in graphene-derived materials and their laser-assisted fabrication.
Other emerging techniques for the fabrication of cost-effective flexible electronics,
such as ink-jet and screen printing, were also employed for the development
of some of the devices presented in this work. As it was introduced before,
the scope of this thesis is not limited to the synthesis of conductive materials
over flexible substrates, but also covers the study of their properties for their
deployment in final applications. For that, the main objective could be divided
into the followings items:

o Fabrication of laser-synthesized materials and printed conductive patterns
on flexible substrates.

e Study and modeling of the materials synthesized in order to exploit their
physical and electrical properties for the fabrication of sensors and other
kind of electronic devices.
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o Integration of the transducers in end-user applications for their deployment
in the IoE paradigm.

1.3 Outline

The present document constitutes a thesis by compendium of publications. This
means that it is based on a collection of the most relevant scientific papers
published as a result of the research carried out during the doctoral period.
After this introduction, Chapter 2 summarizes the methodology followed for
the attainment of the different results and the fulfillment of the aforementioned
objectives. After that, the different research papers as a result of this thesis are
presented. These results include eleven articles in indexed scientific journals and
one contribution to an international conference, as listed in List of Papers. A
brief description of the results of each one of these contributions is provided
below. Finally, the main conclusions of this work are presented in the last
chapter.

Paper | presents the design guidelines for the fabrication of flexible temperature
sensors based on LrGO. It covers from the synthesis of the GO colloid to the
integration of the flexible temperature sensors in a wireless Bluetooth-Low
Energy (BLE) node. This work demonstrates the successful reduction
of GO by means of a low-power laser diode (A = 405 nm) as well as
the possibility to modulate the sheet resistance of the resulting LrGO
patterns by adjusting both laser power and speed. Taking advantage of
the semiconducting properties of the LrGO patterns, which produces
that as the temperature increases so does the charge carriers, hence
reducing its resistance; the LrGO-based flexible sensors were modeled
and characterized as a function of the temperature. Finally, the flexible
sensors were integrated in a reconfigurable wireless node for the the long-
term monitoring of the ambient temperature via BLE.

Paper Il presents the synthesis and characterization of LIG by the photothermal
ablation of flexible Kapton® polyimide films using a low-power laser diode
(A =405 nm). The electrical and structural properties of the LIG patterns
were characterized in detail for different laser powers. It was also studied
the contact resistance of the LIG sheets synthesized for different printed
electrodes, demonstrating that the porous nature of the LIG patterns
contributes to reduce the contact resistance when compared with other
graphene-derived sheets.

Paper lll addresses the characterization and comparison of flexible humidity
sensors fabricated following the laser-assisted synthesis of LrGO and LIG
presented in Paper I and Paper II, respectively. These two methods
were used to fabricate planar interdigitated electrodes (IDE) on flexible
Kapton® HN polyimide films. Thanks to the inherent capacitance of the
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IDE structure and the sensitivity of the Kapton®’s dielectric constant to the
relative humidity (RH), the capacitance of these structures can be modeled
as a function of the RH, and therefore, be used as humidity sensors. The
sensors developed were characterized in terms of sensitivity to humidity,
linearity, losses and thermal drift. In addition, the results obtained for
the graphene-based sensors were compared with those obtained for ink-jet
printed IDEs of silver nanoparticles (AgNPs) on the same substrate.

Paper IV presents a further study of the GO for the cost-effective fabrication
of high-sensitivity humidity sensors on flexible substrates. Paper IIT
illustrated the outstanding sensitivity of the GO’s dielectric constant
to humidity changes, which makes it a perfect candidate to be used in
flexible humidity sensors. However, this work also demonstrated that
the use of LrGO-based IDEs results in an increase of the thermal drift
because of the sensitivity of the LrGO to the temperature. To avoid this
drawback, the sensors presented in this work are based on Ag-based IDE
structures screen-printed on PET films. These structures were characterized
using GO and GO/PEDOT:PSS composites at different concentrations
as sensitive materials. It is demonstrated that the functionalization of
GO with PEDOT:PSS helps to increase their sensitivity to humidity as
as a consequence of the combination of the active region of both GO and
PEDOT:PSS.

Paper V demonstrates the potential of the LIG for the cost-effective fabrication
of flexible heaters. The performance of the heaters was studied in
terms of steady-state temperature, power consumption, time response
and mechanical stability, among other parameters. Given the feasibility of
the Kapton® for high-temperature applications, the heaters fabricated can
operate up to 400 °C and present a very stable response up to 225 °C with
a heat transfer coefficient of 131 °C ¢cm? /W, even while bending them.

Paper VI also addresses the use of LrGO for the fabrication of flexible heaters.
Contrary to the previous papers, in this work the synthesis of the LrGO
patterns was carried out using a COg laser (A = 10.6 pm) instead of a
laser diode. It is demonstrated that the use of a high power CO4 laser
beam is able to achieve a greater level of reduction than the laser diode,
obtaining a sheet resistance comparable to those reported for Ag-doped
LrGO or electrochemically exfoliated graphite. In this case, the maximum
operation temperature of the heaters is lower than the case of the LIG
heaters, however, the LrGO ones posses a higher heat transfer coefficient
(up to 400 °C cm?/W), which implies less power consumption to achieve
the same temperature.

Paper VIl is focused on the use of carbon-based materials as electrodes for
flexible supercapacitors, in particular, this work presents a novel approach
for the fabrication of electrochemical capacitors (ECs) based on the
screen-printing of a commercial carbon-based conductive ink on a flexible

5
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substrate. Using PVA/H3POy as electrolyte, the devices are characterized
as electrochemical double layer capacitors by means of cyclic voltammetry,
charge-discharge experiments at constant current and electrochemical
impedance spectroscopy.

Paper VIl exploits the one-step synthesis process of LIG for the fabrication of

flexible electrodes for medical devices. It is demonstrated that, thanks to
the porous nature of the LIG, this approach constitutes an inexpensive
alternative to the commercial ECG electrodes, leading to a lower and much
more stable skin—electrode contact resistance. The feasibility of the LIG
electrodes within the IoE paradigm is proved by their use in combination
with a commercial wearable device and a clustering algorithm for the heart
rate monitoring.

Paper IX presents a low-cost approach for the mass-production of memristors

based on LrGO. Given the possibility of modulating the level of reduction
of the LrGO by adjusting the laser irradiation power, it is possible to
obtain LrGO sheets with an intermediate level of reduction between the
GO and the highly reduced GO. Here we demonstrate that these LrGO
sheets exhibit memristive behavior under bipolar excitation signals as a
consequence of a bulk phenomenon involving the drift of the remaining
oxygen ions and oxygen-containing groups, hence inducing local changes
in the level of reduction of the GO.

Paper X provides the guidelines to design and implement an elemental

memcapacitor emulator based on a flux-controlled memristor such as the
presented in Paper IX. Contrary to memristors, solid-state demonstrators
of memecapacitors still need to be found, and that is why their study is
limited to circuital emulators that enable the assessment of their properties
and applications in actual circuits. In this context, this work proposes
a circuit mutator (i.e., a circuit which turns the constitutive equations
of memristors into the constitutive equations of memcapacitors) based
on the relation between memcapacitance and the Miller effect in voltage
amplifiers.

Paper Xl presents, in a similar way, the design and simulation of a meminductor

emulator based on a modified version of the Antoniou’s gyrator, typically
used to emulate inductors. In this case, the constitutive equations of the
memristor are turned into the constitutive equations of flux-controlled
meminductors. It is also demonstrated the feasibility of this emulator
for the emulation of the long-term memory in biological systems with a
long-term potentiation (LTP) and a long-term depression (LTD) example.

Paper Xl demonstrates that the flux-controlled memristors can also be used for

the implementation of simple floating meminductor emulators. Following
a similar approach than the followed in Paper XI, this work presents
the design, simulation and implementation of a floating meminductor
emulator not limited to grounded configurations. In particular, the



References

emulator proposed in this work is also an electrical mutator built upon the
Riordan gyrator in which the memristive device has been implemented by
means of a resistive optocoupler.
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Chapter 2
Methodology

This chapter describes the methodological aspects associated with the develop-
ment of the different results achieved in this thesis. The first part includes a
description of the materials and fabrication techniques employed for the fab-
rication of the different devices, whereas the second part presents the main
equipments and methods used for the characterization of these devices.

2.1 Materials

The two main flexible substrates used in this work were polyethylene terephthalate
(PET) and Kapton® HN films. PET films were acquired from 3M (St. Paul,
MN, USA) and from ColorGATE Digital Output Solutions GmbH (Hannover,
Germany), while the Kapton® HN films were purchased from DuPont de
Nemours, Inc. (Constantine, MI, USA). For the characterization of the
LrGO heaters, we also used mica sheets with a thickness of ~1.5 mm as
supporting substrate (model HP5M5-1 from ZT Mica, Hubei, China). In
some experiments the LIG sheets were isolated using the laminating pouches
Capturel25, acquired from Fellowes Inc (Itasca, IL,USA). Regarding the GO,
two different approaches were followed. On one hand, we synthesized GO
following a modified version of the Hummers and Offerman’s method (refer
to Paper I for more details). This method required the use of sulfuric acid
(H2SO04), sodium nitrate (NaNOj), and potassium permanganate (KMnOy)
as functionalization and oxidizing reagents of graphite powder (from Sigma-
Aldrich Corp., St. Louis, MO, USA). On the other hand, commercial GO
with a concentration of 4 mg/mL was also directly acquired from Graphenea
(Gipuzkoa, Spain). The poly(3,4-ethylenedioxythiophene)/polystyrene sulfonate
(PEDOT:PSS) dispersion was obtained from Heraeus Holding GmbH (Hanau,
Germany, product name: CLEVIOS™ P VP AT 4083). For the fabrication
of the printable contacting electrodes we used a Ag-based conductive paint
from RS (Corby, UK), two different carbon-based pastes, the C-220 model from
Applied Ink Solutions (Westborough, MA, USA) and the Bare Conductive®
electrical paint (London, UK); as well as the LOCTITE® ECI 1010 Ag-based
screen printable ink from Henkel AG (Diisseldorf, Germany). Both LOCTITE®
ECI 1010 and C-220 pastes were also used for the fabrication of the IDEs
structures presented in Paper IV and Paper VII, respectively. The inkjet-printed
patterns presented in Paper III were made of DGP 40LT-15C silver ink (from
ANP USA Inc, Pleasanton, CA, USA). Finally, both Poly(vinyl alcohol) (PVA,
Mw 31,000-50,000, 98-99% hydrolyzed) and phosphoric acid (H3POy, product
name: 1005731000) used for the fabrication of the electrochemical capacitors
were acquired from Sigma-Aldrich (St. Louis, MO, USA).
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2.2 Fabrication Techniques

2.2.1 Laser-synthesis of graphene-derived materials

The laser photothermal process was carried out using two different kinds of laser,
a CO4 laser with a wavelength of 10.6 um, and a diode laser with a wavelength of
405 nm. In particular, we used the laser Rayjet 50 from Trotec Ltd (Marchtrenk,
Austria), and the diode lasers Automatic K5 from KKmoon SA and DIY 300
mW Mini Laser from Benbox (China). These lasers, shown in Figure 2.1, count
with both adjustable power and speed. In the case of the LIG-based patterns,
the laser photothermal ablation is carried out directly on the surface of the
Kapton® HN films, as shown in Figure 2.2a(1-2). Moreover, for the synthesis of
the LrGO patterns the substrate is firstly covered with a previously sonicated
GO layer (drop-casted and/or 3D shaked) and, once the sample is dried at
ambient conditions, the GO is turned into rGO through the laser photothermal
process, as depicted in Figure 2.2b(1-3). Finally, the laser-synthesized patterns
are usually contacted by means of screen-printed electrodes, as shown in Figure
2.2a(3) and Figure 2.2b(4).

Figure 2.1: (a) Rayjet-50 (image from lhtech.com.my), (b) Automatic K5 (image
from greddington.top) and (c¢) DIY 300 mW Benbox Mini Laser.
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Figure 2.2: Schematic representation of the laser-synthesis of both graphene-
derived materials [1]. (a) Laser-Induced Graphene (LIG) patterns: (1) Kapton®
polyimide film, (2) laser-scribing process to induce graphene-derived patterns
on the surface of the polyimide (this case shows the COq laser beam), (3) silver
electrical contacts printed on each electrode. (b) Laser-reduced Graphene Oxide
(rGO) (LrGO) patterns: (1) flexible substrate (e.g., PET film), (2) GO deposited
onto the PET substrate, (3) laser-scribing process to reduce the GO (this case
shows the UV laser beam), (4) silver electrical contacts printed on each electrode.

2.2.2 Screen-printing of conductive inks

The screen-printing process was carried out using the manual screen printer
FLAT-DX 200 from Siebdruck-Versand (Magdeburg, Germany). It consists of
a 62x52 cm? printing table and a holder with a counterweight for mounting
screens and holding them while exchanging the substrate, as shown in Figure
2.3a. The screens used in this work were made of nylon with a mesh of 90 threads
per centimeter (T/cm). Using a manual rubber squeegee, the different inks and
pastes can be transferred through the screen on the flexible substrates. For that
it is important to maintain a constant pressure and a defined angle of about 45°
to 75° to press the sharp edge of the rubber onto the screen [2]. Once the desired
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patterns were transferred to the substrates, the curing of the different pastes
was carried out in an applicable lab oven (such as the one shown in Figure 2.3b)
following the recommendations provided by each manufacturer.

Figure 2.3: (a) Manual screen-printing machine FLAT-DX 200 [2], (b) UF55
oven from Memmert GmbH + Co. KG (Schwabach, Germany).

2.2.3 Inkjet printing of conductive inks

The inkjet printed patterns were defined with a DMP-2831™ Dimatix inkjet
printer from Fujifilm Dimatix Inc. (Santa Clara, CA, USA). The printing of
the Ag ink layout over the Kapton® polyimide surface was performed with a
drop-to-drop distance of 50 pum (resulting in a landing diameter of ~100 pm) and
a printing temperature of 60 °C. The drying process was carried out by a photonic
sintering step with a Sinteron 2010-S from Xenon Corporation (Wilmington,
MA, US) with 5 pulses of an energy of 2.5 kV and a time lapse of 500 us.
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Figure 2.4: (a) DMP-2831T™ Dimatix inkjet printer (image from fujifilm.com),
(b) Sinteron 2010-S (image from warsash.com).

2.3 Characterization

2.3.1 Material characterization

Optical microscope images were obtained with a ZEISS Axioscope 5 microscope
and analyzed with the ZEN Core software, both from Carl Zeiss AG (Oberkochen,
Germany). The Scanning Electron Microcospy (SEM) images were extracted
using a NVision40 electron microscope from Carl Zeiss (Oberkochen, Germany).
X-ray Photoelectron Spectroscopy (XPS) experiments were carried out using an
Axis Ultra-DLD X-ray photoelectron spectrometer from Kratos Analytical Ltd
(Manchester, UK). Raman spectra were acquired with a JASCO 108 NRS-5100
dispersive micro-Raman spectrometer from JASCO Inc (Tokio, Japan) using
an excitation wavelength of A= 532 nm. For the Diffuse Reflectance Infrared
Fourier Transform (DRIFT) experiments ~2 mg of the material to study were
mixed with ~200 mg of anhydrous KBr powder and pressed into 7 mm diameter
discs for its analysis on a Tensor 27 spectrometer from Bruker Corp (Billerica,
MA, USA). Those Fourier-Transform Infrared Spectroscopy (FTIR) experiments
performed at the University of Munich were carried out using an ALPHA 11
FTIR spectrophotometer, also from Bruker Corp. The thickness of the samples
was acquired using a DekTak XT contact profilometer from Bruker Corp. Finally,
two different techniques were used in order to obtain the sheet resistance of the
conductive patterns. On one side, the four-point method at constant current
with a probe head from Jandel connected to a B2901A source measuring unit
(SMU) from Keysight Technologies Inc. (St. Rose, CA, USA) and, on the other
side, the transmission line method (TLM) using printed electrodes (refer to
Paper II for more details).
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2.3.2 Devices characterization

Both temperature and humidity measurements were carried out using the climate
chamber VCL 4006 from Votsch Industrietechnik GmbH (Balingen, Germany) in
combination with the impedance analyzer 4294A from Keysight Technologies Inc
(St. Rose, CA, USA). The connection between the devices and the impedance
analyzer was done by means of the impedance probe kit 42941A, also from
Keysight Technologies. The setup to range both humidity and temperature
as well as to control the impedance analyzer was automatized with LabVIEW
2016 from National Instruments Corporation (Austin, TX, USA). These two
equipments are shown in Figure 2.5.

Figure 2.5: (a) VCL 4006 climate chamber (image from directindustry.es), (b)
4294A precision impedance analyzer (image from keysight.com).

For the characterization of the LIG heaters, the input power was applied
and monitored using a LabVIEW-controlled DC power supply 2200-30-5 from
Keithley Instruments (Cleveland, OH, USA), whereas the thermal images were
recorded using a 640x480 px infrared camera Testo890 from Testo SE & Co.
KGaA (Titisee-Neustadt, Germany). Using the software IRSoft, also from Testo,
and a MATLAB script (from MathWorks Inc., Portola Valley, CA, USA), the
temperature transients were extracted from processing the IR images. The same
procedure was followed for the characterization of the rGO heaters, but using a
B2912A precision SMU from Keysight Technologies Inc controlled by the Quick
IV Measurement Software, also from Keysight, and the Fluke TiS75 infrared
camera from Fluke Corporation (Everett, WA, USA). In that case, the images
were acquired at a sampling rate of 9 Hz and processed with the SmartView 4.3
software from Fluke and a MATLAB script. All these instruments are shown in
Figure 2.6.
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Figure 2.6: (a) 2200-30-5 power supply (image from mouser.com), (b) Testo890
infrared camera (image from testo.com), (c¢) B2912A SMU (image from
transcat.com) and (d) Fluke TiS75 infrared camera (image from fluke.com).

The electrical characterization of the screen-printed electrochemical capacitors
presented in Paper VII were carried out with a 2602B SMU from Tektronix
Inc (Beaverton, OR, USA). Bending tests experiments were carried out using
a stepper motor (PD4-N5918M4204) equipped with a precision planetary gear
(GPLE60) from Nanotec (Feldkirchen, Germany) that slides a movable clamp
along an aluminum rail, as shown in Figure 2.7a. The resistance of the samples
over time as a function of the bending state was monitored using a Keithley
2700 multimeter (Figure 2.7b) and a LabVIEW program.
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Figure 2.7: (a) Bending Setup [2], (b) Keithley 2700 multimeter (image from
testequipmentconnection.com).

2.4 Other equipment and software

The printed circuit board (PCB) was designed using Altium Designer, from
Altium Ltd. (La Jolla, CA, USA), and programmed using the PSoC® Creator™
Integrated Design Environment (IDE) from Cypress Semiconductor Corporation
(San Jose, CA, USA). The smartphone application was developed using the
Android Studio IDE from Google (Mountain View, CA, USA). The reconfigurable
Field Programmable Analog Array (FPAA) AN221E04 from Anadigm Inc (Paso
Robles, CA, USA) was used for obtaining the contact resistance of the LIG-based
electrodes (Paper VIII) and for the implementation of the memcapacitor emulator
proposed in Paper X. ECG signals were acquired using the wearable body sensing
platform Biosignals Researcher Kit (Figure 2.8) from PLUX wireless biosignals
S.A. (Lisboa, Portugal). Finally, LTspice® software was used for the simulation
of the different electrical circuits.
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Figure 2.8: BiosignalsPlux (image from plux.info).
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Abstract

This work presents a complete temperature sensing solution based on a
conformal laser-reduced graphene-oxide temperature transducer acting as
thermistor. The process to implement the temperature—sensitive element
is described in detail; from the raw material to the optimum laser scribing
conditions used to define the resistive component. The final transducer is
fabricated on a flexible plastic substrate and can be attached to any surface
as a conformal patch. To provide a full demonstrator of the potential of
this technology, the thermistor is integrated in an IoT sensing platform
with wireless data transmission capability using a reconfigurable ultra-low
power System-on-Chip.

Keywords: Graphene, reduced-Graphene-Oxide, rGO, sensors, SoC,
thermistor.
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I. Design guidelines of Laser Reduced Graphene Oxide Conformal Thermistor
for IoT applications

I.1 Introduction

Since in 2010 the Nobel Prize was awarded to A. Geim and K. Noveselov “for the
groundbreaking experiments regarding the two-dimensional material”, graphene
has become one of the most studied materials in all the fields of technology [1]. Tts
unique properties combining outstanding electrical conductivity, transparency,
toughness and biochemical functionalization capabilities have exponentially
attracted the interest of not only fundamental research fields, such as Physics
or Chemistry, but also more applied lines, like energy storage or transducers
[2]. However, despite graphene’s potential is undeniable, the actual end-user
applications are still far from achieving the aroused expectations, mostly due
to the difficulties associated with the mass production of high quality graphene
sheets capable of matching its theoretical properties. The broad spectrum of
production approaches has opened the term graphene to a set of materials
including not only the ideal sp? honeycomb and monoatomic carbon structure,
but also multilayer polycrystalline graphene aggregates. One of these graphene-
like materials is the so-called reduced-graphene-oxide (rGO) [3]. Notwithstanding
that rGO does not feature the superlative properties of monolayer crystalline
graphene, it capitalizes part of its unique features (e.g., flexibility or electrical
and thermal conductivity), with the great advantage of a much easier and
technologically simpler synthesis process. In addition, rGO’s conductivity
presents a very linear dependence with temperature above 200 K as a consequence
of its polycrystalline structure [4]. This latter physical characteristic is exploited
in this work to develop a temperature transducer (thermistor), taking advantage
of the pliancy and low thermal inertia of the rGO [5], and incorporating an
application oriented to a photothermal reduction technique [6]. Some of these
properties, such as its ductility, make this kind of sensors a pertinent choice for
Internet of Things (IoT) applications or even healthcare implantable systems.
In this way, the use of graphene or graphene-like based sensors and devices aims
to facilitate the interconnectivity that the future Internet of Every-thing (IoE)
environment will need, such as flexible and pervasive devices that shrink the
power consumption and enable faster data transmission [7]. In this context,
this work presents as a final outcome, a full custom wearable temperature
measurement system that illustrates the advantages that this technology brings
up to the IoT ecosystem. The manuscript is divided in five parts. After this
introduction, Section 1.2 introduces the production of rGO from the raw GO
colloid. Section 1.3 provides guidelines for the design of the transducers based on
the laser assisted photothermal lithography, and results from their electrothermal
characterization. Section 1.4 describes a complete sensor application adopting
the rGO transducer in an ultra-low power platform based on Cypress® 5LP
System-on-Chip (SoC). Finally, the main conclusions are drawn in Section 1.5.
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.2 Laser scribing of reduced-graphene oxide

The starting point for the proposed rGO-based thermistors is the production of
the raw material: the Graphene Oxide colloid(GOc). The GOc is synthesized by
the oxidation and sonic exfoliation of graphite powder. In our samples, we follow
a modified version of the Hummers and Offerman’s method [8], schematized in
Fig. I.1. For about two hours the graphite is oxidized, in an ice bath, using
strong oxidizing reagents like concentrated sulfuric acid (HoSOy), sodium nitrate
(NaNOQOj3), and potassium permanganate (KMnQOy). The temperature should be
maintained low to avoid any risk of explosion(Fig. 1.1, ice bath). Compared
to pristine graphite, GO is strongly oxygenated through functional hydroxyl
(-OH) and epoxide (C-O-C) groups in the basal plane of the atoms with sp?
and sp? hybridized planes [9]. After the oxidation, the graphite is filtered
(HC1) and washed (H20) to remove remaining ions. After that, the hydrophilic
nature of GO and the increased interlayer distance caused by the introduction
of these functional groups allow the easy penetration of water molecules and
hence the layer splitting through sonication (or continuous stirring) in a water
dispersion. We sonicated the dispersion (4 mg mL~1!) for 30 min taking care of
keeping the temperature low enough to avoid the thermal reduction of the GO.
Surface charges on the GO are highly negative when dispersed in water due to
the carboxylic acid ionization and phenolic-hydroxyl groups, which leads to an
electrostatic repulsion that avoids the aggregation of the GOc [3].

Figure I.1: Schematic diagram summarizing the procedure followed to obtain
GO.
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The GOc can be deposited as a thin and uniform film (spin-coated, vortex
shaker, etc.) on any non-porous surface (structurally flexible or not) and turned
into rGO through a reduction process. GO is an electrical insulator due to
the disruption of the crystallographic network of carbon atoms during the
oxidation process. However, the electrical conductivity is restored during the
reduction by the removal of the functional groups and the partial healing of the
crystallographic structure [10]. Among all the existing reduction procedures, we
selected the laser photothermal reduction [6] as the best alternative since: ) it is
environmental friendly, ) it allows the precise patterning of conductive elements
without the use of hard masks, and #4) the conductivity of the resulting rGO
can be modulated by the laser photothermal power. As confirmed by Raman
spectroscopy, the 405 nm (up to 300 mW) laser used in this work is able to reduce
effectively the GO. The reduction process manifests itself through the change
in the intensity ratio of the two main peaks: D and G, located at 1352 cm ™!
and 1600 cm ™!, respectively. The G peak is related to the relative movement
of sp? pairs of atoms, whereas the D peak is associated with the distortions
in the structure [11]. Moreover, the 2D peak (2700 cm~!) is the result of a
second order resonant process. In general, the larger the ratio between the 2D
and D peaks, the better the quality of the graphene sample obtained [12]. In
Fig. 1.2, the 2D peak is almost non-existent before the photothermal treatment.
But once the laser healing is applied, the 2D peak rises with a large intensity
as a consequence of the restoration of the crystallographic structure and the
reduction of the number of defects.

Figure 1.2: Raman spectra of GO and laser-reduced GO spin-coated on a PET
film at a concentration of 400 pg cm~2. A confocal micro-Raman spectrometer
with a 532 nm (green) excitation laser was used. The reduction of GO was
achieved by a 405 nm laser, with a photothermal power of 100 mW at an
excursion rate of 3 min cm™2 and a continuous laser spot. An actual picture of
the laser setup is shown at the bottom left-side of the figure.
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Figure 1.3: Laser-rGO sheet resistance extracted from Kelvin measurements as a
function of the laser photothermal power (405 nm laser) for different values of
GO concentration (50, 70, 100, 130, 150, 160, 180, 200 ug cm~2). Inset shows a
magnification in the range of 80-105 mW for an excursion rate of 3 min cm~2
with a continuous laser spot. The laser power was limited to 120 mW since
greater values can overheat the PET container substrate.

We studied the dependence of the sheet resistance of the laser-rGO as a
function of the photothermal power and the initial concentration of GO deposited
on the surface before the reduction process. The measurements were conducted
by means of the four-point-contact Kelvin method [13]. Results summarized in
Fig. 1.3 show that, independently of the GO concentration, the increase of the
photothermal power decreases dramatically the sheet resistance of the sample,
ranging from over-M)/sq to sub-k{)/sq values in a relatively narrow power
window. Nevertheless, we observed that the decrease in the sheet resistance
tends to saturate for a photothermal power above 90 mW. In addition, a further
increase in the laser power does not benefit the conductivity, but rather it can
compromise the integrity of the substrate, especially for flexible organic substrates
(PET in this case). The initial concentration of the GO before the reduction
also plays a role in the resultant conductivity obtained. According to our
measurements, the lower the concentration, the better the conductivity obtained,
with saturation above 90 pug cm™2. Below 50 ug cm ™2, it is more difficult to
control the homogeneity of the deposited GO, leading to non-conductive areas.
For concentrations above 150 ug cm ™2, the increase in the sheet resistance
(decrease in conductivity after the reduction) also tends to saturate since, only
the surface of the deposited GO is effectively reduced, whereas the layers beneath
remain unreduced (as corroborated by Scotch tape exfoliation). In order to
achieve the utmost reliability and simultaneously, to minimize the variability in
the resistance of the manufactured thermistor prototypes, we tried to mitigate the
effect of the synthesis variables, controlling the total resistance of the transductive
element only from its physical dimensions. To do so, we set the photothermal
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power to 100 mW (where any shift of the power has minor effect according to
Fig. 1.3, and the integrity of the substrate is guaranteed in terms of local heat
dissipation) and the concentration of GO to 70 pug cm~2 (where the conductivity
of the laser-rGO is very stable).

1.3 Design of rGO thermal transducers

The conductivity of single GO/rGO flakes has been already studied in detail [14];
however, the number of works which exploit the conduction mechanism in large
deposited polycrystalline films of rGO is more reduced. In this regard, we have
focused our attention on studying the behavior of the conductivity with respect to
temperature, rather than analyzing the ultimate physical mechanisms responsible
for its conduction. The design of the transducer is dimension-based being its total
resistance (Rr) determined by the sheet resistance of the laser-rGO (p;), and
both width (W) and length (L) of the patterned resistive element (Rr = psL/W).
For our prototypes (Figure 1.4 inset), the access to the transducer is implemented
by thin copper electrodes. The contact surface between the rGO and copper is
coated with conductive silver ink (Merck Dyesol DYAG350) to decrease the
contact resistance and ensure permanent electrical connection. The contact
resistance obtained using this method is between 100 2 and 150 €2, even for
transducers designed for a nominal resistance over the k{2 range. Once the GO is
deposited on the polyethylene terephthalate (PET) film, laser-reduced, patterned
and contacted, the exposed surface is vacuum sealed with another PET film
to prevent direct contact with the atmosphere, thus avoiding the progressive
passivation of the functional groups remaining on the GO surface, which may
cause a slight time drift on the nominal resistance.

Figure 1.4 depicts the calibration curve of one of the developed prototypes
(L = 25 cm, W = 0.5 ¢cm). The transducer has been heated and cooled
with the aid of a climate chamber (Votsch, Model VCL 4003) at two relative
humidity levels (RH = 0% and RH = 50%) while the temperature was being
monitored. As observed, the resistance shows a perfectly linear dependence
with temperature, facilitating the definition of a calibration curve. However
it is worth to mention that this linear law, with RH independence, can only
be obtained when the transducer is fully sealed. As shown in Figure 1.4, the
transducer resistance ranges between [140, 100] k2 inside the temperature
window [243, 308] K, though this resistance could be adjusted by changing the
photothermal lithography pattern. The absolute sensitivity for this particular
geometry (Figure 1.4 inset) is -599.3 /K, which results in a relative sensitivity
(AR/Rarare) /(T — 273K)= (R — Razare)/Rararc) /(T — 2T3K)] of 0.489 %/K
in the range of temperature studied (243-308 K). It is worth mentioning that
this value is virtually independent of the rGO lithographed pattern. Only for
very long serpentine patterns we corroborated a fluctuation in the sensitivity
(up to 0.12 %) attributed to an increase/decrease of the physical dimensions of
the transducer with the temperature change.
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Figure 1.4: Total resistance of a thermistive transducer fabricated on laser-rGO
as a function of temperature. The values of resistance are obtained at RH=0%
and RH=50% showing no difference if the transducer is sealed. Inset shows an
example of a flexible thermistive transducer sandwiched between two PET films
and connected through copper electrodes.

This resultant sensitivity is similar to that obtained with other non-graphene-
based flexible temperature sensors whose synthesis process is technologically
more complex [15], [16]. Inside the field of the graphene research applications,
Sahoo et al. [5] also presented a rGO-based transducer, reduced on an Al;O3
substrate, with a sensitivity of 0.195 %/K, about a half of the obtained with
the photothermal reduction presented in this work. Another example of flexible
temperature sensor based on graphene is the presented by Zhao et al. [17]. In
that case, a brash mess was used for the Chemical Vapor Deposition (CVD)
growth of Graphene Woven Fabrics (GWFs) and transferred afterwards onto
a PET substrate, obtaining a sensitivity almost three times higher than the
presented in this work. However, this method is significantly less cost-effective
for the mass production of transducers. As summary, Table 1.1 presents a
comparison between the transducer sensitivity presented in this work and others
graphene-based as well as non-graphene-based flexible temperature sensors.

Sensitive Layer Substrate Temperature Range Sensitivity (%/K)
Zhao et al. [17] GWF PDMS 296 - 328 1.343
Harada et al. [15] PEDOT:PSS-CNT PET 299 - 326 0.63
Honda et al. [16] PEDOT:PSS-CNT Kapton 295 - 326 0.61
Sahoo et al. [5] rGO Al,O4 80 - 375 0.195
Xue et al. [18] ZnO NW PET 283 - 383 [0.98, 3.05]
This work rGO PET 243 - 308 0.488

Table I.1: Comparison among close related temperature sensors.

35



I. Design guidelines of Laser Reduced Graphene Oxide Conformal Thermistor
for IoT applications

Two aspects should be considered regarding the operation range of these
rGO-based transducers. On one hand, if the transducer is laser lithographed
maintaining unreduced areas (like in the serpentine pattern), those regions could
be progressively reduced if the sensor is maintained at high temperature. The
ratio of reduction depends on both temperature and time, but as a general rule
to avoid resistance drift, the sensor should be kept below 400 K. This is not
a limitation for a fully reduced surface (like a rectangle). On the other hand,
at very low temperature (< 200 K) (not tested here), the characteristic may
become non-linear, requiring a more sophisticated calibration law [4].

Finally, the impedance of one of the prototype transducers has been analyzed
as a function of the frequency. Results evidence a purely resistive behavior
up to the 10 kHz of excitation frequency (see Figure 1.5), thus ensuring a fast
electrical response, whereas beyond 10 kHz the phase of the impedance turns
negative, displaying a parasitic parallel capacitive contribution ( Zp = Rr /
(14427 fRrC) ). From the results shown in Figure 1.5, the parasitic capacitance
of the transducer can be considered very low (~95 pF for this particular case),
so it does not compromise the fast electrical response.

Figure I.5: Impedance plot of a rectangular (L = 2 cm, W = 0.5¢m) laser-rGO
thermistor. The impedance presents a resistive signature even beyond 10 kHz,
however, at high frequencies the phase turns negative reflecting the appearance
of a capacitive behaviour.

1.4 Ultra-Low Power sensor application

The use of any temperature sensor prototype is intimately related to the design
of the conditioning interface that provides its information to the final user.
Furthermore, in the IoT era [19], the electronic instrumentation designed for
an emerging sensor prototype must underline the advantages of this technology
and envision the myriads of environments where this device could be employed,
especially enhancing the sensor instrumentation symbiosis inside the IoT context.
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The main characteristics of an IoT sensor system can be sum up as small size,
low-power consumption and wireless communication capability [20]. With these
features, the sensor device can be integrated in quite a lot of different systems.
In general terms of analog sensors, the design of an instrumentation interface
for a sensor node must cope with far different scenarios because of the inherent
variability in the output from one to another physical sensor prototype. For
this reason, the use of reconfigurable electronic systems is a powerful solution.
This alternative might seem unsuitable and uncompetitive for a commercial
final version, but the recent advances in the development of programmable
Systems-on-Chip (SoC) for IoT applications make this choice as powerful as
the full-custom designs [21], [22]. In addition, the solutions based on SoCs help
to reduce the time-to-market as well as to make easier the design of sensor-
based systems thanks to their programmable Analog Front Ends (AFE). In fact,
previous works already show the versatility of this approach for the development
of sensor instrumentation applications [23]-[25].

Figure 1.6: Real view (sensor connected (a), and inside a housing (b)), of the
electronic portable device developed for temperature measurements using the
laser-rGO thermistor.

Following this direction, the prototype developed in this work makes use of
the Programmable SoC (PSoC) model V from Cypress®, specifically the low-
power version [26]. The PSoC 5LP offers numerous advantages over the older
versions, specifically in terms of performance, quality and low-power operation,
being ideal for IoT applications. The philosophy of this approach is to ensure
that all the analog and digital resources that could be necessary for an IoT sensor
design are in the same silicon die, thus enabling the design of a miniaturized
sensor system that can be attached or integrated in almost any object, such as
wearables or even implantable medical devices. On this basis, the prototype
shown in Figure 1.6 was developed to monitor the ambient temperature using
the rGO thermal transducer presented previously. The obtained temperature is
sent afterwards by Bluetooth Low Energy (BLE, or Bluetooth 4.0) to a master
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device, e.g., a smartphone. For this latter, together with the PSoC 5LP, this
device incorporates a BLE module based on the CC2541 transceiver by Texas
Instruments [27].

For rGO thermistors, the resistance decreases lineally as the temperature
increases in the temperature range studied (Figure 1.4). In this case, and in
order to minimize the voltage reference dependencies, a ratiometric resistor
divider method has been implemented to measure the thermistor resistance.
As detailed before, the fact of using a PSoC-based device reduces the signal
conditioning complexity since only one external reference resistor is needed (see
Figure 1.7). The value of the selected R,.; should be as similar as possible to
the thermistor resistance at the central value of temperature to take advantage
of both temperature range and Analog-to-Digital Converter (ADC) dynamic
range. The full hardware configuration of the PSoC is shown in Figure 1.7.
This design has been implemented using the PSoC Creator Integrated Design
Environment (IDE), which makes possible the design of both concurrent hardware
and application firmware. As seen in Figure 1.7, the simplest way to supply
power the external circuit would be using the voltage of the battery as V},;, which
would also reduce the resolution required for the ADC. However, for ultra-low
power consumption, the current through the resistor divider must be as low as
possible. In this way, there should be a compromise between V},; (responsible of
the current across the resistors) and the resolution of the ADC (temperature
resolution). In addition, the Voltage Digital-to-Analog Converter (VDAC) helps
to limit the current consumption of the resistor divider, since it can be turned
on only when a measurement is taken. Moreover, the PSoC pin used to measure
Viherm must be set to High-Z to avoid current leakages. This configuration,
together with the variation ARy in the range of interest, provides a temperature
resolution of + 0.001 K.

Once the temperature is measured, the device update the temperature value
of the temperature service. From the BLE communication point of view, the
device performs a peripheral role. The interface with the BLE module is carried
out by means of a full-duplex Universal Asynchronous Receiver Transmitter
(UART) component. Due to the standardization of the Bluetooth 4.0 services,
any device that incorporates this kind of communication protocol could serve
as the master device. In this work, a smartphone has been chosen to widen its
potential use.

One of the critical issues in instrumentation is the power efficiency, directly
related with the battery lifetime. The consumption of the presented prototype is
mainly associated with the software execution, and hence with the SoC hardware
peripherals involved on it. Therefore, the program execution cycle must be
optimized to minimize the power consumption. SoCs offer the possibility of
turning off its peripherals when are not being used, which implies a substantial
energy saving without compromising its functionality. In this case, the sensor
device has been set to be in idle state until a timer timeout triggers the process
to carry out a measurement, then the VDAC is turned on only the time required
for an ADC single-shot conversion. Once the temperature is computed and
registered, the device returns back to low-power mode (idle). The power supply
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Figure 1.7: Laser-rGO thermistor measurement circuit for the prototype shown
in Figure 6. This design is a custom modification of the project CE210514 from
Cypress [28].

can be provided by an external battery or by a MicroUSB connector depending
on the specific application. However, most ultra-low power sensor applications
require the use of batteries. Therefore, it is also important to estimate in advance
the battery life-time, which depends on the frequency of the measurement. For
example, in a room temperature monitoring application which measures the
temperature every five minutes, the average current of this device is assessed to
be below 10 pA (sensor current included). Thus, the estimation of the battery
life-time would be, using the most common coin cell battery (CR2032), of about
2 years.

As an illustrative example of end user application, we present a car outdoor
thermometer (Figure 1.8). The transducer was attached as a conformal patch to
the right rear-view mirror of the car, and the wireless device was located inside it
to monitor the ambient temperature. The graph inset in Figure 1.8 presents the
recorded temperature during 24 hours. Finally, we advocate that once the SoC
systems become available on flexible substrates, rGO-based sensors will take a
big step forward expanding to multiple ubiquitous applications. For example, the
combination of this technology, which is compatible with the human tissue, with
self-powered or passively-powered microcontrollers and transceivers would make
the medical implants smarter, more accurate, human-friendly and inexpensive.
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Figure 1.8: Temperature sensing solution integrated in the side-view mirror of a
car. Inset shows the temperature recorded during one day.

.5 Conclusions

Graphene Oxide has been suited as a sensing platform ready to be exported to
certain end-user applications. We have presented a prototype of temperature
monitoring solution, covering aspects from the production of the raw material to
its design and integration with a SoC deivce. Once the GO is deposited on the
supporting substrate, a simple process is followed to create the transducer: a
CNC-laser scribes the desire pattern, yielding a conductivity that can be easily
predicted and controlled by the dimensional aspects of the pattern as well as
the concentration of GO and laser photothermal power. The final transducer is
fabricated on a flexible PET substrate and can be attached to any surface as a
conformal patch throwing a very competitive sensitivity when compared with
other flexible transducers at a lower production cost. The final complete wireless
SoC-based sensing solution presented constitutes an actual demonstrator of the
potential of the GO for the implementation of versatile and flexible sensing
solutions.
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Abstract

This work presents a detailed study of the photothermal ablation of
Kapton® polyimide by a laser diode targeting its electrical conductivity
enhancement. Laser-treated samples were structurally characterized using
Scanning Electron Microscopy (SEM), Raman spectroscopy, X-ray Photo-
electron Spectroscopy (XPS), as well as Diffuse Reflectance Infrared Fourier
Transform (DRIFT) spectroscopy. The results show that the laser-assisted
ablation constitutes a simple one-step and environmental friendly method
to induce graphene-derived structures on the surface of polyimide films.
The laser-modified surface was also electrically characterized through
the Transmission Line Method (TLM) aiming at the improvement of the
conductivity of the samples by tuning the laser power and at the extraction
of the contact resistance of the electrodes. Once the laser-ablation process
is optimized, the samples increase their conductivity up to six orders of
magnitude, being comparable to that of graphene obtained by chemical
vapor deposition or by the reduction of graphene-oxide. Additionally, we
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show that the contact resistance can be decreased down to promising
values of ~2 2 when using printed silver-based electrodes.

Keywords: Laser-induced graphene, polyimide, flexible electronics, laser-
scribing, sheet resistance, contact resistance

1.1 Introduction

Carbon nanostructures and graphene-derived sheets are auspicious materials for
different areas in science and technology, such as healthcare, flexible electronics or
energy storage [1], [2]. Nevertheless, reproducible cost-effective methods for the
mass production of samples, which would allow introducing them into the market,
are still being sought. The difficulties associated with the current production
methods have raised researchers’ interest in a wide spectrum of techniques
to synthesize graphene-based materials. Some of those techniques, such as
the epitaxial growth on Silicon Carbide or the Chemical Vapor Deposition
(CVD), follow a bottom-up approach pursuing the synthesis of high-quality
graphene from a physico-chemical assembly of elemental carbon sources [3]-[5].
However, up to date, they suffer from relatively low yield and high production
costs as compared with certain top-down approaches [6], [7]. In this work,
we revisited one of those top-down production approaches by proposing the
carbon-rich aromatic polyimides, such as Kapton® films, as raw-material to
obtain inexpensive graphene-derived sheets which, regardless of their lower
crystallographic quality, are capturing growing niches of interest [8].

Since its commercialization, Kapton® films have been used in an impressive
wide range of applications, highlighting their use as substrate for flexible
electronics [9]-[11]. Previous works have reported that the carbon bonds which
constitute Kapton®’s structure can be partially isolated using charged-particle
excitation [12], ultraviolet (UV) laser radiation [13], pyrolysis processes [14] or
heat-treatments [15]. However, although all these techniques report a substantial
increase of the electrical conductivity, they do not fully satisfy the requirements
for a cost-effective production of samples due to their poor spatial resolution or
the need for using masks to pattern the polyimide surface [16], [17].

The laser assisted production of graphene-derived sheets has been previously
applied to materials such as graphene oxide (GO) [18], [19], but also to Kapton®
polyimide [20]-[22]. This approach offers the advantage of defining high-precision
laser-induced graphene (LIG) patterns on the polyimide surface without affecting
the unexposed areas, and, therefore, without the need of lithographic masks. This
technique is also compatible with roll-to-roll methods, enabling an inexpensive
mass-production of samples. In the present work, we further explore the
possibilities of this procedure conducting an exhaustive study covering both
the structural and electrical characterization. In contrast to previous works,
we used a low-power continuous laser diode driven by a Computer Numerical
Control (CNC) unit, rather than CO4 lasers, for the photothermal ablation of
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Kapton® polyimide. The feasibility of this system to induce porous graphene
from the bare polyimide substrate has been demonstrated by Scanning Electron
Microscopy (SEM), as well as Raman and X-ray Photoelectron Spectroscopy
(XPS). In addition, Diffuse Reflectance Infrared Fourier Transform (DRIFT)
results confirm that the carbon atoms that compose the 3D structure of the
LIG layer result mainly from the removal of carbonyl, phenyl ether and imide
bonds from the carbon aromatic rings of the pre-ablated chemical structure of
the Kapton® polyimide. The changes in the structure have also been studied
as a function of the level of ablation (laser power), seeking the enhancement
of the electrical conductivity of the samples. Finally, the contact resistance for
different electrode materials has been studied as a key parameter for electronics
applications.

II.2 Materials and Methods

I1.2.1 Materials

Kapton® HN polyimide films with a thickness of 125 ym from DuPont™

used as raw material in these experiments. This polyimide, which is produced
from the condensation of pyromellitic dianhydride with 4,4-Oxydianiline as cross-
linking agent, exhibits an excellent balance of physical, chemical and electrical
properties over a wide range of temperature [23]. Ag-loaded conductive paint
(from RS, Corby, UK), carbon-based resistive paste (from Henkel, Dusseldorf,
Germany), screen printable AgCl paste (from Henkel) and Graphene Oxide, GO,
(from Graphenea, Gipuzkoa, Spain) were also employed as printable contacting
electrodes for the electrical characterization of the treated surface.

were

I.2.2 Exposure Source

The laser-ablation experiments were performed using an in-house developed
CNC-driven continuous laser diode (from Q-BATHETM, model 405ML-300-2290,
Shenzhen, China). This system, shown in Figure II.1, allows for patterning the
polyimide surface, located in an horizontal holder at a distance of 6 cm from the
laser head, with a spatial resolution of about 20 pum (given by the mechanical
setup) at a fixed wavelength of 405 nm. Furthermore, the laser power can be
modulated from 15 mW up to 300 mW.

I.2.3 Structural Characterization

The laser-ablated surfaces were structurally characterized by Scanning Elec-
tron Microscopy (SEM), Micro-Raman spectroscopy, X-ray Photoelectron Spec-
troscopy (XPS) and Infrared (IR) spectroscopy. SEM-images were recorded
with a field-emission scanning electron microscope (NVision40 from Carl Zeiss,
Oberkochen, Germany) at an extraction and acceleration voltage of 5 kV. A
dispersive micro-Raman spectrometer (JASCO NRS-5100, Easton, PA, USA)
with a green diode (Elforlight G4-30; Nd:YAG, A = 532 nm) as excitation source
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Figure II.1: Experimental setup for the laser irradiation of the polyimide surface.
The inset displays a sample with two patterned areas of 1 cm? on the surface
scribed at two different values of the laser power: 50 mW (lighter one) and 100
mW (darker one).

was used for the Raman spectra acquisition. The XPS experiments were carried
out on a Kratos Axis Ultra-DLD (Manchester, UK), using an X-ray (Al Ko, hv
=1486.6 €V) power of 450W in a vacuum chamber where the pressure was kept
below 1071% Torr. On the other hand, the standard IR transmission spectroscopy
is not sensitive enough for our purpose due to the thickness of the Kapton®
samples, as reported by previous works [24]. For this reason, we selected the
DRIFT spectroscopy, which is well-known for its high sensitivity [25]. Thus, the
ablated Kapton® foil was scratched using a scalpel, obtaining a powder (~2 mg)
that was mixed with ~200 mg of anhydrous KBr powder and pressed into 7 mm
diameter discs for its analysis on a Bruker Tensor 27 spectrometer (Billerica,
MA, USA).

11.2.4 Electrical Characterization

The second objective of this work is the study of the modification of the electrical
conductivity of the laser-ablated area. One of the fastest and technologically
simplest ways to obtain the electrical characterization of the modified Kapton®
films is the Transmission Line Method (TLM) [26]. Therefore, once the Kapton®
surface was laser ablated, electrical contacts were printed on the polyimide surface
at a distance d; from each other, as shown in Figure II.2a. The total resistance,
Ry, between two consecutive pads is defined by the following expression [27]:

R, -d;

being R, the sheet resistance of the sample and W the contact width. The
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relationship of Equation I1.1 for a generic sample is plotted in Figure II.2a (inset),
illustrating that the sheet resistance, R, can be obtained from the slope of the
linear fit of the total resistance between contacts (measured in our experiments
with a Keysight 34461 A Digital Multimeter, Santa Rosa, CA, USA) as a function
of their interspacing. The contact resistance, R., is evaluated from the residual
resistance (d=0, interception of the plot with the total resistance axis), being
independent of the contacts’ separation [28], [29].

Figure 11.2: (a) Equivalent Transmission Line Method (TLM) electrical circuit
under two consecutive printed electrodes (R.: contact resistance, Rg;: total
resistance between contacts ¢ and i + 1). The inset shows a model of the total
resistance (Rr) as a function of the distance between consecutive lines and its
relation with the ablated Kapton® sheet resistance (Rg) and contact resistance
(R.); (b) printed contacts are positioned over the modified Kapton® surface at a
distance d; from each other, where d; ranges from d; = 1 mm to dg = 3.5 mm
in 0.5 mm steps.

The sheet resistance was evaluated as a function of the laser-ablation level
on the Kapton® surface. Accordingly, the samples were prepared following the
setup illustrated in Figure 2b, where d; ranges from d; = 1 mm to dg = 3.5 mm
in 0.5 mm steps. The laser power was increased from 65 mW to 100 mW (A =
405 nm, continuous wave) at a fixed excursion rate of 3 min/cm?.

1.3 Results and Discussion

I.3.1 Structural Characterization of Ablated Kapton

Two SEM micrographs of the irradiated Kapton® surface using a laser power
of 100 mW are shown in Figure I1.3. Irradiated and unirradiated areas can be
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clearly distinguished: the bright ones correspond to the non-ablated Kapton®
(yellow box in Figure I1.3a), while the dark ones are areas resulting of the laser
ablation (red box in Figure I1.3a and corresponding magnification in Figure
I1.3b). The reticulated pattern of the scribing process shown in Figure I1.3a is a
direct consequence of the mechanical step of our CNC unit, which is larger than
the laser spot focused on the surface. The sample is laser-scribed in two passes
(one for x-axis and one for y-axis). This fact limits the effective LIG surface of
the ablated area, and therefore the minimum value of sheet resistance that can
be achieved. The alteration of the color of the Kapton® is visible at a glance: the
initial orange tone becomes darker when the laser power is increased, as shown
in Figure II.1. Furthermore, as seen in Figure I1.3b, the ablated region exhibits
a homogeneously porous foam-like appearance, which indicates a drastic increase
in the atomic percentage of carbon [30]. This 3D foam-like morphology is also
present in other graphene-based materials with high electrical conductivity such
as the CVD-grown graphene foams (GFs) presented by Chen et al. [31] or the
pure-rGO foams obtained from GO-coated-PU-foams proposed by Samad et al.
[32]. This kind of structure makes the ablated layer easily peelable; however,
this could be solved by using a thin lacquer-like layer of polymer to cover it, as
it is done for Printed Circuit Boards (PCBs).

Figure I1.3: (a) SEM image of Kapton® polyimide (scale: 10 ym, extraction
and acceleration voltage: 5 kV, working distance: 6.0 mm) ablated using a laser
power of 100 mW. The bright areas (such as the one framed in yellow) correspond
to the non-irradiated surfaces; (b) SEM image (scale: 2 um, extraction and
acceleration voltage: 5 kV, working distance: 6.0 mm) of the red framed area in
(a) where the porous structure resulting from the laser ablation process can be
appreciated.

Raman spectroscopy is a very helpful technique for the characterization of
these kind of samples in a non-invasive way. The Raman spectrum of the treated
surface provides a large amount of information about its structure, as well as a
quantification of the disorders and defects introduced by the ablation process [33].
Figure I1.4 presents the Raman spectra of the laser-ablated surface using different
laser photothermal powers in the range from 50 mW to 100 mW. From our
experiments, 50 mW was the minimum power to ensure surpassing the ablation
threshold for the selected excursion rate (3 min/cm?) [34]. The laser incidence on
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the Kapton® surface creates two main peaks in the Raman spectra, the so-called
D and G peaks, located at ~1350 cm ™! and ~1580 cm ™', respectively. These
peaks are present in disordered graphitic materials. In particular, the D peak
reveals the presence of defects in sp2-hybridized carbonous systems [35], while
the G peak indicates a graphite-derived structure. The 2D peak (~2700 cm™1)
is due to a second-order resonance, and gives information about the number
of layers of the graphite structure [36]. As observed in Figure I1.4, the ratio
Ip/Ig =1 for a laser power below 100 mW confirms the crystalline nature of
the ablated surface [37], whereas the increase of the Iop /I ratio indicates a
reduction of the number of graphene layers [38].

Figure I1.4: Raman spectra acquired from the laser-treated Kapton® for different
laser powers (wavelength: 532 nm, data interval: 1 cm™!, exposure time: 15 s,
accumulations: 5, center number: 1469.99 cm™!).

The resulting Raman spectra of the LIG for the higher laser powers (70-
90) mW are similar to the one in nanographene [33]. However, once the laser
power exceeds 90 mW, the surface begins to deteriorate and then both Irp/Ig
and Ig/Ip ratios decay. At this point, the surface is mainly composed of sp?
amorphous carbon [39]. The laser-treated films were further characterized by
XPS analysis. The XPS data demostrate that the ablated surface is mainly
composed of carbon, oxygen and nitrogen, whose atomic contents as a function
of the laser power are illustrated in Figure II.5a. The results obtained show
that the laser is able to break the C-N, C-O-C and C=0 bonds of the untreated
Kapton® films, entailing a drastic increase in the atomic content of carbon, while
both oxygen and nitrogen are released as gases as a consequence of the laser
irradiation [40]. The lower decay of nitrogen ratio suggests the formation of
intermediate nitrile groups (-C=N) [25]. As a result of the rapid removal of
some sp? carbon atoms from the plane, as well as a great part of the bonds of
carbon with both nitrogen and oxygen, the ablated surface adopts the porous
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morphology that can be appreciated in Figure I1.3, which is a characteristic of
the LIG.

Figure I1.5b shows the high resolution XPS Cls spectra for different laser
powers using a Gaussian decomposition resolved with the CasaXPS software
(version 2.3.15, Casa Software Ltd, Teignmouth, UK). All of the spectra are
calibrated with respect to the carbon peak (284.6 €V). The spectrum of the
Kapton® film presents mainly four functional groups: carbon in the aromatic
rings (C-C), C-O-C bonds, carbon bonded to nitrogen (C-N) and carbonyls
(C=0) [41]-[43]. As expected, the photothermal process implies significant
modifications in the Cls peak intensity and its shape. These results confirm
that, as the laser power increases, the number of C=0, C-O-C and C-N bonds
decreases, while the C-C peak increases, which is in agreement with the atomic
percentages obtained.

DRIFT spectroscopy also indicates the removal of these bonds. Figure I1.6
shows the spectra of the unablated and ablated areas of the Kapton® polyimide
with its characteristic absorption bands, whose assignment is given in Table II.1.
To establish an appropriate comparison, both curves are baseline calibrated with
respect to the intensity of the spectrum acquired in the range (1800-2500) cm ™!,
which is the least influenced by the laser diode ablation [24]. As can be seen,
the spectrum of the ablated area presents a significant reduction of the aromatic
C-H stretching modes, the imide C-N peaks as well as the phenyl ether linkage
(C-O-C), whereas the intensities of the 1500 cm~! and 1600 cm ™! peaks reveal
an increase in the aromaticity of the ablated surface.

Figure IL.5: (a) Atomic percentage of carbon, oxygen and nitrogen in the laser-
ablated area as a function of the laser power; (b) comparison of the Cls peaks
(black: C-C, green: C-N, blue: C-O-C, purple: C = O) from the XPS spectrum
of the laser-ablated Kapton® surface using different laser powers (scanned area:
300 x 700 um?, pass energy: 40 eV, sampling depth: 10 nm, step: 1 eV).
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Figure II.6: Diffuse Reflectance Infrared Fourier Transform (DRIFT) spectra of
Kapton polyimide before and after the laser irradiation (number of scans: 1024,
resolution: 1 cm™1).

Bond Wavenumber (cm~1)

C=0 (Carbonyl) 1775, 1712, 1165

C-C (Aromatic) 1600, 1500

C-N (Imide) 1371, 1305, 1285, 1112, 1088
C-O-C (Aromatic) 1235

C-H (Aromatic) 1012, 937, 880, 815

C-H or C-N 721

Table I1.1: Infrared absorption bands’ identification [44].

I.3.2 Electrical Characterization of Ablated Kapton

The experimental values of the total resistance between contacts using Ag
electrodes, and extracted from a TLM structure for different values of the laser
ablation power, are presented in Figure II.7a. As expected, the total resistance
exhibits a linear dependence with respect to the electrodes’ separation [45].
Additionally, all curves converge to the same point (£14 ) in the ordinate
axis, indicating that the contact resistance is almost independent of the laser
power. The sheet resistance of the LIG, extracted from the slope of the linear
fit, is plotted in Figure II.7b as a function of the laser power. The boost of the
conductivity is correlated with the ablation level of the surface, and therefore
with the aromaticity of the samples. In the same way that the atomic percentages
of carbon change, the sheet resistance presents a nonlinear behavior with respect
to the laser power. As observed, the decrease of the sheet resistance tends to
saturate at ~250 € sq~!; a value that could be lowered by uniformly patterning
the ablated area (instead of using a reticulated ablation mesh as shown in Figure
I1.3) [20]. Even so, as detailed in Table II.2, this value is very competitive
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with respect to the obtained from other graphene-based sheets whose synthesis
process is technologically more complex, such as occurs in chemical methods.

Figure II.7: (a) Total resistance extracted from the Transmission Line Method

(TLM) using Ag electrodes; (b) sheet resistance as a function of the laser power

at an excursion rate of 3 min cm—2.

Sample Rs (22/sq.) Method
Kim et al. [46] Graphene/PET 280 CVD
Li et al. [47] Graphene/SiO; 350 CVD
Zhao et al. [48] rGO/PET 840 Chemical reduction
Romero et al. [49] rGO/PET 226 Laser diode
Lin et al. [20] LIG/Kapton <35 CO3 laser
This work LIG/Kapton [242, 295]  Laser diode

Table I1.2: Comparison of the sheet resistance, R, extracted from close related
graphene-derived samples.

In addition to the sheet resistance, the quality of the electrical contact
between the ablated surface and the access electrodes is a crucial aspect for
the development of high-performance devices [50]. The contact resistance was
measured by the TLM method for different electrode materials (Ag, AgCl, rGO
and a carbon-based paste). The results obtained are presented in Table II.3.
Silver and carbon-based contacts were printed on the ablated surface with the
pattern presented in Figure I1.7b, while the rGO contacts were fabricated from
the laser-assisted reduction of a GO electrode over the Kapton® ablated surface
[49]. We report promissing contact-resistance values, R, as low as 2 Q for
the Ag and AgCl electrodes, while the reduced-GO and the carbon resistive
paste ones yield a contact resistance of ~75 € and ~125 €, respectively. These
contact resistance values are much lower than the obtained for others’ graphene-
derived sheets [51]; this fact might be correlated with the great porosity of the
laser-ablated Kapton®, which enhances the specific contact area of the printed
electrodes.
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Electrode Material ~ Contact Resistance ()
Ag, AgCl 2 (£6.5%)

Laser-rGO) 75 (£30%)
Carbon-based paste 125 (+20%)

Table I1.3: Values of the contact resistance, R., extracted from different material-
based electrodes.

The results obtained from both sheet resistance and contact resistance reflect
the great potential of the laser diode ablation of Kapton® polyimide films, since
it constitutes an inexpensive, simple and environmentally friendly method to
generate conductive graphene-derived patterns on flexible substrates, anticipating
applications in the field of biosensors [52], [53] and energy storage [19].

1.4 Conclusions

The laser diode ablation of Kapton® polyimide has been demonstrated as a
high-precision method to modify its surface-structure and electrical properties.
The laser-treated surface has been structurally characterized by SEM, Raman,
XPS and DRIFT spectroscopy. The results obtained validate the capability of
the laser diode photothermal process to induce porous graphene on the polyimide
surface. Furthermore, the electrical conductivity has been studied as a function
of the laser power aiming at the optimization of the resistivity of the samples.
The experiments have shown promising values of electrical conductivity (R
~250 © sq~ 1), once the laser-assisted photothermal process has been tuned.
The results have also shown independence of the contact resistance with the
laser power, presenting values as low as 2 Q) for Ag-based electrodes. These
outcomes pave the way for the application of this eco-friendly and low-power
manufacturing technology in the flexible electronics field.
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Abstract

This work presents a case-based comparison between two emerging fabri-
cation techniques for the development of conductive patterns for flexible
electronics: inkjet-printing and nanographene production by laser-scribing.
In particular, these two methods are used to fabricate planar interdigitated
electrode (IDE) capacitors with Kapton® HN polyimide as supporting flex-
ible substrate. Silver-based electrodes are manufactured by inkjet-printing,
while a laser-scribing technique is used to obtain laser-reduced graphene
oxide (laser-rGO) patterns from deposited graphene oxide (GO) and
laser-induced graphene (LIG) layouts from the bare polyimide substrate.
The comparison is focused on the application of these IDE capacitors as
relative humidity (RH) sensors. The different sensors are benchmarked in
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terms of sensitivities to RH as well as thermal drift and linearity consid-
ering frequency dependencies. The results show that the manufactured
capacitors exhibit a very competitive performance as capacitive structures
when compared with other similar capacitive sensors from the literature.
Furthermore, inkjet-printed and LIG-based capacitors stand out for its
thermal stability and linearity.

Keywords: Capacitive sensor, inkjet-printing, laser-induced graphene,
laser-reduced graphene oxide, nanographene laser-scribing, relative humid-
ity.

lll.1 Introduction

Flexible thin-film electronics is called to be one of the main actor in the more-
than-moore domain, targeting auspicious applications for several areas in science
and technology [1]. The rising interest in this field lies on its inherent advantages
such as lightweight, flexibility and long-lasting durability, combined with cost-
effective manufacturing processes [2]. Two basic approaches can be considered
for the development of flexible electronics: One of them is the transfer-and-
bond procedure, which consists of transferring complete circuits to flexible
substrates. This technique, although intended for the development of flexible
high-performance devices, requires sophisticated fabrication processes and suffers
from low scalability [3]. The other alternative is the direct production of the
circuit on the flexible substrate, which bears the manufacturing of large-area
electronics and yields to simpler technological processes. This approach, in turn,
includes different manufacturing technologies, such as conductive inkjet-printing
and nanographene laser-scribing [4]-[7], which are the alternatives followed in
the present work.

These technologies have the advantage of being compatible with roll-to-roll
techniques, enabling an inexpensive mass-production of samples. In addition, as
an asset over other printing techniques, the inkjet printing and laser-scribing
processes do not precise of the use of lithographic masks or screens to define the
desired layout on the substrate surface; being both contact-less: the process is
carried out without physical contact between the nozzle (inkjet-printing) or the
laser head (laser-scribing) and the substrate. Another point in favor of these
technologies is the high resolution and small thickness that can be achieved
when compared with other techniques such as screen printing [8]. Previous
studies have already opted for these procedures to fabricate capacitive structures.
Examples of that can found in the literature, where the direct laser writing
technique is used to develop graphene-based flexible supercapacitors [9], [10], or
where supercapacitors on cloth fabrics and flexible substrates are manufactured
by inkjet-printing [11].

The present work addresses the design, fabrication and characterization
of different capacitive relative humidity (RH) sensors based on interdigitated
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electrodes (IDEs) and manufactured by both of these methods on a commercial
polyimide thin-film substrate. The same capacitive IDE structure has been
defined with the different proposed techniques: one made by inkjet printing of
silver nanoparticles, another one by laser-reduction of graphene oxide (laser-rGO)
and the third one by laser-induction of porous graphene (LIG) directly on the
substrate [12]-[14]. We have characterized these capacitive structures as RH
sensors using a climate chamber for different environmental conditions (ranging
the temperature at a fixed value of humidity and vice versa), as well as for
different working frequencies to evaluate and to compare their performance. This
work is structured as follows: after this introduction, Section II1.2 summarizes the
different materials used in our experiments as well as the methodologies followed
for the fabrication and characterization of the samples. Section II1.3 presents
the results of both structural and electrical characterization of the inkjet-printed
and laser-scribed layers, together with a discussion of the capacitive sensors’
performance in terms of sensitivity to humidity, linearity, losses and thermal
drift. Finally, the main conclusions are drawn in Section I11.4.

1.2 Materials and methods

I1l.2.1 Materials

Kapton® HN films with a thickness of 125 um were used as a flexible substrate for
the implementation of the designed capacitors. The inkjet-printed patterns were
made of DGP 40LT-15C silver ink (from ANP USA Inc.) with an average content
of 30% silver nanoparticles (NPs) dissolved in triethylene glycol monoethyl ether
(TGME). The graphene-oxide was obtained by in-house oxidation and sonic
exfoliation of graphite powder (from Sigma-Aldrich) following a modified version
of the Hummers and Offerman’s method [15]. First, the graphite was oxidized in
an ice bath with sulfuric acid (H2SOy), sodium nitrate (NaNO3) and potassium
permanganate (KMnQOy). Then, the resulting aqueous solution was filtered with
hydrochloric acid (HC1) and washed (H20) to remove the remaining ions. Finally,
the dispersion was sonicated in a concentration of 4 mg mL~! for 30 min, which
causes its layer splitting [16].

lll.2.2 Fabrication processes

The inkjet-printed patterns were defined with a DMP-2831™ Dimatix printer
(from Fujifilm Dimatix Inc.), which has already been used for this kind of
applications [17]. The printing of the Ag ink layout over the Kapton® polyimide
surface was performed under the following conditions: drop-to-drop distance
of 50 pum (being the landing diameter of 100 pm), temperature of 60 °C while
printing followed, after drying, by a photonic sintering step (Sinteron 2010
from Xenon) with 5 pulses of an energy of 2.5 kV and a time lapse of 500 us.
Only one layer was needed to define the IDE structure. The laser-scribing was
performed using an in-house developed Computerized Numeric Control (CNC)

63



Ill. Design, Fabrication and Characterization of Capacitive Humidity Sensors
based on Emerging Flexible Technologies

driven laser diode, bypassing the use of lithographic masks. The laser head is
able to modulate its power in the range from 15 to 300 mW at a fixed wavelength
of 405 nm; while the engraving spatial resolution of 20 um is given by the motors’
mechanical step. Two different experimental approaches were considered for the
preparation of the samples using this setup. First, the laser was used for the
photothermal reduction of a graphene oxide (GO) film, prepared by drop coating
on the Kapton® HN polyimide surface and dried in a vortex shaker (about 24
h). Secondly, for the direct laser photothermal ablation of the Kapton® HN
polyimide, which induces on its surface graphene-derived patterns with high
electrical conductivity [18].

lll.2.3 Capacitive sensor design

The previous fabrication processes were employed to develop planar IDE
capacitive RH sensors [19]-[21]. The intrinsic properties of polyimides, such as its
effectiveness to absorb moisture and its stability at a wide range of temperatures,
make this substrate a perfect choice for the manufacturing of inexpensive RH
sensors. These sensors, schematized in Fig. IIl.1a and photographed in Fig.
II1.1b, were designed following the IDE layout dimensions summarized in Table
II1.1. Capacitive-type transducers offer several advantages over the resistive-type
ones, such as linear humidity-capacitance relationship for a given frequency,
which makes easier the definition of a calibration curve, and a wider RH range
of operation [22]. The capacitance of these structures is intimately related to
the relative dielectric constant (g,) of the insulators which, in the case of the
Kapton® HN polyimide, increases with respect to the relative humidity (RH(%))
and decreases as the frequency (f) increases [23]:

er = Fleor, RH(%), f) (I11.1)

being ¢, , dependent on the polyimide substrate. Moreover, although planar
capacitors might have lower performance than parallel plate ones, the interest
in planar IDE structures lies on its compactness and low thickness, which is
particularly useful when the sensor is used as a conformal patch [24].

In this study, the performance of these RH sensors is evaluated as a function of
the technology of the electrodes and the material between them, since they share
the same flexible substrate and layout but different resolutions and thicknesses.

Parameter Value
Number of fingers 13
Fingers length 10 mm
Fingers width 1 mm

Fingers interspacing 0.5 mm
Electrodes separation 0.5 mm

Table III1.1: Planar IDE capacitors layout description.
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Figure IIL.1: (a) Planar IDE capacitor on Kapton® HN polyimide substrate (w:
finger width; s: electrode separation; i: finger interspacing; I: finger length). (b)
Actual photographs and microscope images of an Ag-ink printed electrode, a
laser-induced graphene electrode and a laser-rGO electrode.

I1l.2.4 Electrodes characterization

The structural and electrical characterization of the electrodes of the capacitors
are key aspects for the assessment of their performance, especially, for the laser-
rGO and LIG ones. As reported by previous works, the electrical conductivity
of the laser-derived graphene aggregates presents a strong dependence with the
level of photothermal ablation of the raw material, which in turn depends on
the power used during the scribing process [18], [25]. Therefore, the analytical
structure and conductivity of the electrodes were studied as a function of the
laser power with the purpose of optimizing the laser photoablation process.
First, both rGO and LIG patterns were electrically characterized using the
Transmission Line Model (TLM) method [26]. Once the sheet resistance of
the samples was optimized as a function of the laser power, the resulting layer
constituting the electrodes was structurally characterized by Scanning Electron
Microcospy (SEM), Infrared (IR) spectroscopy, Raman spectroscopy, and X-ray
Photoelectron Spectroscopy (XPS).

SEM images were acquired at an extraction and acceleration voltage of 5
kV using the field-emission scanning electron microscope NVision40 from Carl
Zeiss. A Kratos X-ray photoelectron spectrometer model Axis Ultra-DLD was
used for the XPS experiments. The samples were characterized in a vacuum
chamber at a pressure 10~'° Torr using an X-ray power of 450 W. The Raman
spectra acquisition was carried out in a JASCO NRS-5100 dispersive micro-
Raman spectrometer with an excitation source of A = 532 nm (Elforlight G4-30;
Nd:YAG). Finally, two different techniques were used for the IR spectroscopy,
the rGObased electrodes spectra were obtained using attenuated total reflectance
Fourier transform infrared (ATR-FTIR) spectroscopy, while Diffuse Reflectance
Infrared Fourier Transform (DRIFT) was used for the LIG-based electrodes since
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the ATR-FTIR is not sensitive enough in this case [27]. Both techniques were
carried out using a Bruker Tensor 27 spectrometer.

lll.2.5 Capacitive sensor characterization

The capacitance and parasitic resistance of the fabricated capacitors were
measured as a function of the relative humidity and temperature using the
four-wires measurement technique with the impedance analyzer 4294A and
the impedance probe kit 42941A (from Keysight). The connection between
the analyzer and the electrodes was done through a mini-SMA (SubMiniature
version A) connector glued to each electrode using silver-filled epoxy EPO-TEK®
H20E (from EpoxyTechnology, Inc.). The measurements were performed using a
sinusoidal excitation signal of 0.5 V of amplitude. Furthermore, the samples were
also characterized as a function of the frequency, ranging from 1 kHz to 10 MHz.
The climate chamber VCL 4006 (from VétschIndustrietechnik GmbH) was used
for the characterization of the capacitive sensors under different environmental
(humidity and temperature) conditions. In our experiments, the humidity was
ranged between 30% and 90%, while the interval of temperature was varied from
15 °C to 65 °C. The whole characterization setup was automatized using the
Labview 2016 software (from National Instruments Corporation).

.3 Results and Discussion

I1.3.1 Electrodes characterization

The equivalent circuit of the capacitors is a critical factor influencing their
performance. An IDE planar capacitor can be modeled as an Ry + R,||Z.
association, being Ry the equivalent series resistance, R, the equivalent parallel
resistance and Z, its reactance. Then, aiming to maximize the power density
and to minimize the self-discharge of the capacitive structure, Ry should be
reduced to the minimum value possible while R, should be as large as possible
[28]. In our case, the series resistance is related to the sheet resistance of the
electrodes, and therefore, the manufacturing processes must be optimized to
minimize the resistivity of the conductive patterns.

In the case of the Ag-loaded electrodes, the sheet resistance is strongly related
to the sintering method; while the conductivity of the nanographene-based ones
depends on the laser photothermal power. In our experiments, we selected the
photonic sintering since, as reported by a previous work [29], it can decrease the
sheet resistance of the Ag ink down to 55 m€) sq~! within a few milliseconds,
whereas the sheet resistance of the graphene-derived patterns was studied as
a function of the laser ablation level. For that purpose, the laser power was
ranged from 65 mW to 100 mW at an excursion rate of 3 min cm™2 to ensure
surpassing the ablation threshold-power [30]. As observed in Fig. III.2, the sheet
resistance of both LIG and rGO patterns presents a strong dependence with the
laser power. On one hand, when the laser power is increased the sheet resistance
of the rGO decreases exponentially from over-M(2 to sub-k(2. On the other hand,
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the LIG presents a softer decay. In both cases, the sheet resistance is reduced
down to the value of ~250 Q sq~'. According to these results, a laser power of
100 mW was selected to minimize the resistance of both type of electrodes.

Figure II1.2: Sheet resistance of the LIG and laser-rGO as a function of the laser
power used for the photoablation of the polyimide surface and the graphene

oxide, respectively. The laser excursion rate was set to 3 min cm~2.

SEM images of Fig. III.3 show the morphology of the Ag-ink layer and
both nanographene-derived patterns. As seen in Fig. II1.3a, the rGO shows
a plate-shape structure with multiple cracks as a result of the photothermal
reduction of the GO, indicating that the laser is able to restore, at least partially,
the crystallographic structure of the carbon bonds disrupted during the oxidation
process [31]. In the case of the ablated Kapton® (Fig. II1.3b), the irradiated
regions show a foam-like morphology which is a defining feature of the LIG
SciteLin2014. Besides, it can be appreciated that for the rGO sheets the reduction
process supposes a thickness decrease of the original thickness of the GO film and
an increase of the thickness for the LIG patterns over the Kapton® film, which
is consistent with what was reported in previous works [13], [32]. It can also
be seen that the engraving resolution limits the effective area of the conductive
layers in both laser-treated materials. This makes the sheet resistance higher
than that obtained for the Ag-ink layer since this latter, as observed in Fig.
IT1.3c, despite presenting some porosity, it is much more uniform.

Raman spectroscopy and X-ray photoelectron spectroscopy confirm the
graphene-derived nature of the rGO and LIG electrodes. On one hand, as
observed in Fig. III.4a, the Raman spectra are dominated by three peaks: the
D-peak (~1350 cm™1), the G-peak (~1580 cm~!) and the 2D-peak (~2700
ecm~1). These peaks are often present in disordered graphene-based materials
and its ratio gives a quantification of the disorders and defects of its structure
[33]. The G-peak is characteristic in sp?-hybridized carbon networks, whereas the
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Figure 111.3: (a) SEM image of a laser-reduced GO sample (scale: 30 pm,
extraction and acceleration voltage: 5 kV, working distance: 6.0 mm). (b)
SEM image of a laser-ablated Kapton® sample (scale: 20 pym, extraction and
acceleration voltage: 5 kV, working distance: 6.0 mm). (¢) SEM image of an
Ag-ink sample (scale: 10 pm, extraction and acceleration voltage: 5 kV, working
distance 6.0 mm).

D-peak comes from the structural imperfections [34]. Therefore, an estimation
for the degree of disorder can be obtained from the ratio Ip/Ig. In this case,
this ratio (Ip/Ig ~1) points out a larger disorder in the structure of the LIG
than in its rGO counterpart. The 2D-peak gives information about the number
of layers of the graphitic structure; its intensity increases as the number of layers
decreases. Besides, there is no appreciable shift in D and 2D peaks position in
both materials, while the G peak of the LIG presents a slight deviation, which
might be associated to its larger number of defects [33]. In this way, according
to the Raman spectroscopy results, we can infer that the LIG structure presents
a lower crystallographic quality with respect to the rGO one.

On the other hand, the XPS spectrum helps to identify the remaining
non-desirable bonds after the processing of the raw materials. Fig. III.4b
shows the high resolution Cls peak of the XPS spectra for both LIG and laser-
rGO electrodes. The Gaussian decomposition was resolved using the CasaXPS
software (from Casa Software Ltd). As can be seen, the laser irradiation is able
to break most of the C-N, C-O-C and C=0 bonds which compose the Kapton®
HN polyimide film and the C-OH, C=0 and O=C-O bonds of the GO structure
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[35]-[37]. The resulting graphene-based materials are basically composed by
carbon configurations, with prevalence of the sp? carbon aromatic rings (C-C),
which is in agreement with the Raman spectroscopy results. In the case of Ag
NPs patterns, XPS experiments of Fig. IIl.4c reveal the dominance of metallic
silver, as confirmed by the 3ds5/, and 3d3/, components (located at 368.1 eV and
374.1 eV, respectively) [38], [39]. These results also present a small content of
carbon which remains from the TGME solvent after the drying and sintering
steps, as observed in inset of Fig. IIl.4c.

Figure IIT.4: (a) Comparison of the Raman spectra obtained from the laser-rGO
and LIG sheets. The laser power used to produce the samples was 100 mW at
an excursion rate of 3 min cm™2. (b) Comparison of the Cls peaks from the
XPS spectrum of LIG and laser-rGO. The laser excursion rate was set to 3 min
em ™2 for a laser power of 100 mW. (c¢) XPS spectrum of Ag 3d core level of
Ag-ink patterns after both drying and sintering steps. Inset shows a comparison

of the Cls peaks before and after these steps.
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IR spectroscopy also supports these results, Fig. IIl.5a shows how the
reduction process of the GO significantly reduces the stretching vibrations of the
hydroxyl groups (-OH) and water molecules presented in the range 3700-2800
em~! as well as at ~1614 cm ™! and 1347 ecm~!. In addition, the broad peak in
the range 966-1090 cm ™! presented in the GO due to the epoxy groups (C-O-C)
is also significantly reduced, while the peak at 1580 cm ™! indicates that the
C=C band was restored [40]-[42]. As seen, the laser is able to remove various
oxygen containing functional groups, although some carbonyl and epoxy groups
(C-O-C) still remain after the reduction process. In the case of the Kapton®
polyimide (Fig. IIL.5b), the aromatic C-H stretching modes, the imide C-N
groups as well as the phenyl ether linkages (C-O-C) which compose its chemical
structure present a significant reduction, whereas the change in the intensity of
peaks at 1500 cm~! and 1600 cm ™! reveals an increase in the aromaticity of the
irradiated surface IIL.5.

The resolution of the printing and scribing processes is also an important
aspect for the performance of the capacitors [20], [21]. Therefore, we analyzed
the real physical dimensions of the printed and laser-scribed electrodes under
the microscope (see Fig. III.1) to establish a comparison between the designed
layout (Table II1.1) and the experimental one. Thus,Table I11.2 presents the
resolution achieved by both methods, where uncertainties were calculated as
the standard deviation of the experimental data. As seen, the inkjet patterns
have better precision (for the experimental setup considered), especially for the
smallest features. Moreover, as it can be seen in Fig. III.1b, the inkjet-printed
electrodes are more uniform than the obtained by laser-scribing, which present
an appreciable mesh pattern because of the laser-CNC mechanical steps.

Figure 1I1.5: (a) ATR-FTIR spectroscopy of the GO before and after the
reduction. (b) DRIFT spectra of the Kapton® polyimide before and after the
laser irradiation. (number of scans: 1024, resolution 1 cm™1).
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Parameter Model (mm) L-rGO & LIG Ink-jet Printing (mm)
Fingers length (1) 10 104 £ 0.5 9.8 £0.2

Fingers width (w) 1 1.32 £ 0.13 1.02 + 0.05

Fingers interspacing (i) 0.5 0.55 £ 0.02 0.47 £ 0.04
Electrodes separation (s) 0.5 0.54 £+ 0.02 0.51 £+ 0.05

Table II1.2: Planar IDE capacitors: theoretical and experimental dimensions.

ll.3.2 Capacitive sensors characterization

Once the electrodes have been structurally and electrically characterized,
hereinafter a characterization of the sensors capacitance as a function of the
RH(%) and working frequency is presented. The capacitance and equivalent
parallel resistance of the capacitors depicted in Fig. III.1 was measured for
different values of RH(%) as a function of the frequency and at a constant
temperature of 40 °C to be able to cover a broad range of RH. As expected,
in all cases the capacitance decreases as the frequency increases. For the LIG
electrodes (Fig. II1.6a), the capacitance decays half its value, from about 8.5
pF at 1 kHz down to 4 pF at 10 MHz, whereas the response of the Ag-based
electrodes (Fig. II1.6¢) shows a lower dependency on the working frequency with
a mean value of 5 pF in the whole range of frequencies analyzed. These values
are consequent with the different theoretical models of a coplanar IDE capacitor,
such as the proposed by Qin et al. [43]. Moreover, for the rGO-based capacitors
(Fig. IIL.6b), the capacitance at 1 kHz is about 40 pF with an exponential
decay in frequency down to 5 pF at 10 MHz. As seen, the rGO capacitors
present a much higher capacitance at low frequencies due to the high dielectric
constant of the GO which remains between the coplanar IDE structure (as can
be observed in Fig. III.1b). However, the capacitance reaches a similar value
to the previous ones at high frequencies since the dielectric constant of the GO
decreases abruptly when the frequency increases [44].

The calibration curves of each sensor, for an excitation source with a frequency
of 1 kHz, 10 kHz and 100 kHz, are represented in Fig. II1.7. The study was also
carried out for different frequencies due to the interest in fast readout sensors
[45], [46]. The sensitivity of the sensor, S, which can be obtained from Eq.
IT1.2, gives information about its behavior to humidity changes [47]. Paired in
importance, the linearity of the response is defined as the maximum deviation
from its linear approximation (Eq. IIL.3) [48]. Also, the hysteresis is calculated
from Eq. II1.4, as the maximum difference of capacitance while performing the
characterization by increasing and decreasing RH cyclically.

AC
S = |—~|7=cons II1.2
NonLinearity = maz(Ci = Ciy) (I11.3)

Cmax
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Figure III.6: Capacitance as a function of the frequency at 70%RH, and a
fixed temperature of 40 °C for the capacitors with LIG-based electrodes (a),
laser-rGO-basedelectrodes (b) and inkjet-printed ones (c¢). Error bars according
to the hysteresis loop due to the increase/decrease of RH are shown.

mal’(ci,increasing - Ci,decreasing) (1114)
Ci

being C; the experimental capacitance measured at RH;(%), Cjy its linear
approximation and C,,; the maximum capacitance. C;, increasing and C;,
decreasing are the measured capacitance at RH;(%) while increasing and
decreasing steps of RH, respectively.

The thermal drift is obtained as the sensitivity of the developed sensors to
temperature changes, considering the range from 15 °C to 65 °C (AT) at a
constant relative humidity of 50%RH, see Eq. I11.5.

Hysteresis =

AC
Thermal Drift = |E|RH:CONST (IIL.5)

A benchmarking of the parameters described above, corresponding to our
transducers, is summarized in Table I11.3. These results are the average of several
measurements carried out on different days, presenting negligible changes from
day to day. As can be observed, the LIG-based capacitors present higher linearity
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Figure II1.7: Response of the humidity sensors: capacitance as a function of the
relative humidity, RH(%), for three frequencies at a fixed temperature of 40 °C.
Error bars according to the hysteresis loop due to the increase/decrease of RH
are shown.

and thermal stability at the expense of a lower sensitivity. This sensitivity, which
ranges from 2.0 fF/%RH to 7.44 {F/%RH as a function of the frequency, is
comparable to the reported in previous works. For example, Molina-Lopez et
al. reported a sensitivity of 2.3 fF/%RH with an IDE structure using cellulose
acetate butyrate (CAB) as sensing layer and Ag/Ni as electrode material [20],
a similar structure with poly(ether urethane) (PEUT) as sensing layer and a
sensitivity of 2.03 fF/%RH at 100 kHz was proposed by Altenberend et al. [49].
In the same way, comparable sensitivities can be found in the literature for
sensors based on more complex technologies [50]-[52]. Besides, as it has been
already demonstrated in other works, the sensitivity of these capacitive sensors
might be improved using different geometrical layouts [53].

Moreover, the inkjet-printed electrodes present a sensitivity up to 5 times
higher than LIG-based capacitors at low frequencies, however, the sensitivity
decays with the frequency while their linearity and thermal drift increase. In
the case of the rGO-based electrodes, the GO layer between them makes these
sensors the most sensitive, although the calibration curve fits better to a second
order function. These capacitors also suffer from a low thermal stability since,
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Parameter LIG Laser-rGO Inkjet
7.44 at 1 kHz 764 at 1 kHz 24.71 at 1 kHz
Sensitivity (fF/%RH) 2.00 at 10 kHz 66.28 at 10 kHz 10.28 at 10 kHz

2.20 at 100 kHz 89.32 at 100 kHz ~ 3.57 at 100 kHz
0.50% at 1 kHz 4.81% at 1 kHz 7.07% at 1 kHz

Nonlinearity 0.29% at 10 kHz ~ 64.76% 10 kHz 1.43% at 10 kHz
0.33% at 100 kHz  5.41% at 100 kHz  1.04% at 100 kHz
< 1lat1lkHz 218.63 at 1 kHz 17.20 at 1 kHz

Thermal drift (fF/°C) 5.88 at 10 kHz 60.01 at 10 kHz 23.81 at 10 kHz
4.47 at 100 kHz 73.06 at 100 kHz  26.24 at 100 kHz
678 at 1 kHz 0.100 at 1 kHz 2100 at 1 kHz

Equivalent parallel resistance (MQ) at 50%RH 123 at 10 kHz 0.097 at 10 kHz 385 at 10 kHz

3.72 at 100 kHzz ~ 0.086 at 100 kHz 110 at 100 kHz

Table II1.3: Comparison among the three different flexible capacitive humidity
Sensors.

as it is well known, the GO is also an outstanding thermal conductor [54]. In
any case, the modeling of these calibration curves results easier than the ones
from the resistive-type IDE structures, that follow logarithmic or exponential
functions [55], [56].

Furthermore, the equivalent parallel resistance of each capacitor is plotted as
a function of the frequency in Figure II1.8. The change in the parallel resistance
with respect to the frequency is due to the leakage current between the electrodes
as a result of the dielectric losses when the frequency increases [56]. Because
of it, the self-discharge resistance decreases with respect to the frequency in
all cases. The best performance in terms of resistivity for the whole range of
frequency is achieved by the inkjet-printed capacitors followed by the LIG ones,
whose higher leakage current could be directly related to the less uniformity of
its electrodes. The laser-rGO-based capacitors are the worst structures in this
context since the remaining GO layer between the electrodes facilitates the flow
of the leakage current. In any case, these results are very competitive when we
compare them with the obtained for other very similar capacitive structures
from the literature, such as the presented by Li et al. [57], where R, ranges
from ~10 M (at 1 kHz) to ~0.1 MQ (at 100 kHz). These differences in the
parallel resistance are also related to the different capacitance values illustrated
in Figure IIL.6. It can be noted that the higher the losses are (lower R)), the
higher the measured capacitance is.

Regarding to the fabrication technologies, inkjet-printing provides the lower
value of capacitance, but better performance as capacitive structure (higher R,
less losses). In addition, this performance is even better for smaller sizes, as it has
been already demonstrated [21], [53]. However, this process is more expensive,
non-environmentally friendly and slower than the LIG one since it requires of a
sintering step. Moreover, the LIG is the simplest method since it can be carried
out directly over the substrate without requiring other material or any extra
fabrication steps (no previous depositions or sintering processes needed). Thus,
this technology allows obtaining humidity sensors with a sensitivity comparable
to the reported in the literature combining a high linearity with a low thermal
drift. In addition, the performance of these sensors would be enhanced using
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Figure II1.8: Equivalent parallel resistance, R,, of the capacitive structures as a
function of the frequency measured at the fixed conditions of 50%RH and 40 °C.

a higher resolution engraving, which would make the LIG layer more uniform,
reducing the leakage current (losses), increasing the effective area and, therefore,
their sensitivity. Finally, the laser-rGO based capacitors provide much higher
capacitance values from the same layout and more sensitivity. Nevertheless,
these ones also present the highest losses (lowest R, values), non-linearity
and thermal drift so a rGO-based solution does not result the best choice as
capacitive humidity sensors. In fact, this technology is usually better suited for
the development of resistive thermistors [25], [58].

Summarizing, the main difference between the graphene-based capacitors and
the Ag-ink ones lies on the sheet resistance and uniformity of the conductive layer.
Besides, the rGO-based sensor presents the singularity of having a remaining
layer of unreduced GO in-between its electrodes. On one hand, this latter
feature makes the rGO-based capacitors much more sensitive than both LIG and
Ag-ink ones, since the GO dielectric constant is very sensitive to humidity and
temperature changes (in contrast to air). Therefore, this also makes the rGO-
based sensor thermally less stable and facilitates the current leakage between
electrodes. On the other hand, the LIG electrode is less uniform and less
conductive that the Ag-ink one, which increase the losses and make these sensors
less sensitive.

Finally, as an example of how fast the developed sensors are, the dynamic
response of the Ag-based capacitor is depicted in Figure I11.9. It can be note
that our flexible humidity sensor presents a higher response time (~3.5 times
slower) than the widely-used rigid sensor SHT31 (from Sensirion AG). Besides,
this time is intimately related to the sheet resistance of the conductive patterns,
being greater as the sheet resistance increases [59], and to the thickness of the
sensitive layer [60].
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Figure II1.9: Transient response of the Ag-ink IDE capacitor.

ll.4 Conclusions

Flexible planar IDE capacitive humidity sensors have been compared as a function
of the materials and techniques used for its fabrication. Inkjet-printing and
laser-scribing techniques have been used to fabricate three different capacitors
(Ag-ink, laser-rGO and LIG) over a Kapton® polyimide substrate with the same
IDE layout. The structures have been characterized in terms of RH sensitivity,
linearity, thermal drift, losses and frequency response. The results obtained
have demonstrated that the LIG-based capacitors present a higher linearity
response to humidity changes (0.5% of non-linearity at 10 kHz) and the best
thermal stability (3.26 fF/°C at 10 kHz) with a sensitivity (ranging from 2
fF/%RH to 7.44 fF /%RH) very competitive when compared with other similar
sensor from the literature. On the contrary, the laser-rGO and inkjet-printing
based capacitors are much more sensitive to humidity changes (up to 100 and 5
times higher, respectively), keeping a competitive value of sensitivity when the
frequency is increased but presenting a higher thermal drift. The inkjet-printed
capacitors also stand out for their low losses and the possibility of operating at
higher frequencies, while the thermal drift and a higher non-linearity coefficient
of the rGO capacitors are their main disadvantages in comparison to the other
two structures studied.
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Abstract

In this paper, we present a simple, fast, and cost-effective method for
the large-scale fabrication of high-sensitivity humidity sensors on flexible
substrates. These sensors consist of a micro screen-printed capacitive
structure upon which a sensitive layer is deposited. We studied two
different structures and three different sensing materials by modifying the
concentration of poly(3,4-ethylenedioxythiophene)/polystyrene sulfonate
(PEDOT:PSS) in a graphene oxide (GO) solution. The results show that
the aggregation of the PEDOT:PSS to the GO can modify its electrical
properties, boosting the performance of the capacitive sensors in terms
of both resistive losses and sensitivity to relative humidity (RH) changes.
Thus, in an area less than 30 mm?, the GO/PEDOT:PSS-based sensors
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can achieve a sensitivity much higher (1.22 nF/%RH at 1 kHz) than
other similar sensors presented in the literature which, together with
their good thermal stability, time response and performance over bending,
demonstrates that the manufacturing approach described in this work
paves the way for the mass production of flexible humidity sensors in an
inexpensive way.

Keywords: flexible electronics, graphene oxide, humidity, PEDOT:PSS,
screen-printing, sensor.

IV.1 Introduction

Over the last few years, flexible electronics attracted more and more interest in
diverse fields of science and technology. Thus, it is now a rapidly developing field
of research boosted by the recent advances in two transversal fields: materials for
flexible electronics and the compatible fabrication technologies [1]. This interest
comes up in response to the challenges imposed by the new electronic applications
of the Internet of things (IoT) era, where a trend toward ubiquitous sensing is
becoming increasingly clear [2]. In this context, the number of sensing variables,
whether environmental or biological, as well as the different ways they can be
addressed, resulted in a wide range of studies among which relative humidity
(RH) sensors attracted notable attention given their importance for diverse
processes and industries, such as food, biomedicine, and the living environment
[3]-[6]. Numerous materials have been considered for the manufacturing of
flexible RH sensors, such as carbon nanotubes (CNTs) [7], silicon nanosheets
(SiNSs) [8], metal-organic frameworks (MOFs) [9], polymers [10], or oxides
[11], [12]. However, although some of these sensors reported auspicious results,
a technology that enables a cost-effective manufacturing of small flexible RH
sensors with a full range of sensitivity, low thermal drift and fast response is still
being sought [13].

In this work, we studied two promising materials for this purpose, graphene
oxide (GO) and poly(3,4-ethylenedioxythiophene)/polystyrene sulfonate (PE-
DOT:PSS). On one hand, GO is a perfect candidate to act as a sensing material
in RH sensors since, due to its high hydrophilicity, it absorbs the water molecules
into its structure, thereby modifying some of its properties, such as the electrical
conductivity or the dielectric behavior [14]. On the other hand, PEDOT:PSS is
widely used in combination with a large variety of organic materials in order to
tune its inherent properties, such as conductivity, dielectric constant, or flexibil-
ity [15], [16]. Following this direction, we present a cost-effective approach for
the fabrication of flexible RH sensors using a GO/PEDOT:PSS composite as a
sensitive layer. We opted for an in-plane capacitive structure consisting of several
Ag printed interdigitated electrodes (IDEs), since this configuration allows the
fabrication of sensors with lower thickness and smaller distances between elec-
trodes than other conventional technologies [17]. Moreover, we explored not only
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the influence of the PEDOT:PSS concentration, but also the capacitive structure
itself in terms of sensitivity to humidity changes, frequency response, and losses.
Additionally, we also performed tests of thermal stability, time response, and
mechanical stress. This work is structured as follows: following this introduction,
Section IV.2 summarizes the materials used for the fabrication of the sensors,
together with the methodologies for their characterization. Section IV.3 presents
both structural and electrical results for two different IDE structures using GO
and a hybrid GO/PEDOT:PSS composite as a sensitive layer. Finally, the main
conclusions are drawn in Section IV .4.

IV.2 Materials and Methods

IV.2.1 Materials

Transparent and flexible films intended for water-based inks with a thickness of
160 pm (from ColorGATE Digital Output Solutions GmbH, Hannover, Germany)
were used as substrate for the fabrication of the RH capacitive sensors. GO
colloid with a concentration of 4 mg/mL (0.4 wt%) was prepared following a
modified version of the Hummers and Offerman’s method [18]. The PEDOT:PSS
dispersion used in this work was obtained from Heraeus Holding GmbH (Hanau,
Germany, product name: CLEVIOS™ P VP AI 4083). Conductive patterns
were achieved using a silver-based screen printable ink (LOCTITE® ECI 1010
E& C from Henkel AG, Diisseldorf, Germany).

IV.2.2 Fabrication of the RH Sensors

The manufacturing procedure of the capacitive humidity sensors presented in
this work is schematized in Figure IV.1. Firstly, two interdigitally arranged
electrodes (IDE) were printed on the flexible substrate (Figure IV.1a) using a
manual screen-printer (from Siebdruck-Versand, Magdeburg, Germany) with a
mesh of 90 nylon threads per centimeter (T/cm). Two different IDE structures
were considered, as shown in Figure IV.1b. Both of them share a similar area
(23 mm? and 27 mm?) but different dimensions. Each one of these capacitive
structures follows the pattern indicated in Figure IV.1c, where W is the width of
finger, ¢ is the interspacing between fingers, S is the spacing between electrodes,
and L is the length of the finger excluding the separation; each one of these
electrodes consists of N fingers (2N electrodes in the complete sensing structure).
The specific dimensions used for each capacitive structure can be found in Table
IV.1.

After the screen-printing process, the samples were dried using a UF55 oven
(from Memmert GmbH + Co. KG, Schwabach, Germany) at 120 °C for 15 min,
as recommended by the manufacturer. Then, three different sensitive layers
were considered: GO and GO/PEDOT:PSS at two different concentrations of
PEDOT:PSS (10% and 20%). For that, 50 uL of these three different solutions
were drop-casted using a micropipette on the IDE structures as shown in Figure
IV.1d. Finally, the samples were left standing overnight to remove the excess
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of water. A real view of one of these sensors can be seen in Figure IV.10
(Supplementary Materials).

Figure IV.1: Schematic representation of the fabrication process of the relative
humidity (RH) sensors. (a) Flexible transparent substrate (thickness: 160 pm).
(b) Capacitive interdigitated electrode (IDE) structure screen-printed on the
substrate. (¢) Dimensions of the interdigitally arranged electrodes (W: width, i:
interspacing, L: length, S: spacing). (d) Sensitive layer drop-casted on top of
the IDE structure.

Parameter Layout 1 Layout 2

W (pm) 200 115
i (pm) 200 225
S (pm) 250 250
[ (mm) 4.6 4.55
2N (mm) 12 14

Table IV.1: Planar IDE capacitor layout description.

IV.3 Characterization

Fourier-transform infrared spectroscopy (FTIR) was performed using an ALPHA
IT FTIR spectrophotometer (from Bruker Corporation, Billerica, MA, USA).
Optical microscope images were obtained with a ZEISS Axioscope 5 microscope
and analyzed with the ZEN Core software (both from Carl Zeiss AG, Oberkochen,
Germany). Scanning electron microscope (SEM) images were recorded using an
Auriga FIB-FESEM microscope (from Carl Zeiss AG, Oberkochen, Germany).
The thickness of the samples was acquired using a DekTak XT contact
profilometer (from Bruker Corporation, Billerica, MA, USA) at a stylus force
and a scan resolution of 1 pg and 0.33 pm, respectively. The sheet resistances
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were measured using the four-point method at a constant current of 100 pA
with a probe head from Jandel connected to a B2901A source measuring unit
(from Keysight Technologies, Inc., St. Rose, CA, USA). The performance of the
capacitive humidity sensors was studied using the climate chamber VCL4006
(from Votsch Industrietechnik GmbH, Balingen, Germany), together with the
impedance analyzer 4294A (from Keysight Technologies, Inc., St. Rose, CA,
USA). The impedance of the samples as a function of the frequency was measured
for each value of temperature and humidity using an excitation signal of 500 mV. A
custom bending set-up was employed to perform the mechanical stress tests using
a PD4-N5918M420 stepper motor, together with a GPLEG0 precision planetary
gear (from Nanotec Electronic GmbH & Co. KG, Feldkirchen, Germany). The
whole measurement set-up was automated using the software LabView 2017
(from National Instruments Corporation, Austin, TX, USA).

IV.4 Results and Discussion

IV.4.1 Structural Properties

Before the deposition of the sensitive layer, both capacitive IDE structures were
analyzed under the microscope with the purpose of determining whether the
pattern was properly transferred to the thin-film substrate without any short-
circuit, as well as to establish a comparison between the desired dimensions of
the IDE structure and those achieved with the screen-printing process.

Figures IV.2a,b show a partial view of the two different patterns used in this
work, so-called layout 1 and 2 in Table IV.1, respectively. At a glance it can be
noted that smaller fingers resulted in worse resolution, since this was limited
by the mesh of the screen mask [19]. Specifically, the real dimensions for both
layouts are specified in Table IV.2, where errors represent the standard deviation
of the measurements obtained for different fingers and samples. An image at
higher magnification of one of these silver-based patterns is shown in Figure
IV.2¢, where the sandy texture as a consequence of the irregular flake structure of
the Ag-ink can be noticed [20]. The average thickness of these patterns obtained
through stylus profilometry was ~3 pm and their sheet resistance was 114 + 11
m€2/sq.

Parameter Layout 1 Layout 2
W (pm) 197.81 + 13.12  148.54 + 14.59
i (pm) 201.76 £ 8.53  233.55 &+ 22.68

S (pum) 260.01 + 35.88  277.15 + 25.26

Table IV.2: Experimental dimensions of the planar IDE capacitors.

On the other hand, once the sensitive layers were deposited and dried on
top of the IDE structures, they were also analyzed under microscope. In the
case of the GO (Figure IV.2d), optical images show an uniform layer with a
smooth surface and a few craters, which preserved the brown color of the aqueous
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Figure IV.2: Optical microscope images: (a) screen-printed layout 1 (scale
bar: 200 pm); (b) screen-printed layout 2 (scale bar: 200 pm); (¢) Ag-based
conductive ink screen-printed on the flexible substrate (scale bar: 100 pm);
(d) graphene oxide (GO) sensitive layer (scale bar: 50 pum); (e) GO/poly(3,4-
ethylenedioxythiophene) /polystyrene sulfonate (PEDOT:PSS) sensitive layer
at 10% concentration (scale bar: 50 ym); (f) GO/PEDOT:PSS sensitive layer
at 20% concentration (scale bar: 50 ym). SEM images: (g) GO sensitive layer
(scale bar: 20 ym); (h) GO/PEDOT:PSS sensitive layer at 10% concentration
(scale bar: 20 um); (i) GO/PEDOT:PSS sensitive layer at 20% concentration
(scale bar: 20 pm).

solution of GO [21]-][23]. However, when the PEDOT:PSS was added to the GO
solution, the dispersion turned dark blue, as seen in Figures IV.2e,f, since this
is the hallmark color of PEDOT [24]. Moreover, as observed in SEM images
(Figures IV.2¢g—i), the increase in PEDOT:PSS concentration yielded an increase
of the roughness of the surface as a consequence of the PEDOT:PSS structure
[25]-[27]. Experiments of the surface profilometry indicated an average sensitive
layer thickness of around 3.5 pm.

To further study the changes in the hybrid GO/PEDOT:PSS composites, the
three sensitive layers were investigated using FTIR spectroscopy, whose results
are presented in Figure IV.3. Firstly, starting with the GO spectrum (Figure
IV.3a), three main peaks with a similar intensity could be clearly identified.
These peaks indicated the high degree of oxidation of the carbon bonds, since they
were associated with ether (C-O-C, 1095 cm™!), epoxy or alkoxy bonds (v(C-0O),
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1238 cm™!), and carbonyl groups (C=0, 1715 cm~1) [28]-[30]. Moreover, a peak
arising from the C-H stretching vibration at 2876 cm ™! was also present [31], [32].
Furthermore, the addition of the PEDOT:PSS intensified the bands associated
with the sulfur-containing groups remaining in the GO as a consequence of the
HS04 oxidizing agent [18]. As it can be seen in Figure IV.3b, these peaks were
located at 1409 cm™!, 1042 cm™!, and 1018 cm~! and were associated with
the S=0 links [33], [34]. Moreover, two new bands started appearing at 1173
em~! and 1124 em™!, increasing with the content of PEDOT:PSS due to the
SO3 stretching bands of the PSS structure [35]. Additionally, this increase in
concentration also increased the ratio of the v(C-O) bonds with respect the C=0
ones, as seen in Figure IV.3c, since the first ones had a pervasive presence in the
PEDOT structure.

Figure IV.3: Fourier-transform infrared (FTIR) characterizations: (a) GO; (b)
GO/PEDOT:PSS (10%); (¢) GO/PEDOT:PSS (20%).

IV4.2 Capacitive Humidity Sensor Characterization

Firstly, the impedance of the flexible RH sensors (both real and imaginary parts)
was measured as a function of the frequency modifying the relative humidity.
The measurements were carried out at a constant temperature of 40 °C, since
this operation point of the climate chamber allowed making use of the whole
range of RH. Results of the absolute value of the impedance (|Z]) obtained for
the different sensitive layers and IDE structures are collected in Figure IV.4.

It can be noticed that the impedance modulus decreased as the frequency
increased in all cases. Specifically, GO (Figures IV.4a,b) suffered a logarithmic
decrease as a function of the frequency, as widely demonstrated in the literature.
This indicates that, although both resistive and capacitive paths for the current-
flow existed in the GO sensitive layer, the latter had a predominant role [36]—[38],
as proven later. Moreover, the smaller width of electrodes and higher distance
between them resulted in an increase in impedance modulus as a consequence of
both a reduction of the interface between the GO film and the Ag electrode and
an increase in equivalent resistance between electrodes.
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Figure IV.4: Absolute value of the impedance as a function of the frequency
for the different values of RH. The left column presents the results obtained for
layout 1 using the three different sensitive layers: (a) GO; (¢) GO/PEDOT:PSS
(10%); (e) GO/PEDOT:PSS (20%). Likewise, the right column presents the
result of layout 2 for the same sensitive layers: (b) GO; (d) GO/PEDOT:PSS
(10%); (f) GO/PEDOT:PSS (20%).

In the case of the hybrid GO/PEDOT:PSS composites, the decrease in
impedance modulus with respect to the frequency was more abrupt, as can be
observed for both concentrations of PEDOT:PSS and layouts (from Figures
IV.4c¢-1). This effect is attributed to the high ratio of change of the PEDOT:PSS
impedance when the frequency increases [39], which results in a double layer
capacitance behavior [40]. However, it can also be observed that, in addition to
changes in the frequency response of the capacitive sensors, the aggregation of
PEDOT:PSS also induced changes in the response of the impedance to the RH.

To study this effect, the impedance modulus is plotted as a function of the
RH at a fixed frequency for both IDE structures in Figure IV.5. Firstly, it can
be noted that, as the content of PEDOT:PSS increased, the resistance of the
sensitive layer became more influential than that corresponding to the interface
between the sensitive layer and the Ag electrodes, which made the impedance
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of the wider fingers similar to that obtained with the W = 115 pum structure
(blue curves in Figure IV.5). This might have been a consequence of the rougher
surface morphology of the GO/PEDOT:PSS hybrid films, which contributed to
a better contact at the interface electrode-sensitive film [41].

Figure IV.5: Absolute value of the impedance as a function of the relative
humidity at a frequency of 100 Hz for both layout 1 (a) and layout 2 (b) using
GO and the hybrid GO/PEDOT:PSS composites as sensitive layers.

In any case, the impedance of both IDE structures using the same sensitive
layer presented a similar behavior when measured as a function of the RH. On
one hand, the GO sensitive films presented a highly linear decrease in impedance
modulus for increasing values of RH. This sensitivity to humidity changes was
due to the interaction of the hydrogen bonds of the water molecules with the
surface of GO. With the increase in RH, a larger number of water molecules were
physically adsorbed onto the GO film. These molecules, due to the electrostatic
field, were ionized, forming hydronium ions (H3O™T), thereby promoting the ionic
conduction between fingers [11], [38].

On the other hand, these results demonstrate that the aggregation of the
PEDOT:PSS introduced changes in the impedance behavior. Thus, it can be
noticed that, for the highest concentration of PEDOT:PSS (20%), at low levels
of RH (<40%), the impedance modulus of the sensors suffered a slight increase,
which indicated that the sensing effect of the PEDOT:PSS dominated the overall
film impedance in this region. In this case, the increase in impedance modulus
came from the interaction of both water and HSO3 molecules of the PSS chains.
As the PSS absorbed the water molecules, the distance between adjacent PEDOT
chains increased, leading to a decrease in electrical conduction [42]. Once the
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absorption of water molecules by the PSS chains saturated, the impedance
decreased drastically due to the physisorption of the water molecules, which
facilitated the ionic current and provides better current flow paths within the
PEDOT structure [43]. This occurred up to ~70% RH, where the impedance
modulus started decreasing more softly, since this point is defined as a maximum
detection limit of the PEDOT [13]. Furthermore, a lower concentration of
PEDOT:PSS led to a softer transition between these three different states, as
can be observed in Figure IV.5. The linearity of the impedance modulus changes
with respect to RH could also be partially restored by means of an increase in
frequency at the cost of a lower ratio of change (see Figure IV.11, Supplementary
Materials).

Once we demonstrated that the PEDOT:PSS was capable of modifying the
impedance response of the sensors, we studied how these changes were translated
into variations on its equivalent electrical circuit. An IDE planar capacitor, such
as the ones presented in this work, can be modeled as an R,||Z. association,
where R, is the equivalent parallel resistance between electrodes (resistance
of both electrode-sensitive layer interface and sensitive layer itself) and Z, is
its reactance [13], [38], [44]. Following this model, we extracted the equivalent
parallel resistance and capacitance as a function of the relative humidity at
different frequencies. Figure IV.6 shows the results obtained for the sensors with
dimensions W = 200 pm, 7 = 200 pm, while the results for the other layout can
be consulted in Figure IV.12 (Supplementary Materials).

As analyzed before, the changes in the impedance were ruled by the
resistance behavior (see Figure IV.5). It can also be noticed that the increase
in PEDOT:PSS involved lower losses due to the increase in equivalent R, (less
shelf-discharge current) [45]. On the other hand, the capacitance increased as RH
increased in all cases, which indicated that the water molecules adsorbed within
the sensitive layer induced an increase in resulting dielectric permittivity [13].
Moreover, this increase also depended on the content of PEDOT:PSS, as seen in
Figures IV.6b,d,f. While the capacitance of the only GO-based sensors did not
present significant changes for high values of RH (>75%), as already reported in
previous works [13], the presence of PEDOT:PSS led to a considerable increase
of the capacitance in this region. This effect was a consequence of the water
molecules absorbed by the PSS, which formed a water meniscus layer once the
saturation point was achieved [42]. In addition, both equivalent resistance and
capacitance decreased when the frequency was increased as a result of the boost
of the dielectric losses in the sensitive layer, mostly linked to the effect of the
frequency on the dielectric constant of the GO [46]. This effect caused, on one
hand, a reduction in equivalent capacitance between electrodes and, on the other
hand, an increase in leakage current between them [47].

We summarize in Table IV.3 the results of both equivalent resistance at
medium RH (50%) and sensitivity obtained for the different sensors at two
different frequencies (100 Hz and 1 kHz). Furthermore, the sensitivity of
the sensors as a function of the frequency can be found in Figure IV.13
(Supplementary Materials). It is important to note that the layout with thinner
fingers actually helped to increase the parallel resistance of the sensors, but
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Figure IV.6: Equivalent parallel resistance and capacitance for layout 1 (W
= 200 pm, i = 200 pm) at different frequencies using GO and the hybrid
GO/PEDOT:PSS composites as sensitive layers; being (a,b) the results obtained
for the GO layer, while (c,d) and (e,f) are the results associated to the
GO/PEDOT:PSS (10%) and GO/PEDOT:PSS (20%) layers, respectively.

minimally modified their sensitivity. Moreover, as occurred with the capacitance
of the sensors, in all cases, their sensitivity decreased as the frequency increased,
due to the decrease in dielectric constant for both GO and PEDOT:PSS with
respect to increasing frequency [46], [48]. Furthermore, the highest sensitivity
was obtained for an intermediate concentration of PEDOT:PSS since, although
it helped to improve the sensitivity at higher RH values, if the concentration
was too high, the performance of the sensors at low RH values worsened (see
Figure IV.6), resulting in an reduction of the overall sensitivity. However, this
fact changed when the frequency was increased above 10 kHz since, in that case,
the sensitivity of the sensors increased with the concentration of PEDOT:PSS
(as illustrated in Figure IV.13, Supplementary Materials). This was due to the
fact that, above 10 kHz, the change in dielectric constant of GO and, therefore,
its effect on the capacitance vanished rapidly for increasing frequencies and,
consequently, the sensitivity relied mainly on the PEDOT:PSS.

93



IV. Fabrication and Characterization of Humidity Sensors Based on Graphene
Oxide-PEDOT:PSS Composites on a Flexible Substrate

Figure of Merit

Sensing Layer

Layout 1

Layout 2

Equivalent parallel resistance (k) at 50% RH

GO

28.11 at 100 Hz

93.09 at 100 Hz

20.06 at 1 kHz

60.28 at 1 kHz

GO/PEDOT:PSS (10%)

55.97 at 100 Hz

113.21 at 100 Hz

27.35 at 1 kHz

60.76 at 1 kHz

GO/PEDOT:PSS (20%)

90.45 at 100 Hz

84.22 at 100 Hz

61.43 at 1 kHz

59.72 at 1 kHz

Sensitivity (nF/% RH)

co 2.39 at 100 Hz 2.09 at 100 Hz
0.21 at 1 kHz 0.23 at 1 kHz
. 10.45 at 100 Hz  11.53 at 100 Hz
. 0;
GO/PEDOT:PSS (10%) 1.06 at 1 kHz 1.22 at 1 kHz
6.78 at 100 Hz 4.81 at 100 Hz
o 0;
GO/PEDOT:PSS (20%) 0.49 at 1 kHz 0.37 at 1 kHz

Table IV.3: Comparison of the equivalent parallel resistance and capacitance
among the flexible capacitive humidity sensors presented in this work.

Based on these results, the sensor which exhibited a better performance in
terms of equivalent parallel resistance and sensitivity was that obtained with
layout 2 (W = 115 pm, ¢ = 225 pm) using GO/PEDOT:PSS (10%) as the
sensitive layer. This sensitivity was more than four orders of magnitude higher
than that one reported with an Ag-printed IDE structure with almost 10 times
more area using polyimide as sensing layer (at the same frequency) [44], as well
as much higher or comparing well with other similar sensors presented in the
literature, as depicted in Table IV.4.

Sensing Material Sensitivity (pF/% RH) Area (mm2) Reference

GO/PEDOT:PSS 1220@1kHz 27 This work
Polyimide (P1) 0.025Q1kHz 270 [44]
Cellulose acetate butyrate (CAB)  0.0023@100kHz 64 [49]
Processed PI 144.2@1kHz 100 [50]
Multi-walled CNTs/PI 0.65@20kHz 0.625 [51]
Reduced GO/Sn0O2 1604@10kHz 25 [52]
GO 46.25@1kHz 12]

Table IV.4: Comparison among related sensors presented in the literature.
CNT—carbon nanotube.

Moreover, the thermal drift of the sensors, i.e., their sensitivity to temperature
variations, is also an important parameter. Therefore, we measured the
dependence of the capacitance of the sensors with layout 2 as a function of
the temperature for an intermediate value of RH (40%). The results obtained
for the three sensitive layers are shown in Figure IV.7.

As seen, the capacitance was quite stable to temperature variations. In all
cases, it increased as the temperature increased as a consequence of a slight
increase in the dielectric constant. This effect was attributed to the highly
oxidized nature of the sensitive layers and the effect of the temperature in the
charge transfer from the carbon atoms to the oxygen atoms [53]. The thermal
drift also decreased with increasing frequency since the changes in the dielectric
constant of GO became negligible at high frequencies [54]. Nevertheless, the
thermal drift of the sensors did not compromise their performance since, e.g.,
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Figure IV.7: Effect of the thermal drift in the capacitance for the sensor with
layout 2 (W = 115 pm, i = 225 um) at different frequencies for the GO (a),
GO/PEDOT:PSS (10%) (b), and GO/PEDOT:PSS (20%) (c) sensitive layers.

for the GO/PEDOT:PSS (10%) film, the thermal drift supposed less than 10%
of the sensitivity value for any frequency.

Figure IV.8: Transient response of the GO/PEDOT:PSS (10%) sensitive layer
(W =115 pm, i = 225 pum). (a) Values of temperature and RH obtained from the
sensor incorporated in the climate chamber over time. (b) Capacitance response
of the sensor at two different frequencies over time.

The response time of the sensors was also studied. GO was already
demonstrated as a ultrafast material for humidity sensing [11]; therefore, we
analyzed the sensor with the best overall performance (GO/PEDOT:PSS (10%)
composite on layout 2) in order to assure that the GO/PEDOT:PSS-based
sensors also provide good response and recovery times. For that, this sensor
was tested applying two steps of different RH values (50% RH and 75% RH), as
depicted in Figure IV.8.

On one hand, Figure IV.8a shows both temperature and relative humidity
changes in the climate chamber itself. As seen, the chamber needed a certain
time to increase and decrease the RH. For this RH profile, the climate chamber
presented the fOHOWng response times: t30%RH4)50%RH =544 S, tSO%RHHSO%RH
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= 391 S, t30%RH~>75%RH = 562 S, and t75%RH~>30%RH = 752 s. Hence, the
response time of the climate chamber was pretty stable for the humidification
process; however, the dehumidification took quite longer depending on the RH
range. We measured the time response of our sensors below this same RH profile,
and the times obtained at a frequency of 1 kHz were as follows: 309 ry_50%RH
= 610 s, tsonrH—30%RH = 398 8, t30%RH~75%RH = T01 s, and t75%RH—30%RH
= 496 s. Then, our capacitive sensor had a time response around 10% slower
than that incorporated in the climate chamber and a similar recovery time for low
values of RH, where the sensitive mechanism was mainly associated with the GO.
At low RH, the response of the sensor was faster since the water molecules were
physisorbed onto the available active sites (hydrophilic groups and vacancies) of
the GO surface, without penetrating the GO layers. However, at high RH levels,
the increase in both capacitance and sensitivity occurred due to the permeation
of the water molecules within the GO layers, as well as due to their interaction
with the PEDOT:PSS chains, which took a longer time [11], [55]. For that, the
response was ~25% slower than that obtained with the sensor incorporated in
the climate chamber for high values of RH. Furthermore, it can also be noticed
that our sensor presented a recovery time faster than its response time in the
whole range of RH indicating that the time of the desorption process was faster
than required for the adsorption process [56].

Figure IV.9: Change in resistance R with respect to the initial resistance Ry for
an increasing number of bending cycles. Inset diagram depicts the definition of
bending radius (7).

Finally, we further studied the changes in resistance of this latter sensor
under mechanical stress. For that, the flexibility of the presented devices was
analyzed for subsequent bending cycles with a minimum bending radius of 1.5
mm (see Figure IV.9). Thus, it can be recognized that, even after 2000 bending
cycles, the change in the normalized resistance was below 15%, which indicated
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that the presented sensors also exhibit good stability and reversibility under
bending cycles.

IV.5 Conclusions

In summary, we reported the fabrication of thin-film capacitive sensors through
the screen-printing of Ag-based planar IDE structures on flexible substrates.
Using both GO and GO/PEDOT:PSS composites as sensitive layers, we studied
the performance of the capacitors as humidity sensors. The results showed that
the presence of the PEDOT:PSS within the GO structure was able to modify
the electrical properties of the sensitive film, improving the overall performance
of the sensors. We studied different IDE structures, as well as the influence of
the PEDOT:PSS concentration on the sensitive layer. The experiments using
hybrid GO/PEDOT:PSS composites as sensitive layer showed promising results
regarding the increase in sensitivity to humidity changes when compared with
other similar capacitive sensors from the literature as a consequence of the
combination of the active region of both GO and PEDOT:PSS materials. The
authors believe that this technology is a big step forward in the cost-effective
fabrication of high-performance small flexible sensors, which could be expanded
to a wide range of applications.
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IV.6 Supplementary Materials

Figure IV.10: Actual view of one of the flexible RH sensors presented in this
work.
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Figure IV.11: Absolute value of the impedance as a function of the relative
humidity measured at different frequencies for both layout 1 (10 kHz (a) and 100
kHz (c)) and layout 2 (10 kHz (b) and 100 kHz (d)) using GO and the hybrid
GO/PEDOT:PSS composites as sensitive layers.
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Figure IV.12: Equivalent parallel resistance and capacitance for layout 1 (W
= 115 pm, 7 = 225 pm) at different frequencies using GO and the hybrid
GO/PEDOT:PSS composites as sensitive layers.
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Figure IV.13: Sensitivity as a function of the frequency for the two layouts
considered in this work as well as the three different sensitive layer.
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Abstract

We demonstrate the feasibility of fabricating cost-effective and robust
laser-induced graphene (LIG) flexible heaters with an innovative technique
based on the photothermal production of graphene with a foam-like mor-
phology. The produced devices are precisely defined on a bare polyimide
substrate without the need of photomasks by employing a computer
numerical control (CNC) driven laser diode. The electrical properties of
the LIG-based heaters can be tailored by adjusting the laser power. The
resulting conductive material exhibits electrical and chemical properties
which are similar to the ones for graphene such as a negative temperature
coefficient of -0.46 m °C~' and a maximum operating temperature of
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around 400 °C. The developed heaters can outperform the existing emerg-
ing technologies showing a very rapid and stable response up to 225 °C
with the extra features of flexibility, biocompatibility, and environmental
friendliness.

Keywords: flexible graphene film heater, laser-induced graphene, laser
ablation, micro-hotplate, polyimide

V.1 Introduction

Heaters are resistive structures operating under the principle of Joule’s heating
that results in a self-heating effect. Tailor-made heating devices that are
thin,flexible, mechanically or chemically robust are employed in many different
applications ranging from gas sensing to microfluidics. In the former case, many
gas sensors require high operating temperatures [1], [2] or they need to be
actively recovered after being exposed to the target gas [3], [4]. For the active
recovery, the heater is placed under the sensing element to achieve the required
temperature to drive or to recover the sensor. One example of application can
be found for microfluidic systems that carry out a polymerase chain reaction
(PCR) on nucleotides of interest within microfluidic channels: a certain and
precise temperature is needed to cultivate the biological samples to detect those
nucleotides [5].

Such devices have been conventionally fabricated based on silicon (Si)
micromachining technologies [6], [7]. Also, there are examples where heaters have
been integrated on porous silicon and glass substrates [8], [9]. In the last decades,
the interest inflexible electronics has substantially been aroused [10]. In the case
of the fabrication of heaters on flexible substrates, there are unique properties,
i.e., mechanical flexibility and lower thermal conductivity, which cannot be
found for devices based on rigid Si wafers [11]-[13]. For this kind of substrates,
printing techniques are particularly interesting because of their scalable and
low-cost fabrication in comparison with photolithography and etching processes
that are commonly employed for Si-based devices. There are examples in the
literature where heaters have been manufactured by inkjet printing of silver
nanoparticles on polymeric films [14]-[16]. However, they are hindered at higher
operation temperatures because of the non-stability due to electromigration
and, in addition, their lifetime is limited by chemical degradation [17]. In
other works, the use of metal nanowires (MNWs) such as silver (AgNW) and
copper (CuNWs) nanowires deposited by spray deposition was reported for the
production of transparent heaters [18], [19]. MNWs represent a very promising
new material due to their high Figures of Merit (FoM) for the transparency
and the sheet resistance that challenges the values for I'TO. However, MNW-
based heaters face important constraints for their use as robust and durable
heaters [20]: ¢) CuNWs oxidize below a temperature of 100 °C [21], [22]; 44) the
electromigration for AgNWs is critical at elevated electrical current densities; )
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the fragmentation temperatures for both materials are lowered substantially with
regard to the melting points for the bulk counterparts. It should be noted that
recently some authors have successfully considered the use of gold (Au) based
heaters to enhance the stability at different operating conditions and guarantee
bio-compatibility, but the material costs obviously pose a large obstacle for
commercial purposes [20]. In detail, Khan et al. have reported aerosol jetted
heaters based on Au-nanoparticles on a polyimide substrate that cover an area
of around 1 mm?. Their heaters can operate at temperatures up to 250 °C with
a power demand of 22 mW [23]. These values yield to an increase in temperature
over electrical power density of around 102 °C cm?/W, which is lowered by
around 22% compared to the value reported in this work.

All the aforementioned examples are based on the deposition of a self-heating
layer, and therefore, requiring additional post-processing techniques, such as
drying, curing or sintering [24]. In this work, we describe a low-cost and one-
step process to integrate heaters directly in polymeric films. In particular,
we exploit the fabrication process previously described in Ref. [25], where
graphene films with a foam-like morphology (Laser-Induced Graphene, LIG) are
produced by the photothermal ablation of Kapton® HN (DuPont™) polyimide
using a laser diode driven by a CNC unit. As shown in the previous work,
the electrical conductivity of the film can be tailored by adjusting the laser
power. This technique offers four main advantages over the existing deposition
or printing methods: %) high-precision patterns can be defined on the polyimide
surface without affecting the unexposed areas and without the need of using
lithographic masks; i) the heaters are fabricated directly from the polyimide
substrate without the need of any chemical reagent, being, therefore, a clean
and environmentally friendly method; 4) the process is intrinsically inexpensive
and scalable; 7v) as shown in this work the performance of the heaters is very
competitive. In previous works, the laser scribing parameters have been tailored
to achieve the best trade-off between sheet resistance and substrate stability,
alming to minimize the variability of the samples, as described in Section V.2.1
and referenced there in. So far, the laser ablation process has been utilized to
produce graphene films for various applications such as supercapacitors [26],
[27], polymer-written and on-skin electronics [27], oxygen electrocatalysis [28],
water oxidation catalysts [29], electrochemical devices [30] and desalination [31].
In this work, we apply for the first time this versatile fabrication technique for
the production of flexible heaters developing a comprehensive study of their
structural, chemical electrical and mechanical properties. The paper is structured
as follows. The fabrication method for the LIG films is briefly described in Section
V.2 along with the characterization techniques implemented. In Section V.3,
the results are presented starting with the characterization of the structural,
chemical, electrical and thermal properties of the laser-scribed heaters, including
the modeling of its temperature response. Then, the films are tested as heaters,
and the transient thermal response of the devices is investigated and discussed
as well as benchmarked with commercial heaters. Finally, the robustness of
the heaters is studied with respect to their maximum operating temperature,
long-term stability and flexibility in operation and standing idle.
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V.2 Materials and Methods

V.2.1 Fabrication of the LIG films

The samples were fabricated using Kapton® HN polyimide films with a thickness
of 125 pm from DuPont™ as substrate and raw material. The conductive
patterns were obtained through photo-thermal ablation of this polyimide film
using an in-house developed CNC-driven laser diode from Q-BAIHE™ (model:
405 ML-300-2290). In particular, the substrate was located in a horizontal holder
at a distance of 6 cm from the laser head, allowing a spatial resolution of about
20 um at a fixed wavelength of 405 nm. As demonstrated in Ref. [25], a laser
power of 100 mW that corresponds to a fluence of 18 J/cm? constitutes the
best trade-off between sheet resistance and the substrate stability in terms of
thermal load during the laser treatment. At this power, LIG films with a sheet
resistance below 250 §2/sq. were produced without inducing a plastic deformation
on the substrate. Therefore, all samples were fabricated using this power value.
The sheet resistances were measured using a four-point probe head from Jandel
connected to a B2901A Keysight source measuring unit (SMU). In order to
establish electrical percolation, as shown in Fig. V.4, a constant current of 3
mA was sourced for all measurements.

V.2.2 Measurement of the film morphology

A 3D profile of the LIG film was acquired using a DekTak XT profilometer from
Bruker (USA). Field-emission scanning electron microscope (FESEM) images
were recorded using an NVisiond0 from Carl Zeiss (Germany) at an acceleration
voltage of 7.0 kV and an extraction voltage of 5.0 kV.

V.2.3 Transient electrical and thermal measurements

For the transient measurements, the LIG films were contacted with copper tape
and conductive silver paint. The electrical input powers were applied and the
data recorded using a LabVIEW controlled DC power supply 2200-30-5 from
Keithley (USA) with a voltage and current resolution of 1 mV and 0.1 mA,
respectively. Thermal images were recorded using a 640 x 480 px infrared (IR)
camera Testo890 from Testo (Germany). Using the software IRSoft from Testo
(Germany) and a MATLAB script, the temperature transients were extracted
from processing the IR images. The resulting temperature values represent a
mean temperature that was determined by averaging over an area on the heaters
of around 2 x 2 mm?. An accurate emissivity value, ¢, for the LIG films with
0 < e <1 of 0.75 was determined by placing the LIG samples on a hotplate
with a set-point temperature of 75 °C. Subsequently, the temperature of the
LIG film was measured using a contact technique, i.e., a Pt100 thermoresistor,
and the emissivity reading of the IR camera was adjusted such that the camera
displayed temperature matches the measured one.
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V.2.4 Bending test

A custom bending setup was designed and built for the bending tests. The
setup consists of a LabVIEW 2016 controlled stepper motor (PD4-N5918M4204)
equipped with a precision planetary gear (GPLEG0) from Nanotec (Germany)
that slides the movable clamp along an aluminum rail. The samples are mounted
in the insulating Polyoxymethylene (POM) clamps and connected to a LabVIEW
controlled Keithley 2700 multimeter from Keithley (USA). For the bending tests,
the bending speed and minimum bending diameter were kept constant at 10
mm/s and 4 mm, respectively.

V.2.5 X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS) measurements wereperformed at a base
pressure of 5-107'% mbar with a monochromatic aluminum Ko anode as a x-ray
source at an operating power of 350 W. The high resolution spectra were acquired
using a SPECS Phoibos hemispherical analyzer at a pass-energy of 20 eV with
an energy resolution of 0.05 eV.

V.3 Results and Discussion

In this section, we first show the structural, chemical electrical and thermal
properties of the heaters fabricated by laser ablation of polyimide films. After
that, the thermal stability of the devices is presented and finally, their response
during bending cycles is shown.

V.3.1 Structural, chemical, electrical and thermal properties

Mechanical profilometer scans of the LIG over an area of 1x1 mm? are shown in
Fig. V.1 (a) along with the line profiles in (b) x- and(c) y-direction, in accordance
with the dashed lines drawn to Fig. 1(a). From the height profile and the optical
image in the inset in Fig. V.1 (a), the mesh-like structure of the LIG film can
be recognized. A mean height of 18.7 + 2.2 mm was determined for the LIG
lines after considering the data of the indicated x-y line profiles. The reticulated
pattern of the laser scribing process shown in Fig. V.1 (a) and in the SEM-image
below in Fig. V.7 (c) is a direct consequence of the mechanical step size of the
utilized CNC unit, which is larger than the spot size of the laser focused on the
surface. This fact limits the surface coverage and, in turn, the minimum sheet
resistance that can be achieved.

Further, the chemical alterations that are induced by the laser ablation
process have been studied by X-ray photoelectron spectroscopy (XPS), which
allows extracting concentrations for the elements and identifying changes in the
carbon-oxygen compounds. Survey scans, as well as high-resolution XPS spectra
for the C 1s, N1s and O 1s peaks, are shown in the supporting information in
Fig. V.11 and Fig. V.11, respectively. In accordance with the expectation that a
graphene material is produced, the laser ablation process leads to an increase of
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Figure V.1: (a) Profilometer scan for a LIG film on polyimide substrate over an
area of 1 x 1 mm?. The inset shows a microscope image of the same sample.
Line profiles in (b) x- and (c) y-direction were drawn in accordance with the
arrows and dashed lines indicated in (a).

the relative carbon content from 78% before to 85% after laser ablation, whereas
the oxygen content decreases from 18% to 10%. Besides the change in the
elemental composition, also a modification of the carbon-oxygen compounds can
be observed. To understand this effect, the high-resolution C 1s spectra for the
polyimide substrate (Kapton® HN) are depicted in Fig. V.2 (a) before and (b)
after laser ablation.

After a careful comparison of the extensive literature for carbon-related XPS
spectra [32]-[37] including the few reports on Kapton® HN [38], [39], the C 1s raw
spectra were deconvoluted into its different contributions, which are associated
with C-C sp? hybridized carbon bonds (284.6 ¢V), C-C sp? hybridized carbon
bonds (285.6 V), the carbon-oxygen compounds C-O (286.6 ¢V), O-C-O (287.6
eV) and O-C=0 (289 €V) as well 7 — 7* transitions (291 eV). For the untreated
polyimide substrate, a large contribution of sp® hybridized carbon atoms and
carbon-oxygen compounds from the aromatic rings can be seen, in accordance
with the structural formula of the polyimide shown in Fig. V.2 (c).

The extracted concentrations before and after ablation for sp? and sp®
hybridized carbon and the carbon-oxygen compounds are summarized in Table
V.1. From this summary, it can be concluded that, after ablation, the
concentrations of carbon-oxygen compounds and sp? hybridized carbon decreased,
which goes along with the appearance of a large content of sp? hybridized carbon.
This formation of sp? hybridized carbon is a clear indication for the production
of amorphous graphene-derived species [40], [41] and gives rise to the name of
the material, i.e., laser-induced graphene. As previously shown, the laser writing
breaks the carbon-nitrogen and carbon-oxygen compound bonds, i.e., C-N, C-O-
C,and C=0, that are the main contributions for the polyimide substrate [25].
The observed decrease in the portion of oxygen-containing carbon compounds
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Figure V.2: High-resolution XPS spectra for the C 1s core level (a) before and (b)
after laser ablation. (c) Structural formula for the polyimide substrate (Kapton®
HN) with the chemical formula CoeH11N2Os5.

is also in agreement with the over-all decrease in oxygen species shown in the
high-resolution spectra in supplementary Fig. V.12.

Next, the electrical properties of the LIG material are explored. For this,
the I-V curves for two LIG heaters with different active areas were recorded
and displayed in Fig. V.3 (a). From the relatively constant resistance-current
behavior shown in Fig. V.3 (b), it can be recognized that the LIG heaters show
an ohmic behavior. Both LIG films were fabricated using the same parameters
and show a sheet resistance of around 250 /sq. The difference in resistance of
the LIG films arises due to the different electrode dimensions that are formed
after contacting with copper tape and conductive silver paint. However, two
additional effects can be identified: 7) the resistance shows a drastic drop for low
currents and i) the resistance is slightly and gradually lowered for increasing
currents. The first effect can be ascribed to the onset of electrical percolation
that requires a finite current density, whereas the latter effect can be explained
by the current induced heating of the LIG film. The increase in temperature
leads to a reduction in resistance and will be discussed later.

Next, the onset of electrical percolation was studied in more detail; Fig. V.4
shows the resistance of a LIG heater for step-wise increases of the current as a
function of time. The first finite resistance of around 328 €2 could be recorded
around a current of 0.59 mA, which corresponds to a current density of 5.9 A /m?2.
For increasing currents and current densities of 10 mA and 100 A /m? respectively,
the measured resistance value shows a reduction of around 26% compared to
the first recording, leading to a resistance of 243 2. The drop in resistance is
not ascribed to the resistance-temperature behavior that, for graphitic materials
yields to a negative temperature coefficient [42], but to the requirement for a
finite current density to establish electrical percolation. This effect has already
been observed by Bellew et al. [43] who contacted individual silver nanowire
junctions and found a current of around 1-10 pA to be required to establish
percolation. In their work, this effect was compared with the electroforming
process in resistive switching materials that is required to generate an initial
conductive state [44].
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The transient response of LIG based thin film heaters for increasing powers
is shown in Fig. V.5 for (a) the temperature and (b) the resistance. It can
be recognized that the resistance response follows the overall trend of the
temperature response. The rise in temperature as a function of the effectively
heated area of the LIG film/polyimide substrate is illustrated in Fig. V.5 (c) and
shows an almost linear behavior with a slope that yields to 131 45 °C cm?/W.
This value compares well or it is superior to the ones reported for AgNWs
134-179 °C cm2/W [45], [46], ITO (88-388 °C cm?/W) [46]-[48], CNTs (27-212
°C cm?/W) [49]-[51], or laser-reduced graphene oxide (200-350 °C cm?/W) [52].

Figure V.3: (a) Current-voltage (I-V) curves for two LIG films with different
heated areas on a polyimide substrate. (b) Resistances for the two LIG films as
a function of the sourced current.

Figure V.4: Resistance and current of a LIG film as a function of the time. The
measurement was conducted to study the percolation onset of LIG films at low
currents.
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Figure V.5: Transient (a) thermal and (b) resistance curves for a LIG heater on
a polyimide substrate. The actively heated area is 1 cm?. The labels in (a) at
the saturation temperatures correspond to the IR-images (e-j) extracted for each
power step. (c¢) Temperature as a function of the applied electrical power density
for two LIG heaters. The solid line represents a linear fit to the experimental
data. (d) Normalized resistance R/Ry for two LIG films as a function of the
mean temperature of the heated film. The solid line represents a linear fit to the
experimental data. IR-images of a LIG film heater with an actively heated area
of 1 cm? for increasing power densities of (e) 0.2, (f) 0.4, (g) 0.6, (h) 0.8, (i) 1.0
and (j) 1.4 W/cm?. The area of around 2x2 mm? that was used to determine a
mean value for the temperature is indicated as dashed white square in (e). The
scale bar in (e) also applies to the images (f-]).

Subsequently, the transient thermal response depicted in Fig. V.5 (a) is
modeled and the total heat transfer coefficient & is determined. The coefficient i
is composed of a convective heat loss h. and a radiative heat loss hp coefficient.
For simplicity and in agreement with previous works [51], [53], it is assumed that
the radiative losses per unit time Pg, which are described by the Stefan-Boltzman
law below, can be linearized with regard to the temperature as follows:

Pr=c-0-A-(T*"-T3)
o A (T - TH(T + Ty)(T — Ty) (V.1)
=A-hgr(T —Tp)
where ¢ denotes the emissivity, o the Stefan-Boltzmann constant, A the area of

the heater, T' the temperature on the heated side, Ty the ambient temperature
and hp the radiative heat transfer coefficient, respectively. Similarly to previous
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publications [45], hr is considered to be a constant just as the convective heat
loss coefficient he. This assumption eases the derivation of a simple analytical
solution for the differential equation below. The temperature response can be
modeled by considering the in- and outgoing heat fluxes at the film-heater/air
interface, as sketched in supplementary Fig. V.14, for the ON state (P.; > 0):

¢y pV -dT = Poy - dt — 2hA(T — Ty)dt (V.2)

where ¢, denotes the isobaric specific heat capacity, p the mass density and V'
the volume of the polyimide film, respectively, whereas P,; is the electrical input
power. For the OFF state, i.e., without electrical input power (P,; = 0), Eq. V.2
is reduced to:

cp - pV - dl = —2hA(T — Tp)dt (V.3)

A factor of 2 is included to consider the front and the back sides of the film
heater. For Eqs. V.2 and V.3, a simple analytical solution for P,; > 0 can be
derived as follows:

P, _ 2hA(t—ton)
(I—e eppV

(t—ton)

ZT()—I—Tdiff(l—e ™ )

T(t) =Ty +

where t,,, denotes the on-switching time, 7Ty, s ¢ the increase in temperature due to
heating and 7 the response time, which is defined as 7 = 2¢,pV/(hA) = 2¢ppd/h,
where d denotes the thickness of the heater. For the off-state, the following
expression is obtained:

7(t7toff)

T(t) =To+ (Tsat — To)e™ = (V.5)
being t,7; the off-switching time. Eqgs. V.4 and V.5 were used to fit the
experimental data for the transient thermal response of the LIG heater shown in
Fig. V.5 (a). The results are drawn in supplementary Fig. V.13 as bold red lines
(ON state) and dashed red lines (OFF state) for all the electrical powers, and in
the inset in Fig. V.6 (b) exemplarily for three different powers. The fitting of
the experimental data allows determining 7 for the ON and the OFF state of
the heater, as plotted in Fig. V.6 (a). 7 is defined as the time it takes until the
temperature of the heater increases (e —1)/e = 0.63 with respect to the absolute
temperature increase Ty ¢r. From Fig. V.6 (a) it can be concluded that Torp
stays in a narrow range from 18 s to 22 s for all temperatures, whereas 7oy is
gradually decreasing from around 20 s - 8 s, in a temperature range from 50 to
207 °C. This deviation for Toppr and Ton was reported by Ji et al. in a previous
study on thin-film heaters [46]. It can be attributed to the oversimplified Eqs.
V.4 and V.5 that are based on the assumption that the temperature dependence
of ¢,, p, d and h can be neglected. The temperature dependence of the heat
loss h shown in Fig. V.6 (b) is solely determined by Ty, s, in accordance with
Eq. V.4. For our heaters, h lies in a range of 35-39 W/m?K and gradually
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increases over a temperature range of 50-207 °C. These values for h compare
well to the ones reported in the literature for carbon-based film heaters made
of multi-walled CNTs on PET (22 W/m?K) [54], single-walled CNTs on glass
(33-100 W/m?K)[50], and CNT/AgNW composite (11-18 W/m?K) [55]. In
agreement with Eq. V.4, for a constant electrical power, a low h leads to a
higher saturation temperature but a lower heat transfer to the surroundings via
radiation or conduction.

The temperature-dependent resistance R normalized with respect to the
ambient resistance Ry at ambient temperature Tj is illustrated in Fig. V.5 (d).
The R — T curve shows a linear dependence from slightly elevated temperatures
of around 50 °C on, which yields to a temperature coefficient of « = —0.46 +0.04
m °C~! that was extracted in accordance with the simple empirical formula:

R(T) = Ry - (1 + (T — T)) (V.6)

The extracted temperature coefficient is negative, as reported for polycrys-
talline graphite below a temperature of 1400 °C [56], and compares well to the
literature values for graphite and graphene of around -0.5 m °C~* [57], [58], for
both materials. At this point, it should not be omitted that the resistance shows
a large drop of around 3.3% in the temperature range of 25-50 °C, which does not
fit to the lower and linear decrease for R/Ry of around 6.5% in the temperature
range 50-175 °C. This behavior is in good agreement with the finding from Fig.
V.4, where a minimum current density is required to establish good electrical
percolation. The IR-images that are used to produce the transient temperature
curves are depicted in Fig. V.5(e-j) for different electrical energy densities up to
1.4 W/em?. From these figures, it is evident that the temperature distribution
across the actively heated area is relatively homogeneous and shows a drastic
drop at the LIG-polyimide transition.

Figure V.6: (a) Response times 7 for the ON and the OFF state of the LIG
heater shown in Fig. V.5 (a), defined in accordance with Egs. V.5 and V.6, as a
function of the saturation temperatures. (b) Heat loss coefficients for increasing
saturation temperatures, extracted from fitting Eq.V.4 to the transient thermal
responses illustrated in Fig. V.5 (a). The inset in (b) depicts fits (bold and
dashed red lines) of Eqs. V.4 and V.5 to the experimental data.
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V.3.2 Thermal stability

After studying the structural, electrical and thermal properties of the LIG heaters,
their thermal stability will be investigated with regard to ¢) their maximum
operating temperature and ) their stability under prolonged operation for
increasing current densities. To study the maximum operating temperature
and in turn also the maximum electrical input power density, the normalized
resistance R/Ry shown in Fig. V.7 was recorded as a function of the time. For
the change in resistance, two regimes that are indicated in Fig. V.7 (b) can
be identified: ) an operation regime that can be considered as stable since the
resistance shows a step-wise and i) linear decrease in resistance with temperature,
in accordance with the temperature coefficient extracted from Fig. V.5 (d). In
this region, the temperature and power density range is around 25-200 °C and
0-2.3 W/cm?, respectively. For a temperature and power density range of 200-400
°C and 2.3-4.5 W/cm?, respectively, the heaters undergo a gradual degradation
that is accompanied by an increase in resistance. Around an electrical power
density of 4.5 W/cm? and a temperature of 400 °C, R/Ry shows an abrupt
increase and ultimately electrical breakdown for slightly higher power densities.
As shown in the SEM-images in Fig. V.7, this breakdown is accompanied by a
change in morphology of both (c) the raw substrate and (d) the LIG film. It is
evident that the maximum operation temperature is limited by the polyimide
substrate, which is reported to be stable up to a temperature range of 300-400
°C in accordance with the literature [59], [60], and up to 400 °C according to the
manufacturer. In contrast to polyimides, purely carbon-based allotropes exhibit
a higher thermal stability. From thermogravimetric (TGA) analysis, graphite
has shown to be stable up to a temperature of around 550 °C, under airflow
[61], whereas, from Raman measurements, mono- and bilayer graphene start
to show defects around a temperature range of 500-600 °C [62]. Further, an
important difference in the thermal properties is the linear thermal expansion
coefficient, which is reported in the range of (32-44)-107%/°C for polyimide and
-8-1076/°C for graphene, both at room temperature [63], [64]. Since, on the one
hand, the thermal expansion of the polyimide substrate is at least a factor of 5
higher than for the LIG films; the rupture of the LIG line shown in Fig. V.7
(d) is induced. On the other hand, the robust LIG mesh clings together the
expanding polyimide substrate and induces a mechanical stress, which results in
the polyimide cracks visible in Fig. V.7 (c). The onset of the electrical breakdown
is further studied from the IR-images shown in Fig. V.7 that capture the moment
of breakdown with respect to fully the operational device with no change in
the heat distribution (Fig. V.7 (e)), 1 min after the onset of rapid degradation,
2 min later and after 3 min (Fig. V.7 (f)-(h), respectively). The LIG film is
burnt off on the top section (Fig. V.7 (f)), whereas the overall breakdown occurs
on a timescale below 3 min. The maximum operation temperature achieved
under ambient conditions of around 400 °C for the LIG film heaters is superior
to the one reported for other novel film heater materials. For example, heaters
based on AgN'Ws show fragmentation in the range 250-300 °C [18], [65], [66] and
those made of CuNWs readily oxidize above 100-150 °C [19], [21]. In addition,
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graphene and its derivatives are known for their high chemical stability, which is
comparable to the one of diamond at atmospheric pressure [67].

Figure V.7: (a) Normalized resistance R/Ry and temperature for two LIG film
heaters as a function of the time. (b) Normalized resistance R/Ry and power
density for two LIG film heaters as a function of the time. SEM-images for a
degraded LIG film heater that show (c) the rupture of the polyimide substrate
and (d) the damaging of the LIG lines. (e-h) IR images that depict the moment
of breakdown for a LIG film heater in time steps of 1 min between two adjacent
images.

Next, the degradation of the LIG films is studied for prolonged operation
under current flow, as depicted in Fig. V.8 (a) that shows the resistance of a
LIG heater as a function of the operation time for increasing power densities.
For each power density, 8 heating steps with a duration of 2 h are followed by
cooling steps with a duration of 30 min. The change in resistance after each
heating cycle with respect to the initial resistance is shown in Fig. V.8 (b) as a
function of the number of cycles for increasing power densities. This plot allows
a rough classification of the heater into different degradation regimes. For a
power density of up to 1.8 W/cm? that corresponds to a temperature of 225
°C, the change in resistance lies below 4%, whereas, for power densities above
2.7 W/cm? corresponding to a temperature of 250-275 °C, the change is more
pronounced, as highlighted by the percentage values in Fig. V.8 (b).

The increase in resistance for prolonged operation of the LIG films can be
attributed to two effects: ¢) mechanical and 4) chemical degradation. The
mechanical degradation is induced by the large thermal expansion coefficient of
the polyimide substrate that leads to a rupture of the LIG lines, which is gradually
increasing overtime. The chemical degradation is induced by the oxidation of
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carbon. The thermal behavior under airflow and elevated temperatures of carbon-
based materials such as fullerenes (C60 and C70), diamond, carbon nanotubes
and graphene was the subject of previous studies [68]-[73]. In summary, the
thermal robustness of those materials can be grouped as follows:

Diamond, nanotubes > graphene > C60 > C70 (V.7)

From TGA measurements, Cataldo et al. observed a clear onset of the
reactivity between Og molecules and graphite in a temperature range of 400-500
°C [61]. This range is slightly higher than the temperatures that were investigated
for a long-term test in this study. However, it is likely that the carbon atoms in
the LIG heaters undergo a slow but gradual chemical degradation even below
400 °C.

Figure V.8: (a) Long-term stability test for a LIG film heater that is subjected to
increasing power densities. In total, 8 cycles with 2 h heating and 0.5 h cooling
per cycle were conducted for each power density step. (b) Normalized increase
in resistance Roff/ Ry for increasing cycles and power densities. R,y denotes
the resistance in the off state of the film heater after one heating cycle.

V.3.3 Flexibility and adhesion

Flexible heaters can, e.g., be used for wearable electronics such as for wearable
articular thermotherapy, as proposed by Choi et al. in 2015 [74]. So far, flexible
thin-film heaters were fabricated using solution-processed metal nanowires such
as AgNWs [75], graphitic materials such as graphene [48], [76] and CNTs as well
as composite materials such as AgNWs/CNTs [55] or AgNWs/PEDOT:PSS [46].
In detail, the utilized flexible materials were polyimide [76], PDMS [77], PET [55],
PEN [75] and a polyacrylate-based polymer [78]. The novelty in this study is that
the heaters are directly produced on a bare polyimide substrate, which inherently
guarantees that the active film adapts the shape of the underlying substrate. This
circumstance should aid to improve the flexibility of the fabricated devices. It
should be noted that, for the presented heaters, it is mainly important to achieve
a uniform LIG film and, hence, a uniform heat flux and temperature distribution
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across the device. Thus, novel flexible and eventually also semi-transparent
heaters are often fabricated by scalable spraying processes. In the case of metal
nanowires, this process results in the formation of a random nanowire mesh
that uniformly conducts [18], [19], [79]. Besides spray coating, other deposition
techniques such as drop casting [78], vacuum filtration [77] or spinning [54]
were also reported for the fabrication of self-heating films. However, these
techniques possess large drawbacks like the lack of homogeneity and scalability.
In the end, it should be emphasized that the versatile CNC-driven fabrication
process can also be utilized to form more complex structures such as graphene-
based and biocompatible interdigitated electrodes (IDEs) to fabricate biosensors,
self-recovering sensors, or environmental and health monitoring systems [80].

Figure V.9: Change in resistance R with respect to the initial resistance Ry for
an increasing number of bending cycles. The sample under test is bent to a
minimum diameter of around 4 mm. For this test, only a small probe current was
applied. The inset (a) and (b) show the sample in the relaxed and bent position,
whereas the insets (¢) and (d) show the infrared images for the LIG heater in
the relaxed and bent position, respectively, both subjected to an electrical power
of 1 W.

In this work, the flexibility of the presented devices was studied for subsequent
bending cycles, as shown in Fig. V.9 that depicts the change in resistance R
with respect to the initial resistance Ry for an increasing number of bending
cycles. Photos for (a) the relaxed and (b) the bent state of the film heater
with a minimum bending diameter of 4 mm are shown in the inset of Fig. V.9.
It can be recognized that even after 10000 bending cycles, the change in the
normalized resistance is below 4%. For the multimeter measurement, a probe
current of 3 mA was passed through the device to establish a good electrical
percolation, in agreement with Fig. V.4. It should be mentioned that there exist
enormous future opportunities for flexible heaters such as for wearable devices or
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low-cost point-of-care chips, analytical chemistry and for combinatorial studies
[81]. Examples of this can be found in the literature, e.g., Bagherifard et al. [82]
and Tamayol et al. [83] used them in flexible dermal patches for on demand drug
delivery, while Kim et al. [55] used the flexible heater as a conformal patch on
the surface of a beaker. However, of interest is also the stability of the devices in
operation, i.e., when subjected to high electrical currents or power densities. For
this, the same bending experiment was performed at an electrical input power
density of 1 W/cm?, as shown by the IR images in the inset of Fig. V.9 that
depicts the LIG heater in (c) the relaxed and (d) the bent state. No increase
in resistance or change in the IR-images could be observed after 100 bending
cycles (see supporting information Video in this link).

V.4 Commercialization potential

Before concluding our work, we would like to emphasize the commercial potential
of the laser-scribing technique in combination with the proposed substrate for
manufacturing cost-effective heaters. For this, nanographene heaters with an
area of 7x5 = 35 cm? were fabricated, as shown in Fig. V.10 (a), and compared
with a commercial heater based on metal serpentine-structures that is depicted
in Fig. V.10 (b). The patterned areas of the heaters are identical. For both
heaters, polyimide was employed as the substrate. Electrical contacts to the
nanographene heater were formed by screen printing a solution-based silver paste
(Loctite 1010). Next, the two types of heaters are compared with each other
with regard to the homogeneity of their heat distribution, which is depicted
in Fig. V.10 for (c¢) the nanographene heater and (d) the commercial heater
3616107 from Thermos Technologies (Germany), at an electrical input power
of 3.5 W. From these images, it can be seen that our nanographene heater
shows a high uniformity, whereas for the commercial heaters, hot areas are
formed. The presented LIG heaters can be fabricated under ambient conditions,
whereas common thin film heaters are typically produced under high-vacuum,
which is very costly and difficult to realize for larger areas [84], [85]. Besides
the homogeneous heat distribution of the nanographene heater and the facile
fabrication process, another advantage over the commercial one is its robustness
to mechanical stress. For the case that the serpentine-like structure of the
commercial heater is interrupted at some position, the heater is broken, whereas
the nanographene heater can still be operated with a reduction in uniformity of
the heat distribution and, eventually, also an increase in resistance. From an
economic point of view, the laser-scribed heaters are also attractive since they
are around a factor of 31 cheaper than the commercial ones (see supporting
information for this estimation). Finally, despite of the already very promising
robustness, it should be mentioned that our heaters are susceptible to scratching.
However, we believe that this issue can easily be solved by employing polymer-
based coatings such as polymethyl methacrylate (PMMA) [21] or parylene [86],
which have widely been reported for encapsulation.
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Figure V.10: Photographies of (a) a photothermally scribed nanographene
heater with screen printed and silver-based bias electrodes and (b) a commercial
polyimide heater. Infrared images for (¢) the nanographene and (d) the
commercial heater.

V.5 Conclusions

In this paper, we describe the manufacturing of flexible and cost-effective heaters
by an innovative and simple laser-scribing process on bare polyimide films. This
technique offers a reproducible and easy fabrication process, which modified
the electrical properties of such a polyimide. In contrast to commercial flexible
heaters, the LIG heaters show a much higher heat uniformity and can be
fabricated under ambient conditions. The resulting material shows electrical
properties comparable to the ones of graphene, such as the temperature coefficient.
In particular, the fabricated heaters can operate up to 400 °C, only limited
by the mechanical stability of the substrate. These devices have a very stable
response up to 225 °C, even while bending them. The temperature response of
around 131 W cm?/°C, when subjected to Joule heating, compares well or is
even superior to most values reported in the literature. In addition to an efficient
generation of high temperatures at low input powers, an important parameter for
sensing applications is also their response time, which is around 8 s for electrical
input power densities up to 1.4 W/cm?. Furthermore, the films are low-cost,
environmentally friendly and the flexible heaters can be directly integrated on
the substrate by laser-scribing, without requiring any extra fabrication steps
such as thermal or photonic sintering. All these features open a wide range of
possibilities for the presented devices that can be integrated easily in biosensor
systems, environmental and health monitoring applications, reducing fabrication
costs and complexity and, at the same time, providing a high performance.
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V.6 Supplementary Information

The XPS survey scans over an area of around 5x5 mm? for polyimide substrate
(black) before and (red) after laser ablation are depicted in Figure V.11. The C
1s, N 1s and O 1s core level peaks that are associated with the carbon, nitrogen,
and oxygen-containing specimen present in the polyimide film can clearly be
identified.

XPS high-resolution scans are shown in Figure S2 for the (a) C 1s, (b) O
1s and (¢) N 1s peak along with (d) the concentrations for each element. The
concentrations were determined by considering the relative sensitivity factors
(RSF) for the C 1s, O 1s and N 1s peaks of 0.25, 0.66 and 0.42, respectively.
All spectra were normalized by their area and weighted with the determined
concentration of the respective element. From table (d) it can be concluded
that the concentrations extracted for the polyimide film are in very good
agreement with the concentrations expected by considering the chemical formula
of polyimide, i.e., CooH11NoO5. For this estimate, the hydrogen content was
neglected since it cannot be resolved by XPS. The experimentally determined
concentrations for nitrogen are lower than expected, which can be attributed
to residual contamination and a thin water layer that is present on most films.
The contamination and water film contribute to an increase in the C 1s and O
1s signal, which in turn leads to a decrease of the N 1s signal.
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Figure V.11: XPS survey scan for polyimide Kapton® HN (DuPont™) substrate
before (black) and after laser ablation (red). The relevant core-level peaks O 1s,
N 1s and C 1s that are associated with oxygen, nitrogen, and carbon species are
indicated by arrows.

Figure V.12: High-resolution XPS spectra for the (a) C 1s, (b) O 1s and (¢) N
1s peaks before (black) and after laser ablation (red). (d) Table that summarizes
the concentrations for carbon, oxygen and the nitrogen-related specimen in
the polyimide sample: %) before, ii) after ablation and i) expected values in
accordance with the chemical formula.
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Figure V.13: Transient thermal temperature responses of the LIG heater shown
in Figure V.5 (a). In agreement with the Eqs. V.4 and V.4, the analytical
expressions of the temperature-time dependence for the ON (bold red line) and
the OFF (dashed red line) states were fitted to the experimental data.

Contributions Polyimide LIG Film
C-Csp? (284.6 eV) 0% 56.6%
C-C sp® (285.6 eV)  71.9% 24%

C-0 (286.6 oV) 7.6% 7.2%
0-C-O (287.6 &V)  13.4% 4%
0-C=0 (289 V)  7.1% 5.8%

T — 7" (291 V) 0% 2.4%

Table V.1: Summary for the different contributions of the deconvoluted C 1s
raw spectra.

Estimation of the LIG heater costs. The commercial polyimide heater
was purchased from conrad.de (order number: 1594183 - 62) for 20.38 euros. The
price for the polyimide foil purchased from shyde.com is around 0.014 euros/cm?,
whereas the CNC unit costs 160 euros. The power consumption can be neglected
for a cost estimate. Considering an area of 35 cm? for the heaters the fabrication
of a total of 10.000 units, the price per heater can be estimated to be 0.65 euros,
which is around a factor of 31 lowered than the price for the commercial heater.
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Figure V.14: Schematic of the LIG heater that shows the structure as well as the
heat losses composed of radiative and convective losses. The in- and outgoing
powers are indicated by the red arrow and the blue arrows, respectively, in
agreement with Eq. V.3.
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Abstract

In this paper, we present a simple and inexpensive method for the fabrica-
tion of high-performance graphene-based heaters on different large-scale
substrates through the laser photothermal reduction of graphene oxide
(laser-reduced graphene-oxide, LrGO). This method allows an efficient and
localized high level of reduction and therefore a good electrical conductivity
of the treated films. The performance of the heaters is studied in terms
of steady-state temperature, power consumption, and time response for
different substrates and sizes. The results show that the LrGO heaters
can achieve stable steady-state temperatures higher than 200 °C when a
voltage of 15 V is applied, featuring a time constant of around 4 s and
a heat transfer coefficient of ~200 °C cm?/W. These characteristics are
compared with other technologies in this field, demonstrating that the
fabrication approach described in this work is competitive and promising
to fabricate large-scale flexible heaters with a very fast response and high
steady-state temperatures in a cost-effective way. This technology can be
easily combined with other fabrication methods, such as screen printing

135




VI. Inexpensive Graphene Oxide Heaters Lithographed by Laser

or spray-deposition, for the manufacturing of complete sensing systems
where the temperature control is required to adjust functionalities or to
tune sensitivity or selectivity.

Keywords: flexible electronics, graphene oxide, heater, laser-scribing,
thermal response

VI.1 Introduction

In recent years, heaters have attracted a growing interest because of the emergence
of a broad spectrum of newly integrated sensing technologies, such as gas
sensors or biosensors [1]-[3], which require a certain constant temperature or
a programmable sequence of temperatures to operate or to achieve a proper
performance [4], [5]. In this regard, heaters are expected to play a notable role
in the ubiquitous sensing of environmental and biological parameters. However,
the major challenges facing their widespread use are related to the demanding
requirements of this kind of application since, apart from the response, the
recovery time, and the stability properties, these applications also require
flexibility, lightness, low cost, transparency, or biocompatibility [6], [7].

In this context, graphene and graphene related materials have attracted the
attention of many researchers as an alternative to the conventional expensive
indium tin oxide (ITO) heaters due to their outstanding electrochemical,
mechanical, and optical properties [8]. Thus, different approaches for the
fabrication of graphene-based heaters can be found in the literature. One
of the most commonly used is based on the bottom-up production of graphene
by the chemical vapor deposition (CVD) process, as presented by Kang et al.
[9]. However, this approach suffers from large sheet resistance and therefore
requires chemical doping and multiple transfer processes to be applied in large-
scale manufacturing. To tackle this issue, other authors such as Lin et al. and
Kang et al. [10], [11] make use of hybrid structures of silver particles mixed
with graphene, reducing the sheet resistance and increasing both steady-state
temperature and response time. However, although some of these approaches
report an adequate performance, the drawbacks of a complex fabrications process,
slow thermal response, or high-power consumption limit their integration in
end-user applications. For these reasons, a cost-effective and scalable process for
the manufacturing of graphene-based heaters is still being sought.

In this work, we present a methodology for the fabrication of high-performance
laser-reduced graphene-oxide (LrGO) heaters, which can be applied on different
substrates (flexible or not). The laser reduction of GO [12], [13], aiming to
increase its conductivity, offers several advantages over other reduction processes,
such as chemical or thermal ones [14]: i) it does not require chemicals reagents
to produce the reduction, making it an environmentally friendly technique, i)
it allows the lithography of high-resolution patterns of reduced graphene oxide
without the need for masks [15], therefore offering a simpler and more economical
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process, and 4it) it also allows a surface-localized treatment of the GO without
affecting the substrate, which increases its versatility, extending the range of
suitable supporting materials [16].

SEM, Raman spectroscopy, as well as X-ray photoelectron spectroscopy (XPS)
were used to study the quality of the synthesized material, and the electrothermal
experiments show promising results in terms of power consumption, response time,
and steady-state temperature when compared with other existing technologies.
Thus, this fabrication approach paves the way to an extremely simple, inexpensive
and eco-friendly fabrication of graphene-based heaters. The paper is structured
as follows. The fabrication of the LrGO heaters is described in Section VI.2
along with the materials and the characterization setups used. Section VI.3
presents structural, electrical, and thermal characterization of the LrGO heaters,
comparing their key features with other approaches in the literature. Finally,
the main conclusions are outlined in Section VI.4.

VI.2 Materials and Methods

VI.2.1 Fabrication of the rGO Films

The samples were fabricated using an in-house prepared GO colloid, GOc, (4
mg/mL) following a modified version of the Hummers and Offerman’s method;
further details on the GOc synthesis path can be found in [17]. The GOc was
deposited at a concentration of ~150 pL/cm? on two different outstanding
thermal insulators, Kapton® HN polyimide films with a thickness of 125 pym
(from DuPont™, Constantine, MI, USA) and mica sheets with a thickness of
~1.5 mm (model HP5M5-1 from ZT Mica, Hubei, China). After drying the
deposited GO for at least 24 h at ambient temperature (relative humidity 50%),
the resulting ~50 pum layer of GO was photothermally reduced using a CO5 laser
engraving machine (8015 Rayjet-50, Trotec Laser, S.L.U., Barcelona, Spain).
The laser-assisted reduction was demonstrated as a fast and scalable approach
to obtain conductive patterns of laser reduced graphene-oxide (LrGO) with
different lithographic patterns avoiding the use of chemicals or masks [15], [18],
[19]. For the fabrication of the LrGO film, a laser power of ~5 W (wavelength:
10.6 pm) was applied at an engraving speed of 300 mm/s, aiming to get low
sheet resistance values (~200 €2/sq.). The laser fluence applied on the GO was
high enough to achieve a high level of reduction of the samples, ensuring the
absence of resistive switching effects that appear when GO is partially reduced
[20]. Furthermore, this combination of laser power and engraving speed ensured
the integrity of the substrates during the photothermal reduction process. Once
the surface of the GO was reduced, electrical access to the heater was achieved
by means of an Ag-loaded conductive paint (from RS, Corby, UK) mask-coated
on its opposed edges. A schematic representation of the resulting devices is
shown in Figure VI.1a.
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Figure VI.1: (a) Schematic diagram of the laser-reduced graphene-oxide (LrGO)
heaters. Inset shows an actual picture of one of the LrGO heater (scale bar: 15
mm). (b), SEM image of a laser-reduced graphene oxide sheet [20]. (¢) Raman
spectra of both graphene oxide and laser-reduced graphene oxide. (d) X-ray
photoelectron spectroscopy (XPS) high-resolution C 1 s peak of the graphene
oxide before [20] and after the laser-reduction.

VI.2.2 Structural Characterization

SEM images were recorded with an NVision 40 field-emission scanning electron
microscope (from Carl Zeiss, Oberkochen, Germany) at an extraction and
acceleration voltage of 5 kV. Raman spectra were acquired with a JASCO 108
NRS-5100 dispersive micro-Raman spectrometer (from JASCO, Inc., Tokio,
Japan) with an excitation wavelength of A\ = 532 nm. XPS measurements were
performed at a base pressure of 1071° Torr with an Al Ka (hr = 1486.6 eV)
excitation at an operating power of 450 W using an Axis Ultra-DLD spectrometer
(from Kratos Analytical Ltd., Manchester, UK).

VI1.2.3 Transient Electrical and Thermal Characterization

The electrical and the power measurements were performed using a software-
controlled low-noise power source (B2962A from Keysight, Santa Rosa, CA USA),
while the temperature of the films was recorded using the Fluke TiS75 infrared
camera at a sampling rate of 9 Hz and later processed with the SmartView 4.3
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software (both from Fluke Corporation, Everett, WA, USA).

V1.3 Results and Discussion

VI.3.1 Structural Properties

The SEM image displayed in Figure VI.1b corresponds to an LrGO sheet [20].
The rGO showed a platelet-like crystalline structure as a result of the partial
crystalline restoration of the graphene framework, as was already reported for
the LrGO [21], [22] as well as for the reduction of GO by stirring in hot water [23]
and by chemical methods [24]. However, the two main challenges in the reduction
of graphene oxide were reducing the agglomerated layers in the crystallographic
structure and increasing the C/O ratio. Hereafter, we analyzed the quality of
the LrGO sheets synthesized in this work.

On the one hand, the crystallographic quality of the samples could be analyzed
with the aid of Raman spectroscopy. As can be observed in Figure VI.1c, before
the laser treatment, the Raman spectra of the GO was composed of two broad
peaks, which corresponded to the D (~1345 cm~!) and the G peaks (~1580
ecm~1) typically present in graphitic materials. The ratio of these peaks (Ip/I¢)
was associated with the number of defects in the crystalline lattice structure of
graphene, which increased as the number of defects did. Therefore, based on the
Raman spectra of the GO, it was clear that its structure was mainly composed
of highly defect-containing graphene flakes as a result of the hydroxyl and the
epoxy groups introduced by the oxidization process [25].

Once the GO was laser-reduced, it could be observed how the G peak became
higher and narrower than the D peak, which meant a restoration, at least
partially, of the hexagonal honeycomb crystal lattice of graphene and the change
of carbon atoms from sp? to sp? hybridization [26]. This fact was also supported
by the emergence of the 2D peak at ~2700 cm ™!, whose intensity and shape
were not only correlated with the number of defects but also with the number of
layers of the graphene-based structure [26]. In this case, the intensity and the
full width at half maximum of the 2D band relative to the G band indicated
that the LrGO obtained was comparable to the few-layered graphene obtained
by chemical vapor deposition (CVD) [27].

The chemical alterations induced by the laser photothermal process were
also studied by XPS. As was expected, the laser reduction led to a dramatic
change in the original carbon—oxygen compounds of the GO layer [28], [29].
Thus, the initial carbon atomic content of ~52% increased up to 90% after the
laser reduction process, whereas the oxygen presented a decrease from ~45%
before the photothermal process to ~6% after, meaning an increase from ~1 to
~15 of the atomic carbon to oxygen ratio (C/O). This demonstrated that the
laser photothermal process was suitable for the production of highly reduced
graphene oxide (HRG) with a C/O ratio higher than that presented by other
chemical methods [30], [31].

A better understanding of the nature of these changes could be obtained
by means of the analysis of high-resolution C 1 s spectra before and after the
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laser treatment, whose results are depicted in Figure VI.1d. As can be seen, the
laser photothermal process was able to remove most of the oxygen-containing
functional groups (hydroxyl, epoxy, and carbonyl) presented as defects in the
raw material and turn the hybridization of the carbon domains from sp? to sp?.
In addition, these results also indicated that the level of reduction obtained was
higher than that obtained for other kinds of lasers that work at lower powers
[20]. Therefore, these experiments, together with the Raman results, confirmed
the proper reduction of the GO.

VI.3.2 Electrical and Thermal Properties

The electrical properties of the LrGO heaters were studied for different dimensions
(150 mm?2, 400 mm?, and 600 mm?) using both Kapton® HNand mica as
supporting substrates. As presented in Figure VI.2a, the heaters exhibited a
linear relationship between voltage and current, indicating a good ohmic behavior
in all cases. Note that the different slopes of the samples were associated with
the different aspect ratios and the contact resistances (Ry = psL/W + 2R.).
Both sheet resistance (ps) and contact resistance (R.) were obtained by means
of the transmission line model (TLM) [32], whose results for the 150 mm? heater
are depicted in Figure VI.2b. In this way, we obtained a sheet resistance of
around 200 /sq. and a residual contact resistance (R.) of ~25 Q with no
dependence on the substrate, which demonstrated a proper tuning of the laser
parameters. This demonstrated that an only-laser fabricated LrGO heater could
achieve results comparable to those reported for Ag-doped LrGO (158.7 Q/sq.)
[10] and electrochemically exfoliated graphite (159.0 2/sq.) [33] in terms of sheet
resistance.

Figure VI.2: (a) Current—voltage (I-V) curves for different LrGO films on flexible
substrates: 150 mm? (L = 10 mm, W = 15 mm), 400 mm? (L = 20 mm, W =
20 mm), 600 mm? (L = 30 mm, W = 20 mm). (b) Total resistance (Rr) as a
function of the distance between consecutive contacts (L;) and its relationship
with sheet resistance (ps), contact resistance (R.), and dimensions (L, ).
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The time dependence of the electrothermal characteristics of the heaters
was also studied at different operation voltages in ambient conditions. For that
purpose, we applied different voltage steps (up to 15 V) starting at 10 s and
monitoring both current and temperature over time. The results obtained for a
rectangular heater with an area of 150 mm? are depicted in Figure VI.3. Thus,
as can be observed in Figure VI.3a, once the step was applied, the temperature
on the surface of the heater started to increase exponentially until reaching a
steady-state situation. Besides, the higher the voltage applied to the heater was,
the higher the final temperature was, as shown in Figure VI.3b. It is worth
mentioning that the parabolicity of the pattern in this figure was interrupted
at the higher voltage since radiative losses could be estimated in 0.032 W /cm?
(>5%) at this temperature according to Stefan-Boltzmann law (P/A~ oT4,
with 0 = 5.67 x 107® W/m?K?*). The relationship between the steady-state
temperature and the voltage applied defined the performance of the heaters in
terms of transduction of electrical energy into joule heating [11]. Thus, in this
case, the heaters presented steady-state temperature of ~215 °C when a voltage
of 15 V was applied, demonstrating higher transduction efficiency than those
reported by several works in literature, e.g., for electrochemically exfoliated
graphene (139 °C at 30 V) [33], multi-walled carbon nanotubes (MWCNTS) (65
°C at 12 V) [34], or doped graphene (97 °C at 12 V) [9], among others.

Figure VI.3: Temperature profiles of a 150 mm2 LrGO-based heater on Kapton®.
(a) Time dependent characteristic of the heater. Inset shows a thermal image
of the LrGO heater (arrows indicate the contacting sides). (b) Saturation
temperature as a function of the voltage applied. (¢) Saturation temperature as
a function of the input power density.

It is also interesting to study the performance of the heaters in terms of
power density (W /cm?) since this factor has special relevance in low-power and
portable applications. For that, we analyzed the saturation temperature as a
function of the LrGO area of the different heaters considered in this work. In
all cases, this characteristic showed an almost linear behavior, as illustrated
in Figure VI.3c for the 150 mm? heater on Kapton® HN (with the exception
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of the last point of the series due to the aforementioned radiative losses) and
in Figure VI.4a for two heaters of 400 mm? on both mica and Kapton® HN
substrates. The heat transfer coefficients obtained were in the range 200-440 °C
cm? /W, increasing with the sample area. This meant that the LrGO heaters
required less power to achieve the same temperature than those reported for
other materials such as laser-induced graphene (131 °C cm?/W) [35] or silver
nanowires (134-179 °C cm?/W) [36], [37]. It was also demonstrated that this
parameter not only depended on the heat capacity of the conducting film itself
but also on the substrate type, as shown in Figure VI.4a. This figure depicts
the values of the saturation temperature as functions of the power density of
two heaters with the same characteristics in terms of dimension (L = W, L x
W = 400 mm?) and resistivity (~238 ) but on different substrates. It can
be noted that the thermal insulation of the heaters on mica (373 °C cm?/W)
was higher than that obtained on the Kapton® substrate (311 °C cm?/W). This
difference could be attributed to the greater roughness of the mica surface, which
stunted the heat losses by means of the air gaps between its surface and the GO
deposited layer [38].

Figure VI.4: (a) Saturation temperature as a function of the input power density
for two equal 400 mm? LrGO heaters on two different substrates. (b) Probability

density function of the response time for different heaters on Kapton®.

Moreover, together with steady-state temperature, operating voltage, and
power consumption, the transient thermal characteristic of the heaters is also
important since many applications are subjected to strict requirements of response
time, as in the case of many gas sensors [39], [40]. Thus, we examined the thermal
response of the heaters for different sizes and steady temperatures by means of
their time constant, 7, defined as the time required by the heater to increase
their temperature to 63% of the total variation [41]. Figure VI.4b shows the
probability density function of the time constant obtained from the LrGO on
Kapton® heaters by applying increasing voltages up to 15 V (as shown in Figure
VI.3a). There are many factors that influence the response time of a heater.
It was demonstrated that the heating size had an effect on the time constant
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as well as the heat transfer coefficient (which increased with the sample area),
the length to width ratio, the sheet resistance, the substrate material, and the
substrate thickness [37], [38], [42]. Figure VI.4b shows how the time constant of
the LrGO heaters increased from ~4.3 s to ~5.7 s when increasing the surface
area. In this case, the increment on the response time could be attributed to
the increase in both the size and heat transfer coefficients, as reported by Liu et
al. for their CNT-based heaters [42]. In any case, this range of response time
was also very promising when compared with other large-area heaters from the
literature, such as the ones presented by Bobinger et al. [35] and Vertuccio et
al.. [43].

Furthermore, when the time constant is studied, many authors consider the
heater resistance to be invariable, neglecting the effect of its drift with time.
However, this is not necessarily true since two effects may appear with different
relevance. On one side, the heating material can present a thermistive effect
responsible for relatively fast changes on the conductivity [17]; on the other
side (but with more impact, especially when working at high temperatures [37],
[44]), the joule annealing in the LrGO film can cause a lowering of the resistance
[45] through the modification of the functional groups of the GO in a similar
way as the laser reduces the samples. As shown in Figure VI.5, whereas the
heater resistance could be considered constant when fixed voltages of either
10 V or 15 V were applied between its terminals; for an input bias of 20 V, it
decreased slowly (as compared with the heater time constant). This variation of
the resistance influenced the transient response of the heaters, which explained
the variability of the time constants when they were subjected to a high thermal
stress. Hence, the time constant obtained for the smallest heater, which was the
one that reached the higher temperature for the lower input power, presented
greater variability than the ones of the bigger samples, as previously reported
by Ji et al. and Rao et al. for their silver nanowire/PEDOT: PSS film haters
[37] and Au wire networks-based heaters [44], respectively. Although this fact
may pose a drawback for certain applications demanding high heating needs,
the power required for the appearance of joule annealing drift on the samples
was estimated to be above 1.5 W, which was much higher than that normally
required for these kinds of technologies and applications.

Further, we also analyzed the electromechanical stability of the heaters on
Kapton® substrate by monitoring the temperature for different conditions of
bending. In this way, Figure VI.6 shows the relative variation of temperature
[AT /Ty (%)] for a 150 mm? heater during 5 min (300 s) of bending with a bending
radius and a frequency of 10 mm and 0.5 Hz (150 cycles in total), respectively.
The driving voltage was set to 12.5 V to achieve a steady temperature of 145
°C, according to the electrothermal experiments shown in Figure VI.3 on a
rectangular 150 mm? heater. Under these conditions, the maximum changes
in temperature reported were below 10 °C, resulting in a relative variation of
temperature under 10%, following the periodic bending of the substrate (as
shown in the inset of Figure VI.6). These results demonstrated good stability
under bending since, under these conditions and for an interval of 150 s (even
under mechanical stress), the output temperature remained consistent.
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Figure VIL.5: Resistance (blue) and current (red) over time of an LrGO-based
heater for different step voltages of 10 V (a), 15 V (b), and 20 V (c).

Figure VI.6: Relative change in temperature with respect to the theoretical
steady-state temperature for a driving voltage of 12.5 V while bending. The
heater (area: 150 mm?) was bent to a minimum diameter of 10 mm at a bending
frequency of 0.5 Hz over 150 cycles (300 s). Insets show the infrared images of
both flat and bent states (arrows indicate the contacting sides).

144



Conclusions

V1.4 Conclusions

Laser-reduced graphene-oxide was studied as a heating element for the fabrication
of flexible heaters. We presented a comprehensive study covering aspects from the
production and the characterization of the raw material to the electrical and the
thermal characterization of LrGO films operating as heaters for different sizes and
substrates. The laser photothermal treatment was demonstrated as a fast and
simple procedure to obtain conductive patterns of highly reduced graphene-oxide
on flexible substrates with a competitive sheet resistance of ~200 ©/sq. The self-
heating effect of the LrGO films when voltage was applied between their terminals
was studied in terms of steady-state temperature, transient response, power
consumption, and size. The results illustrated that the saturation temperature
depended linearly on the input power density, reporting heat transfer coefficients
in the range 200-440 °C cm?/W. It was also demonstrated that, while the
electrical conductivity did not depend on the properties of the substrate, the
heat transfer coefficient did, reporting a variation of 62 °C ¢cm?/W from the
Kapton® substrate to the mica one. The response time for the different steady-
state temperatures and sizes was also analyzed, as well as its dependence on
the heater area and the resistance variation. Finally, bending experiments
demonstrated the stability and the consistency of the heaters when they were
operating under mechanical stress. The authors believe that this technology is
a big step forward in the cost-effective fabrication of high-performance heaters
on large flexible substrates, which could be expanded to multiple ubiquitous
applications.
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Abstract

This work presents a novel approach for the fabrication of Electrochemical
Capacitors (ECs) based on the screen-printing of a commercial carbon-
based conductive ink on flexible substrates. This technique enables the fast
and cost-effective production of ECs with high flexibility and outstanding
performance over bending states and voltage cycling, as demonstrated
by means of cyclic voltammetry and galvanometric charge-discharge mea-
surements. Despite the fact that the specific areal capacitances achieved
are lower than the ones obtained using other carbon-based materials
(~22 pF/cm?), the results show that, as soon as new screen-printable
carbon-based pastes become available, this fabrication method will enable
the mass production of ECs that can be attached to any surface as a
conformal patch, as it is being required by a large number of the emerging
technological applications.

Keywords: Carbon, Conductive ink, Electrochemical Capacitor, Flexible
Electronics, Screen-printing, Specific Sapacitance.
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VIl.1 Introduction

In recent years, flexible electronics has attracted the attention of many researches.
This technology is expected to cause a disruption in the field of electronics
devices, since it arises from the need to fulfill the demands required by novel
technological applications, such as wearables or biomedical sensors, which cannot
be addressed by means of the traditional silicon-based electronics [1]. Many of the
advances in this context come with the emergence of new conductive and flexible
materials. Examples of those are Carbon NanoTubes (CNTs) [2], graphene and
its derivatives [3]-[5], or silver nanowires (AgN'Ws) and nanoparticles (AgNPs)
[6], [7]. Additionally, alternative fabrication processes enabling the cost-effective
processing of these materials on large flexible substrates are targeted. Those
processes include printing technologies or laser treatment approaches, among
others [8], [9].

Thus, the combination of these two emerging lines of research has resulted
in the development of many flexible electronics devices, including sensors [10],
[11], Radio Frequency Identification Tags (RFID) [12], [13] and antennas [14],
[15]. Besides, apart from these latter, the flexible electronics progress is also
requiring of flexible energy storage devices that, combined with energy harvesting
technologies, contribute to the development of self-powered devices [16].

Numerous studies have been conducted to examine different materials as
electrodes for the fabrication of flexible Electrochemical Capacitors (ECs).
Among them, carbon-based materials are the preferred to play this role for
several reasons: i) exceptionally high surface area, ) relatively high electrical
conductivity and ii) acceptable cost [17]. Examples of materials studied so far
are Laser-Induced Graphene (LIG) [18], [19], reduced Graphene Oxide (rGO)
[20] and single walled CNTs [21]. Many researchers agree that carbon-based
electrodes will play an important role in the supercapacitor technology and
that is why a big effort is being devoted to further optimizing its properties
through doping [22] or surface treatments [23]. Besides, the performance
of the electrochemical capacitors does not only rely on the material of the
electrodes, but also on the electrolyte used. Therefore, it is also important to
achieve a proper interaction electrode-electrolyte. Then, different acid/base/salt-
Poly(Vinyl Alcohol) (PVA) gel electrolytes have been widely studied for this
purpose, being the PVA /phosphoric acid (PVA/H3PO,) and the PVA /sulfuric
acid (PVA/H3S0Oy4) the ones which report the best performance [24], [25].

In this contribution, we present a novel approach for the fabrication of flexible
ECs based on the screen-printing of a commercial carbon-based electrically
conductive ink using PVA/H3POy4 as electrolyte. We have opted for a 2D
structure which consists of several InterDigital Electrodes (IDEs) arranged on
a flexible substrate, since this configuration offers some advantages over the
conventional designs, such as lower thicknesses and smaller distances between
electrodes [16]. This paper is organized as follows. Section VII.2 describes the
materials and methods used. Section VII.3 presents the performance of the
presented ECs and, finally, Section VII.4 addresses the main conclusions.
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VIl.2 Materials and Methods

VIl.2.1 Materials

Transparent polyester films for water-based inks with a thickness of 160 pm (from
ColorGATE Digital Output Solutions GmbH, Hannover, Germany) were used
as a flexible substrate for the fabrication of the capacitors. The screen-printing
carbon-based paste used in this work, product name: C-220, was provided
by Applied Ink Solutions (Westborough, MA, USA). Both Poly(vinyl alcohol)
(PVA, Mw 31,000-50,000, 98-99% hydrolyzed) and phosphoric acid (H3POy,
product name: 1005731000) were acquired from Sigma-Aldrich (St. Louis, MO,
USA). Electrical access to the capacitive devices was achieved using a silver
nanoparticles (AgNPs) screen printable ink (LOCTITE® ECI 1010 EC from
Henkel AG, Diisseldorf, Germany).

Vil.2.2 Devices Fabrication

Figure VII.1 shows the scheme for the fabrication of the carbon-based flexible
electrochemical capacitors. First, the in-plane interdigital electrodes were printed
on the flexible substrate using a 90 Nylon threads per centimeter (T/cm)
mesh with a FLAT-DX200 screen printing machine (from Siebdruck-Versand,
Magdeburg, Germany), as shown in Figure VII.1a and VII.1b. The capacitive
structure considered has the following dimensions (see Figure VIIL.1c: number
of fingers N: 20, width W: 1 mm, spacing S: 1 mm, interspacing ¢: 1 mm
and length L: 1 cm; which results in an effective area of 4 cm?. Following the
manufacturer recommendations, the samples were dried at a temperature of 130
°C for 3 min to remove all residual solvent using a UF55 oven (from Memmert,
Schwabach, Germany). Following the same screen-printing process, electrical
contacts were printed using silver ink (Figure VII.1d), and the sample was dried
afterwards again (this time at 120 °C for a duration of 15 min). Furthermore,
the gel electrolyte was prepared by dissolving 1 g of PVA in 10 mL of de-ionized
water (10 wt%) with stirring at 80 °C for 2 h using a VWR 12365-382 hot
plate stirrer (from VWR International, Radnor, PA, USA). Once the PVA was
completely dissolved, 1.2 g of HsPO4 was added to the solution and it was stirred
for another hour [26]-[28]. The final homogeneous gel solution was drop casted
(~1.5 mL) on the capacitive IDE structure covering all the effective surface area
(Figure VII.1e). Finally, once the device is left standing overnight to remove the
excess of water, the EC looks as shown in Figure VIIL.1f.
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Figure VII.1: Schematic representation of the fabrication process of the flexible
EC. (a) Flexible transparent substrate (thickness: 160 um). (b) Capacitive IDE
structure screen-printed on the substrate. (¢) Dimmension of the interdigitally
arranged electrodes (W: width, : interspacing, L: length, S: spacing). (d) Silver
electrical contacts screen-printed on each electrode. (¢) PVA/H3POy4 electrolyte
drop-casted on top of the IDE structure (blue shadow color has been selected to
make the electrolyte visible). (d) Real view of the EC presented in this work.

VIl.2.3 Characterization

Microscope pictures were obtained with a ZEISS Axioscope 5 (from Carl Zeiss
AG, Oberkochen, Germany). The sheet resistances were measured through
the four-point method at a DC current of 100 pA using a probe head from
Jandel connected to a B2901A Keysight (Keysight Technologies, Inc., CA, USA)
Source Measuring Unit (SMU). Cyclic Voltammetry (CV) and charge-discharge
measurements at Constant Current (CC) were performed using a 2602B Keithley
SMU from Tektronix Inc. (Beaverton, OR, USA). The impedance of the samples
was obtained using the impedance analyzer 4294A (from Keysight Technologies,
Inc., CA, USA). The performance of the devices as a function of the temperature
was studied using the climate chamber VCL4006 (from Vétsch Industrietechnik
GmbH, Balingen, Germany). A custom bending setup was built to perform
the bending tests using a PD4-N5918M420 stepper motor together with a
GPLEG60 precision planetary gear (from Nanotec Electronic GmbH & Co. KG,
Feldkirchen, Germany). All the measurement setup was automated using the
software LabView 2017 (from National Instruments Corporation, TX, USA).

VII.3 Results and Discussion
Microscope images of the screen-printed electrodes are shown in Figure VII.2.

On one hand, Figure VII.2a shows the printing resolution achieved. From the
microscope images, it can be obtained that the average electrode width is W =
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1.168 mm, while its interspacing and separation are found to be i = 0.892 mm
and S = 0.902 mm, respectively, as a consequence of the paste spreading once
it is deposited on the substrate. On the other hand, the porous nature of the
carbon-based electrodes can be observed in Figure VII.2b. The sheet resistance
of these conductive patterns is 503.6 + 74.4 Q/sq.

Figure VIIL.2: Microscope images of the screen-printed electrodes. (a) Interspacing
between two consecutive electrodes (scale bar: 200 ym). (b) Electrode surface
(scale bar: 50 pm).

First, the electrochemical performance of the ECs was investigated through
Cyclic Voltammetry (CV). The experiments were conducted considering a
potential window of AV =1 V| from -0.5 V to +0.5 V, at different scanning
rates (20 mV/s, 50 mV /s, 90 mV /s and 120 mV/s), as shown in Figure VII.3a. It
can be noted that the CV curves maintain the quasi rectangular shape over the
increasing scan rates, indicating a good reversible Electrostatic Double-Layer
Capacitive (EDLC) behavior [29]. From these curves, the capacitance can be
calculated as follows:

1 0.5 0.5
Cov = 5xv— ( /_ IV + /0 ] I(V)dV) (VIL1)
where AV is the potential window, s the scan rate and I(V') the current response
as a function of the voltage [20]. The results, depicted in Figure VIL.3b, show
an average capacitance of ~12.5 uF (~3.1 uF/cm?). As seen, the capacitance
does not suffer from a considerable decrease as the scan rate increases, which
indicates a good interaction electrode-electrolyte [30].

Galvanostatic charge-discharge measurements are also commonly used for the
characterization of ECs. The resulting curves associated with these measurements
are displayed in Figure VII.3c. In this case, the quasi triangular symmetric
shape demonstrates a good charge propagation across the carbon electrodes and
negligible internal resistances [31]. In the same way, these results can also be
used to calculate the specific capacitance by the following equation:

1

= id (VIL.2)

Ccc
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Figure VII.3: Evaluation of the specific capacitance of the ECs under different
conditions. (a) Cyclic voltammetry curves at different scan rates. (b) Capacitance
as a function of the scan rate extracted from the CV curves. (¢) Galvanometric
charge-discharge curves at different constant currents. (d) Capacitance as a
function of the discharge current extracted from the CC curves.

where I is the discharge current and dV/dt the slope of galvanostatic discharge
curve [22]. In this case, the specific capacitance obtained is around 86 uF (~22
pF /ecm?) with a slight decrease as the discharge current increases (AC/Co =
4.7%), see Figure VIL.3d. This specific areal capacitance is similar to that
obtained with other non-treated carbon materials [32], [33].

The outstanding performance of the ECs under different bending conditions
(r =1.25 cm, 0.75 cm and 0.5 cm) is demonstrated in Figure VIL4. It can be
noted how the EC presents almost unchanged CC and CV curves for the different
bending states, which would allow to use these ECs in conformal applications
with no effect on their electrochemical performance.

The electrochemical cycling durability of the ECs has also been studied.
The results, displayed in Figure VIL.5, have shown that the capacitors are
able to retain their capacitance even after 1000 bending cycles (AC/Cy < 1%).
However, it can also be noticed how the rectangular shape of the CV curves
is progressively deformed. This latter can be attributed to the appearance
of reversible pseudocapacitive effects, indicating that an increasing number of
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continuous cycles boosts the electrosorption, redox and intercalation processes
on the surface of the porous electrodes [20], [34], [35].

Figure VII4: ECs performance under different bending conditions. (a) CC
curves at the four different states (I = 1 pA). Inset shows a bent EC, while
the diagram depicts the definition of bend radius. (b) CV curves for the four
bending states considered (s = 100 mV/s).

Figure VIL5: Cycle ability experiments. (a) CV curves obtained at the different
cycles shown in legend. (b) Specific capacitance as a function of the number of
cycles extracted from the CV curves.

The ECs have been further investigated using a Nyquist diagram (Figure
VIL.6), which shows the capacitive behaviour of the presented ECs as a function
of the frequency. At low frequencies, the imaginary part of the impedances
against the real one is almost linear (up to ~65 Hz), then a semicircle appears
in the high frequency region indicating the transition between resistance and
capacitance behaviors. It should also be noticed that, at this point, the curve
faces the real axis at a ~45° angle, which is a common characteristic when a
porous electrode is saturated with electrolyte [30], [36], [37]. Moreover, the
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interception with the real axis is associated with the Equivalent Series Resistance
(ESR), which is estimated to be ~250 €. Lastly, Figure VII.6b and Figure VII.6c¢
show the behaviour of the analyzed ECs if we simplify its model to a capacitance
in parallel with a resistance.

Figure VIL.6: Electrochemical Impedance Spectroscopy (EIS) of the presented
ECs. (a) Nyquist plot. (b) Equivalent resistance and (c) capacitance considering
a simple model based on a R||C circuit.

Finally, the temperature effect on the performance of the ECs is represented
in Figure VIL.7. As demonstrated by both CC and CV experiments, the specific
capacitance increases as the temperature increases, as it has been demonstrated
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for several electrode/electrolyte systems, such as rGO-PVA/H3PO, [37], CNT-
PC/TEABF4 [38], among others [39]. This effect has been attributted to changes
in the electrolyte, since an increase of the temperature possibly leads to the
physisorbtion of the electrolyte ions [37], [38].

Figure VIL7: ECs performance under different bending conditions. (a) CC
curves at the four different states. Inset shows a bent EC, while the diagram
depicts the definition of bend radius. (b) CV curves for the four bending states.

VIl.4 Conclusions

In summary, we report the fabrication of thin-film flexible electrochemical
capacitors trough the screen-printing of a carbon-based conductive ink on
a flexible substrate. Using PVA/H3PO, as electrolyte, the devices present
good performance as ECDL capacitors, which has been demonstrated trough
cyclic voltammetry, charge-discharge experiments and electrochemical impedance
spectroscopy. Although the specific capacitances obtained for this electrode
material does not achieve those obtained with other carbon-based materials,
further studies aim to treat the conductive ink in order to optimize its properties
and increase the specific areal capacitance. It has been demonstrated that this
method paves the way towards an alternative method for the large-scale and
cost-effective fabrication of flexible electrochemical capacitors.
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Abstract

Flexible electronics is one of the fundamental technologies for the develop-
ment of electronic skin, implant wearables, or ubiquitous biosensing. In
this context, graphene-derived materials have attracted a great interest due
to their unique properties to fulfill the demands of these applications. Here
we report a simple one-step method for the fabrication of electrophysical
electrodes based on the photothermal production of porous nanographene
structures on the surface of flexible polyimide substrates. This approach
constitutes an inexpensive alternative to the commercial medical elec-
trodes, leading to a lower and much more stable skin—electrode contact
resistance and providing comparable signal transduction. This technology
has been framed inside the IoT paradigm through the development of
a denoising and signal classification clustering algorithm suitable for
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its implementation in wearable devices. The experiments have shown
promising achievements regarding noise reduction, increasing the crest
factor ~3.7 dB, as well as for the over 90% heart rate-monitoring accuracy.

VIlIl.1 Introduction

Cardiovascular diseases (CVDs) are the most common cause of death in the
world [1]. This has led to assign great efforts to their early diagnosis, prevention,
and treatment. According to the European Heart Network (EHN), overall CVDs
are estimated to cost the EU economy 210 billion a year, of which around 53%
(111 billion) are intended to the health costs [2], [3]. Electrocardiography (ECG)
is the most common method to diagnose abnormalities in the cardiac activity
and to extract the information that might reveal CVDs in advance [4]. So far,
this technique was traditionally limited to the hospital environment; however,
the emergence of new technological paradigms, such as the Internet of Things
(IoT), the flexible electronic devices and the electronic textiles (e-textiles), are
shifting the “in-hospital care” towards the ubiquitous health-monitoring [5]—[7].

Metals such as silver (Ag) or copper (Cu) are currently the most used
materials for the biosignal transduction [8]—[10]. There is no doubt that these
materials have offered high performance in this kind of applications and have
contributed to the process of medical diagnosis. However, wearable health-
monitoring systems (WHMS) also require of inexpensive, lightweight, and bio-
compatible conductive materials. Following these premises, flexible electronics
and carbon-based materials are a symbiosis expected to play an important role
in the next generation of WHMS [11]-[14]. On this basis, Celik et al. presented
an electrode fabricated by chemical vapor deposition coating of graphene on
top of a Ag-based electrode [15]; whereas, chemically reduced graphene oxide
on polyethylene terephthalate (PET) and porous textile substrates have been
also studied by Lou et al. and Karim et al., respectively [16], [17]. Moreover,
Jung et al. also proposed a carbon-nanotube (CNT) on polydimethylsiloxane
(PDMS) composite-based electrode for the ECG monitoring [18]. All these
proposed electrodes, in addition of being biocompatible, are suitable for long-
term monitoring due to their “dry” nature, since they do not require of the use of
adhesive or conductive gels, in contrast to the Ag/AgCl ones [6]. However, they
are subjected to manufacturing processes with multiple stages, and therefore high
production costs. In addition, the signal transduction capability of the electrodes
must be good enough for the subsequent processing of the recorded signals.
It is also important to keep in mind that wearables devices are subjected to
significant restrictions of size, computational capabilities and power consumption.
Therefore, it is necessary to ensure a compromise between both the raw biosignal
quality and the optimization of the processing algorithms to obtain accurate
results.

In this article, we propose the use of a low-power laser diode to produce a
foam of porous graphene (PG) on a flexible substrate; this structure is applied
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to the fabrication of electrodes for the continuous and ubiquitous monitoring
of ECG signals. As reported by previous works, PG with high electrical
conductivity can be induced on the surface of diverse carbon-rich materials
by a photothermal process [19]. Recently, we presented an in-depth study
of the laser-induction of PG on a flexible Kapton® substrate under ambient
conditions by using a laser diode [20]. This approach offers the advantage
of defining high-precision conductive patterns of laser-induced nanographene
aggregates (LINA) on flexible substrates without the need for lithographic masks
or the deposition of any material before the laser treatment (such as occurs
for the laser-reduced graphene oxide (laser-rGO) [21]). This one-step technique
is also compatible with roll-to-roll methods, enabling an inexpensive mass-
production of samples. The feasibility of the proposed electrodes for recording
electrophysiological signals is demonstrated by monitoring the heart rate through
a clustering algorithm intended to be implemented in portable hardware, such
as wearables. This algorithm performs, on one side, the artifact removal from
the ECG signal (baseline wandering (BW), tremor artifacts, etc.) and, on the
other side, the extraction of the heart beat from the QRS-complexes by means
of the classification of the peaks in different clusters. Thus, the classification is
much more robust against noise and amplitude variations, since it is based on
similarities instead of on fixed values as in the case of threshold-based methods.
The results have shown that the proposed electrodes, in combination with data
analysis techniques, pave the way for the inexpensive and simple fabrication of
electrodes for a new generation of wearable monitoring devices.

VIIl.2 Results and discussion

VIll.2.1 Electrode design and fabrication

Figure VIII.1a illustrates a schematic of the structure of the developed electrodes,
fabricated following the basis of the laser-scribing procedure proposed in our
previous work [20]. The Kapton® HN tape was cut into squares (20 mm x
20 mm), then a circumference with a diameter of 10 mm was photothermally
patterned on its surface using a computer numerical control (CNC)-driven laser
diode. The electrode was laser-scribed at a fluence of 20 J cm—2 (laser spot
diameter: 20 um) and at an excursion rate of 3 min cm~2 in two perpendicular
passes (one for X-axis and one for Y-axis), ensuring the carbonization process
and the integrity of the substrate in terms of thermal dissipation [22]. Next, a
planar wire was connected to the LINA electrode using Ag-based conductive
paint. This electrical connection approach provides a low contact resistance
due to the increase of the contact area resulting from the high porosity of the
nanographene-induced patterns [20]. Most common commercial electrodes are
based on Ag/AgCl composites, being the surface of contact between the skin
and the electrode of 78.5 mm?. Therefore, the whole structure was isolated
using laminating pouches (as shown in Fig. 1a) leaving the access to the LINA
circumference free in order to establish an appropriate comparison between our
electrodes and the commercial ones (Supplementary Fig. VIII.4). An adhesive
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skin patch with a transparent polyurethane (PU) film and a polyacrylate adhesive
was used to attach the electrodes safely on the skin, as shown in Fig. VIIIL.1b.

Figure VIIL.1: Electrode fabrication and material characterization. (a) Schematic
of the flexible electrode. (b) Flexible electrode attached to the forearm of a
person. (c) SEM-image of the laser patterned surface (scale bar: 20 ym). The
bright areas corresponds to the non-irradiated surface, while the dark ones are
that of laser-induced nanographene aggregate. (d) Raman spectrum of the
laser-induced porous nanographene aggregates. (e) Percentage of change in
resistance (R/Ry(%)) for a increasing number of bending cycles, being Ry the
initial resistance and R the resistance measured after each bending cycle.

VIIl.2.2 Electrode characterization

A SEM image of the patterned area of the flexible polyimide substrate is shown in
Fig. VIIIL.1c. As can be observed, the laser-induced nanographene patterns show
a mesh-like structure as a consequence of the mechanical resolution of the CNC
unit (~40 pm). Besides, the ablated surface (non-bright areas) exhibits a high
porosity, which is a distinctive feature of the laser-induced porous nanographene
[23]. The LINA increases substantially the porosity of the polyimide, resulting
in an increase of the thickness of 18.7 £2.2 pum over its surface, which enhances
the overall contact interface. The nanographene nature of the induced patterns
is confirmed by the Raman spectrum (Fig. VIIL.1d), which is composed of three
main peaks (D peak: ~135 cm™1, G peak: ~158 cm™!, 2D peak: ~270 cm™1).
However, it is far from achieving the single-layer pristine graphene structure,
since the ratio Ip/Ig ~ 1 indicates that the sp-hybridized carbonous systems
which compose the surface present defects in their crystalline structure, while
the Irp /I ratio reflects the 3D nature of PG [24].

168



Results and discussion

Furthermore, XPS results demonstrate the structure alterations induced by
the photothermal process (Supplementary Fig. VIIL5). The initial relative
content of carbon (~75%), present as C-C sp? hybridized bonds, is increased
up to ~85% after the laser ablation, more than a half corresponding to C-C sp?
hybridized carbon. The increase of the relative content of carbon is the outcome
of the release of the nitrogen and oxygen as gases from the polyimide substrate.
Thus, both oxygen and nitrogen relative contents are reduced by more than 10%
and 5%, respectively, as a result of the photothermal process.

In addition to the chemical alterations, the LINA-induced patterns also
present a great enhancement of the electrical conductivity with respect to
the precursor substrate. The four-wire sensing experiments demonstrate that,
through the photothermal ablation process, the sheet resistance of the samples
can be reduced down to values closed to 250 2 sq~!. The bending dependence
of the sheet resistance was also investigated to demonstrate the feasibility of
the flexible electrodes for a long-term monitoring. Figure VIII.1le shows the
normalized change in the resistance of an electrode (AR/Ry(%)) as a function of
the bending cycles accumulated. The results have confirmed that the difference
in the electrode resistance between the initial state and the state after 10*
bending cycles are negligible (<4%). Further, we compared the skin-electrode
contact impedance of the fabricated electrodes with two different commercial
wet electrodes (see the section “Materials”) aiming to compare their frequency
response, which is normally modeled as the association of parallel connections
of resistors and capacitors [25]. Results have shown promising values of skin-
electrode impedance as a function of the frequency when compared with the
commercial electrodes, as depicted in Fig. VIII.2a. On one hand, the commercial
electrodes show a contact impedance more than 15 times higher than that of the
electrodes presented in this work at low frequencies (~1 k). On the other hand,
the frequency response of the contact impedance of the LINA electrodes stands
out for its lower ratio of change in frequency (2.33 Q Hz~1), while the commercial
electrodes present a deviation with respect to the frequency of 66.52 and 37.84
Q Hz™!, respectively, due to the higher impact of the parasitic capacitance when
the frequency increases. The notable achievement of the LINA electrodes is
attributed to the high porosity of the material, which enhances the specific
contact area of the interface skin-electrode decreasing both the resistance and
the capacitance seen from the body to the electrodes.

VIIl.2.3 ECG and heart rate monitoring with LINA electrodes

The raw signals recorded from both the commercial and the flexible electrodes
developed are comparable in terms of amplitude and signal-to-noise ratio. Figure
VIII.2b shows an extract of 3.5 s from two simultaneous ECG recordings where
the P-QRS-T complexes can be clearly distinguished [26]. The measuring
electrodes were placed on a volunteer according to the Lead I Einthoven’s
triangle scheme [27]. Thus, the positive electrode was placed on the left wrist,
the negative electrode was placed on the right wrist and the reference one on the
left ankle. Under the configurations parameters of the ECG acquisition system
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Figure VIIL.2: Electrocardiography recording and processing methods. (a)
Comparison of the skin-electrode contact resistance as a function of the
frequency for two commercial electrodes (Ambu® BlueSensor VL and Biopac
EL503, respectively) and the LINA electrode. (b) ECG recordings carried out
simultaneously with the LINA electrodes (in red) and the Ag/AgCl commercial
electrodes (in blue). (c¢) One step wavelet-preprocessing method for the baseline
wandering and noise correction. (d) Clustering-based method for the heart rate
monitoring based on the max-min amplitude.

(see the section “Materials and methods”), the signals present an average R-peak
amplitude of ~467 mV with a crest factor (peak-to-RMS ratio) of 11.40 and
11.47 dB for the Ag-based electrodes and the LINA ones, respectively.

The feasibility of the proposed electrodes for the WHMS paradigm is further
demonstrated combining them with an algorithm that can be applied not only
for filtering and preprocessing the signal obtained from the LINA electrodes,
but also to extract the heart rate [28]. This algorithm can be divided in two
main blocks, as schematized in Fig. VIII.2c and Fig. VIIL.2d. First, we
apply a modified version of the discrete wavelet transform (DWT) optimized for
portable hardware implementations to reduce the BW and noise of the recorded
ECG signals produced by the motion artifacts (see the section “Materials and
methods”).

The resulting signal after the baseline wander correction and noise suppression
is shown in Fig. VIIL.3b, where the crest factor has been increased up to 15.24 dB.
After that, a clustering-based method, depicted in Fig. VIII.2d and described
in the section “Materials and methods”, is applied to the preprocessed signal
for the heart rate monitoring. This method allows the extraction of the heart
rate from the RS-peaks frequency by means of the classification of the different
peaks (RS-peaks and others) which compose the ECG signal, using the distance
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between a local maximum followed by a local minimum (amplitude Max-Min)
as the feature for clustering (depicted in Fig. VIIL.3c). Then, the results of the
classification allow the high accuracy detection of the R-peaks (Fig. VIII.3d).
As can be seen, this method, applied to an extract of 60 s from a signal recorded
with the LINA electrodes, yields a 94.3% of accuracy, since it allows to detect 66
R-peaks from a total of 70 R-peaks (four false negatives), which is comparable
to that obtained for commercial electrodes.

Finally, the frequency of the RS-peaks is used to extract the instantaneous
heart rate as shown in Fig. VIIL.3e, where the outliers resulting of the false
negatives can also be appreciated. Future studies aim to include a next stage
to correct these false negatives, as well as to consider alternative machine/deep
learning techniques to automatically extract features from ECG signals. For
instance, the approach proposed by Xia et al. [29], which combines a stacked
denoising autoencoder with a softmax regression for the feature extraction and
its subsequent classification to detect cardiac arrhythmia, or the one proposed by
Zhang et al. [30], which is based on convolutional neural networks. Alternatively,
we aim to combine the electrodes proposed in this work with our recently
presented wearable system for biosignals acquisition [31].

Figure VIII.3: Electrodes performance in electrocardiography and heart rate
monitoring. (a) Raw ECG signal recording with some motion artifacts performed
with the LINA-based electrodes. (b) Resulting signal after the baseline correction
and noise suppression using the proposed DWT-based method. (¢) Two-clusters
classification (RS-peaks and noise) of the peaks which compose the ECG signal.
(d) Identification of the RS-peaks along the 60 s signal from the clustering
algorithm results. (e) Evolution of the heart rate over time extracted from the
RS-peaks frequency.
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VIIl.3 Materials and Methods

VIIl.3.1 Materials

Flexible Kapton® HN films with a thickness of 125 ym obtained from DuPont™
were used as raw material for LINA production in our experiments. Ag-based
conductive paint was acquired from RS Pro. Two Comercial silver/silver chloride
(Ag/AgCl) ECG electrodes were used for comparison, the Ambu® BlueSensor VL
(VL-00-S/25, from Ambu A/S) and the EL503 general purpose electrode (from
Biopac Systems Inc.), together with the SIGNAGEL® electrolyte gel (15-25 from
Parker Laboratories Inc). The laminating pouches Capturel25 acquired from
Fellowes Inc. were used to seal and isolate the LIG electrodes. Moreover, the
photothermal process was carried out using a DIY CNC laser engraver (A = 405
nm) with adjustable laser power and laser spot size.

VIIl.3.2 Material characterization

The morphology and structural properties of the LINA layer were analyzed
by scanning electron microscopy (SEM), Raman spectroscopy, and X-ray
photoelectron spectroscopy (XPS). SEM-images were recorded using a NVision
40 field-emission scanning electron microscope (from Carl Zeiss) at an extraction
and acceleration voltage of 5 kV and a working distance of 6 mm. Raman-spectra
were acquired using a JASCO NRS-5100 dispersive micro-Raman spectrometer
with an Elforlight G4-30 green diode (A = 532 nm) as excitation source [32].
XPS experiments were performed on a Katros Axis Ultra-DLD spectrometer
with an X-ray power of 450 W in a vacuum chamber with a pressure 1070 Torr.
CasaXPS software (from Casa Software Ltd.) was used for the Cls spectra
decomposition. A 3D profile was also acquired using a DekTak XT profilometer
from Bruker. For the electrical characterization of the samples we used the
four-point-contact method based on a probe head from Jandel connected to a
B2901A source measuring unit (from Keysight) with a constant current of 0.5
mA. The bending tests were automated using a LabVIEW 2016 (from National
Instruments) software controlled setup with a bending speed of 10 mm s~! and
a minimum bending diameter of 4 mm.

VII.3.3 Measurement of the skin—electrode contact resistance

The contact resistance of the skin-electrode interface was extracted following
a modified version of the setup proposed by Spach et al. [33] (Supplementary
Fig. VIIL.6a) for both commercial wet Ag/AgCl and LINA electrodes. Three
electrodes were placed on the forearm (ventral side) of a person at a distance
of 5 cm from each other. For this particular implementation, we used an input
voltage of 1 V with a frequency range from 1 to 250 Hz referenced to the first
electrode. The contact resistance (R.) was calculated using the equation below,
where the input current (i;,) was monitored through the voltage drop (vi2) on
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the reference resistor (r), while v corresponds to the the voltage drop in the
contact resistance (considering an ideal differential amplifier).

_wag w3 1T G1Ug, T
R, =% =
lin V12 G2 - vy,

(VIIL1)

Due to the inherent variability of the signals recorded from one person to
another and the signal amplitude variations associated with the use of the different
kinds of electrodes, the monitoring stage (differential amplifiers, gains G; and Ga,
and high-frequency noise suppression) was implemented using a reconfigurable
field programmable analog array (FPAA) from Anadigm (AN221E04, Anadigm,
Inc.) to obtain a reliable and adaptive analog conditioning signal for each case.
In this way, the conditioning electronics is simplified within the FPAA device as
depicted in Supplementary Fig. VIII.6b.

VII.3.4 ECG electrodes performance evaluation

ECG signals were acquired using the wearable body sensing platform Biosignals
Researcher Kit (from PLUX wireless biosignals S.A.) combined with an ECG
local differential three-lead electrode (also from PLUX wireless biosignals S.A.)
with 16-bit resolution and 1 kHz sampling rate. This wearable device has
Bluetooth streaming capability which allowed to send the signals to a computer
for their analysis. To compare the performance of both commercial and proposed
LINA electrodes, we analyzed the crest factor of each P-QRS-T complex of the
raw recorded signals using the following equation [34]:

CF(dB) = 20log1 (W) (VIIL.2)
being Speqr the peak amplitude of the ECG signal (R peak) and Sy.,s the RMS
value of the signal along the P-QRS-T complex.

The main sources of noise of the electrocardiogram signals are the power
line interference (50 or 60 Hz) and the motion artifacts [35]. For the noise
suppression of the ECG signals we have applied an algorithm based on DWT
digital processing techniques proposed by Castillo et al. [36], which is widely used
to reduce the BW and noise in ECG signals [37], [38]. Moreover, the advantage
of the custom algorithm proposed by Castillo et al. lies on its feasibility to be
used in portable devices, such as wearables. The algorithm, which has been
coded in Matlab® (from The MathWorks, Inc.), follows the scheme shown in Fig.
VIII.2c. Then, to obtain the noiseless ECG signal, the raw signal is decomposed
into L frequency bands (L < [log2(Fs/2)]), being Fy the sampling frequency)
to, on one hand, remove the BW by the zeroing approximation of the lowest
frequencies and, on the other hand, denoise the signal by the modification of the
details of levels 1 to M (with M < L). The frequency details subbands of levels
M + 1 to L, where most of the spectral energy should lie, are preserved to avoid
losing possible clinically important components of the signal [39]. Thus, the BW
corrected and denoised ECG signal is reconstructed using the modified details
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of the levels 1 to M, the original details of levels M + 1 to L and the zeroing
approximation of the coefficients of level L. For this particular implementation
we have decomposed the recorded signal (Fig. VIII.3a) into nine frequency levels
(L =9), using the first five levels for the noise suppression (M = 5). Therefore,
the BW correction is applied to the 9" level, which captures frequencies from
0 to 0.9765 Hz, while the adaptive filtering is applied to the first five levels
(range from 15.625 to 500 Hz) [39]. Thus, from 0.9765 to 15.625 Hz the signal is
unaltered to preserve the information of the QRS low-frequency bands [40]. The
results of the BW and noise correction in the frequency domain are shown in
Supplementary Fig. VIIL.7.

Together with the implementation of the DWT detailed above, we have
applied a clustering-based method to the recorded signals for the heart rate
monitoring. This method is an adaptation of the method recently proposed by
Castillo et al. devoted to the extraction of the fetal heart rate from mother’s
abdominal ECG signal [28]. In this case, the heart rate is extracted from the
RS-peaks frequency of the P-QRS—T complexes following the procedure shown
in Fig. VIII.2d. The RS-peak wave morphology shows a local maximum followed
by a local minimum, therefore this pattern is localized along the denoised signal
and assigned to one of the N intervals according to the maximum to minimum
amplitude. The data is then classified into two different clusters (noise and
RS-peaks) using the squared Euclidean distance D?(x;,z;) = (z; — ;)% and
the k — medoids++ algorithm, which ensures a highly accurate classification
and a better performance over threshold-based methods, as it has already been
demonstrated in our previous work [28].
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Vill.4 Supplementary Information

Figure VIII.4: Actual view of the ECG electrode including the connection of the
wire and a thermal sealing to avoid undesired contacts.
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Figure VIIL.5: Comparison of wide XPS spectra for Kapton® polyimide before
and after the laser assisted photothermal process. The peaks correspond to
the carbon (C 1s), nitrogen (N 1s) and oxygen (O 1s) species present in the
chemical structure of these materials. Values in parentheses indicate the atomic
concentrations of carbon, oxygen and nitrogen for both cases.
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Figure VIIL6: (a) Model of the equivalent electrical circuit for three consecutive
electrodes (R.: contact resistance, Rqin: skin resistance). The contact resistance
is obtained relating the voltage drop vs3 and the input current 4;,, which can be
obtained from the voltage drop across the resistor r (v12). 151 and v,g correspond
to the voltages v1s and ve3 amplified by a factor Gy and Gs, respectively. (b)
Anadigm IDE implementation of the measuring circuit shown in (a) for the
Dynamic Reconfigurable Field-Programmable Analog Array FPAA AN221E04.
A resistor r is externally connected to pins 09 and 10. The gains G; and G5 of
the differential amplifiers (green blocks) can be updated just by changing the
FPAA firmware.
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Figure VIIL.7: Normalized module of the Fast Fourier Transform of an ECG
signal before and after both baseline correction and denoising processes (L = 9,
M =5).
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Abstract

Finding an inexpensive and scalable method for the mass production of
memristors will be one of the key aspects for their implementation in
end-user computing applications. Herein, we report a pioneering research
on the fabrication of laser-lithographed graphene oxide memristors. The
devices have been surface-fabricated through a graphene oxide coating on a
polyethylene terephthalate substrate followed by a localized laser-assisted
photo-thermal partial reduction. When the laser fluence is appropriately
tuned during the fabrication process, the devices present a character-
istic pinched closed-loop in the current-voltage relation revealing the
unique fingerprint of the memristive hysteresis. Combined structural
and electrical experiments have been conducted to characterize the raw
material and the devices that aim to establish a path for optimization.
Electrical measurements have demonstrated a clear distinction between
the resistive states, as well as stable memory performance, indicating
the potential of laser-fabricated graphene oxide memristors in resistive
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switching applications.

Keywords: memristor, graphene oxide, laser-scribing, neuromorphic,
flexible electronics.

IX.1 Introduction

The memristor (memory-resistor) is the fourth element needed to complete
the relationships between the four fundamental electrical magnitudes (voltage,
v; current, i; charge, ¢, and flux, ¢), which establishes the missing link
between charge and flux [1]. The memristor was predicted almost 50 years
ago, fundamentally as a theoretical device [2], and then remained forgotten
until the last decade when it was physically implemented [3]. Since then, the
interest and research devoted to this electrical element have experienced an
exponential rise [4]-[7]. On one side, it has become one of the most promising
candidates for the so-called storage class memories in the form of resistive random
access memories (ReRAMs) [8]-[11]. On the other side, memristors are devices
able to mimic the behavior of biological synapses, opening the path for the
future development of artificial intelligence in the emerging field of neuromorphic
electronics [12]-[14]. The spike-timing-dependent plasticity (STDP) is the key
characteristic in the development of neuromorphic computing circuits [4]; the
conductance can be changed by the input pulses (related to the input charge
injected into the device), in such a way, that they behave like solid-state artificial
electronic synapses [15]. Moreover, memristor-based synapses are simpler and
energetically more efficient than those based on complementary metal-oxide-
semiconductor (CMOS) emulation circuits, allowing them to pave the way for
the next generation of computing and human-machine interfaces.

In contrast to the other existing electrical elements, memristors present
a unique voltage-current relationship determined by a closed hysteresis loop
pinched in the origin. This characteristic can be considered as the electrical
signature of memristors to the point that any device presenting this electrical
behavior can be assimilated as one of them. Memristors present an intrinsic
non-volatile memory effect because their resistance depends on the history of the
device according to a certain state equation [2]: their state of resistance (typically
high resistance state, HRS, or low resistance state, LRS) remains unaltered even
in the absence of any energy supply. This memory effect has already reached
the market and is being used in commercial digital applications [16].

One of the crucial issues that science needs to address concerning the rise of
memristive electronics, especially for neuromorphic applications, is the selection
of the best technology for the fabrication of the memristors. Memristors are
commonly classified into four categories depending on the physico-chemical
mechanism responsible for the memristive hysteresis: nanoionics, phase-change,
electronics (ferroelectrics and those based on charge trapping/detrapping), and
nanomechanics [4]. Experimentally, any device from these first three categories
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applies to neuromorphic electronics due to its “analog” memristive behavior. It
has been demonstrated that a large number of solids present analog memristive
switching characteristics, including solid electrolytes (such as GeSe or AgsS),
perovskites (e.g., SrZrO3), transitions oxides (such as NiO or TiO3), organic
materials, or even amorphous silicon [4]. However, despite the large spectrum of
existing memristive materials, there is not yet a real competitor for traditional
Silicon-CMOS technologies that support the digital von-Neumann computational
archetype. Research on memristive circuits needs to investigate differential
advantages over silicon to gather pace within the field of electronics. This means
that, apart from demonstrating their particular functionalities, memristors should
be based on a cost-effective fabrication approach that avoids the use of scarce
materials.

With the rise of graphene and related nanomaterials [17], a new path for
the development of inexpensive resistive-switching devices has been opened.
Graphene derivatives are being considered for both the application at the
electrodes of the memristors [18] and as part of active memristive materials
[19]. The reader can find a comprehensive review of the state of the art of
graphene and transition metal dichalcogenides (TMDs) based resistive switching
devices in reference [20]. This new family of memristors can benefit from
the intrinsic characteristics of graphene-related materials (i.e., abundant raw
materials, structural flexibility and transparency). Among these emerging
candidates, it is graphene oxide (GO), a non-stoichiometric polycrystalline
form of nanographene decorated with oxygen-containing functional groups [21],
where most of the research interest is focused due to its easy processability and
low cost. GO-incorporating memristors can be fabricated with a wide range of
techniques, from the deposition of the pristine material [22] to reduced versions
of it synthesized by chemical, electrochemical, thermal annealing, microwave
irradiation, or photothermal treatments [23]. Among all the aforementioned
techniques, the use of high-precision lasers to reduce GO is one of the most
attractive alternatives since it allows for the combination of lithography and
conductivity modulation in one single environmentally friendly step [24].

The application of laser-reduced graphene oxide for the fabrication of resistive
switching devices was introduced first in 2014 by Tian et al. [25]. In that work,
the authors presented a low-cost approach targeting the production of random-
access memory using laser-reduced graphene oxide as the bottom electrode of a
GO-HfO,-Ag memristive stack. However, Tian et al. concentrated on achieving
a high-conductivity GO-based electrode while the active memristive material
remained as the HfO,, itself. In this work, for the first time, we introduce the
development of laser-fabricated GO memristors that fully rely on the laser-
reduction process to create the active switching element. This new process for
the fabrication of memristors takes an inexpensive graphene oxide colloid as the
precursor material. A computer numerical control (CNC) driven laser is used to
photothermally reduce the GO, altering its nanostructure and leading, under
appropriate laser-scribing conditions, to memristive behavior. This fabrication
approach is extremely simple, which allows for an intrinsic lithography of the
devices. The results have shown that the devices present a promising and
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stable memristance which is correlated with the formation of low-resistance
conductive paths originated by oxidation-reduction reactions within the GO
body. The paper is structured as follows: the materials, experimental setup,
and fabrication process are described in Section IX.2. Section IX.3 presents
results on the structural and electrical characterization of the laser-fabricated
memristors, showing that these devices point to potential applications not
only in non-volatile memory storage but also in analog computing since they
present, both, clear discrimination between the resistive states and stable memory
performance. Section IX.4 includes a discussion of the origin of the memristance
of the reduced-GO elements, and, finally, the main conclusions are highlighted
in Section IX.5.

IX.2 Materials and Methods

IX.2.1 Materials

The precursor material for the fabrication of the memristors was an in-house
prepared graphene oxide colloid (4 mg/mL). We followed a modified version of the
Hummers and Offerman’s method [26] starting with the oxidation of graphite for
about two hours in an ice bath, using concentrated sulfuric acid (H2SO4), sodium
nitrate (NaNOg), and potassium permanganate (KMnO,) as functionalization
and oxidizing reagents (from Sigma-Aldrich Corp., St. Louis, MO, USA). The
oxidized graphite is filtered (HCI1) and washed (H20) to remove remaining ions.
Then, with the aid of sonication (30 min) and due to the increased interlayer
distance caused by the introduction of the functional groups, water molecules
can easily penetrate in the layers producing layer splitting leading to the GO
colloid. Further details on the production of the GO colloid can be found in [24].
Polyethylene terephthalate films (PET) (3M, St. Paul, MN, USA) were used
as supporting substrates for the samples. Electrical access to the memristors
was achieved by applying micro-drops of conductive carbon-based paste (Bare
Conductive Electric Paint, London, UK), or Ag-loaded conductive paint (RS,
Corby, UK).

IX.2.2 Experimental Setup

The CNC driving the laser used for laser-scribing the devices was partially
developed in our group. This system allows the patterning of surfaces located
in a horizontal holder at 6 cm from the exposure source. The laser excursion
speed was fixed at 3 min/cm?. The 405 nm laser head was acquired from
Q-BATHETM, model 405ML-300-2290 (Shenzhen, China) using a laser diode as
an exposure source (Figure IX.1a). The power of the laser can be modulated
from 10 mW to 300 mW. The 3D-shaker (Seoulin Bioscience, South Korea) used
for the GO homogenization during the water evaporation process was set to
an orbital speed of 0.3 rps Scanning electron microscopy (SEM) images were
acquired by a field-emission scanning electron microscope (NVision40 from Carl
Zeiss, Oberkochen, Germany) set at an extraction and acceleration voltage of 5
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kV. Raman spectra were recorded with a dispersive micro-Raman spectrometer
(JASCO NRS-5100, Easton, PA, USA) with a green diode as the excitation source
(Elforlight G4-30; Nd:YAG, A = 532 nm). The X-ray photoelectron spectroscopy
(XPS) experiments were carried out on a Kratos Axis Ultra-DLD (Manchester,
UK), using an X-ray (Al Ka, hv = 1486.6 e¢V) power of 450 W in a vacuum
chamber where the pressure was kept below 1070 Torr. The Casa-XPS® software
(Teignmouth, UK) was used for the XPS spectra deconvolution. Attenuated total
reflectance Fourier transform infrared (ATR-FTIR) spectroscopy was carried out
using a Bruker Tensor 27 spectrometer (MA, USA). The electrical measurements
were performed by a Keysight® B2902A precision source-measure unit controlled
by Easy-Expert® software (CA, USA). Samples were located on an Everbeing®
C-series analytical probe station (Taiwan).

Figure IX.1: (a) Schematic of the CNC-driven laser used for the fabrication of
rGO memristors. The spatial resolution of the system used in this work is 10
pm. (b) Actual picture of one of the laser-fabricated memristors (L = 2.2 mm,
W = 1 mm) using microdrops of bare conductive electric paint™ as contacting
electrodes. (c¢) Sheet resistance of laser-reduced graphene oxide samples (4
mg/mL) on PET treated at different laser powers (A = 405 nm) extracted by
the transmission line method (TLM) [27]. Error bars were calculated as the
standard deviation of 15 different samples for each laser power.
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IX.2.3 Laser-Reduced Memristor Fabrication

The raw film for the fabrication of the memristors was prepared by drop-casting
the GO colloid on PET films (0.5 mL/cm?). Next, they were placed on a 3D-
shaker for 48 h at room temperature (relative humidity 50%) until the water was
fully evaporated. According to the Kelvin measurements, the resulting GO layer
was essentially an electrical insulator (ps > 10 M€2/sq.) with an approximate
thickness of 200 pm according to the optical profilometry results.

The memristors were fabricated by laser-scribing the surface of the GO film
(Figure IX.1a). The laser is only used for the fabrication of the samples and it is
not involved in the electrical measurements carried out for the characterization
of the resistive switching of the devices. Starting with the bare GO film, the
laser triggers a photothermal reduction process that removes oxygen-containing
functional groups (increasing the atomic percentage of carbon) and partially
recovers the sp? hybridized carbon-carbon bonds, increasing the conductivity
of the nanographene flakes according to the laser power [28]. The laser power
can be adjusted to modulate the conductivity of the samples leading to different
levels of reduction. The dependence of the sheet resistance of the laser-reduced
GO as a function of the photothermal power was investigated. The results,
summarized in Figure IX.1c, show that an increase of the laser power results
in a dramatic decrease of sheet resistance (from >M€Q/sq. to <k/sq.) for
a relatively narrow power window, reflecting the progressive reduction of the
GO sample. It is also possible to observe that, for a laser power below 85 mW,
the variability of the sheet resistance increases partly due to the appearance of
the resistive switching. For a laser power over 85 mW, the improvement of the
conductance (decrease of the sheet-resistance) tends to saturate.

For the purpose of the experiments, memristors with a macroscopic
rectangular size of L = 3 mm, W = 1 mm, were fabricated at a laser power ranging
from 40 mW to 100 mW. The laser-scribing process was performed at room
temperature with a controlled relative humidity of 50% and a constant airflow
forced by a fume extractor system. These conditions avoid any intentional doping
during the lithographic process; however, the intentional doping/functionalization
of the devices by setting an appropriate environment during the laser-scribing
process [28], [29] constitutes a path to be explored for boosting the performance
of this type of devices. Micro drops of bare conductive electric paint™ or
Ag-based conductive paint were placed as electrodes to define the electrical
access and to avoid any damage on the active GO material when contacting the
devices with probes. This contact approach led to a reduction of the effective
length of the devices of about 0.8 mm, resulting in an effective dimension of L
= 2.2 mm, W = 1.0 mm (Figure IX.1b). As observed, the edges of the final
device present a slight roughness consequence of the mechanical limitations of
the experimental setup. However, this fact should not represent any constraint
for scaling down the device if a more sophisticated positioning system is used
(i.e., a galvanometric positioning allows a linewidth of 10 pum and a repeatability
of 1 pm).
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IX.3 Results

1X.3.1 Structural Characterization

We investigated the changes induced by the laser photothermal process in the
chemical structure of the GO (Figure IX.2) by SEM, Raman spectroscopy, XPS,
and ATR-FTIR spectroscopy.

Figure IX.2: Structural characterization. (a) SEM image of laser-reduced
graphene oxide at 70 mW (initial GO colloid concentration 0.5 mL/cm?). (b)
Raman spectra acquired from the GO film before and after the laser-assisted
reduction for different laser powers. (¢) Comparison of the Cls peak from the
XPS spectrum of both GO (top) and laser-reduced GO (bottom) samples. (d)
ATR-FTIR spectra of unreduced GO. (e) ATR-FTIR spectra of 100 mW laser-
reduced GO.

Figure IX.2a shows an SEM image of a laser-reduced GO area. The laser-
treated surface is characterized by a large roughness and porosity as a consequence
of the spontaneous and violent release of oxygen-containing functional groups
during the photothermal process.

The Raman spectroscopy provided information about the lattice structure of
the sp? hybridized carbon systems. It is worth mentioning that the spectra were
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acquired with special caution to avoid any undesired photothermal reduction
of the GO by the laser stimulation source itself [30]. In particular, the laser
power was set to 5.3 mW with an 80% attenuation and acquisition time of 15
s. As can be seen in Figure IX.2b, the Raman spectra of the bare GO and
laser-reduced GO samples are composed of three main peaks at approximately
1350 em ™t (D), 1620 cm~* (G) and 2700 cm~! (2D). The presence of disorders
in the sp? structure is evaluated through the relative intensity of the I /Ip ratio,
while the intensity of the 2D band gives information about the number of layers
of the graphene-derived structure (which may range from the one single layer
of pristine graphene to the multilayer structure of graphite) [31], [32]. Thus,
Figure IX.2b shows the evolution of defects in the graphene-based samples as
well as the changes in their layer structure as the photothermal power of the laser
increases. For the raw GO, the prominent intensity and area of the D peak, with
respect to the G peak, is a consequence of the structural imperfections created
by the oxidation process of the graphite. Besides, the almost nonexistent 2D
band indicates the multilayer and defective nature of the GO sample. When the
laser-scribing process is applied on the surface, the photothermal reduction takes
place, and as the laser power increases, the G and D peaks become narrower and
the I /Ip ratio increases, demonstrating the decrease of the number of defects,
and therefore the reduction of the GO. Moreover, the gradual restoration of the
crystallographic structure is also manifested by the decrease of the I /Isp ratio
along the photothermal process [24].

XPS experiments were performed for a better understanding of the nature
of the defects. The results showed that the initial atomic percentages of ~52%
and ~45% for both carbon and oxygen species of GO became ~72% (C) and
~26% (O) after the reduction at a laser power of 100 mW. Furthermore, Figure
IX.2¢ shows the Cls XPS high-resolution spectra of the GO film before and
after the laser treatment and their deconvolution. The defects in the structure
of the sp? hybridized carbon bonds (284 eV) are associated to C-C sp® bonds
(284.5 V), carbon-oxygen compounds (C-O, 286.5 €V) present as hydroxyl (C-
OH) and epoxy (C-O-C) groups, carbonyl groups (C=0, 287.8 V) as well as
0-C=0 (288.6 ¢V) and m — 7* transitions (291 eV) [33], [34]. Therefore, the GO
film presents a large contribution of sp? hybridized carbon bonds and different
carbon-oxygen compounds as a consequence of the oxidation process. The laser
treatment turns a large portion of sp® carbon into sp? hybridized carbon, which
is a clear indication of a graphene-based composite material [35], and removes a
significant portion of the defects introduced by carbon-oxygen compounds, as it
was reflected in the Raman results.

All these results are also consistent with those achieved from the ATR-FTIR
experiments, shown in Figure IX.2d,e. In the GO spectrum (Figure IX.2d), the
different oxygen-containing functional groups can be observed at the broad peaks
located at 1700 cm~! (C=O0 stretching vibrations in carbonyl and carboxyl
groups), 1410 cm™! (C-OH hydroxyl), as well as at 1220 cm~! and at the
band from 968 cm ™! to 1060 cm ™! associated with epoxy and other C-O groups.
Moreover, one band at 1620 cm ™! due to the skeletal vibrations of unoxidized sp?
hybridized carbon bonds is also observed [36]-[38]. After the laser photothermal
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reduction (Figure IX.2e), the sp? hybridized carbon domain is also present but
shifted to 1575 cm ™! [39]. Besides, a significant reduction of the bands associated
with the oxygen-containing groups is detected, which is a clear evidence of the
successful laser-reduction of the GO.

1X.3.2 Electrical Characterization

The laser-reduced graphene oxide memristors were initially characterized by
cyclically applying a triangular voltage bias at the two surface electrodes [-
3.5, 3.5] V and simultaneously monitoring the driven current using a source-
measure unit (SMU), as the inset of Figure IX.3a shows. Unless otherwise
specified, the experiments presented hereinafter were performed using bare
conductive electric paint™ as contacting electrodes. Representative results of
the current-voltage characteristics are shown in Figure IX.3a for a memristor
lithographed at a laser power of 70 mW. As can be observed, the device presents
the unequivocal fingerprint of a bipolar memristor [40], corresponding to a closed
pinched hysteresis loop collapsed in the origin in its current-voltage characteristic.
In Figure I1X.3a, the two resistive states of the device are identified presenting a
resistance, in the initial cycle, of R = 896 k2 and R = 75 k{2 at the HRS and LRS,
respectively. These resistances have been measured within the voltage range [-1,
1] V. All the fabricated devices presented a forming-free resistive switching [23].
The top inset of Figure 1X.3a shows an example of another device contacted with
Ag-loaded conductive paint. As observed, the device presents similar memristive
hysteresis. This contact independence of the memristance allows elucidating the
underlying mechanisms responsible for the resistive switching, as discussed in
detail in Section IX.4, and opens this technology to the investigation of a large
variety of contact approaches.

As it is the case of some other reported symmetric memristors [41]-[43],
the polarity of the device can only be determined after the first cycle of its
current-voltage characteristic. Prospective studies are to be conducted to disclose
if it is possible to induce a specific polarity during the fabrication process or by
using an electrical approach. The memristive behavior of the devices (i.e., the
pinched hysteresis loop, as shown in Figure 1X.3a) was investigated for different
values of the laser power. The results, summarized as the ratio between the
resistive states, are shown in Figure IX.3b. As observed, the largest hysteresis
was spotted for the devices laser-fabricated from 65 mW to 75 mW. Whereas,
for the devices reduced at a laser power below 60 mW, the memristance was
not observable. This does not mean that resistive switching effects were not
taking place in the structures but rather that they were fully masked by the high
resistance of the material. At the opposite end of the scale, we did not observe
any memristance for devices reduced at a laser power over 80 mW. We speculate
that the number of oxygen-containing functional groups resulting after the laser
treatment was too small to appreciate any hysteresis effect on the current-voltage
characteristic (see Section IX.4 for further discussion).

The stability of the resistive states has been assessed by continuous device
cycling. Results represented in Figure IX.4a show that after 10 complete up and
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Figure IX.3: Electrical performance of a laser-reduced GO memristor (Pjgser
=70 mW, L = 2.2 mm, W = 1 mm). (a) Current-voltage characteristic of a
memristor showing the characteristic signature of memristance. The voltage has
been scanned from -3 V to 3 V with a voltage step of 10 mV. The scanning rate
was adjusted to 2 V/s. The top inset of the figure shows an example of another
device fabricated with Ag-based contacts. (b) Ratio of the resistance measured
in the high resistance state (HRS) and low resistance state (LRS) of a set of
laser-lithographed graphene oxide memristors fabricated at different laser power
(15 devices for each laser power). The resistance was extracted in the range
[-1,1] V of the current-voltage characteristics. The memristors were of identical
dimensions with an effective length of 2.2 mm and width of 1 mm.

down voltage excursions, without establishing any current compliance during
the measurements, the states remain reasonably stable with a tolerance <30%
and the average values of high and low resistance states <Rpygrg> = 900 k2 and
<Rprs> = 84 k€, respectively. After the cycling of the device, there is neither a
significant degradation in the performance nor an overlap between the HRS and
LRS. The devices can safely be cycled further if the current compliance is set to 20
1A, limiting the power dissipated and preventing irreversible resistive switching.
As shown in Figure IX.4b, under these requisites it is possible to achieve 100
cycles. These values, despite still well below the endurance values of better
established inorganic memristor technologies [44], are comparable with other GO-
based memristors. For example, in [45] the endurance properties of A1/GO/ITO
devices were evaluated during 100 switching cycles, showing that the HRS and
LRS values and its ratio maintained stable values. In a recent work [46], the
authors make clear statements about the lack of research efforts in organic devices
compared with their inorganic counterparts. They specifically highlight that
problems arise from insufficient reproducibility, endurance, stability, scalability,
and low switching speed. In their Table S1 (Supplementary Materials) they
present a comprehensive comparison between the state of the art of both organic
and inorganic oxide memristors. The data presented for the reduced-GO material
indicates an endurance of 250 cycles, which is far below (orders of magnitude)
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the values already demonstrated for other materials shown in Table S2 of the
same work. Specifically, they refer to [47] where a metal/rGO/metal memory
device was fabricated and characterized. In that work, after 250 cycles, the
HRS and LRS values show a noticeable degradation, as depicted in its Figure
8a. In Ref. [48], a Pt/GO/ITO device was fabricated and characterized, which
demonstrates good retention characteristics up to 100 cycles.

Figure IX.4: (a) Resistance values obtained from successive programming/erasing
cycles without current compliance. Average values of the resistance at the HRS
and LRS are included. (b) Resistance values obtained from successive device
cycling demonstrating up to 100 cycles. The experiments were carried out by
establishing a current compliance of 20 pA. (c) Resistance values obtained from
15 different memristors at the HRS and LRS states. Error bars illustrate the
resistance variability of the device during 10 cycles. (d) Retention characteristic
of laser-reduced graphene oxide memristor at room temperature (same device for
LRS and HRS states). The state of the device is read with 0.2 V pulses during
50 ms.

Figure IX.4c shows statistical results of the HRS and LRS states of 15 laser-
fabricated graphene oxide memristors (lithographed at 70 mW). The variability,
especially that of the LRS state, is relatively high; however, there is no overlap in
the distributions of states. Furthermore, the resistance ratio between the states
remains around a factor of 6, which can be considered a promising achievement
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given the early stage of development of the devices (best ratio = 11.9, worst
ratio = 3.2). Finally, Figure IX.4d shows results on the characterization of the
retention time of a memristor at room temperature. The current at the HRS
and LRS was monitored periodically (every time-decade) applying 0.2 V /50
ms pulses during 4 hours after programming the HRS or LRS exemplifying
the non-volatility of the states. A low reading voltage (0.2 V) was selected to
avoid device disturbance given that in this experiment it was only necessary to
discriminate the states.

IX.4 Discussion

An in-depth understanding of the physical mechanisms of the resistive switching-
process in GO and reduced-GO is yet a subject under study and not exempt
from controversy [49]. Two main models have been proposed to explain the
formation of conductive paths involved in the resistive switching of GO. In
one of the theories, the conductivity of the GO layer is modified according to
redox reactions of the electrodes at the interface between GO and metals [50].
Our results have shown equivalent memristive behavior under different contact
approaches (see Figure IX.3a), making us rule out this process as the origin
of the memristance. This is specifically supported because, in the case of the
devices contacted with bare conductive electric paint™, there are no metallic
agents in the composite (water, natural resin, conductive carbon, humectant
agent, diazolidinyl urea, and preservative agents [51]).

The other model to explain the resistive switching in GO films proposes
that the conductive path is caused by transforming insulating sp® domains to
conducting sp? bonds (oxygen vacancies) based on the detachment of oxygen
groups under the action of an electric field [49], [52]. Several works based on
first principles and statistical calculations have demonstrated the tendency of
the oxygen functionalities to agglomerate and form highly oxidized domains
surrounded by areas of pristine graphene [53], [54]. In Ref. [55], the authors
studied the reversible oxidation of graphene oxide by DFT. Their studies show
that although the bonding between oxygen and carbon atoms is strong, the
migration barrier of oxygen atoms is below 0.8 eV. These values are further
corroborated in [53], which estimates an energy of 0.6 €V (on average) for those
endothermic reactions.

This second model is likely to explain the switch of the resistance of laser-
fabricated graphene oxide memristors. Thus, the memristance relates to a bulk
phenomenon involving the drift of oxygen ions and oxygen-containing groups
inducing local changes in the level of reduction of the GO, hence turning it into
a more conductive state [23], [56], [57]. This statement is also supported by
estimating the energy involved during the resistive switching process. In our
devices, the transitions HRS to LRS are typically occurring at a current of 10
pA (Figure IX.3a) and a resistance (HRS) of 1 MQ (Figure IX.4a). Therefore,
the power involved in the transition is about ~0.1 mW. The transition time
cannot be determined precisely due to the large time constant of the devices
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which masks the actual physical phenomenon somewhere below 20 ms. However,
we do not expect this device to achieve the sub-ms transitions of more scaled
technologies [58]. Therefore, we elucidate that this transition is in the range
from 1 ms to 10 ms. According to this, the energy supplied to the device is above
10'2 eV, consistent enough to trigger a significant percentage of the migration
and recombination of oxygen ions and functional groups across the basal plane
[53], since the number of surface sp?> C-O bonds can be roughly estimated in
the order of ~10'3 C atoms (~10'9 C atoms cm~? in the graphitic structure
[59], and 60% of carbon sp3-hybridized with oxygen-containing functional groups
according to the XPS experiments).

Figure IX.5: Conceptual model of the origin of the resistive switching of laser-
fabricated graphene oxide memristors illustrating the transition from HRS to LRS.
Starting from an HRS state, under the action the current flow, the electrostatic
potential is mostly applied on the non-conductive sp? domains resulting in large
local electric fields. The sp? based conductive domain (area surrounded by the
green dashed line) is extended by the field-assisted migration of oxygen ions,
creating a local high conductivity path leading to an LRS state.

Figure IX.5 illustrates the process of resistive switching. The non-uniformity
in the number and location of the functional groups of the partially reduced
graphene oxide [60]—-[62] is responsible for the creation of different conductive
domains. sp? high-conductive domains are interrupted by low-conductive ones
(sp?) at a nanoscale level. When a current is flowing, the electrostatic potential
is mostly applied on those non-conductive regions resulting in large local electric
fields. sp2-based conductive paths are set up under the action of the current
flow leading to an LRS state. The hypothesis of the formation of interconnected
high-conductivity domains does not mean that the high conductivity state is
related to a homogeneously distributed conduction medium, but rather the LRS
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is correlated with a confined effect associated to the formation of a percolation
path (or paths) of highly reduced GO by the energy accumulated in the device.
Under reversed polarity, a partial recombination of the oxygen vacancies and
mobile ions is possibly resulting in the recovery of the HRS. According to [49], this
recombination can also be triggered by thermal effects resulting in degradation
of the LRS or even in a retention failure when it is produced spontaneously. This
latter statement is in agreement with our need to limit the current driven at the
LRS (Figure I1X.4b) when performing multiple cycles to avoid the collapse of the
current hysteresis.

IX.5 Conclusions

This work addressed the fabrication of organic memristors based on the laser-
assisted reduction of graphene oxide. This technique has been demonstrated as
a fast and reliable approach for fabricating the devices with a clear advantage
in its simplicity and intrinsic lithography. The results have proved that after
tuning the photothermal intensity of the ablation process, the devices feature a
prominent and stable memristance. Therefore, this fabrication technique may
constitute a new high throughput approach for the advent of memristive circuits.
According to our experiments and existing theories, the resistive switching of
the devices is attributed to oxygen-containing functional groups drift modifying
the local stoichiometry of the reduced-graphene oxide layer. Low-resistance
conductive paths are formed in the bulk of the material when sp? domains are
tuned into sp? domains (oxygen vacancies). The sp® domains can be recovered
by reverse polarity and these mechanisms are likely to be triggered by dissipative
effects and assisted by the electric field.
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Abstract

This work provides the guidelines to design and implement an elemental
memcapacitor circuit emulator based on the relation between memca-
pacitance and the Miller effect in voltage amplifiers. The emulator is
presented theoretically in a top-down approach, from the circuit behavior
to the foundations of the constitutive equations of the memcapacitance
and the electrical mutation of a memristor. Then, a practical and simple
circuit implementation is demonstrated by SPICE computer simulations,
circumventing the solid-state memristor by a two-state flux-dependent
resistor, which modulates the gain of the amplifier in consonance to
the flux of the input signal. Further electrical properties of the system
are extracted from its physical implementation in a field-programmable
analog array. The work is concluded illustrating the functionality of
the memcapacitor emulator to study neuromorphic applications with a
long-term potentiation example.

Keywords: feedback, memcapacitor, memristor, Miller effect, mutator.
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X.1 Introduction

In 1971, Professor L. Chua completed the electrical relationships between the
fundamental electrical magnitudes voltage (v), current (7), flux (¢), and charge (q)
introducing the memristor [1]: a new passive element presenting a memory effect
manifested through a closed pinched loop in the current—voltage characteristic.
For almost four decades, the memristor only remained consigned to the circuit
theory; until 2008, when Hewlett-Packard Labs (HP) developed a device that
followed the equations of the memristor [2]. In this way, and not exempt
of controversy [3], it became the first solid-state demonstrator of the elusive
device. Since then, the memristor has gained an exponential interest whether
for the implementation of new storage-class memories, logic gates and crossbar
classifiers, or for the development of synaptic devices in neuromorphic computing
applications [4]-[8]. In 2009, the concept of passive memory devices was revisited
[9], proposing the memcapacitor and meminductor as a part of a larger essential
family of circuit elements for developing a rigorous mathematical theory of
nonlinear circuits [10]. The memcapacitance (memory capacitance), Cps, that
will be the objective of this work, establishes the electrical relation between the
time integral of the charge (o) and the time integral of the voltage (i.e., flux, ¢;
see Figure X.1):

Cy = i (X.1)

Cy has dimensional units of charge divided by voltage and evidences, to

some extent, a sort of capacitance. Note that the flux, ¢, does not necessarily

have an electromagnetic meaning (in the sense of the electromagnetic flux), so

the notation [V - s] will be used as its units instead of [Wb] to highlight this
difference.

Figure X.1: Mem-elements relating the charge (¢) with the time integral of the
voltage (), (memristor), and the time integral of the charge (o) with the time
integral of the voltage, (memcapacitor). Units are presented in brackets.
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From Equation X.1, a general voltage-controlled memcapacitive system is
defined by the two following expressions[9]:

q(t) = CM(thQ,...,:L'N,’U,t)’U(t) (X2)
dng ®) _ e, 0.t) (X.3)

—

where ¢ is the time, and xx (t) = (z1, 22, ..., TN, v, t) represents the N-components
vector defining the N state variables of the system (N > 1). The resulting ¢ — v
characteristic curve of the memcapacitive system presents a pinched hysteresis
loop through the origin since, according to Equation X.2, the charge is zero
whenever the voltage is zero. A particular case of this general definition is a
memcapacitive system with only one single state variable leading to the so-called
voltage-controlled memcapacitor [11]:

q(t) = Cupo(t) (X-4)

with ¢ = ftto v(T)dT as long as ¢ = ffooo v(r)dr = 0.

In contrast to memristors, which are called to be a cornerstone for the
development of the future of electronics [12], memcapacitors (as well as
meminductors) are still in their earliest stage of development: their properties
and applications needto be fully understood, and solid-state demonstrators must
be found [13]. Most of the works dealing with memcapacitors still need to be
focused on circuital emulators that enable the assessment of their properties
and applications in actual circuits, especially to develop their full potential for
the neuromorphic electronics field [11]. Examples of these emulator circuits
can be found in the study of Pershin and Ventra [14], where a memcapacitor
is implemented transforming memristance into memcapacitance (mutator); in
the study of Sah et al. [15], a memcapacitor is emulated with off-the-shelf
devices. The concept is further developed in the study of Yu et al. [16], where a
full-floating memcapacitor is developed without grounded restrictions. All these
works are fairly based on a bottom-up approach: designing the circuits from
which a similarity transformation is achieved, and the constitutive relations of
memcapacitance are satisfied.

This work introduces a new and simple approach for memcapacitance
emulation relating the memcapacitance with the Miller effect, which is present in
amplifiers with a parasitic or physically implemented capacitance connecting both
input and output terminals. After this introduction, the paper is divided in four
Sections. Section X.2 introduces the relationship between the Miller effect and
the memcapacitance. Section X.3 proposes a design for memcapacitor emulator
based on the Miller effect and provides SPICE simulations demonstrating its
functionality. The circuit is implemented on a field-programmable analog
array for its electrical characterization in Section X.4. Finally, Section X.5
exemplifies the potential of this emulator for studying neuromorphic applications,
in particular, a long-term potentiation (LTP).
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X.2 The Miller Effect and the Memcapacitance

The Miller effect, originally identified in triode vacuum tubes, accounts for the
increase in the equivalent input capacitance connected between the input and
another node of a circuit exhibiting gain. This effect is typically observed in
voltage amplifiers with inverting output [17]. Thus, the capacitor in the circuit
of Figure X.2 is affected by the Miller effect. For its analysis, we assume that the
memristor is characterized by its memristance at a given instant of time (Rpz).
This memristance intrinsically depends on the electrical history of the device [1].
The output voltage of the circuit is related to the input voltage by the amplifier
gain (vout(t) = —Avrn(t)), with A > 0), and therefore, the impedance seen at
the input terminal of the circuit can be calculated as follows:

[
Irn jWC(VIN — VOUT) ij(l + A)

Zin = (X.5)

which yields an equivalent input capacitance (1 + A) times the value of the
original feedback capacitor C' (Miller effect).

Figure X.2: Schematic of the memcapacitor emulator based on the Miller effect
over feedback capacitor C. The gain of the amplifier, (—A), is modulated
according to the flux of the input signal, v;y, by means of the memristor.

This gain dependence of the input capacitance can be connected directly
with the memcapacitance. In the circuit of Figure X.2, the derivative of oy,
i.e., the input charge, can be related to the voltage across the feedback capacitor
C and therefore to the gain of the amplifier through the following expression:
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dUITJZ(t) =qn(t) = /“N(t)

:/cmngom@:cu+mwm@

(X.6)

The first term of Equation X.6 can be further developed introducing the
input flux (i.e., the flux on the equivalent input capacitance):

dO‘]N(t) - dO‘]N(t) ] dSDIN(t)

dt  dern(t) dt (X.7)

Combining the definition of memcapacitance (Equation X.1), with Equations
X.6 and X.7, the resulting memcapacitance seen at the input of the circuit is
derived as follows:

Cr — dO’[N(t) _ C(1+A)U[N(t))
M dern (D) dprn(t)/dt
_ C(1+ Aurn(t))

'U]N(t)

(X.8)

= C(1+4)

Considering a close to ideal operational amplifier, the voltage across the
memristor (inverting terminal) follows concomitantly the input voltage applied
to the circuit (non-inverting terminal), and therefore, the input flux and the flux
in the memristor are equal (¢rn = @arr). This latter flux, through the electrical
action of the memristor, controls the gain of the amplifier Cyy = C(1+ Ay, ,)-
Therefore, substituting the gain of the amplifier of Figure X.2 in Equation X.8,
the resulting memcapacitance is given by:

Ry

The circuit in Figure X.2 can be considered as an electrical mutator circuit
since, according to Equation X.9, it transforms a memristor with a certain
constitutive relation fi/r(¢, ) into a memcapacitor with its own constitutive
relation farr(o, ).

on=c (24 7-) (x.9)

X.3 Miller Effect Memcapacitor Circuit Demonstrator

We have developed a simple Miller effect-based memcapacitor demonstrator to
study its electrical behavior based on the general schematic of Figure X.2. The
schematic of the circuit is shown in Figure X.3. To avoid the use of a solid-state
memristor, we substituted it by a flux-controlled resistor (that actually behaves
as a two-state bipolar memristor [18]), represented inside the dotted box in
Figure X.3. This simplification ultimately yields a two-state memcapacitor
instead of a continuous transition of capacitance that would be produced by
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using, for example, an analog solid-state TiOg memristor [2]. In the circuit of
Figure X.3, the value of the flux, ¢, is obtained by integrating the voltage of the
inverting terminal of the operational amplifier (which is identical to the input
voltage). If this value is lower or equal to the triggering flux value, ® (set in
the comparator), the resistor Rs is not connected in the feedback loop, and the
amplifier presents the low value of gain (A = 14+ R;/R2). In any other case
(¢ > @), R3 is connected in parallel to Ry, and the gain takes a larger value
(A=1+4 Ry/(R2||R3)). Considering an off-the-shelf application, the integrator
can be implemented by an op-amp integrator with a feedback resistor behaving
as an inverting active low-pass filter with a very low cut-off frequency (setting a
feedback resistance much larger than the resistance connected to the negative
terminal) followed by an inverting amplifier stage to recover the polarity of the
signal and a final level comparator.

Figure X.3: Schematic circuit of the memcapacitor emulator based on the Miller
Effect. The elements inside the dotted rectangle emulate a two-state memristor.
The total resistance of the feedback loop (determining the gain) is modified
between two values depending on the input flux, ¢, and the triggering flux value
of the comparator, ®. For the sake of clarity, the circuits corresponding to the
inverter, integrator, and comparator are not detailed.

From the input equivalent capacitance perspective of Equation X.9, the
piecewise definition of the feedback resistance depending on the input flux yields
the following capacitance values:

Clow =C2+ R1/R if <P
Culp) =14 ! 2+ £/ Ry) L= (X.10)
ChithC(2+R1/<R2HR3)) lfQDZ(I)

The time-domain impedance of a time-dependent capacitor (Zo(t) =
vrn(t)/irn(t)) can be determined from the fundamental relationship between
charge and capacitance:
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q(t) = C(t)vrn(t) (X.11)

The current can be obtained as the derivative of Equation X.11:

. dC'(t d t
i) = €8 )+ o (X.12)
dt dt
which produces the following time-domain impedance:
UVIN (t)
Zo(t) = prel0) (X.13)

4CW) n (1) + C(1) Lolt)

If the input voltage is of a sinusoidal form (vry(t) = Vi, sin(wt)), and the
capacitance is characterized by two discrete values depending on the history of
the system (flux, ¢), then Equation X.13 yields:

= wlCi tan(wt) (X.14)
where C; will take the low and high capacitance values according to Equation
X.10. The circuit in Figure X.3 has been first simulated with SPICE to confirm
the memcapacitive behavior of the input impedance. The results shown in
Figure X.4A confirm the characteristic behaviour of the flux dependent gain.
For this particular example we selected: C' = 10 nF, Ry = 4 kQ, Ry = 4kQ, R3
= 1.33k€2, and & = 0 Vs for the triggering value of the flux. The input signal
was sinusoidal with 1 V of amplitude and an oscillation frequency of 50 Hz. The
resulting values of the gain are A = =2 V/V for ¢ < &, and A = —5 V/V for
@ > ®. The time-domain impedance, shown in Figure X.4B, reproduces the
analytical time-domain input impedance of the circuit given by Equation X.14.
The extracted values of capacitance are C' = 30 nF (¢ < ®) and C' = 60 nF
(¢ > @), matching perfectly the predicted values according to Equation X.10.
Additional results showing the response of the circuit to a triangular input signal
are shown in Figure X.4C.

Zo (t)

X.4 Field Programmable Analog Array Implementation

The circuit shown in Figure X.3 can be implemented easily with off-the-
shelf devices, but for the purpose of integration, we tested it in a dynamic
reconfigurable Field-Programmable Analog Array (FPAA, Anadigm AN221E04)
[19]. This platform allows the implementation of complex analog functions
using configurable analog modules (CAMs) [20], which are optimized in terms of
sensitivity to parasitic effects. The user-interface modular view of the Anadigm
workspace, where the circuit is designed, is shown in Figure X.5A. The integrator,
comparator, and controlled-gain amplifier CAMs simplify considerably the
implementation of the circuit shown in Figure X.3. Pins 11 and 12 are set as the
positive and negative memcapacitor terminals. The input signal is integrated and
compared with the triggering flux value, defining a piecewise gain in the amplifier
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Figure X.4: (A) SPICE simulation, the output voltage and the input flux for
a sinusoidal input signal (V,,, = 1 V, f = 50 Hz) of the circuit implemented in
Figure X.3. Ry =4 k), Ry = 4 k), R3 = 1.33 k2, C = 10 nF. (B) Real-time
impedance measured at the input of the circuit of Figure X.3 when the sinusoidal
stimulus in (A) is applied to the input. The results agree with the theoretical
values of Equation X.13, characterized by two values of capacitance depending
on the history of the memcapacitor. (C) Simulation results of the output voltage
and the input flux for a triangular input signal.

(G = =2 V/V when p;y < @, and Go = =5 V/V when oy > ®). Then,
the output signal of the amplifier is sampled and filtered internally before being
directed to pin 7. A feedback capacitor of 9.4 nF, responsible for the Miller effect
(not shown), is connected between pins 7 and 11. This capacitance is several
orders of magnitude larger than the maximum input parasitic capacitance of the
Anadigm AN221E04, which is in the range of ~ 5 pF [19]. The inherent electrical
signature of the memcapacitor is manifested on the experimental charge-voltage
plot (Figure X.5B), where the triggering flux was varied taking the values ®
= {0,250,450} mV-s. The input charge, determined from the integral of the
input current (corresponding to the memcapacitor charge), describes a closed
pinched loop passing through the origin when represented against the input
voltage (corresponding to a sinusoidal waveform in this figure). The positive and
negative lobes enclose the same area, resulting in a purely reactive memcapacitor.
As shown, the use of a two-state bipolar memristor in Figure X.3, yields a two-
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state bipolar memcapacitor (Figure X.5B). Moreover, Figure X.5C shows the
corresponding two-state input capacitance (memcapacitance) values extracted
from the charge-voltage plot.

Figure X.5: (A) Anadigm workspace implementation of the memcapacitor
emulator of Figure X.3 in the dynamic reconfigurable field-programmable analog
array FPAA, AN221E04. A 9.4 nF capacitor is connected between the input and
output terminals of the amplifier: pins 11 and 7. (B) Closed pinched hysteresis
loops of the charge-voltage curve of the emulated memcapacitor for different
values of the triggering flux (®) when the circuit is driven with a 50 Hz, 0.5
V sinusoidal waveform. (C) Measured input capacitance of the memcapacitor
emulator for the same stimulus of (B).

X.5 Long-Term Potentiation Application

In this last section of the work, we would like to highlight the suitability of
the memcapacitor emulator to study and design neuromorphic circuits provided
with synaptic plasticity. In particular, a LTP example is illustrated. This
principle, inside the neuroscience field, conforms a persistent strengthening
of synapses based on recent patterns of activity, and it is assumed to be
one of the major mechanisms that underlies learning and memory [21]. The
neural stimuli are modelled by successive voltage spikes that are applied to
the memcapacitor emulator with positive sign, corresponding to a pre-synaptic
stimulus, or negative sign corresponding to a postsynaptic stimulus (Figure
X.6A). The initial presynaptic spikes progressively increase the input flux of
the device (Figure X.6B). This situation corresponds to the potentiation of the
device. When the triggering flux (®=150mV - s) is surpassed, after 10 voltage
spikes in this case, the input capacitance (Cyy) increases and therefore so does
the input current (irn(t) = CMM’TJ‘;(O), Figure X.6C. The confirmation of the
learning process of the device can also be recognized in the charge that the
device stores and removes during each spike (Figure X.6D).

Similarly to the learning process, the device can forget its training, emulating
a long-term depression (LTD) process by applying postsynaptic voltage spikes.
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Figure X.6: (A) Pre-synaptic (v;ny>0) and post-synaptic (v;y<0) voltage spikes
applied to the Miller effect memcapacitor, emulating neural stimuli. (B) Input
flux (prn) of the device; the triggering flux is set to ® = 150 mV-s. (C)
Input current reflecting the change in the memory state. (D) Evolution of the
memecapacitor charge during the train of stimuli.

These negative stimuli (above 0.9 s in Figure X.6) progressively decrease the
input flux (pr;y) ending up with the depression of the memory action that
recovers its initial pretrained state.

X.6 Conclusions

The Miller effect has been suited as a simple approach to build memcapacitor
emulators from memristor electrical mutation. The designed circuit is general
and can be implemented using an actual memristor, or from pure off-the-shelf
devices. The electrical properties of the circuit have been tested both by SPICE
simulations and by implementing it using a field-programmable analog array.
Finally, its potential functionality to study neuromorphic applications has been
illustrated through a LTP example.
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Abstract

In this work, we presented the design and simulation of a new flux-
controlled meminductor emulator based on a modified version of the
well-known Antoniou’s inductor simulator circuit. The constitutive the-
oretical equations of meminductance are presented and subsequently
correlated with the electrical behavior of Antoniou’s circuit, hence illustrat-
ing its practical meminductive behavior with a proper selection of feedback
impedances. After that, the feasibility of a practical implementation
using off-the-shelf devices is illustrated firstly for a two-state meminductor
and secondly for a continuous-state meminductor by means of SPICE
simulations. It was also demonstrated that this emulator can operate at
different frequencies and input signals constituting one of the simplest and
most versatile meminductor emulators to date.

Keywords: circuit theory, emulator, feedback, gyrator, memdevice,
meminductor.
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XI.1 Introduction

Prof. L. Chua first presented the notion of a memristor (memory-resistor) in
1971, defining a new circuit element which established the relationship between
flux (¢, time-integral of the voltage) and charge (¢) [1]. The memristor produces
a non-linear relation between the current (7) and voltage (v), where the memory
effect is manifested through a characteristic pinched hysteresis loop in its ¢ — v
curve. In recent times, with the advent of actual physical memristors [2]-[5], the
topic of passive memory devices has raised a high interest for researches and
it has generated transversal studies involving different science and technologies
areas such as chaotic and logic circuits [6], [7], or neuromorphic computing [8], [9].
Nearly 40 years later, the concept of passive memory-devices (memdevices) was
generalized, again by Chua, for capacitive and inductive non-linear systems [10],
expanding the relation between the different physical magnitudes schematized in
Figure XI.1. Thus, the memcapacitance (Cs, memory-capacitance) established
the electrical relation between the time-integral of the charge (o) and the flux
(¢), whereas the relation between the charge (¢) and the time-integral of the flux
(p) was defined by the meminductance (L,s, memory-inductance).

Figure XI.1: Mem-elements defined from the relations between the charge (¢) and
the time-integral of the voltage (¢), (memristor); the time-integral of the charge
(o) and the time-integral of the voltage (¢), (memcapacitor); the time-integral of
the flux (p) and the charge (¢), (meminductor). Units are presented in brackets.

Because of their inherent memory and dynamic storage ability, these devices
are expected to play an important role in diverse fields of science and technology,
such as non-volatile memories and simulations of learning, adaptive, and
spontaneous behavior circuits [11]. In the particular case of meminductors,
several works have reported promising results for future electronic circuits, e.g.,
adaptative filters [12], chaotic circuits for encryption [13] or neuromorphic
computation [14]. However, the solid-state implementation of these latter
devices (memcapacitor and meminductor), in contrast to memristors, presents
a challenge due to the yet elusive nature of their physical existence. For this
reason, the emulators of these devices are leading the way to envisage real-
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practical implementations until single-device solid-state demonstrators become
available. Thus, different examples of memcapacitor and meminductor emulators
implemented with off-the-shelf devices or based on mutator approaches have been
presented in the literature [15]-[21], all of them following the same principle, the
designing of a circuit which satisfies the constitutive equations of the emulated
device. Following this principle, in this work we addressed a simple approach
to emulate a meminductor based on one of the most famous inductor electrical
simulators: the gyrator circuit proposed by Antoniou almost 50 years ago [22]
which, using two op-amps and five passive elements, has been widely used in the
literature to emulate different systems, such as Chua’s circuit: a simple electronic
circuit that exhibits classic chaotic behavior [23]. Thus, the emulator proposed in
this work, in contrast to the aforementioned approaches collected in the literature,
presents the advantage of not requiring any four-quadrant analog multipliers,
current conveyors or memristive devices, which make it one of the simplest and
cheapest meminductor emulators to date. The manuscript is structured as follows:
after this introduction, Section 2 presents the analytical relations between the
modified Antoniou’s circuit and meminductance. Section 3 proposes a design
valid for emulating a two-state meminductor as well as a continuous transition of
inductances together with their electrical characterization. Section 4 illustrates
the feasibility of the meminductor emulator to study neuromorphic applications
with a long-term potentiation example, and finally, the main conclusions are
drawn in Section 5.

Xl.2 Meminductance and Antoniou’s Circuit

The canonical meminductor definition from Figure XI.1 can be generalized to
a more general meminductance (Ljs) concept which establishes a non-linear
n'P-order relation between the current (i) and the flux (¢) that can be expressed
in terms of a current-controlled meminductive system [10]:

o(t) = Ly (a7, 4, t)i(t) (XIL.1)
LRy NERY) (X1.2)

or a flux-controlled meminductive system:
i(t) = Ly (a7, 6, )9(t) (XL3)

da, -
ditn = fm(@n, ¢, 1) (XL.4)
where t is the time and 2% the history (n'"-order state-vector) of the system.
The first-order meminductive system whose inductance only depends on
the time-integral of the input flux (TIF, p) is also known as flux-controlled
meminductor and its definition is reduced to Equation XI.5:
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i(t) = Ly ()g(t) (XL5)

with p = ftto ¢(7)dr, proved that ff;o o(7)dr = 0.

Therefore, as Equation XI.5 indicates, the i — ¢ characteristic of meminductors
is given by a pinched hysteresis loop, the current being zero whenever the input
flux is zero. In the case of flux-controlled meminductors, Equation Equation
XI.5 can be expressed as

i(t) = Ly} ( /f t /f T v(r)d7‘dr> 6(1) (XL6)

On this basis, hereinafter we demonstrate that the circuit proposed in this
work, shown in Figure XI.2, can be modeled by Equation XI.6 when its different
passive elements are properly selected, and therefore it can be used to emulate a
grounded meminductor.

Figure XI.2: Schematic of the meminductor emulator based on Antoniou’s
circuit. The different passive elements are represented by their impedance
(Zi; i =1,..,4). Z(p) represents a time integral of the flux (TIF)-dependent
impedance, while vy, i;y and Zjy represent the input voltage, current and
impedance, respectively.

Antoniou’s simulator is widely described in the literature and it is considered
one of the best options to simulate grounded inductors since it is very tolerant
to the nonideal properties of the op-amps [24]. In addition, this configuration
requires neither actual inductors (with the potential advantage of reduced form-
factor, lower losses and cost) nor memristor for its implementation. In this
case, to implement the meminductor emulator we drew on the equivalent input
impedance (Z;y) of the circuit, considering the original Z; as a TIF-dependent
impedance, Z;(p), then:

v Z1(p)Z3Zs
IJIN=—" = —+—"— XI.7
NN Z2Zy4 ( )
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From this basic circuit, a flux-controlled inductor could be modelled replacing
Z1 by a TIF-dependent resistor (controlled by the time-integral of the input
flux), Z, by a capacitor Cy and finally, Z, Z3 and Z5 by the resistors Rs, Rj3
and Rj, respectively. Therefore, Equation XI.7 can be expressed as:
iy = U, Tulp)RaCalts (XI.8)
iIN Ry

which corresponds to the impedance of a flux-controlled meminductor given by
the following expression:

C4R3R
Lip) = =5~

Moreover, this meminductor can be connected directly with the meminduc-
tance by means of the constitutive equation of the inductor:

Ri(p) (XL9)

d .
VUIN = i(L(p)ZIN(t)) (XIIO)
which can also be expressed as:
d t .

The first term of Equation XI.11 can be further developed introducing the
input charge (i.e., the charge circulating through the equivalent inductor):

dprn(t) _ dp () da(t)
= XI.12
dt dg dt ( )
Combining the definition of flux-controlled meminductance (Equation XI.5)
with Equations XI.11 and XI.12, the resulting meminductance seen at the input

of the circuit is derived as follows:

1= ) _ L(p)in(t) _ CaR3RsRa(p)irn (1)
= - _

dq dq/dt RQi]N(t)

= L(p) (XI.13)

X1.3 Meminductor Circuit Demonstrator

Aiming to illustrate the feasibility of this circuit, we developed a simple two-
state meminductor demonstrator to study its electrical behavior based on the
general schematic of Figure XI.2. In this circuit, R(p) takes two different values
depending on the time-integral of the input flux (p) and the triggering value
of the switch (triggering value of the TIF, prg). The double integrator circuit
was simulated by means of two Miller integrators in cascade, considering that
in a practical implementation a resistor should be used in the feedback loop to
provide a DC feedback path, reducing the low frequency gain of the op-amp and
hence avoiding the saturation of the output signal [24].
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Therefore, as indicated in Equation XI.14, this particularized circuit yields
a two-state meminductor. If the TIF is lower or equal to the triggering
value (prpy), then Rg is not connected in the feedback loop, otherwise Rg is
connected in parallel with R;. Thus, according to Equation XI.13, the equivalent
meminductance seen from the input terminal takes the following values:

Lhigh = RIR%C‘LRE) lf P S PTH
L]L[(ﬂ) = {Llow _ (R1HR(§}){R:;C4R5 if p > oTH (X114)
2

The circuit of Figure XI.3 has been simulated with SPICE to confirm its
meminductive behavior. For this, we considered the following values for the
discrete components: Ry = Ry = R3 = R5 = Rg = 1k, C = 47 nF and pry
= 0 V-s2, while the input was a sinusoidal signal, V,,sin(2x ft), with V,,, =1V
considering two different frequencies, f = 1 kHz and f = 10 kHz. Thus, the
resulting values of meminductance, according to Equation XI.14, would be Ly,
=47 mH for p < pry and Ly, = 23.5 mH for p > pry.

Figure XI.3: Schematic circuit of the two-state meminductor emulator.

The results shown in Figure XI.4 corroborate the two-state meminductive
behavior of the proposed circuit. On the one hand, Figure XI.4a depicts the
relevant signals of the circuit implemented. As seen, and in agreement with
Equation XI.5, the input current takes the same waveform that the input flux
(¢) but modulated according to the two values of meminductance as a function
of its time time-integral (p). On the other hand, the i — ¢ plot, represented in
Figure XI.4b, depicts the closed pinched hysteresis loop passing through the
origin, which is the signature of meminductors [10]. It can also be noted that,
as expected and as occurs for memristor and memcapacitors, the hysteresis
collapses with increasing frequency [10], [25], [26].
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Figure XI.4: Simulation results of the two-state meminductor. (a) Signals
extracted from the circuit of Figure X1.3 for a sinusoidal input signal (V,,, = 1
V, f = 1 kHz) with Ry = Ry = R3 = R5 = Rg = 1kQ, C = 47 nF and pry =0
V-s2. (b) Closed pinched hysteresis loop of the flux—current curve for different
frequencies (f = 1 kHz and f = 10 kHz).

The time-domain impedance of a time-dependent inductor (Z.(t) =
vr(t)/ir(t)) can be determined from the fundamental relationship between
flux and inductance:

or(t) = L(t)ir(t) (XL.15)

which, considering a sinusoidal input voltage (V;, = Vi,sin(wt)) and a TIF-
dependent inductance, produces the following time-domain impedance:

vr(t) _ vi(t) Lip) = v (t) L(p) = —wL(p)tan(wt)  (XI.16)

ir(t)  or(t) -~ Jor(t)dt

This equation matches with the results obtained for the time-domain input
impedance extracted from the simulations presented above, as shown in Figure
XI.5. It can be noted that the input impedance corresponds to two different

values of inductance according to the time-integral of the input-flux and both
Equations XI.14 and XI.16.

Z(t) =
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Figure XI.5: Time-domain input impedance extracted using a sinusoidal input
signal under the configuration presented in Figure XI.3.

Once the operation of the circuit has been exposed, hereafter we demonstrate
that this circuit could also be further extended to a continuous transition of
inductances (instead of discrete states) using the configuration shown in Figure
XI.6. For that, we considered Z; as a TIF-controlled resistor whose values are
given by Equation XI.17, while the rest of the components remain unchanged
with respect to the previous configuration.

Ri(p) = Ro+ Kp (XL.17)

Figure XI.6: Schematic circuit for the continuous states meminductor emulator.

For the simulations we considered Ry = 2 kf) and the constant factor K
= 1 kQ to satisfy that Ry, = 3 k2 and R,,,,, = 1 kQ, given that p was
normalized as |p| < 1. Under this configuration, and as represented in Figure
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XI.7a,b, the circuit shown in Figure XI.6 also fulfills the constitutive equations
of meminductors, but in this case, the behavior of the meminductor emulator
does not present discrete transitions between states but rather continuous ones,
since Ry (p) is a continuous function of p, as indicated in Equation XI.17.

Figure XI.7: Simulation results of the continuous-state meminductor. (a) Signals
extracted from the circuit of Figure XI.6 for a sinusoidal input signal (V,,, =1V,
f =1kHz) with Ry = R3 = R5 = Rg = 1 kQ, C' =47 nF and R;(p) as indicated
in Equation (17). (b) Closed pinched hysteresis loop of the flux—current curve
for different frequencies (f = 1 kHz and f = 10 kHz).

Moreover, to round up the flexibility of the proposed emulator, we present in
Figure XI.8 the operation of the circuit shown in Figure XI.6 with a more complex
excitation signal. In this particular example, we used the same continuous
meminductance transition given by Equation XI.17, but considering a square
input signal with a peak-to-peak amplitude of V,, = 1 V and a frequency of 1
kHz.

Figure XI.8: Signals extracted from the simulation results of the continuous-state
meminductor using a square input signal with an amplitude peak-to-peak of 1 V
and a frequency of 1 kHz.
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Finally, we present a design of the continuous-states meminductor using
commercial off-the-shelf devices. In this case, the TIF-controlled resistor is
implemented by means of a photoresistive opto-isolator (which consists of an LED
input optically coupled to a photocell, such as the model NSL-32 by Advanced
Photonix [27]), as shown in Figure XI.9. With this particular optocoupler, we
can achieve resistances from 40 Q to 500 kQ. A constant DC voltage (Vo fset)
is added to the TIF to prevent the LED turning off (since it would reduce the
current thorough R; down to values close to zero) as well as to work in the
light-dependent resistor’s linear region [28].

Figure XI1.9: TIF-controlled resistor implemented by means of a photoresistive
opto-isolator. The schematic of both summing amplifier and double integrator
circuit is not shown for simplicity.

The proper working of this approach using the same configuration as the
previous examples with a Vi rrser = 3 V is demonstrated in Figure XI1.10, where
it can be appreciated that the circuit behaves as a continuous-state meminductor
as a consequence of the change in Ry (p) according to the TIF (taking values
from ~60 2 to ~150 ).

Figure XI.10: (a) Signals extracted from the simulation results of the continuous-
state meminductor using a photoresistive opto-isolator as time-integral of the
input flux (TIF)-controlled resistor. (b) Closed pinched hysteresis loop of the
flux—current curve for an input frequency of f = 1 kHz.
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Xl.4 Long-Term Potentiation Example

In this last section, we demonstrated that this circuit is also feasible for the
emulation of neuromorphic circuits. In neural activity, neurons act as signal
spike generators to pass an electrical signal to another neuron, and synapses
are the means by which they do so [29]. Then, in particular, we show in Figure
XI.11a long-term potentiation (LTP) and long-term depression (LTD) example,
which emulates the long-term memory in biological systems. For that, we firstly
applied pre-synaptic stimuli, modeled by successive current spikes with positive
sign, progressively increasing the TIF of the device (potentiation). After that, a
series of current spikes of negative value, acting as post-synaptic stimuli, induced
the depression of the device, hence progressively reducing the TIF.

Figure XI.11: Pre-synaptic (i;y > 0) and post-synaptic (i;y < 0) current spikes
applied to the meminductor, emulating neural stimuli. Long-term potentiation
(LTP) and long-term depression (LTD) are reflected by the progressive increase
and decrease in the TIF, respectively. Input flux (¢) reflects the change in the
memory state.

The confirmation of the learning/forgetting processes of the device can be
recognized in the flux that the device stores and removes during each spike,
reflecting an increase and decrease in the meminductance during the potentiation
and depression, respectively. Thus, the repeated application of these pulses
produces LTP or LTD behavior, in which the flux does not recover its pre-pulses
value over a long period of time, and therefore neither does the meminductance.

X1.5 Conclusions

In this work, a modified version of Antoniou’s inductor simulator was suited to
implement the emulation of meminductive devices. It has been demonstrated that
this approach can be used to simulate both discrete-state and continuous-state
meminductors for different input signals and frequencies. The designed circuit
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is also general and can be implemented using off-the-shelf devices, which make
it suitable for simple practical implementations in a wide range of applications,
such as chaotic circuits or neuromorphic applications, as it has been illustrated
by LTP and LTD examples.
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Abstract

In this communication we present the design, simulation and implemen-
tation of a floating flux-controlled meminductor emulator based on the
Riordan gyrator. Firstly, the circuit is presented theoretically, from
its original version to emulate inductors to its adaptation for floating
meminductors. Once its theoretical equations are presented, using SPICE
simulations, we demonstrate the feasibility of this implementation by
means of off-the-shelf components and a memristor, or a memristor
emulator, for different inputs signals and frequencies in both grounded
and floating configurations. Finally, a low-frequency breadboard-level
implementation is included to prove its practicality.

Keywords: Circuit theory, emulator, feedback, gyrator, meminductor,
memristor.
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XIl. Design and Implementation of a Floating Meminductor Emulator upon
Riordan Gyrator

XIl.1 Introduction

Nearly 50 years ago, Prof. Leon Chua presented for the first time the passive
circuit element which established the relation between flux (¢, time-integral
of the input-voltage) and charge (¢) [1]. This element was called memristor
(memory-resistor) since it demonstrated that, for a given voltage, its resistance
at an instant ¢ = t; depends not only on the current at t;, but also on the
current through the device from ¢ = —oo to t = ¢1, hence presenting a memory
characteristic. However, it was not until 2008 that a group of researchers
from Hewlett-Packard Labs (HP) reported the first solid-state device exhibiting
memristive behavior [2]. It was then when the concept of memristor ushered
in unprecedented electronic devices and applications, extending from ReRAMs
(Resistive Random-Access Memory) to realistic neural networks [3]. Thus, the
memristor, and its non-volatile memory effect, has raised as one of the more
substantial revolutions in the field of electronic circuit theory since the invention
of the transistor [4].

In 2009, after the great interest aroused by memristive devices, M. Di Ventra,
Y. V. Pershin and L. Chua generalized the concept of memory devices to capacitors
and inductors, thus defining the memcapacitor and the meminductor [5]. In
these devices, both capacitance and inductance, as in the case of memristors,
present a non-volatile memory effect which depends not only on its present state
but also on the history of the device. In this way, apart from the definition of
memristor (Rys, Eq. XII.1), they defined the concepts of memcapacitor (Cyy,
Eq. XII1.2), as the n'"-order system that establishes a nonlinear relation between
the charge (q) of the device and its voltage (V); and the meminductor (L, Eq.
XIIL.3), as the nth-order system which establishes the nonlinear relation between
current (I) and flux (¢) [6].

V(t) = Rar(aiv, I,0)I(t) (XIL1)
a(t) = Cur (a3, V,)V (2) (XIL2)
6(t) = Lag (e, 1,1 (2) (XIL3)

being x'x a vector representing the n internal state variables of the system.

These devices, memcapacitor and meminductor, are expected to cause
a disruption in the field of electronics, which has led to several studies on
diverse applications, such as neuromorphic and quantum computation [7], [8],
logic gates [9], [10], self-adaptative filters [11]-[13] or chaotic circuits [14]-[18].
However, in contrast to memristors, which can be already fabricated relying on
different materials and resistive switching mechanisms [2], [19]—[21], solid-state
memecapacitors and meminductors are yet elusive.

For this reason, in recent years many SPICE models as well as some practical
implementations of memcapacitors and meminductors emulators have been
proposed. These circuits follow different alternatives to achieve the same goal:
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satisfying the constitutive equations of the emulated device. These alternatives
can be grouped into two main groups; i) those using another mem-device (in
particular a memristor) to mutate its behavior to the desired mem-device and
i1) those not based on mem-devices. Thus, many of the different memcapacitors
and meminductors emulators use a memristor (or a memristor emulator) to
transform its constitutive equations into the constitutive relation of the mem-
device emulated [22]-[28], as it is done in this work, while the rest of them make
use of classical voltage-mode op-amps (VOAs), current feedback operational
amplifiers (CFOAs), operational transconductance amplifier (OTAs) and/or
current conveyors to emulate the desired mem-device [14], [29]-[36].

However, the implementation of most of these circuits limits the emulated
device to grounded configurations, hence reducing their potential applications.
In order to avoid this, in this work we present a simple and low-cost floating
meminductor emulator based on a modification of the Riordan gyrator, typically
used to emulate floating inductors and with a design based on classical op-amps
[37].

The manuscript is structured as follows: after this introduction, Section XII.2
presents the theoretical modifications over the Riordan gyrator to achieve a
meminductive behavior, together with SPICE simulations demonstrating the
feasibility of the proposed circuit for floating and grounded configurations. After
that, a simple low-frequency breadboard-level implementation using off-the-shelf
components is presented in Section XII.3 and, finally, the main conclusions are
drawn in Section XII.4.

Xll.2 Meminductance and the modified Riordan gyrator

As defined by Chua [6], the meminductive systems can be either current-controlled
or flux-controlled depending on the relation of the meminductance with these
parameters. This work is focused on flux-controlled meminductive systems,
which are described by the following equations:

I(t) = Ly (w1, 22, ., TN, ¢, 1) (1) (XII.4)
TN L L

being ¢ the time, 2 the N-component vector defining the n state variables of
the system and f a continuous n™-dimensional vector function.

A particular case of this general definition is the flux-controlled meminductor,
a meminductive system with one single state variable whose meminductance
depends only on the input flux. In that case, Eq. XII.4 and Eq. XIL.5 can be
reduced to Eq. XIL.6 [6]:

I(t) =1Ly} { /t t ¢>(T)d7] o(t) (XIL.6)
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provided that fi‘;o ¢(T)dr = 0. Note that a flux-controlled meminductor is not
only an inductor whose inductance depends on the time integral of the input
flux, but also whose current—flux characteristic presents a pinched hysteresis
loop (in which the current is zero whenever the flux is zero) [6].

On this basis, here we demonstrate that the Riordan gyrator [37], [38], after
certain modifications (see Fig. XII.1), is suitable for the emulation of floating
flux-controlled meminductors.

Figure XII.1: (a) Modified Riordan gyrator using an impedance Z3 whose value
depends on the double time integral of the input voltage. (b) Adaptation of
the circuit shown in (a) to emulate flux-controlled meminductors. (c¢) Circuit
equivalent to the one shown in (b).

Firstly, for a floating impedance, the input current at terminal one must be
equal to the output current of terminal two:

L =-1, (XIL7)

Neglecting the input bias current of the op amps, the input current at terminal
one corresponds to the current through the impedance Z;, and therefore, it can
be obtained as indicated in Eq. XII.8.

Vin, — Vi YAYA YAYA

In the same way, the current at terminal two corresponds to the sum of the
current through Zg and Z5, which can be derived as expressed in Eq. XII.9.

232



Meminductance and the modified Riordan gyrator

P

_ Vine = Vi, n Vin, — Ve ( Zy YAV AV A 1

- — XII.
Zs Zs VAV S AVAVAVA Z5) (XIL9)

Thus, in order to satisfy Eq. XIL.7, the circuit shown in Fig. XII.1a needs to
fulfill the following condition:

11 7
Zs 7y ZgZg
In that case, and considering Z3 as a flux-controlled impedance, the value

of the lossless floating flux-controlled input impedance of the circuit can be
expressed as indicated in Eq. XII.11 in Laplace’s domain.

(XI1.10)

Z1Z3(@)Z5
Z1—2(p(s)) = T IoZs

This impedance, after the substitutions shown in Fig. XII.1b, can be
directly related to a flux-controlled inductance (see Eq. XII.12) considering
Ry = Ry = R5; = Rg = R7 = Rs = R, and a resistance R3(p) controlled by the
time integral of the flux (p).

(XIL11)

S S
Zi—9(p(s)) = sRC’4R3(@) = SL(%)) (XII.12)

This also makes feasible that the circuit of Fig. XII.1b satisfies the constitutive
equation of a meminductor, given that:

1 Vin
LhLH=— "+ ———LHL({)="—"% (XII.13)
RC4Ry(22)) s L(p)

Moreover, if we further analyze this circuit considering close to ideal
operational amplifiers, it can be derived that the voltage across Rs(p) can

be expressed as a function of the input flux (¢) (Eq. XII.14).

- ﬁ / (Vi (£) — Vi (1)) dt

1 o(1)
- o / (Vl®)dt = 5

Therefore, given that the resistance Rs3(p) changes its value according to the
time-integral of the input flux (p), it is really changing its value as a function
of the time-integral of its own input, hence behaving as a voltage-controlled
memristor [6]. On this basis, R3(p) could be replaced by a voltage-controlled
memristor, as illustrated in Fig. XII.1c, which would allow to formulate Eq.
XII.12 in terms of memristance, as indicated in Eq. XII.15.

Vi, (t) = VR; Vg
(XIL.14)

Z1—9(p(s)) = sRCy Ry = sL(s) (XII.15)
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To prove the feasibility of the circuit to emulate a meminductor, we have
considered the simple two-states meminductor implementation depicted in Fig.
XII1.2.

Figure XII.2: Two-states meminductor emulator based on the Riordan gyrator.

In the circuit of Fig. XII.2, the value of the time integral of the input
flux is obtained by integrating the input voltage twice (e.g., using differential
op-amp voltage-mode integrators [39]). This value is then used to control a
voltage-controlled switch that will connect (or not) the additional resistor to the
feedback loop. Under this configuration, the flux-controlled inductance given in
Eq. XII.12 can be expressed as follows:

XII.16
R2C/2 if p> pry ( )

Lip) = {RQC if p < prm
where prp is the defined threshold value which triggers the switch.

This bistable configuration has been simulated with SPICE in order to confirm
its meminductive behavior. For that, we considered the following configuration:
R =1k, C =47 nF and prg = 0 V-s2, which results in the following values of
inductance according to Eq. XI1.16: L(p) = 47 mH for p < 0 and L(p) = 23.5
mH for p > 0.

The results shown in Fig. XII.3 demonstrate that the circuit proposed
behaves as a two-states meminductor regardless of the input signal. As seen, the
emulator satisfies the constitutive equation of the meminductor (Eq. XII.16),
since the input current is zero whenever the input flux is zero and its waveform
is a function of the input flux and the state of inductance (which in turn depends
on the time-integral of the input flux as indicated by Eq. XII.16). In the
same way, the meminductive behavior is also manifested in the closed pinched
hysteresis loop of its i — ¢ characteristic (Fig. XII.4), which has been obtained
using a sinusoidal input signal with different frequencies (1 kHz and 10 kHz).
In addition, the ¢ — v characteristic of R3 (inset of Fig. XII.4) also proves that
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the voltage-controlled resistor behaves as a memristor, hence demonstrating the
feasibility of the implementation shown in Fig. XII.1c.

Figure XII.3: Simulation of the two-states meminductor emulator using a
sinusoidal input signal with a frequency of 1 kHz (a) and a square input signal
of 500 Hz (a).
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Figure XII.4: Closed pinched hysteresis loop of the ¢ — ¢ characteristic obtained
using a sinusoidal input signal at different frequencies. Inset shows the closed
pinched hysteresis loop in the i — v characteristic of the voltage-controlled resistor.

XIl.3 Example in a floating configuration

In order to probe de feasibility of the proposed meminductor emulator to be
used in floating configurations, in this section we show a simple low-pass filter
based on the circuit shown in Fig. XIL.5.

Figure XII.5: Low-pass filter based on a meminductor and a resistor connected
in series. Equations correspond to the cutoff frequency (w.) and both modulus
(|H(jw)| and phase (£ H (jw)) of the transfer function in the frequency domain.

For this implementation we have considered the same circuit as the one used
in the previous sections but replacing the two-states memristor by a continuous
states memristor (Rjys) described by Eq. XII.17, where Ry = 1 kQ, and k =
500 2 is a scale factor of the double integration of the voltage between the
meminductor’s terminals.

Ry =Ro+k-p (XIL.17)
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The circuit was simulated using a R = 1 k{2 and an input signal with a
frequency of 1 kHz, thus obtaining directly from the meminductor emulator the
signals shown in Fig. XII.6a. Note that under this configuration, the emulator
also behaves as a meminductor, although in this case as a continuous-states
meminductor, as the pinched hysteresis loop of Fig. XII.6b indicates.

Figure XII.6: (a) Meminductor signals and (b) closed-pinched hysteresis loop of
the i — ¢ characteristic under the low-pass filter configuration.

Therefore, according to Eq. XII.15 and Eq. XII.17, the meminductance
takes continuous values in the range Ly, = [24, 56.5] mH as a function of the
time-integral of the input-flux (Fig. XII.7a). The continuous change in the
meminductance, in turn, makes that the cut-off frequency of the low pass filter
changes over time (see Fig. XII.7a), indicating that both magnitude and phase
of the output signal will depend not only on the amplitude and frequency of the
input signal, but also on the instantaneous value of meminductance. This effect
is represented in Fig. XII.7b, where it can be seen how the delay between both
input and output signals increases as the cut-off frequency decreases.
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Figure XIL.7: (a) Meminductance and cut-off frequency of the filter over time.
(b) Input and output signals and delay between them over time.

Xll.4 Experimental results

A simple breadboard-level implementation has been carried out in order to
demonstrate the feasibility of this circuit by means of experimental results. For
the sake of simplicity, to obtain the double time integral of the input voltage,
we have considered the implementation shown in Fig. XII.8, which allows to
test the meminductor emulator for sinusoidal input signals (if the waveform of
the input is of the type sin(wt), then the waveform of its double time integral
corresponds to the type -sin(wt)).

In this case, the voltage-controlled resistance was implemented using a LED
optically coupled to a photo resistance, as shown in the inset of Fig. XII.8.
Under this configuration, the brightness of the LED changes according to the
time integral of the input flux, and therefore so does the resistance R3. Moreover,
Vogfser must be set to ensure that the LED never turns off, hence avoiding that
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Figure XII.8: Meminductor emulator based on the Riordan gyrator for sinusoidal
input signals. Inset shows the in-house voltage-controlled resistance used for this
implementation.

the current through Rs takes values close to zero [36], [40].

The values of the passive circuit elements were chosen as follows: Ry = Ry
= R5; = Rg = Ry = Rg = 10 kQ2 and C = 47 nF, besides, LM-741 were used to
implement all op-amps configurations. A sinusoidal signal was applied to the
input of the circuit with an amplitude of 50 mV and a frequency of 13 Hz (to
ensure the proper response of the photoresistor), whereas V¢ st was set to 1.8
V.

Fig. 9 shows the experimental signals extracted from the meminductor
emulator under the configuration previously described. In this case, the input
voltage corresponds to Vé"l, whereas V5, helps to obtain the meminductor input
current (neglecting the input bias current of the op-amps).

The input flux can also be derived from the input voltage. Since this latter
follows a sin(wt) function, its integral waveform will correspond to the type
-cos(wt), or in other words, the input flux will have a delay of —7/2 rad with
respect to the input voltage (which corresponds to a time delay of § = -0.02 s
for the frequency used). On this basis, it is possible to plot the input current
as a function of the input flux, as shown in Fig. XII.10, demonstrating that
the meminductor emulator of Fig. XII.8 presents a continuous closed pinched
hysteresis loop in its i — ¢ characteristic, and hence proving its meminductive
behavior.
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Figure XII.9: Experimental results of the meminductor emulator for an input
signal with an amplitude of 50 mV and a frequency of 13 Hz. Signals were
acquired with a Tektronix MSO 4104 mixed signal oscilloscope in high-resolution
mode with a record length of 10 k point (sampling rate: 50 kSamples/s).

Figure XII.10: Experimental closed pinched hysteresis loop of the i — ¢
characteristic of the meminductor emulator for different values of V; et
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Finally, the same experiments were performed using a Vo fser 0f 1.7 V instead
of 1.8 V, as also shown in Fig. XII.10. Note that in that case the current through
the LED is lower than in the previous case, resulting in a lower brightness, and
therefore, in higher values of R3. Since R3 takes higher values, so does the
meminductance (see Eq. (XII.9)), which in turn produces a decrease of the input
current with respect to the input flux, as defined by the constitutive equation of
the meminductor (Eq. (XIL6)).

XIl.5 Conclusions

In this communication the feasibility of a modified version of the Riordan gyrator
to emulate floating meminductive systems has been demonstrated. The proposed
circuit has been firstly described theoretically, from the modifications on the
classical Riordan gyrator to its connection with the constitutive equations of
flux-controlled meminductors. The theoretical approach has been supported with
SPICE simulations using different inputs signals and frequencies for a simple
two-states meminductor implementation as well as for a meminductor-based
low-pass filter. Finally, a breadboard-level implementation of a continuous states
meminductor demonstrates the simplicity, practicality and versatility of the
emulator designed.

Acknowledgements. This work was supported by the Spanish Ministry
of Education, Culture, and Sport (MECD)/FEDER-EU through the grant
FPU16/01451 and the project TEC2017-89955-P.

References

[1] Chua, L., “Memristor-the missing circuit element,” IEEE Transactions on
Circuit Theory, vol. 18, no. 5, pp. 507-519, 1971.

[2] Strukov, D. B., Snider, G. S., Stewart, D. R., and Williams, R. S., “The
missing memristor found,” Nature, vol. 453, no. 7191, pp. 80-83, May 2008.

[3] Adee, S. (May 2008). “The mysterious memristor,” IEEE Spectrum,
[Online]. Available: http://www.ann.ece.ufl.edu/courses/eel6935 _
09spr/memristor.pdf.

[4] Johnson, R. C. (2020). “Eetimes - will memristors prove irresistible?”
[Online]. Available: https://www.eetimes.com/will-memristors- prove-
irresistible-2/.

[5] Ventra, M. D., Pershin, Y., and Chua, L., “Putting memory into circuit

elements: Memristors, memcapacitors, and meminductors [point of view],”
Proceedings of the IEEE, vol. 97, no. 8, pp. 1371-1372, Aug. 2009.

[6] Ventra, M. D., Pershin, Y. V., and Chua, L. O., “Circuit elements with
memory: Memristors, memcapacitors, and meminductors,” Proceedings of
the IEEE, vol. 97, no. 10, pp. 1717-1724, Oct. 2009.

241



XIl. Design and Implementation of a Floating Meminductor Emulator upon
Riordan Gyrator

[7]

8]

[15]

[16]

242

Pershin, Y. V. and Ventra, M. D., “Neuromorphic, digital, and quantum
computation with memory circuit elements,” Proceedings of the IEEE,
vol. 100, no. 6, pp. 2071-2080, Jun. 2012.

Chen, C., Bao, H., Chen, M., Xu, Q., and Bao, B., “Non-ideal memristor
synapse-coupled bi-neuron hopfield neural network: Numerical simulations
and breadboard experiments,” AEU - International Journal of Electronics
and Communications, vol. 111, p. 152894, Nov. 2019.

Kvatinsky, S., Belousov, D., Liman, S., Satat, G., Wald, N., Friedman,
E. G., Kolodny, A., and Weiser, U. C., “Magic-memristor-aided logic,”
IEEFE Transactions on Circuits and Systems II: Express Briefs, vol. 61,
no. 11, pp. 895-899, Nov. 2014.

Kvatinsky, S., Wald, N., Satat, G., Kolodny, A., Weiser, U. C., and
Friedman, E. G., “Mrl - memristor ratioed logic,” in 2012 13th International
Workshop on Cellular Nanoscale Networks and their Applications, IEEE,
Aug. 2012.

Yang, W., Broski, A., Wu, J., Fan, Q. H., and Li, W., “Characteristics of
transparent, PEDOT:PSS-coated indium-tin-oxide (ITO) microelectrodes,”
IEEFE Transactions on Nanotechnology, vol. 17, no. 4, pp. 701-704, Jul.
2018.

Gan, H., Yu, D., Li, D., and Cheng, H., “Binary memcapacitor based
first-order active filter,” Clircuit World, vol. 46, no. 2, pp. 117-124, Jan.
2020.

Wang, M., Yu, Y., Yang, N., Yang, C., and Ma, H., “New band-pass
and band-stop filters with three memory devices,” in 2019 14th IEFEE
Conference on Industrial Electronics and Applications (ICIEA), IEEE, Jun.
2019.

Zhao, Q., Wang, C., and Zhang, X., “A universal emulator for memristor,
memecapacitor, and meminductor and its chaotic circuit,” Chaos: An
Interdisciplinary Journal of Nonlinear Science, vol. 29, no. 1, p. 013 141,
Jan. 2019.

Yuan, F., Deng, Y., Li, Y., and Wang, G., “The amplitude, frequency and
parameter space boosting in a memristor-meminductor-based circuit,”
Nonlinear Dynamics, vol. 96, no. 1, pp. 389405, Jan. 2019.

Yuan, F., Wang, G., and Wang, X., “Chaotic oscillator containing
memcapacitor and meminductor and its dimensionality reduction analysis,”
Chaos: An Interdisciplinary Journal of Nonlinear Science, vol. 27, no. 3,
p- 033103, Mar. 2017.

Wang, X., Yu, J., Jin, C., Iu, H. H. C., and Yu, S., “Chaotic oscillator
based on memcapacitor and meminductor,” Nonlinear Dynamics, vol. 96,
no. 1, pp. 161-173, Jan. 2019.

Yildirim, M. and Kacar, F., “Chaotic circuit with OTA based memristor
on image cryptology,” AFEU - International Journal of Electronics and
Communications, vol. 127, p. 153490, Dec. 2020.



References

[19]

[20]

[27]

[28]

[29]

[30]

Gale, E., “TiO2-based memristors and ReRAM: Materials, mechanisms
and models (a review),” Semiconductor Science and Technology, vol. 29,
no. 10, p. 104004, Sep. 2014.

Romero, Toral-Lopez, Ohata, Morales, Ruiz, Godoy, and Rodriguez, “Laser-
fabricated reduced graphene oxide memristors,” Nanomaterials, vol. 9, no. 6,
p- 897, Jun. 2019.

Romero, F. J., Toral, A., Medina-Rull, A., Moraila-Martinez, C. L., Morales,
D. P., Ohata, A., Godoy, A., Ruiz, F. G., and Rodriguez, N., “Resistive
switching in graphene oxide,” Frontiers in Materials, vol. 7, Jan. 2020.

Biolek, D. and Biolkova, V., “Mutator for transforming memristor into
memcapacitor,” Electronics Letters, vol. 46, no. 21, p. 1428, 2010.

SAH, M. P., BUDHATHOKI, R. K., YANG, C., and KIM, H., “EX-
PANDABLE CIRCUITS OF MUTATOR-BASED MEMCAPACITOR
EMULATOR,” International Journal of Bifurcation and Chaos, vol. 23,
no. 05, p. 1330017, May 2013.

Wang,

Zhang, D. W., “The mechanism of the asymmetric SET and RESET speed
of graphene oxide based flexible resistive switching memories,” Applied
Physics Letters, vol. 100, no. 6, p. 063509, Feb. 2012.

Yu, D. S., Liang, Y., Chen, H., and Iu, H. H. C., “Design of a practical
memcapacitor emulator without grounded restriction,” IEEE Transactions
on Clircuits and Systems II: Ezxpress Briefs, vol. 60, no. 4, pp. 207211,
Apr. 2013.

Pershin, Y. and Ventra, M. D., “Memristive circuits simulate memca-
pacitors and meminductors,” Electronics Letters, vol. 46, no. 7, p. 517,
2010.

Yu, D.-S., Liang, Y., Iu, H. H. C., and Hu, Y.-H., “Mutator for transferring
a memristor emulator into meminductive and memcapacitive circuits,”

Chinese Physics B, vol. 23, no. 7, p. 070702, Jul. 2014.

Wang, Z., Joshi, S., Savel’ev, S. E., Jiang, H., Midya, R., Lin, P., Hu,
M., Ge, N., Strachan, J. P., Li, Z., Wu, Q., Barnell, M., Li, G.-L., Xin,
H. L., Williams, R. S., Xia, Q., and Yang, J. J., “Memristors with diffusive
dynamics as synaptic emulators for neuromorphic computing,” Nature
Materials, vol. 16, no. 1, pp. 101-108, Sep. 2016.

Yuan, F., Jin, Y., and Li, Y., “Self-reproducing chaos and bursting
oscillation analysis in a meminductor-based conservative system,” Chaos:
An Interdisciplinary Journal of Nonlinear Science, vol. 30, no. 5, p. 053 127,
May 2020.

Romero, Toral-Lopez, Ohata, Morales, Ruiz, Godoy, and Rodriguez, “Laser-
fabricated reduced graphene oxide memristors,” Nanomaterials, vol. 9, no. 6,
p- 897, Jun. 2019.

243



XIl. Design and Implementation of a Floating Meminductor Emulator upon
Riordan Gyrator

[31]

[32]

244

Fouda, M. and Radwan, A., “Charge controlled memristor-less memcapac-
itor emulator,” FElectronics Letters, vol. 48, no. 23, p. 1454, 2012.

Yan, L., Dong-Sheng, Y., and Hao, C., “A novel meminductor emulator
based on analog circuits,” Acta Physica Sinica, vol. 62, no. 15, p. 158 501,
2013.

Konal, M. and Kacar, F., “Electronically tunable meminductor based on
OTA,” AEU - International Journal of Electronics and Communications,
vol. 126, p. 153391, Nov. 2020.

Fouda, M. E. and Radwan, A. G., “Memristor-less current- and voltage-
controlled meminductor emulators,” in 2014 21st IEEE International
Conference on FElectronics, Circuits and Systems (ICECS), IEEE, Dec.
2014.

Fouda, M. E. and Radwan, A. G., “Meminductor response under periodic
current excitations,” Circuits, Systems, and Signal Processing, vol. 33,
no. 5, pp. 1573-1583, Dec. 2013.

Romero, F. J., Escudero, M., Medina-Garcia, A., Morales, D. P., and
Rodriguez, N., “Meminductor emulator based on a modified antoniou’s
gyrator circuit,” FElectronics, vol. 9, no. 9, p. 1407, Sep. 2020.

Riordan, R., “Simulated inductors using differential amplifiers,” Electronics
Letters, vol. 3, no. 2, p. 50, 1967.

Senani, R., Bhaskar, D. R., Singh, A. K., and Singh, V. K., “Simulation of
inductors and other types of impedances using CFOAs,” in Analog Circuits
and Signal Processing, Springer New York, 2013, pp. 49-80.

Kamath, D. V., “Overview of OPAMP and OTA based integrators,”
IJIREFEICE, vol. 3, no. 9, pp. 74-79, Sep. 2015.

Wang, X.-Y., Fitch, A. L., Tu, H. H. C., Sreeram, V., and Qi, W.-G.,
“Implementation of an analogue model of a memristor based on a light-
dependent resistor,” Chinese Physics B, vol. 21, no. 10, p. 108 501, Oct.
2012.



Conclusions

This research has focused on the design, development and characterization of
different flexible devices based on the use of laser-synthesis processes on flexible
substrates as the key fabrication method. Below is included a summary of the
main conclusions drawn:

1. The laser-synthesis of graphene-derived materials by means of laser assisted
processes has been studied in detail. In particular, we have considered
the synthesis of laser-reduced graphene oxide (LrGO) and laser-induced
graphene (LIG) on flexible substrates. On one hand, for the synthesis of
LrGO, flexible substrates were covered with graphene oxide (GO) and,
after a drying process, the GO was turned into rGO through a laser
photothermal process. On the other hand, LIG patterns were obtained
directly by the laser ablation of the surface of flexible polyimide films. In
addition, two different kinds of laser were used for this purpose, a CO4
laser with an infrared wavelength of A\ = 10.6 pm, and a do it yourself
low-power UV laser (A = 405 nm). It was demonstrated that the quality of
the graphene-derived sheets, and therefore their sheet resistance, improves
as the laser fluence increases, and that the laser power must be adjusted
for each case in order to maintain the integrity of the substrate in terms of
thermal dissipation. In addition, it was also demonstrated that the sheet
resistance is also highly associated with both laser-mechanical resolution
and laser spot size, since the uniformity of the laser-scribed patterns will
depend on these latter parameters.

2. The temperature dependence of the LrGO resistance has been studied
and exploited for the development of flexible temperature sensors. Given
the highly linearity dependence of the sheet resistance of the LrGO with
respect to the temperature and its almost non-existent hysteresis, this
material was postulated as a perfect candidate for the development of
resistive temperature sensors. In this regard, we have presented the design
guidelines for the fabrication of flexible temperature sensors based on
LrGO. These sensors, whose resistance decreases almost linearly as the
temperature increases, presents a relative sensitivity of 0.489 %/K in the
range (243 - 308) K. In addition, the practicability of these sensors were
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demonstrated by their integration in a wireless node for the long-term
monitoring of the ambient temperature.

. This thesis also addressed the fabrication of capacitive flexible humidity

sensors. Firstly, we studied the use of LIG and LrGO as electrode
material for the development of capacitive humidity sensors. For that,
we synthesized the graphene-derived capacitive structures over flexible
polyimide films whose dielectric constant depends on the relative humidity
and compared their performance with the obtained using silver-based
electrodes as reference. The results, which can be found in Paper III,
demonstrated that the LrGO-based capacitors were much more sensitive to
humidity changes than those based on LIG and Ag-ink as a consequence of
the remaining GO layer in-between their electrodes (up to 100 and 30 times
higher at 1 kHz, respectively). However, the use of LrGO electrodes also
increases the thermal drift of these sensors, hence hindering the definition of
their calibration curve. Because of this, in Paper IV we decided to combine
printed silver-based electrodes with a sensitive layer of GO, reporting a
sensitivity of 0.23 nF/% RH at 1 kHz in an area less than 30 mm?. In
addition, this paper also showed that the presence of the PEDOT:PSS
within the GO structure is able to modify the electrical properties of
the sensitive film, improving the overall performance of the sensors. For
instance, their sensitivity can be increased up to 1.22 nF/% RH at 1 kHz
with a GO/PEDOT:PSS(10%) composite as a result of the combination of
the active region of both GO and PEDOT:PSS materials.

. The use of screen-printed cabon-based materials for the fabrication of

flexible electrochemical capacitors was also studied in this work. For
that, we screen-printed a interdigitated electrodes (IDEs) structure
using a conductive carbon-based paste on a flexible substrate. These
IDEs were characterized in combination with PVA/H3POy electrolyte
as electrochemical capacitors in Paper VII, demonstrating that the
porous nature of this material results in a electrochemical double-layer
capacitive behaviour. The results demonstrated that, although the specific
capacitances achieved with these electrodes are lower than the ones
obtained using other carbon-based materials (~22 uF /cm?), as soon as high
performance carbon-based pastes become available this method would pave
the way towards an alternative method for the large-scale and cost-effective
fabrication of flexible electrochemical capacitors.

. Both LIG and LrGO were also used for the fabrication of flexible

electrical heaters in Paper V and Paper VI, respectively. In contrast
to commercial flexible heaters, we have demonstrated that the laser-
synthesized heaters show a much higher heat uniformity and can be
fabricated under ambient conditions following a simple, scalable and
environmental-friendly fabrication process. In particular, we have reported
that the LIG heaters can operate up to 400 °C (only limited by the
mechanical stability of the substrate), while in the case of the LrGO



heaters this maximum operating temperature is around 200 °C (limited
by the apparition of joule annealing drift effects). Despite this, the heat
transfer coefficients obtained with the LrGO heaters (200-440 °C cm?/W)
indicated that they require less power to achieve the same temperature
than the LIG-based ones (131 °C ¢cm?/W), with the additional advantage
of also requiring less time to get the steady-state temperature, as reported
in Paper VI.

. We have also demonstrated the feasibility of the LIG to fabricate
flexible electrodes for medical devices. Thanks to the inherent high
porosity of this material, which helps to reduce the skin—electrode contact
resistance, it has been postulated as an inexpensive and bio-compatible
alternative to commercial Ag-based ECG electrodes. Thus, in Paper VIII
we demonstrated that these electrodes provide a comparable signal
transduction when compared with commercial electrodes, together with
their feasibility to be used inside the IoT paradigm by means of their
integration with a commercial wearable and custom signal processing
techniques intended to monitor the heart rate.

. The memristive behavior of LrGO was also a subject matter of this thesis.
In our laser-reduction experiments we observed that LrGO patterns with
an intermediate level of reduction presented resistive switching. This led us
to further explore this effect, which results in Paper IX, where we reported
laser-fabricated GO memristors that fully rely on the laser-reduction process
to create the active switching element. It was demonstrated that in partially
reduced GO, the high concentration of oxygen-containing functional groups
on the GO structure is responsible of modifying the local stoichiometry of
the reduced-graphene oxide layer, and hence of its memristive behavior.
In this work we concluded that low-resistance conductive paths are formed
in the bulk of the material when these sp? domains are tuned into sp?
domains (oxygen vacancies) under the action of a bias current and that, once
the polarity is reversed, these sp? domains are recovered again returning
to a high resistance state. In addition, we have also explored the use
of memristors for the implementation of electrical mutators in oder to
emulate memcapacitors and meminductors in both grounded and floating
configurations, as demonstrated in last three chapters of this thesis.

. Finally, in this thesis we have also addressed the use of reconfigurable
electronics for the development of the prototype presented in Paper I,
as well as other prototypes and devices developed during the course of
this work. We rely on the use of these technology since their inherent
reconfigurable analog and digital domains are ideal for handling with
the variability in the output from one to another physical sensor, hence
reducing the necessity of implementing custom readout circuits for each
sensor fabricated. Moreover, the use of this technology, in addition to save
both resources and time when designing and implementing an electronics
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Xlll. Conclusions

device, is postulated as an alternative to tackle the issue of Waste Electrical
and Electronic Equipment (WEEE).
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