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ABSTRACT

The present thesis focuses on the development of new thin film systems and
technological approaches for attaining a novel class of flexible dry biopotential electrodes.
These electrodes, in opposition to the commercially used wet Ag/AgCl ones, neither rely on
the application of a conductive gel nor on an extensive skin preparation (for which trained
personnel is often needed), thus being able to be used in applications where a simple and fast
montage is needed.

For this purpose, several titanium nitride (TiN)-based thin film systems were optimized
in traditional substrates (glass and silicon) and later sputtered onto flexible polyurethane
substrates, including the final multipin bioelectrode design, which was used for the
electroencephalographic (EEG) biosignal monitoring. This study started by investigating the
pure TiNy system with different N/Ti atomic ratios. Despite the encouraging morphological,
structural and electrochemical results, this thin film system was not suitable for the EEG
trials, since the coatings often failed after only one measurement due to the brittle nature of
this ceramic material. Consequently, in order to increase the in-service stability of the
coatings and also to tailor its elasticity, electrical response and bactericide character, silver
(Ag) was added (up to 50 at.%) to a stoichiometric TiN matrix — Ag,:TiN system. However,
extensive Ag particle segregation was found in the as-deposited TiN stoichiometric-like films
(N/T1 atomic ratio close to 1) coatings, which translated into a long-term poor structural
stability of the Ag,:TiN films. Hence, with the objective of depleting the undesired Ag
segregation, a new under-stoichiometric-like Ag,:TiN, system was studied (x < 1). These
coatings were sputtered with decreasing N/Ti atomic ratios (towards under-stoichiometric
conditions) and different Ag contents (from 8 to 32 at.%). No significant Ag particle

segregation was visible in this system due to the possible formation of TiAg intermetallics.
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Then, the architecture of the coatings was firstly optimized and then finally sputtered into
flexible polyurethane substrates, using the Glancing Angle Deposition (GLAD) technique. A
Ag:TiN system with a N/Ti atomic ratio of 0.7 and 10 at.% Ag was GLAD sputtered with
incidence angles of 0°, 40° and 80° and with inclined columnar and zigzag architectures and
its electrochemical behaviour was investigated. The porous (80° columnar and zigzag)
coatings exhibited the best set of properties to be used as bioelectrodes.

To finalize the present study, the adhesion of the optimized Ag:TiN coating to the
polyurethane substrates was evaluated by performing a set of plasma activation treatments
with different powers, times and gases. In combination with bipolar EEG monitoring
(Ag:TiN-coated polyurethane dry multipin electrode vs. wet Ag/AgCl commercial electrode),
it was possible to determine the best plasma treatment conditions (100 W, 15 min., regardless
of the used gas — Ar, O, and N) to be used in order to effectively activate the surface of the
polyurethane multipins prior to the Ag:TiN functionalization. Furthermore, no significant
EEG signal differences were found between the wet and dry multipin electrodes, thus making
them promising candidates to substitute the standard wet Ag/AgCl electrodes in specific

clinical and ambulatory procedures.
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RESUMO

A presente tese foca-se no desenvolvimento de novos sistemas de filmes finos e
abordagens tecnoldgicas com o intuito de obter uma nova classe de eléctrodos secos de
biopotencial. Estes eléctrodos, ao contrario dos eléctrodos humidos de Ag/AgCl usados
comercialmente, dispensam a aplicagdo de um gel condutor, bem como uma extensiva
preparacdo da pele (para a qual, muita das vezes, ¢ necessaria a presenca de técnicos
qualificados). Sao, portanto, ideais para o uso em aplicagdes onde uma montagem simples e
rapida € necessdria.

Tendo em conta este propodsito, varios sistemas de filmes finos baseados em nitreto de
titdnio (TiN) foram optimizados em substratos classicos (vidro e silicio), sendo depois
depositados em substratos flexiveis de poliuretano, incluindo o design final em forma de
multipino, que foi usado na aquisi¢do de sinais electroencefalograficos (EEG). Este estudo
comegou por investigar o sistema TiNy com varios racios atomicos N/Ti. Apesar dos
resultados encorajadores em termos morfologicos, estruturais e electroquimicos, este sistema
ndo se revelou adequado durante os ensaios de EEG, uma vez que os revestimentos falharam
consistentemente ap6s somente uma medi¢do, devido 4 natureza fragil deste material
ceramico.

Consequentemente, de modo a aumentar a estabilidade dos revestimentos em condigdes
de servico e melhorar a sua resposta eléctrica, elasticidade e cardcter bactericida, foi
adicionada prata (Ag, até um maximo de 50 at.%) a matriz estequiométrica de TiN — sistema
Agy:TiN. No entanto, foi observado um extenso fendmeno de segregacdo de particulas de Ag,
0o que se traduziu numa fraca estabilidade estrutural a longo prazo dos filmes finos
estequiométricos de Ag,:TiN. Posto isto, com o objectivo de eliminar a indesejada segregacao

de Ag, foi estudado um novo sistema Ag,:TiN,. Estes revestimentos foram depositados com
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racios atomicos N/Ti decrescentes (condi¢des sub-estequiométricas) e diferentes teores de Ag
(de 8 até 32 at.%). Nao foram encontradas evidéncias significativas de segregragdo de Ag
neste sistema, devido a possivel formacao de compostos intermetalicos TiAg. De seguida, a
arquitectura dos revestimentos foi primeiramente optimizada e finalmente depositada em
substratos flexiveis de poliuretano, usando a técnica Glancing Angle Deposition (GLAD). Foi
entdo investigado um sistema Ag:TiN com um racio atdémico N/Ti de 0.7 e um teor em Ag de
10 at.%, depositado com angulos de incidéncia de 0°, 40° e 80° colunares e com arquitectura
em ziguezague, sendo o seu comportamento electroquimico estudado posteriormente. Os
filmes porosos (80° colunares e ziguezague) exibiram o conjunto de propriedades mais
apropriadas para serem usados como bioeléctrodos.

Para finalizar o presente estudo, a adesdo dos revestimentos optimizados de Ag:TiN aos
substratos de poliuretano foi estudada apos a realizagdo de varios tratamentos de plasma com
diferentes poténcias, tempos e gases. Em combinagdo com a aquisi¢ao bipolar de EEG
(eléctrodo seco multipino revestido com Ag:TiN versus eléctrodo comercial himido de
Ag/AgCl), foi possivel determinar quais as condi¢des optimizadas (100 W, 15 min.
independentemente do gas utilizado — Ar, O, e N») que promovem o tratamento de plasma
mais eficaz na activagdo superficial dos multipinos de poliuretano. Paralelamente, ndo foram
detectadas diferencas significativas na qualidade dos sinais de EEG adquiridos com os
eléctrodos, tornando-os, por isso, candidatos promissores a substituicdo dos tradicionais

eléctrodos himidos de Ag/AgCl em procedimentos clinicos e ambulatorios especificos.
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CHAPTER 1

GENERAL INTRODUCTION

EEG electrode cap composed of 97 individual polyurethane dry multipin electrodes. Copyright: P. Fiedler, TU

Ilmenau
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CHAPTER 1 — GENERAL INTRODUCTION

1.1. Thesis outline

The present document is a scientific article-based thesis. As such, the manuscript was
divided into seven chapters, according to nine main publications, which refer to the three thin
film systems studied.

Chapter 1 comprises the introductory part of the present study. This section is divided
into three sub-chapters, which include the outline of the document, as well as the motivations
and background of the present work. No extensive state-of-the-art or theoretical background
will be performed in chapter 1, since most of the bibliographic review and theory concepts
were already widely focused on the introduction section of the scientific papers that comprise
the manuscript.

Regarding the results obtained in the present study, chapter 2 is dedicated to the initially
investigated TiNy thin film system and how the encountered drawbacks gave rise to an
alteration of the initial approach by adding silver to a stoichiometric TiN matrix. Hence,
chapter 3 takes account of the optimization of the silver content that should be added to the
stoichiometric TiN matrix in terms of the obtained morphological, structural, electrical,
mechanical and electrochemical properties (sections 3.1. to 3.3.). Since an unwanted silver
segregation phenomenon was found in the stoichiometric Ag,:TiN system, chapter 4 reports
on the tailoring of the TiN matrix stoichiometry towards under-stoichiometric conditions.
Similarly to the previous chapter, the influence of the stoichiometry tailoring on several
Ag,:TiN, system properties are exhibited in sections 4.1. and 4.2. The thin film architecture
was investigated in chapter 5, namely in terms of the optimization of the GLAD sputtering
parameters (section 5.1.) and subsequent sputtering onto polyurethane substrates, on which
the electrochemical properties were studied (section 5.2.). Finally, the in-service validation of

all optimization performed throughout the present thesis is patent in chapter 6, namely the
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thin film/polyurethane adhesion and subsequent electroencephalographic signal monitoring in
human volunteers.
The final chapter 7 comprehends the general discussion, main conclusions and future

work.
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1.2. Motivation

The ultimate goal of the present thesis is to optimize conductive thin film-coated flexible
polymers, aiming at the development of novel dry biomedical -electrodes for
electroencephalographic (EEG) applications. This new class of dry electrodes should be able
to replace the wet commercial silver/silver chloride ones (Ag/AgCl) in applications where a
fast and easy montage is needed. The wet Ag/AgCl electrodes need to be applied in
combination with electrolyte gels or pastes, involving uncomfortable and time-consuming
procedures, for which trained personnel is often needed. They are also commonly quite rigid,
which can give rise to an incorrect and uncomfortable skin contact. In opposition, the thin
film-coated flexible dry multipin electrode proposed in the present study should not rely on
the application of the referred conductive gel, thus significantly reducing the preparation
times and associated costs. Moreover, due to its flexibility and design, the proposed electrode
should promote higher patient comfort and hair interfusion.

The new thin film systems, whose development is proposed in this thesis, are essential to
ensure the functionality of such electrodes. Consequently, different TiN-based PVD coatings
should be optimized according to the several requirements of the proposed dry electrodes. The
proposed coating systems (TiNy, Ag.TiN and Ag,:TiN,) should then be characterized in
terms of the influence of the Ag content, TiNy matrix stoichiometry (N/Ti atomic ratios) and
thin film architecture on (i) the morphological and structural stability (avoiding long-term Ag
segregation), as well as on (ii) the mechanical (the coatings should comply with the substrate
deformations) and (iii) electrochemical behaviour (in contact with synthetic sweat) of the
sputtered composites.

Furthermore, since the optimized coatings were to be sputtered onto flexible polyurethane

substrates, a thorough adhesion characterization should also be performed in order to prevent

17
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in-service failure of the coatings. At the end, the dry multipin electrodes should be coated

with the optimized thin film system and tested for EEG biosignal monitoring.

18



CHAPTER 1 — GENERAL INTRODUCTION

1.3. Background

For the past few decades, modern medicine has relied on non-invasive, high resolution
monitoring of biopotentials produced by the human body, such as electroencephalography
(EEG, brain activity), electrocardiography (ECG, heart activity) and electromyography
(EMG, muscular activity), in order to accurately comprehend several pathologies and

physiological conditions of human patients, Fig. 1.1.

EEG

fNIRS
- JEOG

PPG
ECG

EIT

EGG

\‘;/_;' L\,\}‘

EMG
Figure 1.1. Examples of non-invasive physiological monitoring (adapted from [1]).

In particular, the human electroencephalogram (originally published in 1929 by the
German psychiatrist Hans Berger [2]) is still a powerful tool for detecting acute brain
disorders, such as epileptic seizures, acute encephalitis, head trauma, coma and strokes [3-7].
More recently, EEG has been applied in the study of brain-computer interfaces (BCI),
enabling a direct communication between the human brain and external devices [8]. The
conventional biopotential acquisition set-up relies on the use of the standard silver/silver
chloride (Ag/AgCl) wet electrodes [9-11]. These are considered the gold standard electrodes

[3,8,12], as they are non-polarizable and reveal excellent reliability, displaying low and
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almost frequency independent skin-contact impedance values, in the order of a few tens of
kQ.cm® [10,11].

However, a preliminary skin preparation and a gel paste application are needed before the
exam, in order to lower the skin/electrode impedance. This preparation is time consuming,
uncomfortable to the patient and requires trained staff. Furthermore, some patients have
developed severe allergic reactions to the common used gel pastes [11] and the risk of short-
circuiting adjacent electrodes due to gel running can be relatively high. Susceptibility to
motion artefacts is also widely reported [10,11] and a known difficulty that hampers a wider
use of EEG in promising fields such as sports science [13]. Nevertheless, with proper skin
preparation and correct conductive gel application, the wet Ag/AgCl electrodes exhibit
excellent biopotential signal quality [8], although at the expense of increased amounts of
preparation times. All the aforementioned drawbacks inhibit the use of EEG in clinical
applications where an easy and fast montage is needed, such as in emergency medical settings
or in ambulatory conditions. It is important to note that the presence of EEG monitoring
systems is still seldom in intensive care units (long-term EEG monitoring) or in the standard
equipment of most paramedic units (mobile EEG applications) [3].

Eliminating the need to use the conductive gel paste would, in fact, reduce most of the
above-referred disadvantages of the standard Ag/AgCl electrode system. Consequently, a new
class of biopotential electrodes is being widely investigated, which are commonly called dry
electrodes, in order to obtain an easier, faster and unobtrusive biopotential monitoring
process. These electrodes do not require any previous skin preparation or gel application and
are commonly based on inert-like materials, either metallic-like or insulator-coated metals
[11,14], Fig. 1.2. However, these electrodes still maintain some important drawbacks that
have also been reported in other similar dry systems [15,16], such as incorrect and/or

uncomfortable skin contact due to its intrinsic stiffness nature that do not allow them to
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conform to the human body. Moreover, focusing on the typical EEG acquisition setup, the use
of lighter, cheaper and more comfortable electrodes would translate in numerous advantages
to the patients in comparison with the standard Ag/AgCl ones, once the use of 128 or even

256 electrodes in a single exam is becoming an increasingly common practice.

@ =

Electrode
VhC ‘g’

Wet Ag/AgClI Dry Contact Insulated Non-contact

I Gap Gap
Vie Vie 1-10nF 1pF - 1nF

Gel Cotton
-..C0upling layer <1k 200M Il 20pF
Wm o S.C. S.C. S.C. S.C.
~=Qleny,
~ENum; 100k Il 10nF 1M Il 10nF 1M Il 10nF 1M Il 10nF

Figure 1.2. Different technological approaches for biopotential electrodes, including the standard Ag/AgCl wet,

dry multipin, thin film insulated metal plate and non-contact electrodes (adapted from [12]).

The electrically conductive materials initially used in dry electrodes were metals such as
stainless steel [17] and aluminium [11], but their low corrosion resistance when in contact
with the human sweat made them inappropriate. Subsequently, gold [18], metal oxide and
nitride coatings like TiO, or TiN, which are much more resistant to corrosion, have been
proposed [16,19-23]. Materials such as graphite [24], conductive silicone or rubber [15] have
also been suggested, but these materials also display too high electrical impedances (> 500
kQ.cm®). Resistive and capacitive electrode materials were also investigated but the
fabrication costs and patient discomfort have been reported as drawbacks often encountered
for these types of electrodes [8,25].

In terms of design, Fig. 1.3., the dry electrodes also exhibit concept-specific fundamental

problems. Many dry electrode systems [16] display an incorrect and/or uncomfortable skin
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contact due to the intrinsic stiff nature of the base materials [25] or even because of
conceptual problems (rigid planar plates/disks unable to interfuse the hair layer [23,26]).
Micro-electromechanical system (MEMS) sensors that use microneedles to penetrate the
stratum corneum have been studied [27]. However, the microneedles are often able to
penetrate live skin layers, which translated into patient pain and induced infections [8].
Consequently, several authors have recently focused on the development of textile and
polymer-based flexible dry electrodes [15,28-31], since they should be able to promote a
more reliable and comfortable skin contact, thus reducing some of the stated drawbacks.
However, the textile-based electrode design still needs improvements since the contact area of
the skin/electrode interface is significantly reduced when extensive hairlines are present [8].
With the objective of eliminating the comfort drawback, non-contact electrodes have also
been proposed but are highly susceptible to the type of insulator material used and also to

environmental conditions such as humidity [1].

Figure 1.3. Comparison between several designs of biopotential electrodes: (a) wet Ag/AgCl ring electrodes, (b)
polyacrylate wet electrode [32], (c) water-based sensors [33], (d) MEMS [27], (e) foam electrodes and (f-j) dry

fingered/multipin electrodes [34-39] and (j) non-contact sensor (adapted from [1,8]).
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Therefore, the present thesis focuses on the polymeric multipin design, since it displays
the desired set of advantages over the other aforementioned designs and technologies
(inexpensive, lightweight, patient comfort and hair interfusion ability) and can be easily
functionalized with several conductive thin film systems.

Reactive DC magnetron sputtering is commonly accepted as one of the most versatile and
less expensive coating techniques, being widely assumed as able to produce fairly high
deposition rates and compact coatings, when compared to other techniques. It also allows the
coating of several base materials, Fig. 1.4. Regarding the chosen thin film materials, TiN is an
electrically conductive coating, with an excellent chemical stability in most media and
outstanding mechanical properties, which led to a very broad range of applications, including
those in the biomedical area [26,40]. Furthermore, TiN is biocompatible, but it is also a
relatively hard and high Young’s modulus material, thus unable to withstand large
deformations (in fact, most metallic films tolerate less than 10% of deformation [41-48]). It
gives rise to mechanical failure of the coatings, which, in turn, is highly undesirable when the
objective is to produce flexible electrodes that are supposed to adapt to the human skin. The
inclusion of silver, due to its intrinsic characteristics, particularly the low Young’s modulus
and high conductivity [49], within the TiN films may offer the possibility to tailor the
elasticity of the coating [50], opening a wide range of possible applications, namely those
related to the coating of flexible devices such as polymers. Furthermore, silver addition may
also allow the tailoring of the electrical conductivity [51], which may be of crucial importance
in any electrode-based application. Finally, silver is inherently antimicrobial [52-56],
particularly in its nanocrystalline form [53,54] and also an excellent biosensor material [57],
which is of major importance in any application that may involve electrophysiological signal
monitoring.

Thermoplastic polyurethanes (TPU) have been extensively applied in several fields that
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range from technical coatings to biomedical applications [58-60], due to their excellent
balance between mechanical properties (high flexibility), excellent chemical barrier
behaviour, soft tact and biocompatibility [61,62], thus being appropriate to be used as
biopotential electrode base material. However, as most polymers, the PU surface displays low
surface energies, with evident effects in future polymer/coating interfacial adhesion.
Consequently, the PU surfaces must be activated in order to promote the grafting of reactive

groups, as well as to increase the surface roughness [63-66].
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Figure 1.4. Dry electrode designs and technological approaches developed within the research group: (a) TiN-
coated titanium disks, (b) TiN-coated single pin (bullet), (c¢) gold multipin electrode (built with commercial
parts), (d) TiN-coated polycarbonate sheet, (¢) TiN-coated ABS multipin and (f) Ag:TiN-coated polyurethane

multipin (optimized in the current work).

Henceforth, the ultimate goal of the present study is to develop and optimize a new
generation of flexible polyurethane multipin dry biopotential electrodes that should be able to
surpass most of the stated drawbacks that refer to the standard wet Ag/AgCl electrodes in

terms of the materials and design points of view, thus allowing the use of EEG monitoring in
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clinical, ambulatory and emergent situations, where a rapid and easy montage is needed. The
development of a dry electrode cap, see Fig. 1.5., is also contemplated and is currently
underway, with most of the design and assemblage work being performed at the Institute of

Biomedical Engineering and Informatics, Technische Universitét [lmenau.
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Figure 1.5. Commercial and research wearable EEG systems (adapted from [8]) in comparison with the caps

developed within the research group (a) silicone-based cap with pressure-driven adduction actuators and TiN-

coated single pin electrodes, b) textile cap with gold pin electrodes and c) textile cap with TiN-coated multipin
electrodes) and the system proposed in the current work. All photos from caps a-c, as well as the ANDREA cap,

Copyright: P. Fiedler, TU Ilmenau.
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“The impedance modulus is clearly lower for the zone II TiN, sample...’

* This chapter is based on the following publication:

P. Pedrosa, E. Alves, N.P. Barradas, P. Fiedler, J. Haueisen, F. Vaz, C. Fonseca, “TiN, coated polycarbonate for
bio-electrode applications”, Corrosion Science 56 (2012) 49-57.
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The following chapter refers to the state-of-the-art within the group at the beginning of
the present thesis. The TiNy system had already been previously studied to be used as
bioelectrodes in titanium disk substrates'. The results were promising, namely the excellent
chemical resistance of the N-rich coatings in the presence of synthetic sweat, which led to the
conclusion that the TiNy system was, in fact, a suitable candidate to be further studied. Hence,
the same TiNy-coated titanium disk electrodes were tested by recording EEG signals in
parallel with the commercially used wet Ag/AgCl ones’. Once more, encouraging results were
obtained in terms of signal quality. However, dependences between the electrode shape
(planar disks) and the obtained results could not be ruled out, thus it was decided that a new
electrode design (flexible polymeric multipin) should be explored. The new design should be
able to allow an effective hair interfusion in order to minimize the electrode-skin impedance.

Consequently, in order to establish correlations with the previously results obtained in
titanium disks and to assess the low-temperature sputtering viability on polymeric substrates
(in terms of adhesion, morphological and structural stability of the coatings), the TiNy system
was sputtered onto polycarbonate disks. In opposition to what was done when using the
titanium disks, no temperature or bias voltage could be used, in order not to damage the
polycarbonate substrates. In this way, using a simple planar shape, the optimization of the
sputtering conditions and subsequent characterization should be simplified. The obtained
results are then patent in the following chapter.

The main results that raised from the work performed in this chapter indicated that a
stoichiometric TiNy matrix appeared to be the most suitable to be used as bioelectrodes, since
lower passive dissolution currents, as well as lower impedance values (cover figure) and

electrochemical noise and drift values comparable to the wet Ag/AgCl commercial electrodes

"L.T. Cunha, P. Pedrosa, C.J. Tavares E. Alves, F. Vaz, C. Fonseca, “The role of composition, morphology and
crystalline structure in the electrochemical behaviour of TiN, thin films for dry electrode sensor materials”,
Electrochimica Acta 55 (2009) 59-67.

2 P. Fiedler, L.T. Cunha, P. Pedrosa, S. Brodkorb, C. Fonseca, F. Vaz, J. Haueisen, “Novel TiN,-based biosignal
electrodes for electroencephalography”, Measurement Science and Technology 22 (2011) 1-7.
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were found. In addition, the stoichiometric TiNy films showed the best adhesion to the PC

disk substrates, as it can be seen in Fig. 2.1.

Figure 2.1. x-cut tape test performed on the surface of representative samples of the TiN thin film system. (a)

under-stoichiometric sample before removal of the tape, (b) stoichiometric sample before removal of the tape,
(c) under-stoichiometric sample after removal of the tape and (d) stoichiometric sample after removal of the

tape.

Consequently, the stoichiometric TiNy coatings were selected for further investigations
(Ag doping, chapter 3) due to the aforementioned set of characteristics that make them, a

priori, the most suitable ones for bioelectrode applications.
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Titanium nitride (TiNy) thin films were deposited by PVD, in a wide range of compositions (0 < x < 0.99),
on polycarbonate (PC) substrates, aiming at studying their potential application as bio-electrodes. The
electrochemical study of the TiN, films, performed in an isotonic sodium chloride solution, proved the
very good chemical stability of all films in salt solution conditions. On the other hand, the electrochemical
noise analysis showed that the electrical noise generated at the stoichiometric TiN/electrolyte interface is
of the same magnitude as that generated by the traditional Ag/AgCl electrodes.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Electroencephalography (EEG) is the recording of the brain elec-
trical activity along the scalp [1]. EEG is nowadays the most widely
used brain imaging technique. It provides very good time-resolution
of brain activity, and it offers significant advantages over competing
state of the art technologies, such as MRI (magnetic resonance imag-
ing) and CT (computerized tomography), both in terms of cost and
space requirements. The conventional recording set-up generally
involves the use of silver/silver chloride electrodes (Ag/AgCl) for
signal transduction [1]. These are very reliable non-polarizable elec-
trodes, with low skin-contact impedance values of the order of a few
tens of kQ cm? which are almost frequency independent [2]. How-
ever, skin preparation and gel paste application are needed before
the exam in order to lower the skin/electrode impedance. This
preparation is time consuming, uncomfortable to the patient and
requires trained staff.

In order to overcome the drawbacks of the Ag/AgCl electrodes, a
new class of devices is being investigated, for which no skin prep-
aration or gel application are needed, the so-called “dry” elec-
trodes. In these electrodes, the sensors are inert materials, either
a metal or an insulator [3,4]. In a previous work [5] the authors
investigated a dry electrode sensor, based in a titanium nitride

* Corresponding author at: Universidade do Porto, Faculdade de Engenharia,
Departamento de Engenharia Metaltrgica e de Materiais, Rua Roberto Frias, s/n,
4200-465 Porto, Portugal. Tel.: +351 22 508 1995; fax: +351 22 508 1447.

E-mail address: cfonseca@fe.up.pt (C. Fonseca).

0010-938X/$ - see front matter © 2011 Elsevier Ltd. All rights reserved.
doi:10.1016/j.corsci.2011.11.008

(TiN) thin film deposited on a titanium substrate. TiN is an electri-
cally conductive material, with a good chemical stability in most
media and outstanding mechanical properties, used in a very broad
range of applications, including in the biomedical area [6]. The
influence of the N/Ti ratio on the structural, morphological and
electrochemical properties of the TiN film in contact with synthetic
sweat was studied, and it was concluded that the stoichiometric
and slightly over-stoichiometric composition (N/Ti > 1) were the
most adequate for the applications envisioned [5].

In this work the titanium substrate was replaced by polycar-
bonate (PC), resulting in a potentially much cheaper and lighter
electrode. These are two important advantages, particularly if
128 or even 256 electrodes are to be used for a single exam.

However, there are two important differences between using
titanium or PC as substrates for the TiN PVD thin film deposition:
(i) there is no chemical affinity between TiN and PC, so the PC sur-
face must be activated before deposition in order to achieve good
adhesion of the film to the polymeric substrate, and (ii) the depo-
sition on PC cannot be performed at the high temperatures usual
for metals [5], which limits the kinetic energy available to enhance
interfacial adhesion and structural arrangements that help the film
to reach a stable thermodynamic state.

In this work the structural, mechanical and electrochemical
behaviour of titanium nitride (TiN,) thin-film coated polycarbonate
(PC) was studied in order to optimize the deposition conditions for
bio-electrode applications. A comparison with commercial silver/
silver chloride (Ag/AgCl) electrodes was performed.
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2. Experimental details

TiN, films were deposited on PC (disks), on glass and on silicon
(100) substrates, in a laboratory-sized reactive DC magnetron
sputtering system. The PC disks, 20 mm in diameter and 4 mm
thick, were press moulded from standard PC pellets (250 °C,
20 tons). The discs were: (i) wet abraded with SiC paper of decreas-
ing grain sizes, (ii) polished with diamond pastes of 6 and 1 pm,
(iii) cleaned in a sonicator with isopropanol (5 min) and (iv) dis-
tilled water (5 min) just before each deposition. Processes (iii)
and (iv) were also used for the glass and Si substrates.

The films were prepared with the substrate holder positioned at
70 mm from the target, using a DC current density of 100 Am™2 on
the titanium target (99.96 at. % purity). A gas atmosphere composed
of argon + nitrogen was used. The argon flow was kept constant at
60 sccm (Standard Cubic Centimetres per Minute, corresponding
to 1 x 10-% m>/s), which resulted in a partial pressure of 0.3 Pa for
all depositions. The nitrogen flow varied from 0 to 5.5 sccm (corre-
sponding to a partial pressure variation between 0 and 3.6 x
1072 Pa). The working pressure was approximately constant during
the depositions, varying only slightly between 0.3 and 0.4 Pa. No bias
voltage or external heating were used in order to avoid the polymeric
substrates degradation. A thermocouple was placed close to the
surface of the “substrate holder” on the plasma side (not in direct
contact, since depositions were done in rotation mode), and the tem-
perature was monitored during the entire film deposition time. A de-
lay time of 5 min was used before positioning the surface of the
samples in front of the Ti target in order to avoid film contamination
resulting from previous depositions (which may have resulted in
some target poisoning), and also to assure a practically constant
deposition temperature during film growth.

The atomic composition of the as-deposited samples was mea-
sured by Rutherford Backscattering Spectroscopy (RBS) using (1.4,
1.75) MeV and 2 MeV for the proton and “He beams, respectively.
Two detectors were used, located at scattering angles 140 and 180°
(annular detector). Measurements were made for two sample tilt
angles, 0 and 30°. Composition profiles for the as-deposited
samples were determined using the software NDF [7]. For the
14N, 180 and 28Si data, the cross-sections given by Gurbich were
used [8]. The area analyzed was about 0.5 x 0.5 mm?. The uncer-
tainty in the N concentrations is around 5 at. %.

The structure and phase distribution of the coatings were
assessed by X-ray diffraction (XRD), using a Bruker AXS Discover
D8 diffractometer, operating with Cu K, radiation and in a
Bragg-Brentano configuration. The XRD patterns were deconvo-
luted and fitted with a Voigt function to determine the structural
characteristics of the films, such as the peak position (26), the full
width at half maximum (FWHM) and the crystallite size.

Morphological features of the samples were probed by scanning
electron microscopy (SEM), carried out in a Jeol JSM 6301F micro-
scope operating at 10 keV. The adhesion level of the as-deposited
TiN, coatings to the polymeric substrates was assessed by the
X-cut tape test, according to the ASTM D3359 standard. The samples
were then analysed by optical microscopy before and after test.

In the voltammetric experiments, the potential was scanned
from —0.6 to 2.5V at 1 mV/s (linear voltammetry), and from
—0.4t00.4V at 0.1 to 5 V/s (cyclic voltammetry). The experimental
set-up consisted of a EG&G PAR 273A potentiostat, driven by the
CorrWare/CorrView@ software from Scribner. The three-electrode
configuration was used with a saturated calomel electrode (SCE)
and a Platinum wire as the reference and auxiliary electrodes,
respectively. A 0.9% sodium chloride solution was used in all elec-
trochemical studies, in order to simulate the sweat effect. Electro-
chemical impedance spectra (EIS) were acquired daily for a week,
using a Solartron 1250 frequency response analyser and a EG&G
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PAR 273 potentiostat, driven by the Zplot/Zview@ software from
Scribner. The frequency was scanned from 20 kHz to 1 mHz, with
a 7mV (rms) amplitude ac signal. The Zview software was used
for the simulations of the experimental spectra.

The electric noise measurements were performed with a Gamry
G300 potentiostat driven by the ESA410 software. Several couples
of similar samples, either Ag/AgCl (Easycap@ sintered disc elec-
trodes, 12 mm in diameter) or PC coated with TiN, were immersed
in the sodium chloride solution and the open circuit potential dif-
ference acquired with a 500 Hz sampling rate for periods of 10 min.
The electrochemical cell was kept inside a Faraday cage. Data anal-
ysis was performed by first applying a 20th order Buttherworth
bandpass filter (0.5-100 Hz). The first 10 s of each filtered data
set were neglected to avoid including considerable filter artefact
in subsequent evaluations. Then, successive segments of 30 s were
considered for the calculation of the RMS values of noise and drift
rate, over the total acquisition times. The power spectral density
(Welch estimation) was calculated for 10 min segments, represen-
tative of all the Ag/AgCl commercial electrodes and TiN, sample
couples.

3. Results and discussion
3.1. Composition of the as-deposited samples

The evolution of the composition ratio (N/Ti) as a function of the
nitrogen partial pressure is plotted in Fig. 1. The partial pressure of
nitrogen, Py,, was monitored by the nitrogen flow rate, ¢y,. No ar-
gon was detected by RBS analysis in the as-deposited samples,
which means that its content should be less than ~3-5 at. %.

As it can be seen from Fig. 1, the increase of the nitrogen partial
pressure strongly influences the atomic concentration of the chem-
ical elements in the layers. Initially, from 0 to 2 x 1072 Pa, the evo-
lution of the N/Ti atomic ratio is very smooth. At higher nitrogen
partial pressures, from 2 x 1072 to 3.6 x 1072 Pa, a small increase
in the nitrogen partial pressure leads to an abrupt and almost lin-
ear evolution of the N/Ti atomic ratio. At the highest N, partial
pressures, nearly stoichiometric films were formed. No over-stoi-
chiometric films were obtained, otherwise a third zone should ap-
pear, where the N/Ti atomic ratio evolution would stabilize [5].

The high amounts of Ti atoms that are sputtered from the target
and the low nitrogen pressures inside the reactor up to ~2 x 1072
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Fig. 1. Plot of the nitrogen content in the films (x = N/Ti atomic ratio) as a function
of the nitrogen partial pressure inside the sputtering chamber.
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Pa create a high mean-free path for the Ti atoms. As no substrate bias
voltage or external heating were used during the sputtering process,
the low amount of nitrogen available cannot be easily absorbed in
the growing films due to mobility constraints. As the amount of
available nitrogen increases (with the increase of its partial pres-
sure), its incorporation in the film is facilitated, thus explaining
the rapid increase of the N/Ti ratio in this zone. When the nitrogen
partial pressure is relatively high, the mean-free path starts to de-
crease, as well as the sputtering rate, due to a higher degree of nitro-
gen coverage of the cathode (target) and increasing secondary
electron coefficient [5]. This may explain why the TiN, film produced
with the highest nitrogen partial pressure (3.7 x 1072 Pa) has a very
similar value of the N/Ti atomic ratio to that of the film obtained at
3.6 x 1072 Pa.

3.2. Structural and morphological characterization of the samples

Previous studies of sputtered TiN, coatings on metallic sub-
strates show that as N is added to Ti, the atomic lattice progres-
sively changes from the hcp o-Ti phase to the fcc §-TiN phase.
This is due to the progressive increase of lattice distortions, as a re-
sult of the lattice size increment coming from N insertions [5].

Analysing the XRD diffraction patterns shown in Fig. 2, the over-
all tendency seems similar to what is observed for films deposited
on metallic substrates [5]. However, a closer look reveals that the
diffraction patterns can be clearly divided into distinct zones. Zone
I comprehends the films prepared with the lowest nitrogen partial
pressures, corresponding to highly sub-stoichiometric films, with
N/Ti ratios up to 0.24. The films prepared within this zone revealed
a set of diffraction patterns which are not easily indexed, since their
angular position is situated between those of 5-TiN (fcc - ICDD card
no. 00-038-1420) and «-Ti (hcp - ICDD card no. 00-038-1420).
Nevertheless, and due to the low mobility and low N, partial pres-
sures some nitrogen is expected to be incorporated in interstitial
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Fig. 2. Evolution of the XRD patterns of the films as a function of N/Ti atomic ratio

(x).

positions within the Ti lattice, forming a kind of Ti(N) metastable
solution. The nitrogen incorporation leads to the expansion of the
Ti lattice observed in this first zone, demonstrated by the lower
angular positions of the diffraction peaks when compared to the po-
sition of the (101) peak from the Ti lattice.

The titanium-nitrogen phase diagram is complex, but basically
the Ti crystal is considered to be an “interstitial” crystal where N
atoms fit into the gaps of the Ti structure. This structure evolves
from hexagonal o-Ti (space group P63/mmc), to face-centred-cubic
3-TiN (space group Fm-3 m) as the amount of nitrogen is increased.
The o-Ti lattice can accept small amounts of nitrogen at octahedral
sites [9], but since PVD is a thermodynamically non-equilibrium
process, the o-Ti lattice may be forced to accept more nitrogen
atoms due to hindered mobility of the deposited particles [10].
Therefore, an oversaturated metastable solution of nitrogen in tita-
nium is formed for the lower N contents. The shift in the diffraction
lines revealed by Fig. 2 is thus a consequence of the N interstitials
in octahedral o-Ti sites, which causes lattice distortion. The fact
that no significant variations are observed in peak positions is also
consistent with the similar composition of the three films prepared
within this zone.

A second major zone, zone II, can be indexed to the films pre-
pared with the higher nitrogen partial pressures, corresponding
to roughly stoichiometric films, with N/Ti ratios ranging from
0.85 up to 0.99. As one would expect from its particular close-stoi-
chiometric condition, the films develop a fcc-type structure charac-
teristic of stoichiometric-like TiN films. The fcc (111) peak is
clearly visible and is placed in its expected angular position. An
important note is that within this second zone the crystallinity of
the films is particularly evident, as demonstrated by the sharpen-
ing of the diffraction peaks and their increased intensity. There is
still a slight shift of the diffraction peaks, towards lower diffraction
angles, which can be understood by the already mentioned stoichi-
ometric or closely stoichiometric conditions of the films within this
zone.

Between these two major zones, one can define a transition
zone, zone T, comprehending the films that exhibit intermediate
N/Ti ratios - from 0.34 to 0.75. The diffraction patterns of this zone
T suggest the existence of a transition between the results obtained
for the films indexed to the previous two major zones, evidenced
by the progressive shift towards lower diffraction angles, consis-
tent with the change from the two previous crystalline phases
(hcp Ti and fcc TiN).

While in the films from zone I a growing crystallinity was ob-
served (increasing peak definition and intensity), in zone T the
films are quasi-amorphous, as demonstrated by the significant
peak broadening and low intensity of the diffraction pattern. This
behaviour is not surprising due to the particular composition of
the samples: relatively high amounts of N if regarded from a hcp,
o-Ti like structure in which they would occupy interstitial posi-
tions, but relatively low from a TiN-like phase, in which a signifi-
cant amount of N vacancies would be developed. The exact
nature of the poor crystallinity is difficult to ascertain unequivo-
cally, but it seems to be rather close to that of fcc-TiN. In fact,
the correspondent phase diagram [11-13] shows that the §-TiN
phase can occur already for atomic concentrations of N as low as
30 at. % which is the case of the samples prepared within this tran-
sition zone. Moreover, the large lattice deformations that result
from the formation of the cubic lattice in these high sub-stoichi-
ometric conditions (resulting from extensive N vacancies), leads
to the development of crystalline structures with extensive lattice
defects, and thus to the poor crystallinity observed in these films.
As the N/Ti atomic ratio increases, the higher amounts of Nycan
compensate the lack of mobility in the system, thus being inserted
within the lattice of TiN (fcc), giving rise to a less vacant lattice. As
a result, the diffraction peak shifts continuously towards lower
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diffraction angles, approaching the expected position of the (111)
peak from TiN. This explains the observed behaviour of the films
indexed to this zone. For x = 0.75, the (200) diffraction peak of
3-TiN can also be found, as a broad and low intensity peak around
20-42.5°, reinforcing the assignment of these films to the fcc TiN-
type structure.

Further evidence of these different groups of samples within the
whole set of prepared films can be seen in Fig. 3, where the grain
sizes were obtained after the XRD peaks deconvolution. The values
of grain size within the transition zone should be seen with care
since the diffraction patterns are difficult to deconvolute. It is
important to note that the results correlate very well with the dif-
fraction patterns, given that the films crystallinity is clearly higher
in zones I and II.

The films from zones I and T give rise to grains (values around
~15 nm) that seem to be predominantly smaller than those of zone
I (above 25 nm). This tendency towards smaller grain sizes is typ-
ical of highly saturated metal-metalloid compounds, and can be
described by the Gibbs-Thomson equation [14]. Looking closely
into zone I, there seems to be a tendency to have a small increase
of grain size with increasing N/Ti atomic ratios, which may be due
to the increase of the films crystallinity, as shown above in Fig. 2.

When the transition zone is reached, there is a large peak shift
towards lower diffraction angles, which suggests that nitrogen is
being inserted in the Ti lattice, thus exhibiting small grain size pre-
dominance. It is known that the introduction of nitrogen into Ti
lattices implies that the grain growth is inhibited, causing the for-
mation of more grain boundaries and distortion of the lattices
(large micro strains are developed) with the nitrogen interstitial
sites [5].

In zone II, the small grain size tendency is changed, as the
growth is highly (111) textured and a high level of crystallinity
is attained, which is usually associated with a grain growth phe-
nomena [15]. These results of grain size evolution induce, again,
the existence of two major types of films, where the first two zones
have lower grain sizes when compared to the samples indexed to
zone II, where the films present relatively larger grains.

Fig. 4 shows the SEM micrographs of the main types of
morphologies observed for the set of TiN, films that were prepared.
The plan view is shown on the micrographs of Fig. 4. Two main
types of morphological arrangements are revealed, showing a good
correlation with the compositional and structural analysis. The
films from both zones I and T display dense, rough and granular-like
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Fig. 4. SEM surface images of the TiN, coatings depoited on PC, taken from films in
zone I (a), zone T (b) and zone II (c).

structures (Fig. 4a and b), where the discontinuities observed are
related with the initial polishing features. On the other hand, the
films from zone II display grains with a pyramidal shape and a
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porous structure. The existence of porous films when high N/Ti
ratios are used was already observed for TiN, films deposited on
titanium and silicon [5,15] and it is related with the strong internal
stresses generated on passing from the o-Ti to the §-TiN lattice
[16,17]. According with our previous studies on titanium, a colum-
nar growth of the films is expected, with the pyramidal grain shape
corresponding to the column tops and the pores are ascribed as
intercolumnar spacing [5].

When compared with the TiN, films grown at higher tempera-
tures on metallic substrates [5], some significant differences exist.
In fact, although both the high (deposited on titanium) and low
temperature (deposited on PC substrates) films show the same
structural evolution with the nitrogen content, such evolution is
clearly delayed in terms of composition for the low-temperature
films. For example, for N/Ti = 0.7 the high temperature film already
displays a well-defined 3-TiN structure [5], whereas for the film
with the approximately same composition deposited on PC (N/
Ti=0.75) the structure is still essentially amorphous. Also, the
columnar structure of the 5-TiN phase is better defined in the case
of the high temperature films.

3.3. TiN, adhesion behaviour to PC

In order to test the adhesion level of the as-deposited TiN, coat-
ings to the PC substrate, the X-cut tape test (ASTM standard
D3359-08) was performed on samples from zone I (N/Ti=0.24)
and zone II (N/Ti = 0.95). Samples from zone T were not tested be-
cause they have morphology similar to the zone I samples.

Fig. 5 presents the surface aspect of the TiN, coated PC samples
from zones I and II before removal of the tape (a and b), and zones |
and II after the removal of the tape (¢ and d). Major differences in
terms of adhesion are apparent from the after test photos, (Fig. 5¢
and d), where a much stronger delamination is apparent in the un-
der-stoichiometric sample. The distorted lattice with strong inter-
nal stresses of zone I samples leads to an as-deposited coating that
is already severely cracked due to the cutting procedure (Fig. 5a),

giving rise to a very poor adhesion level, rated as 0A - removal be-
yond the area of the X (Fig. 5c). On the other hand, the as-deposited
sample from zone II (Fig. 5b) presents only some initial scratches
due to the polishing procedure and no further cracking of the coat-
ing is visible. Consequently, the adhesion behaviour of the sample
from zone Il is much better than the one from zone I, being rated as
4A - trace peeling or removal along incisions or at their intersection.
In conclusion, zone I samples seem unsuitable for electrode appli-
cation, where repeated skin contact and cleaning would most likely
lead to a rapid damaging of the coatings.

3.4. Electrochemical studies in sodium chloride solutions

3.4.1. Open circuit potential

The open circuit potentials (OCP) for the TiN, samples are shown
in Fig. 6. The results indicate that there is a stabilization period of
about 10-15 min, common to all samples, after which a continuous
and smooth potential decrease takes place, tending to a plateau. The
Ti-rich samples consistently display less noble OCP values. This low-
er thermodynamic stability may be related with the fact that, as de-
scribed in section 3.2, these samples display either amorphous or
highly distorted and metastable structures, and therefore higher
reactivity than the stoichiometric, well-crystallized ones. Also, the
Ti-rich films have non-oxidized free titanium within their struc-
tures, which is much more reactive towards oxygen than stoichiom-
etric or close-stoichiometric titanium nitride. Finally, a different
surface charge contribution effect also cannot be discarded to help
explaining the observed differences.

3.4.2. Potentiodynamic analysis

The cyclic voltammetry (CV) curves show a capacitive behaviour
extending from about —0.25 to -0.25 V for films from zone I and
zone II at low sweep rates, see Fig. 7. However, for zone II films, at
the highest sweep rates, the behaviour tends to incorporate a resis-
tive component, as shown in Fig. 7B. This behaviour is characteristic
of a porous electrode [15], which corroborates the SEM results

Fig. 5. Surface aspect of the TiN, coated PC samples from (a) zone I before removal of the tape, (b) zone II before removal of the tape, (c) zone I after removal of the tape and

(d) zone II after removal of the tape.
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Fig. 6. Open circuit potential (OCP) vs time for TiN films representative of all
compositions. The compositions are indicated as x = N/Ti atomic ratio.

displayed in Fig. 4c. Similar behaviour was previously observed by
the authors for stoichiometric TiN films deposited on titanium sub-
strates at high temperatures [5].

The double layer capacitances were calculated for all film stoi-
chiometries from the slope of the line defined by the capacitive
current at 0V (well within the double charging region) vs sweep
rate. Only the sweep rates where the capacitive behaviour was ob-
served were considered for the calculations. In these conditions,
the evolution of the double layer capacitance values reflects the
evolution of the real area of the samples, thus showing how the
morphologies of the films change with the N/Ti ratio, Fig. 8. The
same three regions already identified in the XRD spectra, Fig. 2,
can be seen, showing that the transition from zone I to zone T films
takes place with only a slight area increase, whereas the transition
from zone T to zone II films involved an important area increase
that should be essentially ascribed to the development of the por-
ous structure, following the thin film crystallization in the 5-TiN
structure.

The electrochemical potential was also swept at low speed
(1 mV/s)in a much wider potential range (—0.75-2.5 V), Fig. 9. Sim-
ilar curves are displayed by all films, with a small plateau ranging
from 0.07 to 0.2 V corresponding to the formation of oxynitrides,
and a current peak around 1.5V ascribed to further oxidation of
the oxynitrides, with the formation of titanium oxide and of nitro-
gen gas [5]. These curves also show that all TiN, films are chemically
stable around their OCP’s, as their dissolution currents are in the
sub-micro A/cm?. The higher passivation currents observed for tita-
nium and the Ti-rich films are most likely related with the titanium
oxidation. We note that the real area of the films was taken into ac-
count in the curves, according with the double layer calculations of
Fig. 8.

3.4.3. Electrochemical impedance spectroscopy

The Bode spectra for three samples representative of all stoichi-
ometries are shown in Fig. 10. The impedance modulus is clearly
lower for the zone II TiN sample, as expected from the associated
morphologic changes seen in Fig. 4. The phase vs frequency plot
for titanium and the zone II films display a quite simple structure
that is indicative of a single time constant. On the other hand, the
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Fig. 7. Cyclic voltammograms for TiN films representative of the two behaviours
observed for the films: (A) N/Ti = 0.25 (non-porous film) and (B) N/Ti = 0.99 (porous
film).

spectrum for the zone I films seems to indicate the presence of
more than one time constant.

Based on these observations, and taking into account the well-
known self-passivating behaviour of titanium, the electrical circuit
displayed in Fig. 11 was chosen to describe the interfacial behav-
iour of the thin films. All capacitive elements were first replaced
by constant phase elements (CPE), in order to account for rough-
ness and other surface inhomogeneities or relaxation processes.
Following the simulations one of the capacitive elements showed
“p” values consistently around 1, so a simple capacitor was finally
used. The impedance of a CPE can be defined by Eq. (1):

Zepe = 1/[T(jw)) (1)

where “T” and “p” are the CPE parameters and w stands for the
angular frequency [18].
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Fig. 9. Linear voltammograms as a function of the x = N/Ti film atomic composition.
Sweep rate: 1 mV/s.

In the electric circuit of Fig. 11, Ry stands for the electrolyte
resistance and the upper and lower branches of the parallel circuit
account for the non-Faradic and Faradic interfacial processes
respectively. CPE,; simulates the double-layer capacitive behaviour
of the TiN/electrolyte interface; the resistance to electronic charge
transfer (that should be in parallel with CPE,;) was considered infi-
nite as no redox reactions are supposed to take place, given the
OCP of the interface (see Fig. 6).

In the lower branch, W, stands for the ionic diffusion through
the oxide/oxynitride, which was simulated with a semi-infinite
Warburg diffusion element (p = 0.5 in Eq. (1)). The Warburg diffu-
sion coefficient, “¢”, relates with “T,,” value through Eq. (2) [5]:
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Fig. 10. Bode spectra for titanium and samples representative of regions I and II.
The crosses correspond to the simulated spectra according with the circuit of
Fig. 11.

Fig. 11. Equivalent circuit used for the simulation of the Ti/electrolyte and
stoichiometric TiN/electrolyte interfaces.

0=1/(V2Ty) 2)

In fact, TiN is often used in electronics for its atomic diffusion
blocking effects. The terms (CPE;, R,) stand for the interfacial capac-
itance and charge transfer resistance due to the titanium oxide/
oxynitride related electrochemical processes.

The simulations are in very good agreement with the experimen-
tal spectra, as shown in Fig. 10 and Table I. Titanium displays a “p”
for the CPE,; not far from 1, an indication of an essentially capacitive
behaviour of the titanium oxide film, which was formed in contact
with atmospheric oxygen. The high “T,,” value should be ascribed
to a very thin and hydrated oxide film, thus with poor blocking abil-
ity. After the insertion of a small amount of nitrogen the blocking
character of the film increases (lower T,,) and the charge transfer
resistance increases. On the other hand, the high CPE calculated
for the stoichiometric TiN is an area effect related to porosity and
was also observed by Norlin et al. [15]. In the case of the stoichiom-
etric film both the high roughness and porosity should be responsi-
ble for the deviation from the ideal capacitor behaviour (p = 0.82).
The charge transfer resistance is high for all films, corroborating
the results of the very low dissolution currents observed in the
neighbourhood of the OCP, Fig. 9. They are of the same order of mag-
nitude as those obtained for the high temperature TiN films [5],
meaning that the deposition temperature plays an important role
on the structure of the films but not in their chemistry.

The “R,” and the Warburg diffusion parameter (¢) vs composition
obtained from the EIS spectra simulations are reported in Fig. 12. The
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Table I
Electric circuit parameters calculated from the EIS simulated spectra of Fig. 10, according with the equivalent circuits of Fig. 11.
N/Ti (at.) CPE-T (' cm? s™) CPE,-P CPE-Ty (' cm?s") CPE-T (' cm?s") R (Q cm?) Ve
0 12x107* 0.90 1.6 x 107 6x107° 5.4 x 10° 7 x1074
0.12 31x10°° 0.88 1.2x10°° 4%x10* 1.4 x 10* 1x10*
0.99 0.0012 0.82 0.021 0.0015 5.1 x 108 5x1074

evolution of ¢ with composition shows that ionic diffusion is impor-
tant only for zone I films and the steep ¢ decrease roughly accompa-
nies the transition from zone I to zone T films. As stated before, it
should be related with the decrease of crystalinity of the titanium
lattice and the formation of a large number of vacancies that provide
the necessary paths for ionic diffusion. We note that such high “¢”
drop cannot be explained by simple area change effects. The R, val-
ues, which are related with the Faradic dissolution processes taking
place at the interface, increase with the N/Ti ratio, in agreement with
the higher reactivity of titanium that exists in the non-combined
form in the Ti-rich films. As long as it combines with nitrogen, its
reactivity decreases with the consequent increase of R.. This trend
is in good agreement with the voltammograms shown in Fig. 9.

The evolution of the electrical behaviour of the TiN, films with
the immersion time was also assessed. All films displayed a very
stable behaviour and no significant evolution was observed in
the EIS curves except for a slight tendency for R, to increase.

3.4.4. Electrical noise measurements

A main requirement for a material to be used as a bio-electrode
is its transparency to the bio-signal, meaning that it should not
generate any noise that would mask the signal to be recorded.
Thus, if one imagines that a layer of sweat forms between the elec-
trode and skin, the electric noise developed at such an interface
should be significantly lower than the ECG signal (~1 mV) or the
EEG signal (~50 pV) being recorded.

The power spectral density (PSD) of noise for a stoichiometric
TiN/TiN couple is reported in Fig. 13, together with the same plot
for a Ag/AgCl/Ag/AgCl, commercial electrode couple. It is apparent
that the noise generated by both couples is very similar over all the
EEG frequency range as well as the corresponding RMS noise val-
ues: 3.23+0.03 nuV (TiN) and 2.80+0.02 pV (Ag/AgCl) (vs SCE).
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Fig. 12. Charge transfer resistance (R;) and Warburg coefficient (¢) vs thin film
composition, as calculated from the simulations of the EIS spectra.
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There is an increase of the noise for lower frequencies, a typical
behaviour already reported by other authors [19].

The electrochemical potential drift rate and stabilization time
are also important parameters to take into account, particularly
when dealing with low frequency and/or small amplitude signals
that may easily be masked if important drift rates are present. Con-
cerning the Ag/AgCl electrodes, drift is practically inexistent and
potential stabilization is almost instantaneous, as shown in
Fig. 14. A much higher electrochemical potential irreproducibility
exists among TiN couples. This was expected given that there is
not a well-defined electrochemical process taking place at the inter-
face to “lock” the electrochemical potential. However, the drift rate
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Fig. 13. Noise power spectral density (PSD) spectra for commercial Ag/AgCl and
stoichiometric TiN electrode couples immersed in isotonic NaCl solution and RMS
values of electric noise (SCE).

300 | Bl
2
2200
(@]
-
2100 |
Q
d@ 4
£ 0
=

-100 |

Time (min)

Fig. 14. Electrochemical potential drift rates (vs SCE) for commercial Ag/AgCl and
stoichiometric TiN electrode couples immersed in isotonic NaCl solution.
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decreases to acceptable values within 5-10 min, ensuring that low
bio-potential values will be able to be measured.

4. Conclusions

In this work, TiN, thin film coated PC samples were studied in a
wide range of compositions, aiming at selecting the best coating
composition on PC for dry electrode applications. XRD analysis
showed three different zones for the diffraction patterns of TiN,,
namely a distorted a-Ti lattice for N/Ti < 0.24 (zone I), a well crystal-
lized §-TiN structure for N/Ti > 0.85 (zone II) and a transition zone
(zone T) between the two mentioned compositions, characterized
by an essentially amorphous structure. The films in zones [ and T
are granular and compact whilst the films formed in zone II display
granules with a pyramidal shape and a porous morphology.

All films proved to have a good chemical resistance in the pres-
ence of isotonic sodium chloride, independently of their composi-
tion. Passive dissolution currents densities below 1 pA/cm? were
found in all cases, decreasing for higher N/Ti values. The EIS data
showed significantly lower impedance values for the zone II films,
what will facilitate bio-signal transfer in the presence of a sweat
layer.

The adhesion tests proved that the coatings in zone II exhibit a
clearly better adhesion than those from zone I, which was ascribed
to a more stable and stress-free lattice.

Finally, electrochemical noise tests carried out in sodium chlo-
ride solution showed that zone II TiN, films display RMS noise val-
ues of the order of those measured for the classic Ag/AgCl
electrodes but higher drift rates and potential irreproducibility.
However, electrochemical potential reaches acceptable values
within 5-10 min, making zone II TiN, films on PC suitable for dry
electrode applications.
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CHAPTER 3

THE STOICHIOMETRIC Agy:TIN SYSTEM
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“..large Ag aggregates can be identified sitting on the TiN matrix surface, as a result of Ag segregation.”

* This chapter is based on the following publications:

P. Pedrosa, D. Machado, C. Lopes, E. Alves, N.P. Barradas, N. Martin, F. Macedo, C. Fonseca, F. Vaz,
“Nanocomposite Ag:TiN thin films for dry biopotential electrodes”, Applied Surface Science 285P (2013) 40-48.

P. Pedrosa, D. Machado, M. Evaristo, A. Cavaleiro, C. Fonseca, F. Vaz, “Ag:TiN nanocomposite thin films for
bioelectrodes: The effect of annealing treatments on the electrical and mechanical behavior”, Journal of
Vacuum Science and Technology A 32 (2014) 031515.

P. Pedrosa, E. Alves, N.P. Barradas, N. Martin, P. Fiedler, J. Haueisen, F. Vaz, C. Fonseca, “Electrochemical

behaviour of nanocomposite Agx:TiN thin films for dry biopotential electrodes”, Electrochimica Acta 125 (2014)
48-57.
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The study performed on the previous chapter, Chapter 2, allowed an effective
optimization of the sputtering conditions for polymeric-based substrates. Besides the good
thin film/substrate adhesion that was obtained, the stoichiometric TiNy coatings exhibited
significantly lower impedance values than the N-deficient ones.

Based on these promising results, the transition to the already referred multipin design
was made. Hence, the polyurethane (chosen due to its biocompatibility and wide range of
available hardness values, which should translate into increased patient comfort when
comparing to polycarbonate) multipin electrodes were sputtered with the optimized TiNy
stoichiometric coating (N/Ti atomic ratio = 1). In a similar way to what had been already
performed with the planar disk design, the signal quality and interfacial impedance of the dry
TiNy-coated multipin electrode was assessed by performing several EEG trials in human
volunteers, using the wet commercial Ag/AgCl electrodes as comparison'. The recorded
signals revealed good reproducibility, when using the dry TiNy-coated multipin electrodes,
with root mean square (RMSD) values between the wet/wet and wet/dry electrode couples
that were in the same order of magnitude. However, the coated multipin electrodes often
delaminated after only one EEG trial (completely loosing its conductivity), which was
ascribed to the high pressure applied on the pin tips (related with the small footprint of the pin
tip) and the low elasticity of the stoichiometric TiNy film, thus not being able to cope with the
flexible polyurethane pin deformation. Also, the exhibited impedance values were still two to
three orders of magnitude higher than those of the wet electrodes.

Consequently, silver was chosen to be added to the stoichiometric TiNy matrix, since it
should be able to tailor the -electrical, morphological, structural, mechanical and

electrochemical properties of the final Ag,:TiN coating system. The effect of increasing Ag

'p. Fiedler, C. Fonseca, P. Pedrosa, A. Martins, F. Vaz, S. Griebel, J. Haueisen, “Novel Flexible Dry Multipin
Electrodes for EEG: Signal Quality and Interfacial Impedance of the Ti and TiN Coatings” Proceedings of the
35" Annual Conference of the IEEE EMBS (2013) 547-550.
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additions (up to 50 at.%) to a stoichiometric TiNy matrix on the above referred properties in
patent in the following chapter.

After the completion of the performed characterization, it was found that the
stoichiometric Agy:TiN system displayed poor morphological and structural stability due to

the observed extensive Ag segregation phenomenon (see figure 3.1.).

mag O HV det [mode| WD ——
50 000 x[15.00 kKV|ETD| SE [10.0 mm TiN10Ag12

mag O] AV | det WD
50 000 x [15.00 kV| BSED 9.1 mm CEMUP TiIN10Ag12

Figure 3.1. Evidences of Ag segregation found in the stoichiometric Ag,:TiN thin film system. Secondary

electrons (left) and backscattered (right) SEM images.
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The occurrence of such extensive Ag segregation phenomenon is not desirable if the
coatings are to be used as bioelectrodes, since it originates an unstable skin/electrode interface

due to the poor structural stability of the coatings.
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Silver-added titanium nitride (Ag:TiN) thin films were deposited by DC reactive sputtering with Ag
contents ranging from 0 to ~50 at.% on silicon and glass substrates, aiming at studying their potential
application as bio-electrodes. The coatings were characterised regarding their composition, morphology
and structure, and their influence on the variation of the electrical resistivity and thermal properties.
The sputtered films’ behaviour was consistently divided into three main zones, defined mainly by the
amount of Ag incorporated and the corresponding changes in the structural and morphological features,

%?&/words: which affected both the electrical and thermal response of the films. With increasing Ag concentration,
Ag addition the coatings evolve from a nitride/compound-like behaviour to a metallic-like one. Resistivity values
Biopotential electrodes suffer a strong decrease due to the increase of compactness of the coatings and the formation of highly
EEG conductive Ag phases, counterbalancing the grain size decrease effects promoted by the hindered growth
ECG of the crystalline TiN phases. In good agreement with the electrical resistivity evolution, a similar trend
Dry electrodes was found in the effusivity values, reflecting a significant degradation of the heat conduction mechanisms
;IEBR?) in the films as the silver content was increased.

Electrical resistivity, Thermal properties

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

For the past few decades, modern medicine has relied on high
resolution monitoring of biopotentials produced by the human
body, such as electroencephalography (EEG, brain activity), elec-
trocardiography (ECG, heart activity) and electromyography (EMG,
muscular activity), in order to accurately comprehend several
pathologies and physiological conditions of human patients. The
conventional biopotential acquisition set-up relies on the use of the
well-known silver/silver chloride (Ag/AgCl) wet electrodes [1-3].
These are considered the “gold standard” electrodes, as they are
non-polarisable and reveal excellent reliability, displaying low and
almost frequency independent skin-contact impedance values, in
the order of a few tens of k2.cm? [2,3]. However, a preliminary
skin preparation and a gel paste application are needed before
the exam, in order to lower the skin/electrode impedance. This

* Corresponding author. Tel.: +351 253510471; fax: +351 253510461.
E-mail address: fvaz@fisica.uminho.pt (F. Vaz).

0169-4332/$ - see front matter © 2013 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.apsusc.2013.07.154

preparation is time consuming, uncomfortable to the patient and
requires trained staff. Furthermore, some patients have developed
severe allergic reactions to the common used gel pastes [3] and the
risk of short-circuiting adjacent electrodes due to gel running can
be, in some cases, relatively high. Susceptibility to motion artefacts
and inability to record biopotentials in long-term clinical monitor-
ing (ambulatory) have also been reported [2,3].

Table 1

In order to avoid these and other related drawbacks of the
conventional Ag/AgCl electrodes, a new class of devices is being
investigated in the group, for which no previous skin preparation
or gel application is needed, the so-called “dry” electrodes. In these
electrodes, the sensors are based on inert-like materials, either
metallic-like or even of insulating type [3,4]. In a previous work [5],
the authors investigated a type of dry electrode sensor, based on a
titanium nitride (TiN) thin film, deposited on a titanium substrate.
Despite the promising results, these electrodes, as well as other
similar dry electrodes [6,7], are quite rigid, which can give rise to
an incorrect and uncomfortable skin contact, due to the inherent
irregular nature of the human skin. In addition, taking into account
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Table 1
Experimental parameters used in all depositions.

Deposition parameters

Ar (Pa) 3x10°!

N> (Pa) 3.4x10°2
t(s) 3600
[(Acm2) 1x10°2
T(°C) 100

Bias (V) GND

Puork (Pa) 3.5-3.8x 10!
Ppase (Pa) ~1074

the particular case of an EEG recording set-up, which may involve
the use of 128 or even 256 electrodes in a single exam, the use of
lighter, cheaper and more comfortable electrodes would translate
in numerous advantages in comparison with the standard Ag/AgCl
ones.

The use of polymer-based electrodes, namely the flexible ones,
would fill in this gap, as they would surpass most of the prob-
lems stated above. Recently, several authors have focussed on the
development of flexible dry electrodes [8-11]. However, there are
still some drawbacks inherent to these electrodes, namely higher
impedances at low frequencies and they are also more susceptible
to movement artefacts than the standard wet Ag/AgCl ones [1,3,7].
In fact, the absence of conductive gel has a key influence on the
exhibited higher impedances and movement artefacts susceptibil-
ity, once the gel can act as a “pillow”, increasing and stabilizing
the contact area (higher and well-defined contact areas are of
paramount importance to achieve low contact impedances [10]).
This is particularly important in ambulatory applications, where
the patient must be able to move freely. Consequently, and in
opposition to most common approaches (where authors rely on
rigid metal plates or composite materials - foams/conductive poly-
mers), the present work aims at studying Ag:TiN nanocomposite
thin films, and assessing their suitability to be sputtered on flexi-
ble polymers (to better adapt to the skin and mitigate some of the
drawbacks stated above), so that they could be used as flexible dry
biopotential electrodes.

Reactive DC magnetron sputtering is commonly accepted as
one of the most versatile and less expensive techniques, being
widely assumed as able to produce fairly high deposition rates and
compact coatings, when compared to other techniques. TiN is an
electrically conductive coating, with an excellent chemical stability
in most media and outstanding mechanical properties, which led to
a very broad range of applications, including those in the biomedi-
cal area [12,13]. Furthermore, TiN is biocompatible, but it is also a
relatively hard and high Young’s modulus material, thus unable to
withstand large deformations (in fact, most metallic films tolerate
less than 10% of deformation [14-21]). It gives rise to mechanical
failure of the coatings, which, in turn, is highly undesirable when
the objective is to produce flexible electrodes that are supposed to
adapt to the human skin. The inclusion of silver, due to its intrinsic
characteristics, particularly the low Young’s modulus and high con-
ductivity [22], within the TiN films may offer the possibility to tailor
the Young’s modulus of the coating [23], opening a wide range of
possible applications, namely those related to the coating of flex-
ible devices such as polymers. Furthermore, silver addition may
also allow the tailoring of the materials’ electrical conductivity [24],
which may be of crucial importance in any electrode-based applica-
tion. Finally, silver is inherently antimicrobial [25-27], particularly
in its nanocrystalline form [28,29] and has the ability to stabilise
the electrochemical potential [30], which is of major importance in
any application that may involve electrophysiological signal mon-
itoring.

Starting with both TiN and silver characteristics, the main goal
of the present work is to provide a detailed study on the influence of
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silver addition to titanium nitride, optimising the deposition condi-
tions in order to obtain conductive and mechanically suitable films
to coat flexible polymeric-type substrates and with enough bacte-
ricide character that may give the as-prepared thin films a set of
characteristics to be used in biopotential electrodes.

2. Experimental details

Ag:TiN films were deposited on glass and (100) silicon sub-
strates by reactive DC magnetron sputtering, in a laboratory-sized
deposition system. All substrates were sonicated and cleaned with
ethanol 96% (vol.) just before each deposition. The films were pre-
pared with the substrate holder positioned at 70 mm from the
Ti/Ag composite target. A DC current density of 100 Am~2 was
applied to the composite target, composed of titanium (99.96 at.%
purity/200 x 100 x 6 mm?3) and silver pellets (0.8 x 0.8 cm?/1 mm
thick pellets glued on the surface of the target) distributed sym-
metrically along the erosion area. The total surface area of the
silver pallets varied between 0.75 and 8.3 cm?2. A gas atmosphere
composed of argon +nitrogen was used. The argon flow was kept
constant at 60 sccm for all depositions, as well as the nitrogen flow
rate, which was set at 5 sccm (corresponding to a partial pressure
of 3.4 x 10~2Pa). The working pressure was approximately con-
stant during the depositions, varying only slightly between 0.35
and 0.38 Pa. No bias voltage was used, and the deposition tem-
perature was maintained approximately constant at 100 °C during
the films’ growth. A thermocouple was placed close to the sur-
face of the “substrate holder” on the plasma side (not in direct
contact, since all depositions were done in rotation mode), and
the temperature was monitored during the entire films’ deposi-
tion time. A delay time of 5min was used before positioning the
surface of the samples in front of the Ti/Ag target in order to avoid
films’ contamination resulting from previous depositions (which
may have resulted in some target poisoning), and also to assure
a practically constant deposition temperature during the films’
growth.

The atomic composition of the as-deposited samples was mea-
sured by Rutherford Backscattering Spectroscopy (RBS) using (1.4,
2.3)MeV and (1.4, 2)MeV for the proton and “He beams, respec-
tively. Three detectors were used. One located at a scattering angle
of 140° and two pin-diode detectors located symmetrical to each
other, both at 165°. Measurements were made for two sample tilt
angles, 0° and 30°. Composition profiles for the as-deposited sam-
ples were determined using the software NDF [31]. For the 14N, 160
and 28Sj data, the cross-sections given by Gurbich were used [32].
The area analysed was about 0.5 x 0.5 mm?2. The uncertainty in the
N concentrations was around 5 at.%. The structure and phase dis-
tribution of the coatings were assessed by X-ray diffraction (XRD),
using a Bruker AXS Discover D8 diffractometer, operating with
Cu K, radiation and in a Bragg-Brentano configuration. The XRD
patterns were deconvoluted and fitted with a Voigt function to
determine the structural characteristics of the films, such as the
peak position (26), the full width at half maximum (FWHM) and the
crystallite size. Morphological features of the samples were probed
by scanning electron microscopy (SEM), carried out in an FEI Quanta
400FEG ESEM microscope operating at 15 keV. The resistivity mea-
surements were done using the four-probe van der Pauw method
[33]. The thermal characteristics of the coatings were accessed by IR
radiometry. The measurement system used is externally controlled
by software and consists basically of three main parts: excitation,
detection and amplification. The amplification is controlled by a
pre-amplifier and a two-phase lock-in amplifier (SR 830 DSP). The
amplitude and phase lag relative to the modulated excitation, as a
function of the heating modulation frequency, giving information
on the thermal wave’s properties, are recorded by the lock-in and
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stored in the main computer. Further details on the technique can
be found elsewhere [34].

3. Results and discussion

3.1. Discharge characteristics: target potential and deposition
rate

In order to study the kinetics and the deposition-related fea-
tures, the evolution of the target potential during the films’ growth,
as well as the final growth rates were firstly characterised. Fig. 1
shows the evolution of these two characteristics as a function of
the area of the Ag pellets placed on the target. It is worth noting
that the amount of silver in the target (illustrated by the increas-
ing area/number of the pellets placed in the target erosion zone)
results in a three-fold variation type, which will be further noted
as films prepared within zones I, II and IIl. Within zone I, the pre-
pared thin films can be described as within a TiN-like zone, where
both target potential and deposition rates are somewhat similar
to the single TiN sputtering conditions due to the small area of
Ag exposed (i.e. below 1cm?2). However, a small change in the
behaviour of the studied parameters can be seen with further small
additions of Ag. Within zone II, which can be indexed to the incor-
poration of intermediate amounts of Ag in the target erosion zone,
from 1 to 5cm?, a small increase of discharge voltage is observed,
while growth rate values remain somewhat constant. However, the
exhibited values are not very different from the values within zone
I. As for zone III, where larger fractions of Ag are available for sput-
tering (> 5 cm?), the increasing of the studied parameters already
perceivable in zone Il becomes significant. Thus, it is possible to
state that both deposition rate and target potential exhibit an over-
all increasing tendency with increasing areas of Ag exposed in the
Ti target. This expected behaviour was explained by Depla et al.
[35-37], where the authors studied the effect of several parameters
in the ion induced secondary electron emission coefficient (ISEE).
One of the referred parameters is the target material dependency
of the discharge voltage. At constant current and pressure — corre-
sponding to the conditions used in this work for the preparation of
the Ag:TiN coatings - the average ISEE coefficients of the used target
materials (Ti and Ag) are rather close, 0.114 and 0.110, respectively.
However, based on the Thornton relation [38], it is known that the
discharge voltage is inversely proportional to the ISEE coefficient of
the target material. Furthermore, one must take into account some
poisoning of the Ti fraction of the target during the sputtering pro-
cess, leading to the formation of nitrides at its surface with a lower
ISEE coefficient (0.049 for TiN) [39-42]. This means that the ISEE
coefficient of the poisoned fraction of the target will be lower than
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Fig. 1. Evolution of the deposition rate and target potential with increasing Ag
exposed area in the target.

those stated above for the metallic mode condition (as a result of
the TiN poisoning of the Ti fraction of the composite target), while
the Ag ISEE coefficient should remain constant, since the formation
of AgN is highly improbable thermodynamically, due to the fact that
the sputtering of Ag in the presence of nitrogen has an extremely
low reactivity [43]. Since the Ag area in the Ti/Ag target is being
continuously increased, the Ti poisoning effect is supposed to be
gradually reduced, thus a decrease of the target potential values
is expected, due to the explained inverse proportionality. How-
ever, the opposite behaviour is observed: a slight ~50V increase
of the target potential values is perceivable from ~360V (low Ag
fraction) to ~410V (high Ag fraction). This effect can probably be
ascribed to a gradual covering of the Ti poisoned fraction with Ag,
due to strong differences between their sputtering yield values [37],
hence altering the discharge characteristics. Note that late zone II
and zone III coatings were sputtered with Ag pellets glued (with
silver paint) to the target’s erosion track, which may also alter the
target and plasma properties, namely its impedance, giving rise to
higher potentials as more Ag pellets are placed.

Since the amount of material that is deposited on the substrate
per unit of time is correlated with the amount of atoms sputtered
from the target, the explanations given above can also, in part,
justify the evolution of the sputtering rate, as the decrease of the
poisoned Ti fraction of the compound Ti/Ag target should increase
the sputtering rate. In fact, zone I and zone Il coatings exhibit rather
low deposition rates, indicating that the compound target con-
ditions predominate, while the zone IIl ones were obtained with
higher deposition rates. This must be due to the fact that the Ag
fraction in the Ti/Ag target is high enough to somewhat deplete the
poisoning effect of the Ti fraction responsible for the low sputtering
rates present in both zones I and II.

In a review paper, Smentkowski [44] explained the theoretical
concept of sputtering yield, which can be defined by:

Y = AFd (g, (1)

where A contains all of the material properties such as the surface
binding energies (which is lower for Ag 3d than that of Ti 2p [45])
and Fd ) is the density of energy deposited at the surface, depend-
ing on the mass, energy, and direction of the incident ion, as well
as the composition of the target. As the other deposition parame-
ters were maintained constant during all depositions in the present
work, the composition of the target is of paramount importance to
explain the influence of the sputtering yield on the evolution of the
sputtering rate. Furthermore, and since the surface binding energy
of Agislower than that of Ti, the sputtering yield follows the inverse
relation. Smentkowski data [44] show experimental and calculated
Ag sputtering yields almost seven times higher than Ti (~2.5 and
~0.35, respectively for 400 eV Xe ion bombardment). Consequently,
with increasing Ag fraction in the Ti/Ag target, an increase of the
deposition rate is expected, once the TiN thin layer poisoning effect
is depleted and Ag sputtering yield (and binding energy) is higher
than that of Ti.

3.2. Composition of the as-deposited samples

The evolution of the deposition rate and target potential, as well
as the increase of Ag fraction in the target will also be correlated
with changes in the composition of the films. Fig. 2(a) shows that
the Ag chemical composition (at.%) results and the Ag/(Ti+ N) ratio
of the Ag:TiN coatings obtained from RBS spectra analysis, while
Fig. 2(b) exhibits the ternary phase diagram of the deposited sam-
ples. Once again, the same three distinct zones are perceivable. Due
to the very low area of Ag available for sputtering, the Ag content
in the films from zone I is also very low. Besides the TiN refer-
ence coating (N/Ti ratio ~1), only one more sample (~0.1 at.% Ag)
is ascribed to this zone. Both deposition rate and target potential

55



P. Pedrosa et al. / Applied Surface Science 285P (2013) 40-48 43

a)
504 '@  Ag concentration ) 114
3 40l 0 Ag(Ti+N)ratio , @ 12
° : o
E 301 ! 0 4102
= ' s
.S 204 ! 10.8 &
£ 10 : 106 £
=} ] ! =
S ! {04
Q K
= 04 ' ::1)
3 | {02
on - 1
< | ZONEII , ZONEII {o
1 1
TN 1 2 3 4 5 6 7 8 9
Ag exposed area (cm’)
b) 0
& .
o
< 2
75
./ ZONE I
100 0
0 25 50 75 100
Ag (at. %)

Fig. 2. Evolution of the coatings’ Ag content and Ag/(Ti + N) ratio as a function of the
Ag exposed area in the target (a) and Ti-N-Ag composition ternary phase diagram
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are quite low in this zone (which can also explain the low incor-
poration of Ag), but also in zone II. However, in this zone, one
can observe an almost linear increase of Ag incorporation in the
coatings with the increase of Ag exposed area. This could mean
that the much higher Ag sputtering yield is taking control over
the composition evolution process, as the Ag content in this area
increases steadily from ~4 at.% to ~35 at.% with the increasing area
of Ag (number of Ag pellets) available for sputtering in the tar-
get. As for zone III films, the increase of Ag content is smoother
than in zone II, with Ag concentrations ranging from ~35at.% to
~45 at.%, indicating that probably some kind of Ag saturation is
being attained. Despite that no films with further Ag concentration
were produced, taking into account the results exhibited by the
last two samples, one can say that the Ag concentration is practi-
cally constant (~45 at.%). Regarding the Ag/(Ti+ N) ratio, it directly
correlates with the Ag content evolution, exhibiting an almostiden-
tical linear increase vs. Ag fraction in the target. It is worth noting
that the last two samples from zone IlI, despite having similar Ag
contents, do not present the same Ag/(Ti+ N) ratio, indicating that
the N/Ti ratio (initially ~1) is not constant. As the Ag fraction in
the Ti/Ag target increases and the Ti fraction decreases as the Ag
pellets are being placed on the Ti erosion track, this result is some-
what expected. In fact, by taking a closer look at Fig. 2(b), it is
possible to see that N/Ti stoichiometry gradually changes to close-
stoichiometry almost throughout all coatings, with ratios very
close to 0.8-1. For the highest Ag concentrations, however, a steep
decrease of the N/Ti ratio is observable, with values close to 0.3-0.5.
In fact, Ti contents decrease steadily from 50 at.% to ~30 at.%, while
N concentrations initially also decrease steadily from ~50at.% to
~25at.%, but then an abrupt decrease is observable, with val-
ues close to 11-15at.%. This abrupt fall of N concentration causes
the deposited films to change from stoichiometric to N-deficient
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Ag:TiN. Due to Ag low ISEE and high sputtering yield, as the Ag frac-
tion in the target is continuously increased, the amount of species
(mainly Ag) present in the reactor also increases, leading to a strong
decrease of its mean free path. As no substrate bias voltage was
used during the sputtering process, the available amount of nitro-
gen cannot easily react with the growing films due to mobility
constraints [14].

3.3. Electrical and thermal properties: analysis and discussion

As stated before, one of the main requirements to develop a
coating system that may be suitable for biopotential electrode
applications is its good conductivity. Fig. 3 shows the resistivity
variation as a function of the Ag/(Ti + N) ratio. Once again, the three-
zone behaviour is patent in the resistivity evolution. The samples
prepared within zone I exhibit relatively high resistivity values
(between ~2.25 x 10~ and 3.25 x 10~> . m), which may, at first
glance, seem not very typical for stoichiometric TiN films [46]. Any-
way, what it is important to focus is that the preparation conditions
used were quite specific due to the targeted application - a thin film
system to be used in bio-electrodes, namely those for electroen-
cephalography, EEG, and electrocardiography, ECG. In fact, the base
substrates for the bio-electrodes are being built from relatively sim-
ple and well-known polymers: polyurethane, polycarbonate and
polyethylene. A major concern in these substrates is that the thin
films deposition conditions must not be too severe in order to avoid
their melting or some kind of consistency problems such as defor-
mation, structural and/or morphological changes in the polymers.
For this, the deposition temperature of the films was fixed at a
rather low value (not exceeding 100 °C), and the films were grown
in grounded condition (no bias). Using these conditions, the adatom
mobility was significantly reduced, which resulted in structural
and morphological arrangements in the films that are certainly
far from being optimised, as it will be shown later in the text.
With this, one should expect relatively high values of resistivity,
mainly in the almost pure TiN films (zone I films), when compared
to other TiN films prepared with high adatom mobility, such as in
the films that were prepared in the group at higher temperatures
(250°C) and using ion bombardment of several dozens of negative
voltages [46].

Moreover, one can also consider that low Ag contents can also
promote some increase of resistivity, which would be an indica-
tion that it could be acting as an impurity. For intermediate Ag
concentrations in the coatings, resistivity decreases abruptly from
~2.25x107° to 5.2 x 10~7 . m, denoting that Ag, acting as a high
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Fig. 3. Coatings’ resistivity evolution with increasing Ag content and Ag/(Ti+N)
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conductivity dopant [23], promotes the desired effect for the envis-
aged application. Moreover, zone III resistivity values are actually
below that of the bulk Ti (~4.5 x 10~7 .m [47]). For the high-
est Ag content (Ag/(Ti+N)>0.4), a resistivity of ~1.4x 107 Q.m
is attained.

To further investigate the electrical response of the films,
the morphology of the deposited samples was studied by SEM.
Fig. 4(a;_3) depicts the cross-section images, while Fig. 4(bq_3)
shows the top view and Fig. 4(c;_3) the backscattered micrographs
of the Ag:TiN films, corresponding to zone I, Il and III, respectively.

ZONE 1 ZONE 11 ZONE I11

a;)

2um
CEMUP___TIN1O

mode | det | V HFW
SE | TLD m[11.9 ym

Fig. 4. SEM cross-section (a;_4), top (b1_4) and backscattered (c;-3) micrographs of the Ag:TiN (zones I, Il and III) and pure Ag coatings.
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Fig. 4(as and by) displays cross-section and top view images for
the pure Ag film. The zone I films’ high resistivity can be ascribed
not only to the non-metallic characteristic of the low Ag content
TiN-like coatings, but also to the well-known pyramid top columns
[5] which, in turn, exhibit some degree of porosity and rough-
ness. Non-uniform, rough and porous surfaces are known to hinder
charge carrier mobility, thus reducing the films’ conductivity. The
low depositionrate in these zone I films (Fig. 1) correlates with alow
film thickness [48], a fact that can also explain the high resistivity
values. Chan et al. [48], after studying the thickness dependence
on the electrical properties of Cu thin films, stated that thicker
coatings promote an enhanced microstructure (less defects) and
crystalline quality which, in turn, lead to surface energy minimisa-
tion and to a reduction in grain boundary scattering due to charge
carriers. Once all films are grown for 1h, thickness values can be
directly extracted from the deposition rate: zone I and zone II films
can be considered low thickness coatings (from ~1.0 to ~1.3 wm),
while zone III can be indexed to high thickness films (from ~1.3
to ~1.8 wm). As for zone II coatings (Fig. 4(a; and cy)) it is pos-
sible to see that the TiN matrix columns appear to become more
disaggregated than in zone I coatings, although a strong decrease
in resistivity was noticed. Moreover, a steep incorporation of high
conductivity Ag occurs within this zone II, leading to the forma-
tion of Ag clusters/aggregates that extensively and uniformly cover
the coating’s surface. This result is consistent with the work of de
los Arcos et al. [49] where the authors reported the formation of
spherical Ag clusters embedded in the TiN matrix and also partially
sitting on the surface. In fact, deep embedded clusters were also
found in this work (Fig. 4(c3)). So, as the Ag incorporation increases
within zone II, two phenomena occur: (i) the surface becomes more
and more uniformly covered with the reported Ag clusters whereas
(ii) the TiN matrix becomes increasingly embedded with smaller
aggregates between its columns, that will eventually reach the per-
colation threshold, thus strongly changing the samples resistivity
behaviour from non-metallic to metallic. The strong Ag incorpora-
tion and segregation that occur within zone Il samples, in fact, seem
to overcome the low-thickness regime that theoretically imposes
higher resistivity values. When the highest Ag concentration and
film thickness is reached - zone Il coatings, Fig. 4(az—c3) - the
morphology of the films changes dramatically. The columnar fea-
tures are lost and the coatings develop a more granular, compact
and rough morphology, similar to pure Ag thin films [50] (Fig. 4(a4
and by)). This morphological evolution can be related to the fact
already mentioned that the TiN matrix is gradually changing from
stoichiometric to N-deficient as Ag concentration increases, which
in turn also exhibits a granular-like compact structure [5]. The low
resistivity of the samples from this zone can be in partly ascribed
to the combination of these morphological changes, as the content
of high conductivity Ag is quite substantial and the sputtered films
are very compact, dense and thick, which are prerequisites to low
resistivity values. It is interesting to note that Ag clusters are still
present in the coating’s surface (Fig. 4(b3)), although smaller in size
when compared to zone II ones, but no embedded aggregates are
visible (Fig. 4(c3)). This could mean that some fraction of Ag may
be dissolved in the N-deficient TiN matrix, opening the door to a
possible formation of a TiAg intermetallic.

In order to further understand the growth mechanisms and the
influence of the observed features patent in SEM observations on
the resistivity evolution, a comprehensive structural characterisa-
tion of the Ag:TiN samples was performed. Fig. 5 shows the XRD
diffractograms of the sputtered samples, taking into account their
increasing Ag content. Once more, the three-zone behaviour is
clearly visible, which is in great accordance with all previous anal-
yses. A very close correlation between SEM observations and XRD
data can be claimed, with the Ag distribution in the TiN matrix
playing a pivotal role in the overall behaviour. Taking a closer look
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Fig. 5. XRD diffractograms as a function of Ag incorporation in the coatings; (a) full
scale diffractograms and (b) 34-40° magnification.

at Fig. 5(a), where the full range diffractograms are shown, zone |
comprises, once more, only the stoichiometric TiN reference sam-
ple and the low Ag content one (0.1 at.%). Both coatings are highly
textured, exhibiting a preferential fcc-TiN (11 1) growth (ICDD card
no. 00-038-1420), typical for stoichiometric TiN films [5,14,46].
No Ag peaks were detected in the 0.1at.% Ag sample due to the
fact that the amount of incorporated Ag (as well as its grain size)
may be too low to be detected [51]. The indistinguishable struc-
tural differences between these TiN-like coatings that comprise
zone [ may justify the rather similar high resistivity values, which
remain close to that of TiN. As for zone II coatings, the preferen-
tial growth remains the same as the one for zone I films (fcc-TiN
(111)), although some changes are clearly visible. A new peak at
~42.5° corresponding to the fcc-TiN (2 0 0) phase becomes perceiv-
able from 20.2 at.% Ag contents onwards, while the fcc-TiN (22 2)
peak shifts to lower diffraction angles for Ag contents ranging from
6.3 to 14.2 at.% and disappears almost completely from 20.2 at.%
onwards. In fact, the main fcc-TiN (11 1) peak also shifts to lower
26 angles and its intensity strongly decreases as well (Fig. 5(b)).
It indicates that the fcc-TiN structure is progressively destroyed
by the formation of a new fcc-Ag (11 1) phase (ICDD card no. 00-
004-0783), as a new peak rises at ~38°. The authors ascribe this
peak to fcc-Ag (111), as several pure Ag aggregates are visible
sitting on the surface and embedded in the TiN matrix of zone II
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coatings (Fig. 4). However, due to the fact that the tetragonal TiAg
(111) peak (ICDD card no. 00-006-0560) occurs at approximately
the same diffraction angle, the formation of a TiAg intermetallic
may not be excluded, although unlikely, once zone II TiN matrix
is stoichiometric or close-stoichiometric, with almost all intersti-
tial sites occupied by N atoms). In addition, the slight shift towards
lower 20 angles referred above, suggests the presence of small Ag
inclusions in the fcc-TiN structure. Zone Il is, in fact, a transition
zone strongly defined by a steep decrease of the resistivity values
(Fig. 3).Itis now clear that a new highly conductive fcc-Ag phase, in
the form of clusters, is produced sitting on the surface and embed-
ded in an increasingly less crystalline TiN matrix. Gulbifski and
Suszko [52] claimed that for high Ag contents, grain boundary seg-
regation occurs, hindering the growth of the metallic nitride matrix
and decreasing its crystallinity. Zone II and especially zone III data
are in agreement with this claim, as for higher Ag concentrations
the sputtered films exhibit a very low degree of crystallinity, with
very broad peaks and baseline noise clearly patent, as it is possi-
ble to see from Fig. 5(b)). To note that the fcc-TiN (11 1) peak of
the highest Ag concentration sample (47.5 at.%) exhibits a strong
shift towards high diffraction angles, corroborating the assump-
tion that the TiN matrix formed may be N-deficient, offering the
possibility of some Ag atoms occupying interstitial sites (poten-
tial formation of TiAg intermetallics), thus exhibiting lower lattice
parameters. These results are, as stated before, in great consistence
with SEM observations (Fig. 4), where it is possible to see a gradual
increase of the compactness of the films, with the organised colum-
nar growth being progressively lost as the Ag content increases and
also with composition analysis (Fig. 2), confirming the formation of
a N-deficient TiN matrix for high Ag contents. To summarise, the
growth behaviour of the Ag:TiN films provides a coherent justifica-
tion to the resistivity evolution. As Ag content increases, the fcc-TiN
structure is continuously hindered while the formation of a new
highly conductive fcc-Ag phase takes place (in fact, fcc-Ag (111)
phase becomes the preferential one for the highest Ag contents).
This means that, as stated above, the sputtered films are evolving
from a compound/nitride-based to a metallic-like character, thus
exhibiting an overall decrease of the resistivity values.

In analytical terms, the resistivity of thin films can be expressed
by the well-known Matthiessen’s rule [48]:

0= Pp+ Pm+ Pf + Pi+ Ps (2)

where pp, om, pf, i and ps represent the resistivity caused by scat-
tering from phonons, impurities, defects, grain boundaries and the
surface scattering, respectively. The scattering effect from impuri-
ties must not be considered, once no major impurities are detected
in the composition analysis such as oxygen or argon inclusions.
If present, their content should be within the standard error of the
RBS technique, which is 3-4 at.%. Also, no important defects are per-
ceivable in the coatings. Taking into account the Fuchs-Sondheimer
(F-S) model [53,54], the resistivity contribution due to the scatter-
ing effect of conduction electrons at the film’s surface should also
be disregarded, as the surface scattering effect becomes relevant
only when the film’s thickness is below the mean free path of the
conduction electrons. All sputtered Ag:TiN coatings exhibit thick-
nesses > 1 wm, thus being well above the electron mean free path of
Ti and Ag, both in the range of tens of nanometres. Consequently,
only the scattering from phonons and grain boundaries contrib-
utions should be taken into account, once the chemical composition
of the samples is an important variable (already analysed) and the
role of grain size evolution should also be fundamental.
Consequently, the grain size evolution was investigated as func-
tion of the Ag/(Ti+N) ratio, taking into account the predominant
fcc-TiN (11 1) and Ag (111) phases, as shown in Fig. 6. It is possi-
ble to see that the presence of small Ag incorporations — within
zone | films - translates into a decrease of the grain size when
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Fig. 6. Grain size evolution with increasing Ag/(Ti+N) ratio.

comparing with the stoichiometric TiN reference coating. It must be
remembered that no Ag (11 1) phase was detected in the 0.1 at.% Ag
sample. Although no differences were detected in the XRD diffrac-
tograms, small additions of Ag have a profound effect on the grain
size of the growing zone I films, decreasing from ~37 nm to ~22 nm.
Once more, the rather high TiN-like resistivity values that are exhib-
ited by low-Ag concentration samples are in great accordance with
grain size data. It is known that grain size evolution is inversely
connected to the resistivity [47], meaning that a decrease of the
grain size is expected to give rise to an increase of the resistivity.
As for zone Il films, the previous relation is also valid, once a sub-
stantial increase of grain size values (until ~75 nm and ~30 nm for
TiN (111) and Ag (111) phases, respectively) for the first sam-
ples within zone-6.3-14.2 at.% Ag-leads to a strong decrease of
resistivity. This is also consistent with XRD data, since it is pos-
sible to see (Fig. 5(b)) a slight increase of both fcc-TiN (111) and
Ag (111) peaks’ intensity and definition, indicating an improve-
ment of the crystallinity of the films, thus leading to low resistivity
values. However, above 20.2 at.% Ag, a progressive decrease of the
crystalline size values of the coatings takes place (as explained
before), and although polycrystalline, the films seem to become
less crystalline — zone III - a fact that is proven by the accentu-
ated decrease of grain size from ~75nm to ~15nm for fcc-TiN
(111) phase and from ~30 nm to ~10 nm for fcc-Ag (11 1). There-
fore, with such strong decrease of crystallinity, an increase of the
resistivity values was expected. In fact, the opposite is observed
since the resistivity values further decrease in zone III. This could
mean that the main contribution to resistivity is not related to grain
boundary scattering, but scattering from phonons instead (due to
the strong composition changes evidenced throughout the range of
sputtered Ag:TiN films), confirming the paramount importance of
Ag incorporation as the main controlling mechanism of the exhib-
ited behaviour throughout all characterisation performed.

In fact, Ag may also be significantly increasing the charge car-
rier density, thus probably depleting the grain boundary scattering
effect. Furthermore, Kitawaki et al. [55] suggested that Ag solidifies
in the faces of the fcc-TiN cube, fact that may promote the forma-
tion of some kind of electronic path between the TiN grains, thus
strongly decreasing the samples’ resistivity. It is important to note
that zone Il and zone Il samples exhibit strong Ag segregation (see
Fig.4) at the surface and in between the TiN columns, corroborating
this assumption. Kitawaki et al.’s mechanism of Ag:TiN formation
[55]is,indeed, in complete accordance with what is observed in the
current study, considering a perfect TiN nanocrystalline structure
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(no N vacancies), which is true for zone I and zone II coatings (see
Fig. 5). As for zone III, the high amounts of Ag may in some way
encapsulate the fcc-TiN cubes (and even form Ti-Ag metal-metal
bonding, once TiN is N-deficient), hindering their growth into
columnar features (as suggested above), therefore leading to a more
compact metallic-like structure.

As claimed before, all evidences show that the coatings are
steadily changing from a nitride/compound-like (zone I) to a
metallic-like (zone III) behaviour with a transition zone (zone
II) in between. The resistivity evolution follows coherently this
change, decreasing roughly two orders of magnitude from the low-
est to the highest silver additions. Moreover, a recent study of the
group showed that not only the resistivity is showing promising
behaviour taking into account the targeted application, but also the
Young’s modulus is showing an important variation regarding com-
mon TiN known values. In fact, not only the values of the Young's
modulus seem to decrease in about 10% as the silver amounts
increase (from ~200GPa to ~180GPa, by varying Ag from ~20
to ~36at.%), but they also reduce significantly with the anneal-
ing temperature, corresponding to structural and morphological
changes that are induced [56]. This change can also be claimed
from the observation of the thermal characteristics. The results pre-
sented are interpreted assuming a two-layer system, the first layer
being the Ag:TiN film and the second layer the substrate. No inter-
facial thermal resistance was considered. In order to ensure that
all the information related to the electronic path of the signal is
suppressed, the modulated IR radiometry signals were normalised,
using a semi-infinite opaque body of smooth surface. The resulting
normalised amplitude and phase lag signals can directly be com-
pared with the theoretical solutions for a two-layer system [57].
According to the two-layer method [57], the modulation frequency
and the respective phase lag are measured at the relative extrema
of the inverse calibrated frequency-dependent phase lag signals, in
therange of the intermediate modulation frequencies. The obtained
measurements contain direct information on the sample’s thermal
diffusion time and about the ratio of the thermal effusivities of the
two layers (ec/ep). The subscript c refers to coating and b to the sub-
strate. The determination of the thermal effusivity of the sample
(once ey, is usually know from literature) allows one to get the ther-
mal conductivity (k), according to the following simple relations,
where p represents the density and c the specific heat:

e=+/(kpc)=k/Vo — k=eva (3)

Fig. 7 shows the evolution of the ratio of the thermal effusivi-
ties of the two layers, as a function of the Ag/(Ti+ N) ratio, for a set
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Fig. 7. Two-layer thermal effusivity evolution as a function of the Ag/(Ti +N) ratio.
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of Ag:TiN samples. Following a quite similar change tendency, the
results obtained indicate that there are clearly two major zones
of samples, with very similar limits as those reported before for
the electrical characterisation as well as for the morphological and
structural evolutions. The first major zone (corresponding to the
previously identified zone I) reveals relatively high values of the
effusivity ratio, while the second (previously identified zone III)
has the lowest set of values for this same ratio. Zone II acts, again,
as a transition zone. Furthermore, and in spite of the well-known
different mechanisms that rule electrical and thermal conduction
behaviours, it is also worth noticing that the type of values obtained
in these two zones (almost constant and relatively high in the
first and relatively low in the second) have a noticeable similar-
ity to what was observed for the electrical variation, Fig. 3. In this
way, it seems reasonable to claim that, again, the changes in the
film’s composition and the subsequent changes in both morpho-
logical and structural features are the most probable parameters
that may explain such thermal behaviour. The changes in the crys-
talline growth that are clear within the films from both zones I and
111, associated with the clear decrease of the crystalline sizes of the
films from zone III (Figs. 3 and 5 results) are probably inducing a
decrease of phonon transport through the thin film, thus reducing
the film effusivity. Nevertheless, it is important to discuss two pos-
sible mechanisms that may act in opposite ways. First of all, there is
the grain size reduction and the tendency for a decrease in the ther-
mal transport properties, but one must also bring up the fact that
silver phases are being formed in zone II and III films, as previously
discussed. If a pure Ag phase were being grown in these zones (as
it seems to be probable), one would expect that an increase of the
film effusivity should occur, given the well-known good thermal
conduction properties of this element. The fact that the opposite
was in fact observed (a decrease of film’s effusivity), the conclusion
is that the very weak crystalline phases that are formed are actually
the most important factors for the effusivity evolution. Anyway, it
should also be noted that a possible weak thermal behaviour of a
Ti-Ag phase that may be formed could account also for a decrease
of the effusivity as it was observed.

4. Conclusions

In this work, nanocomposite Ag:TiN coatings were success-
fully sputtered in a wide range of compositions, ranging from 0 to
~50at.% Ag and characterised, aiming at selecting the best compo-
sitional region for the use as biopotential electrodes. Throughout
all characterisation performed, the behaviour of the whole set of
produced coatings can consistently be ascribed to three major
zones. It was found that the main governing mechanism affect-
ing the behavioural indexing of the films into the three zones was
Ag incorporation in the TiN matrix. Consequently, the coatings in
zone | (0 <Agat.%<4.3), despite their high degree of crystallinity
(only fcc-TiN phases were detected), exhibit rather high TiN-like
resistivity values due to its porous/disaggregated pyramid-like
columnar structure, that also lead to high effusivity ratios. This zone
I comprehends the samples whose behaviour can be considered as
nitride/compound-like. As for zone I1 (4.3 < Ag at.% < 33.2) coatings,
the resistivity values suffer a strong decrease due to the forma-
tion of highly conductive Ag phases (aggregates) sitting on top and
also embedded in the TiN matrix (hindering its growth), reaching
the percolation threshold. The effusivity ratios also suffer a steep
decrease due the strong reduction of the coatings’ crystallinity, thus
reducing the phonon transport phenomenon. Zone II can hence
be considered as a transition zone, as it leads to a completely
metallic-like behavioural zone - zone Il (33.2 < Ag at.% <47.5). The
polycrystalline and compact Ag:TiN thin films ascribed to zone III
exhibit the lowest resistivity (even below bulk Ti) - although not
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very different from the samples with the most Ag content within
zone Il - and effusivity ratios, due to large incorporation/formation
of highly conductive Ag phases. It is also important to refer that
for the highest Ag contents the TiN matrix becomes N-deficient,
opening the possibility for the formation of a Ti-Ag intermetallic.

Taking into account the envisaged application, and bearing in
mind that low resistivity materials are preferable to be used as
biopotential electrodes, the coatings from the top-end of zone Il
and the films from zone III (with Ag contents ranging from ~20 to
~50at.%) seem to be, a priori, the most suitable ones.
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Ag:TiN nanocomposite thin films for bioelectrodes: The effect of annealing
treatments on the electrical and mechanical behavior
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Magnetron sputtered Ag:TiN thin films, with Ag contents ranging from 0 to ~50 at. %, were
subjected to a set of annealing treatments at four different temperatures (from 200 to 500 °C),
aiming at studying the effect of Ag addition on their morphological and structural features, as well
as on their electrical and mechanical properties. The increase of the annealing temperature revealed
that significant morphological modifications were induced, mainly in the samples with higher Ag
contents (represented by the sample with an Ag content of 36.3 at. %), which revealed extensive
Ag segregation to the surface. The increase of the annealing temperature up to 500 °C, besides
confirming the presence of metallic Ag in the coatings, also resulted in some major structural
changes, promoting an increase in the coating’s crystallinity and an extensive Ag grain growth
phenomenon. Nevertheless, the resistivity values of all annealed samples were found to be only
slightly higher when comparing to the as-deposited ones, which indicated that beyond the
significant changes in the samples morphology (e.g., Ag segregation), there seemed to be some
important coating resistance in terms of the electrical response. Furthermore, the annealed samples
also exhibited lower reduced modulus up to 400°C when compared with the unannealed ones,
consistent with some increase of the samples’ elasticity. © 2014 American Vacuum Society.
[http://dx.doi.org/10.1116/1.4873555]

l. INTRODUCTION due to its well-known antibacterial characteristics and bio-
medical ability.” Another important effect that can be
obtained when Ag is added to TiN coatings is the so-called
“self-lubricating” effect. This is a very important characteris-
tic for several types of applications, namely, the tribological-
based ones.”

However, one of the problems that may arise within the
Ag:TiN system consists of its relative structural and morpho-
logical stability.” Moreover, there are well-known problems
related to mechanical and electrical properties failure in the
coatings,'” particularly due to the changing of the service
temperature which, in turn, significantly aggravate the
efficiency of the thin films during their in-service
performance.''™'* These problems reveal a major impor-
tance in situations that involve high operating temperatures,
making the study of the temperature stability of the electrical
and mechanical properties a rather important issue.'>~"”

According to Pestana and Filho,'® annealing is a process
that involves the coalescence of metal particles resulting from
PElectronic mail: fvaz@fisica.uminho.pt a gradient of concentration caused by increasing temperature

Titanium nitride thin films are characterized by a large
number of properties such as good electrical conductivity,
corrosion/oxidation resistance, heat resistance, high chemi-
cal stability, wear resistance, high hardness (~20 GPa), and
scratch resistance, allowing its use in several applications,
ranging from electrical and tribological ones'” to those of
biomedical nature such as electroencephalography (EEG)
and electrocardiogram (ECG) electrodes.”* Another impor-
tant characteristic of TiN is that it reveals a notorious bio-
compatibility, which enabled its use in several important
applications such as those of food processing.” Thin TiN
films were reported to possess antibacterial characteristics
when sputtered under light.° However, in order to enhance
this important feature and to allow an even wider range of
application areas, other elements are being incorporated in
the TiN matrix, where silver is one of the most recent ones

031515-1 J. Vac. Sci. Technol. A 32(3), May/Jun 2014 0734-2101/2014/32(3)/031515/9/$30.00 © 2014 American Vacuum Society 031515-1
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(driving force). In the case of thin films, this phenomenon
occurs at lower temperatures than in bulk materials, as less
driving force is necessary to promote the diffusion of solute
atoms into the available grain boundaries.'” In previous works,
the thermal process has been studied serving as a model for an
effective combination of hard nitride/soft metal phases, as
noted by Kostenbauer er al.? in their TiN/Ag multilayer sam-
ples. Kawamura e al.*" also found that with increasing anneal-
ing temperature, Ag has a tendency to diffuse and agglomerate
due to its poor substrate adhesion and ease of migration,** con-
cluding that Ag performs better when alloyed with metals like
Ti and Al. Diffusion is one of the mechanisms of mass trans-
port, > which influences the agglomeration of particles in thin
films. This phenomenon may occur in thin films, not only at
the grain boundaries but also along the thickness of the film.
Initially, the diffusion of particles occurs at the grain bounda-
ries, and after this region reaches a percolation threshold, it
begins to spread to the neighboring crystals, toward the sur-
face. Although both diffusion mechanisms occur in crystalline
thin films, they happen at different rates (diffusion at the grain
boundaries is faster than diffusion along the film crystal), thus
necessitating different annealing temperatures (driving force)
to occur. In this particular case, the annealing can also prove
the presence of this Ag segregation phenomenon in the studied
Ag:TiN samples.***

In this work, the authors discuss the influence of different
annealing temperatures in the electrical and mechanical
properties of Ag:TiN nanocomposite thin films, taking into
account the morphological and structural changes that
occurred in the samples. It was found that extensive Ag seg-
regation and coalescence occurs for temperatures above
200 °C, significantly affecting the crystallinity of the sam-
ples,” which are expected to give rise to some changes in the
electrical and mechanical properties of the annealed sam-
ples, when comparing with the as-deposited ones.

Il. EXPERIMENT

Nanocomposite Ag:TiN thin films were deposited on glass
(microscope slides from NORMAX, ISO 8037-1) and (100)
silicon substrates by reactive dc magnetron sputtering, in a
laboratory-sized custom-made deposition system. All sub-
strates were sonicated and cleaned with ethanol 96% (vol.) just
before each deposition. The films were prepared with the sub-
strate holder positioned at 70 mm from the Ti/Ag target. A
dc density of 100 A m~2 was applied to the target, composed
of titanium (99.96 at. % purity, with a dimension of
200 x 100 x 6mm) and Ag pellets (8 x 8 x I mm pellets,
glued on the surface of the target), distributed symmetrically
along the erosion area. The total surface area of the Ag pellets
varied between 75 and 830 mm>. A gas atmosphere composed
of argon + nitrogen was used. The argon flow was kept
constant at 60 sccm for all depositions (corresponding to a
pressure of 3 x 10~ ! Pa), and the nitrogen flow rate was set at
5 scem (partial pressure of 3.4 x 1072 Pa). The working pres-
sure was approximately constant during the depositions, vary-
ing only slightly between 0.35 and 0.38 Pa. No bias voltage
was used and the deposition temperature was maintained
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approximately constant at 100°C during the film growth. A
thermocouple was placed close to the surface of the “substrate
holder” on the plasma side (not in direct contact, since deposi-
tions were done in rotation mode, using a speed of 7 rpm), and
the temperature was monitored during the entire film deposi-
tion time, which was 3600s. A delay time of 5 min was used
before positioning the surface of the samples in front of the
Ti/Ag target in order to avoid film contamination resulting
from previous depositions (which may have resulted in some
target poisoning) and also to assure a practically constant dep-
osition temperature during the film growth. No metallic inter-
layer was used for the Ag:TiN films’ deposition.

The as-deposited samples were subjected to several
annealing treatments in a vacuum furnace at a pressure of
~10"®millibars. The selected annealing temperature range
varied from 200 to 500 °C (a 5 °C/min heating stage until the
desired temperature, followed by a 60 min stabilization step).
The maximum of 500 °C is commonly known as an upper
limit temperature at which TiN coatings may be used.’®?’
Before removing the samples, they were cooled down freely
to room temperature in vacuum conditions. The atomic com-
position of the as-deposited samples was measured by
Rutherford backscattering spectroscopy (RBS) using (1.4,
2.3) MeV and (1.4, 2) MeV for the proton and “He beams,
respectively. Three detectors were used; one located at a scat-
tering angle of 140° and two pin-diode detectors located sym-
metrical to each other, both at 165°. Measurements were
made for two sample tilt angles, 0° and 30°. Composition
profiles for the as-deposited samples were determined
using the software NDF.”® The area analyzed was about
0.5 x 0.5 mm?. The uncertainty in the N concentrations is
around 5 at. %. The structure and phase distribution of the
coatings were assessed by x-ray diffraction (XRD), using a
Bruker AXS Discover D8 diffractometer, operating with
Cu K, radiation and in a Bragg—Brentano configuration. The
XRD patterns were deconvoluted and fitted with a
pseudo-Voigt function to determine the structural character-
istics of the films, such as the peak position (20), the full
width at half maximum (FWHM), and the crystallite size.
The film strain was included as a parameter for the grain size
evaluation, which was carried out with the help of a free soft-
ware (WINFIT). Morphological features of the samples were
probed by scanning electron microscopy (SEM), carried out
in a FEI Nova 200 (field emission gun/SEM) microscope
operating at 15keV. The electrical resistivity measurements
were done on glass substrates using the four-probe van der
Pauw method.”” Single-cycle loading nanoindentation tests
were carried out with a Micro Materials NanoTest with a
3 mN load (indentation depths were always below 10% of the
film’s thickness) using a Berkovich diamond indenter. A ma-
trix of 55 indentations was used. The reduced modulus was
calculated using the Oliver—Pharr method.

Ill. RESULTS AND DISCUSSION
A. Selected group of samples

In a previous study, the authors codeposited nanocompo-
site Ag-alloyed TiN (from 0 to ~50 at. % Ag) and correlated
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the thin films’ properties and behavior evolution with the
deposition conditions used.” Three distinct zones were
defined throughout all characterization (composition, resis-
tivity, morphology, and structural features), directly related
to their different Ag contents.” Taking this into account, five
representative samples of the three zones were then selected,
according to their different Ag incorporations. The sample
with 0.1 at. % Ag represents the behavior of the low-Ag con-
tent coatings, which were indexed to a TiN-like zone, zone I,
while the samples with 6.3 and 20.2 at. % Ag represent the
coatings that were indexed to a transition zone, zone II. The
samples with 36.3 and 47.5 at. % Ag represent the group of
coatings that were indexed to a high-Ag content zone, zone
III, where Ag was found to have a significant role in the
coating’s behavior.”

Regarding the samples from zone I (very low Ag incorpo-
ration), the overall characterization experiments revealed a
TiN-like character, where the low values of the deposition
rate (around 1.3 um/h) are in good agreement with the avail-
able values for pure stoichiometric TiN (1.2 um/h) deposi-
tion conditions.’ Due to some poisoning of the Ti fraction of
the Ti/Ag target, a thin nitride layer is formed, thus lowering
its sputtering yield (and ion induced secondary electron
emission coefficient). Moreover, the resistivity values of this
0.1 at. % Ag sample are, due to the low Ag incorporation
(see Table I), very similar to those of the pure TiN sample—
3.2x 1077 and 2.2 x 10> Q m, respectively.’ Regarding its
morphology, this zone I film exhibits the same porous pyra-
mid-like columnar growth as the reference TiN sample.
Once again, this behavior is expected due to negligible com-
positional changes. No Ag phases were detected in the XRD
analysis. Hence, due to the very low Ag content exhibited by
the selected 0.1 at. % Ag sample, no significant morphologi-
cal, structural, and electrical differences were detected when
compared to the pure TiN sample. Due to this, zone I sam-
ples were ascribed as being part of a nitride-like zone.

A change of the deposition rate evolution was evident in
the films indexed to zone II (6.3 and 20.2 at. % Ag), whose
values seemed to stabilize around ~1.1 um/h. However, the
exhibited values are slightly lower than those of the films
from zone I. This may be due to the fact that the increase of
the Ag fraction in the Ti/Ag target (from 140 to 450 mm?,
see Table I) was not yet enough to deplete the above referred
poisoning effect. This behavior can also be ascribed to a

TaBLE I. Discharge characteristics and Ag composition variation with
increasing Ag exposed area in the target.

Ag exposed area Ag composition Deposition

in the target (cm?) (at. %)* rate (um/h) Zone
0.8 0.1 1.29 +0.03 Zone I
1.4 6.3 1.12£0.03 Zone 11
32 20.2 1.07 =0.03

4.5 36.3 1.11 £0.07 Zone 111
8.3 475 1.81+0.03

“The error in the Ag concentration is around 0.02 at. % for the low
concentrations.
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gradual redeposition of the Ti poisoned fraction with Ag,
due to strong differences between their sputtering yield val-
ues, hence altering the discharge characteristics.” Initially,
within this zone II, low levels of Ag composition are per-
ceivable (0.1-6.3 at. %), followed by a steep linear increase
(from 6.3 to 36.3 at. %). This abrupt Ag incorporation trans-
lated into a steep drop of the resistivity values from
4.1x10°t0 5.2 x 107" Q m, since Ag is a highly conduc-
tive alloying element (Ag phases were detected in both zone
IT selected samples).” Both TiN and Ag grain sizes suffered
a steep decrease from 70 to 38 nm and from 28 to 10 nm for
the fcc-TiN (111) and fcc-Ag (111) phases, respectively.
This fact may indicate that the Ag concentration and distri-
bution in the TiN matrix is controlling the resistivity evolu-
tion, instead of the grain size, since smaller grains are
expected to promote higher resistivity values (the contrary of
what was observed).” Note that zone II samples exhibited a
strong Ag segregation phenomenon, with Ag uniformly dis-
persed among the TiN columns, leading to a resistivity drop
due to a probable creation of intercolumnar electronic paths.
Moreover, a strong densification of the samples was
observed, with the typical nitride-like columnar features
being progressively lost. Hence, this zone II was classified as
a transition zone, since a steep change from a nitride-like to
a metallic-like behavior was observed.

Finally, the samples from zone III, 36.3 and 47.5 at. %
Ag, displayed higher deposition rate values (maximum of
1.8 um/h), due to a strong increase of the Ag exposed area
(>500 mm?) in the Ti/Ag target.” This deposition rate
increase may indicate that the high Ag fraction content (note
that Ag presents higher sputtering yield) was sufficient to
deplete the Ti poisoning effect. The less accentuated Ag con-
tent increase for concentrations ranging from 36.3 to 47.5 at.
% was probably due to Ag saturation in the TiN matrix. The
resistivity values continue to decrease, although not as
abruptly, until values lower that those of the pure Ti are
attained (1.4 x 1077 Q m), which could be ascribed to an
almost complete densification (the morphology becomes
similar to the pure Ag coating”) that was observed in this
zone. Moreover, the Ag segregation phenomena is not so
clear, with the Ag aggregates suffering a moderate decrease
both in number and in size. In terms of structure, the Ag
grain size roughly maintains its low values, while the TiN
matrix grain size continues to decrease, from 38 to 14 nm.
Hence, zone III samples can be considered polycrystalline.
Consequently, zone III was considered a metallic-like zone.
Further details on the composition and sputtering rate analy-
sis can be found elsewhere.”

B. Morphological and structural characterization

Starting with the five representative samples—0.1 at.%
Ag from zone I, 6.3 and 20.2 at. % Ag from zone II, and
36.3 and 47.5 at. % Ag from zone III—and in order to check
the coatings’ structural and morphological stability, a set of
in-vacuum annealing experiments were carried out. The
morphological evolution of the coatings as a function of the
annealing temperature, carried out by SEM investigation,
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showed two major morphological modifications within the
annealing temperature range (from 200 to 500 °C). The first
one is related with the coating growth-type (comprising
aspects as densification and porosity), while the second one
can be associated to a systematic Ag grain growth and for-
mation of extensive Ag aggregates. It is important to notice
that it was possible to identify very similar changes in all
five representative samples, although with much clearer evi-
dence in the samples with the highest Ag amount (films from
zone III). Taking this into account, Fig. 1 shows SEM back-
scattered cross-section micrographs (a;—a4) and backscat-
tered top view (b;—b4) micrographs of the Ag:TiN sample
with an Ag content of 36.3 at. %, uncovering the most im-
portant changes that occurred in the film’s morphology. At
200 °C [Figs. 1(a;)—1(by)], the sample revealed the same co-
lumnar growth as the non-annealed sample (as-deposited),
with some disaggregation areas [see Fig. 1(b;)] and the pres-
ence of some nanosized Ag particles throughout the film
thickness [see Fig. 1(a;)], in an apparent homogeneous dis-
tribution. This could mean that the 200 °C temperature does
not promote enough driving force to induce Ag segregation
to the surface, and thus the Ag nanoparticles still remain
trapped among the TiN columns as in the non-annealed sam-
ple. Note that the only visible change promoted by the
200 °C annealed sample is a somewhat rougher surface than
the as-deposited one. At 300°C [Fig. 1(a,)], there are now
major changes in morphological terms, namely, the forma-
tion of Ag diffusion lines [small Ag particles forming a kind
of diffusion path—Fig. 1(c)] along the columnar boundaries,

200°C

300°C

031515-4

as if illustrating the way that these same particles traveled
while diffusing to the surface. It is also possible to observe
the formation of some rather large Ag clusters on the sur-
face. At 400°C [Figs. 1(a3) and 1(b3)], there is a slight
decrease in the number of Ag aggregates, associated with an
increase of the spherical definition of the Ag particles’ shape
(becoming nearly spherical), together with a slight increase
in the aggregate’s dimension on the surface-coalescence.”**’

In a previous study, Adochite et al.*' proved that with
increasing annealing temperatures, an amorphous structure
of a dielectric TiO, matrix (containing dispersed Ag clus-
ters) became more and more crystalline, which prevents the
diffusion of the Ag grains, thus facilitating the dispersion of
the Ag nanoparticles throughout the entire thin film thick-
ness. Using TEM image analysis, Adochite ez al. confirmed
that at 500 °C, the Ag nanoparticles diffused preferentially to
both the substrate/film interface, as well as to the coating’s
surface.®' It was also found that the shape of the Ag nanopar-
ticles became more irregular due to Ag aggregation, pro-
moted by the thermally induced Ag diffusion process that
results from the annealing experiments.

In the present study, a first general observation is that an
extensive diffusion and agglomeration of the Ag nanopar-
ticles is perceivable with increasing annealing temperatures,
which will have a major influence in the films’ overall
behavior. Confirming this fact, a radical dimensional
increase (coalescence) of the Ag clusters sitting in the sam-
ple’s surface (similar to the coating thickness: >1um) is
visible at 500°C [Figs. 1(ay) and 1(by)], thus losing their

500°C

Fic. 1. SEM cross-section backscattered (a;—a4) and top backscattered micrographs (b;—b,) of the sample with an Ag content of 36.3 at. % with increasing
annealing temperature. Bottom figures show the observed Ag diffusion lines of the 300 °C annealed sample (c), and the unannealed (as-deposited) sample is

provided for comparison purposes (d).
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spherical shape, resulting from the segregation of the small
nanoparticles embedded along the column boundaries to the
surface, as seen in Fig. 1(a,). This Ag segregation phenom-
enon was also observed in other works.*>*> RBS depth
profiling of the samples, especially from the one with the
highest Ag incorporation—47.5 at. % Ag, indicates that with
increasing annealing temperature, Ag is gradually moving
toward the coating’s surface, resulting in a nonhomogeneous
in-depth concentration. Consequently, it is possible to specu-
late that with longer annealing times, this diffusion of Ag
nanoparticles toward the surface should be more pro-
nounced. Note that even at 400°C, Ag appears to be the
dominant element at the coating’s surface, as shown in
Fig. 1(a3). Combined SEM/energy-dispersive x-ray spectros-
copy analysis confirmed that Ag is the only element present
in these large clusters at the coating’s surface. According to
the work of Nilekar er al.,*® the segregation energy of Ag
solute atoms in transition metal matrixes is always inferior
to —0.7eV (except in a Au matrix), originating a “very
strong segregation” phenomenon, so a complete segregation
(which was not attained in this study) should be expectable
using higher annealing times and/or temperatures.
Furthermore, Zhang er al*’ sputter deposited Ti—Ag—N
films, claiming that Ag is immiscible with TiN, and thus a
nanocomposite structure composed of Ag nanoparticles em-
bedded in the TiN matrix is to be expected. This is also the
case observed in the present study, reinforcing the fact that
the Ag nanoparticles should gradually segregate to the sur-
face, due to the temperature-promoted mobility increase.
Aiming at better understanding how the morphological
changes that result from the application of annealing treat-
ments are affecting the films’ structural arrangements and
their overall behavior, a detailed structural characterization
was carried out, both in the as-deposited and annealed sam-
ples. Similarly to what was observed for the morphological
evolution, the samples with the highest Ag contents (as it
will be shown in detail for the sample with an atomic content
of 36.3 at. %) revealed the most prominent changes. Figure
2 shows the XRD diffractograms of the Ag:TiN nanocompo-
sites with an Ag content of 36.3 at. %, for both as-deposited
and annealed samples. Accordingly, for the as-deposited
sample, the development of a highly orientated coating is
evident, showing two main crystalline phases: a fcc TiN-
type structure—(111) peak located at an angular position of
20 ~36° (ICDD card 00-038-1420), typical for stoichiomet-
ric TiN thin films, and a fcc Ag-type structure—(111) peak
located at an angular position of 26 at ~38° (ICDD card
00-004-0783), typical for Ag thin films.>****5 However,
other secondary peaks can also be identified at diffraction
angles of 20 ~ 42.5° [corresponding to a fcc-TiN type struc-
ture (200) diffraction pattern]; at 20 ~62° and 20~ 78°,
both indexed to the same fcc-TiN phase [(220) and (222) dif-
fraction patterns, respectively].”® Regarding the diffracto-
grams corresponding to the annealing at 200 and 300 °C, it
seems that an increasing definition/intensity of all diffraction
peaks is present [Fig. 2(a)], which can be associated to a bet-
ter definition of the crystalline phases that are present,
namely, in what concerns the Ag-based ones with increasing
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Fic. 2. XRD diffractograms of the sample with an Ag content of 36.3 at. %
with increasing annealing temperature (a), and magnification of the 34°—41°
region (b).

temperature. It is noteworthy the diffraction peak at 260 ~ 44°
[(200) of an Ag fcc-type structure], whose definition
increased significantly, possibly indicating the beginning of
the Ag nanoparticle segregation and their clustering, as well
as the appearance of a new peak at a diffraction angle of
20 ~ 64°, corresponding also to the Ag fcc-type structure
[(220) diffraction planes]. From 400 up to 500 °C, there is
clearly an approximation in terms of definition and intensity
among Ag and TiN diffraction peaks, consistent with the for-
mation of large Ag clusters, as first observed in the SEM
micrographs (Fig. 1). It is also worth to highlight the forma-
tion of a new peak in the vicinity of 20 ~ 78°, which can be
indexed either to the diffraction of the fcc-Ag crystal struc-
ture [(311) planes] or to fcc-TiN (222). Also at 400 and
500 °C, the significant increase of definition (crystallinity) of
the fcc-TiN (111) peak is noteworthy. A small shift of the
peaks related to the fcc-TiN crystalline structure towards
higher diffraction angles is evident, as seen in Fig. 2(b). In
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fact, this implies a decrease of the lattice parameter, which
can be possibly explained by the contraction of the TiN
structure, resulting from the migration of Ag atoms (that pre-
cipitated in the grain boundaries”) which segregated to the
thin film surface, as found previously in SEM analysis.

In order to confirm all the structural modifications dis-
cussed, the influence of the annealing temperature in the evo-
lution of the grain size of both main crystalline phases was
also investigated [fcc-TiN (111) and fcc-Ag (111) peaks
were used for the grain size determination by XRD peak fit-
ting*®] as shown in Figs. 3(a) and 3(b), respectively. From
Fig. 3(a), it is possible to see that Ag additions promotes sig-
nificant changes to the TiN matrix grain size. For the lowest
Ag content, there are almost no perceivable changes for all
temperatures, except for the 400 °C annealing, where a small
increase of the crystalline size is evident. Increasing the Ag
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Fic. 3. Influence of the annealing temperature on the grain size evolution
with increasing annealing temperature—(a) TiN (111) peak and (b) Ag
(111) peak. The 500°C TiN grain size of the 47.5 at. % Ag sample was not
possible to simulate; at this temperature, the TiN matrix appears to suffer a
strong decrease of its crystalline character (strong grain size reduction). The
maximum variation of the grain size values throughout all simulations was
always below 10%.
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concentration up to 6.3 and 20.2 at. %, major changes are
now patent, with the samples suffering an overall decrease of
the grain size with increasing temperatures, when comparing
to the unannealed samples (TiN grain size decreases from
~65 nm and ~40 nm to ~20 nm for the 6.3 and 20.2 at. % Ag
samples, respectively). Liu and Shen®” proposed a phenome-
nological model for the solute-drag effect, concluding that in
the case of Al additions to TiN, the segregation of Al solute
atoms to the TiN grain boundaries result in an exponential
drop of the average grain size values with increasing solute
concentration. This solute-drag effect may, in fact, be respon-
sible for the hindered growth of the TiN matrix grains. For
the 36.3 at. % Ag, again, no substantial differences are found
with increasing temperature. A maximum grain size of
~23nm is attained at 200 °C, decreasing sharply to a mini-
mum of ~7nm at 300 °C. Subsequently, at 500 °C, the TiN
crystalline size recovers to the as-deposited values (~15nm).
This observation is consistent with SEM imaging [Fig. 1(a,)],
where it was possible to see that Ag was partly segregated.
This means that, until this point, Ag is still acting as a pinning
center for the TiN grain boundaries, inhibiting its growth.
From this point onward, since the large Ag clusters (resulting
from Ag nanoparticle aggregation) are now more extensively
present at the surface [as confirmed in Fig. 1(by)], one can
suppose that they are no longer acting as strongly as a barrier
to the TiN grain growth. For the highest Ag content, a contin-
uous decrease of the crystalline size is observed. At 500 °C,
the grain size should be below 5 nm, thus not being able to be
simulated. Note that this 47.5 at. % Ag sample is very dense,
hence being possible to speculate that the Ag segregation to
the surface should be more difficult due to the depletion of
the intercolumnar spacing. This could mean that they should
continuously act as pinning centers that inhibit TiN grain
growth throughout all temperature range, since Ag should not
be completely segregated to the surface.

As for the Ag grain size evolution, Fig. 3(b), significant
changes are only perceivable from 300°C onward. At
400°C, the samples with the lowest Ag contents exhibit
maximum grain size values of ~35 and ~50nm for the 6.3
and 20.2 at. % samples, respectively (no Ag peaks were
detected in the 0.1 at. % sample). As for the sample with the
highest amount of Ag, this maximum is achieved at 500 °C
(~47nm). This could mean that for the two lowest Ag con-
centration samples, the fully coalesced Ag grains occur at
400 °C, while for the highest Ag composition, they continue
to coalesce up to 500°C. Taking into account the sample
with 36.3 at.% Ag, the performed annealing treatments do
not promote significant changes of crystalline size, with val-
ues varying slightly between ~15nm at 200 °C and ~6 nm
at 400 °C. In fact, most samples exhibit an abrupt change in
the Ag crystalline size at 400°C. This may be due to a
temperature-promoted enhanced mobility of the Ag nanopar-
ticles, since the appearing of large Ag clusters is initially
seen at this temperature.

Based on Hentzell’s model,*' the authors propose a gen-
eral model explaining the effect of solute additions on the
grain structure and morphology evolution with increasing
annealing temperatures: (i) for the lowest annealing
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temperature (200 °C), one can witness the enhancement of
the Ag nanograin nucleation throughout the TiN matrix grain
boundaries [as seen in Fig. 1(a;)]; in the as-deposited sam-
ple, there are already small evidences of nucleation [Fig.
1(d)]. No surface segregation is yet visible since there is not
enough temperature-promoted driving force. However, some
disaggregation areas are perceivable [Fig. 1(by)], being pos-
sible to speculate that the paths through which Ag may be
able to diffuse are in fact being formed. (ii) Increasing the
annealing temperature up to 300 °C, the Ag atoms now pos-
sess enough mobility to move toward the top-end of the TiN
matrix (with some of them able to reach the surface), using
the disaggregation zones formed at 200 °C, leaving behind
some kind of “diffusion paths” [Fig. 1(c)]. (iii) For the high-
est temperatures used (400 and 500 °C), a new process takes
place. Once more and more Ag atoms are now present at the
top-end of the coating and segregated to the surface in the
form of nanograins [see Figs. 1(a3) and 1(ay)], they start to
coalesce, gaining more definition in a first phase (400 °C).
At 500 °C, the Ag clusters’ size increases significantly, prob-
ably due to potential junctions (aggregation) of adjacent Ag
nanograins, as it is possible to see from Fig. 1(b,). No signif-
icant grain growth is attained for most of the samples from
400 to 500 °C, Fig. 3, meaning that the observed dimensional
increase of the Ag clusters must be due to agglomeration of
smaller adjacent Ag clusters.

C. Influence of the annealing temperature
on the electrical and mechanical properties

As already mentioned, the main focus of the present thin
film system is to be used in bioelectrodes, namely, those for
EEG signal acquisition. For that purpose, two main proper-
ties are analyzed in this section: resistivity and the elastic
modulus. The electrical resistivity of the five representative
samples as function of the annealing temperature is shown in
Fig. 4. As expected from XRD observations (Fig. 3), the
increase of the annealing temperature promoted progressive
disaggregation of the TiN columnar features and the
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Fic. 4. Influence of the annealing temperature on the electrical resistivity
evolution with increasing Ag content. The error associated to all measure-
ments was always below 1% and the attachment of the contacts was checked
prior to every measurement (the I/V correlation was always very close to 1).
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decrease of the grain size gives rise to slightly higher resis-
tivity values for almost all annealed samples, when com-
pared to the as-deposited ones. The 6.3 and 47.5 at. % Ag
samples seem to exhibit a rather constant behavior.
However, one could expect that the higher grain size values
exhibited by the Ag phase (enhanced crystallinity) with
increasing annealing temperature should, on the contrary,
promote a decrease of resistivity. Anyway, the obtained
results do not seem to follow this tendency, indicating that it
is probably not the Ag structural features that are playing the
major role in the resistivity evolution but its morphology and
distribution throughout the film thickness, as already
observed in a previous work.” As mentioned before in this
text, all annealed samples exhibited rougher features than
the as-deposited ones, even at 200 °C, due to TiN column
disaggregation. This roughness increase becomes clear when
Ag starts to segregate to the surface (at 300°C) and then
coalesce (at 400°C) and aggregate (at 500 °C)—see Fig. 1.
Takirzlg a closer look at the well-known Matthiessen’s
rule

p:pp+pm+pf+pi+psv (1)

where p,, pm, pr, pi, and pg represent the resistivity caused
by scattering from phonons, impurities, defects, grain boun-
daries, and the surface scattering, respectively, and also in
the Fuchs—Sondheimer (F—S)43’44 and Mayadas—Shatzkes
(M-S) models,*>** one can claim that the surface-dependent
mechanisms can influence significantly the resistivity evolu-
tion, as no significant impurities or defects were detected by
RBS, and the thickness of the coatings is well above the
mean free path of the conduction electrons. Consequently,
besides the already referred influence of the grain size evolu-
tion*” (which influences the grain boundary scattering—
larger grains minimizes this effect), scattering from phonons,
as well as surface (roughness) scattering, is probably playing
a pivotal role in the resistivity increase.

Moreover, with the increase of the annealing temperature
(up to 500°C), the Ag nanoparticles consistently segregate
toward the top-end of the TiN matrix, with many of them
being able to segregate and coalesce on the surface.
Therefore, a rise of the resistivity values can, a priori, be
once again expected, as the Ag nanoparticles ought no lon-
ger be promoting enough conduction paths in-between the
TiN column boundaries, since they are now extensively con-
centrated on the top-end of the coating. To summarize, the
resistivity evolution is consistent with both the values of the
grain sizes obtained by XRD (peak fitting) and SEM imag-
ing. The observed increase of the resistivity values should be
due to a combined effect of (i) the progressive grain size
reduction of the TiN matrix, (ii) the roughness increase pro-
moted by the gradual Ag segregation to the surface, and (iii)
the reduction of the conduction paths in-between the TiN
matrix that is once again promoted by the Ag segregation
phenomenon.

Figure 5 depicts the reduced modulus (E,) evolution with
increasing annealing temperature, for one representative sam-
ple from each of the Ag composition zones. It becomes clear
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FiG. 5. Influence of the annealing temperature on the reduced Young’s mod-
ulus evolution with increasing Ag content.

that the annealed samples from each zone reveal lower reduced
modulus values, when compared with the as-deposited ones.
In fact, the intermediate and high Ag content samples (20.2
and 36.3 at. % from zone II and zone I1I, respectively) exhibit
a constant decrease of the E, values up to 400 °C. At this point,
the absolute minimum of the reduced modulus values is
attained. Looking back at Fig. 3(b), it is possible to confirm
that the 400 °C annealing gives rise to higher Ag crystalline
sizes, when comparing to the other annealing temperatures.
This means that the Ag softer phases coalesced until their max-
imum size (at 500°C, the large adjacent Ag clusters simply
start to aggregate), being well distributed and occupying most
of the TiN matrix top-end and surface, thus giving rise to a
considerable drop of the E; values. At 500 °C, the large adja-
cent Ag clusters agglomerate, becoming more spaced through-
out the TiN matrix surface. These highly localized Ag clusters,
despite their bigger size, lead to a considerable increase of the
E, values, as more TiN hard phases are “available.”

As for the sample with the lowest Ag content (0.1 at. %
from zone I), the mechanical behavior is somewhat different,
with the minimum value of E; being reached at an earlier
temperature (200-300 °C) interval. As shown in a previous
work by the authors,” zone I as-deposited coatings exhibited
a relatively porous structure that possibly facilitate the diffu-
sion of the Ag nanoparticles to the TiN matrix surface, hence
making the whole segregation and coalescence processes to
occur in a lower temperature range. Therefore, the Ag atoms
should require much less driving force (and mobility) to dif-
fuse throughout a porous TiN matrix than through a compact
one (late-zone II and zone III films exhibit a more compact
morphology than zone I ones’). The effect of the highly po-
rous coatings may perhaps shift the whole segregation pro-
cess to lower temperatures due to an increased easiness of
segregation (in the case of zone I sample). Consequently, the
porous TiN matrix of the referred 0.1 at. % Ag sample
should become uniformly covered with fully coalesced Ag
particles in the 200-300 °C interval (instead of the 400 °C in
the dense medium/high-Ag content samples—20.2 and
36.3 at. %), giving rise to lower E; values.
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IV. SUMMARY AND CONCLUSIONS

Regarding the morphological evolution with increasing
annealing temperatures, it was possible to identify the exis-
tence of a significant Ag segregation phenomenon. The Ag
nanoparticles embedded in the TiN matrix later spread to the
top-end of the coating, with many of them being able to
reach the surface where they agglutinate to form agglomer-
ates with dimensions similar to those of the coating thickness
by action of increasing annealing temperatures. The applied
thermal treatments, beyond confirming the presence of free
metallic Ag, also resulted in several structural changes on
the studied samples, providing increasing Ag crystallinity
within the coatings. The electrical resistivity values revealed
small changes with increasing annealing temperature. The
observed slightly higher values may be due to (i) a progres-
sive disaggregation of the TiN columns; (ii) a substantial
roughness increase that leads to a rise of the scattering from
phonons and surface scattering and; (iii) Ag nanoparticle
segregation to the surface that leads to a reduction of the
conduction paths in-between the TiN features. Regarding the
reduced modulus, a minimum value is attained at 400 °C for
the samples with 20.2 at. % (zone II) and 36.3 at. % Ag
(zone III). As for the low-Ag content sample (0.1 at. %—
zone 1), the lowest E, values are attained at a lower tempera-
ture interval (200 and 300 °C) due to increased porosity that
may facilitate the diffusion of the Ag nanoparticles to the
TiN matrix surface.

In conclusion, regarding the envisaged application as bio-
electrodes, the occurrence of extensive Ag segregation only
promotes beneficial changes concerning the elasticity
improvement of the coatings. Moreover, Ag segregation
gives rise to an unstable bioelectrode surface/interface.
Consequently, in order to avoid (or, at least reduce) this
unwanted phenomenon, the sputtering of dense/nonporous
Ag:TiNy coatings (which may be attained by reducing the
N/Ti ratio of the TiN matrix) is currently underway in the
group, since it was found in the present study that denser
films revealed lower levels of Ag segregation due to the
absence of intercolumnar segregation pathways.
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ABSTRACT

Ag,:TiN nanocomposite thin films with Ag contents ranging from ~0.1 up to ~47.5 at% obtained by DC
reactive sputtering on glass substrates were characterized regarding their electrochemical performance
in a synthetic sweat solution, aiming at studying their potential application as bioelectrodes. Correlations
between the electrochemical behaviour and their exhibited morphology (porosity) and structure (grain
size) were established and discussed in detail. The coatings’ open circuit potential (OCP) is ruled by the
Ag/TiN galvanic coupling and it decreased with the increase of the Ag content. For Ag contents up to
12.1 at% the OCP was found to be close to that of bulk Ag, but for higher Ag contents the OCP of the
Agy:TiN samples displayed a steep drop, which was ascribed to the effect of Ag grain size reduction
(from ~28 to ~10nm). Both SEM and voltammetric experiments confirmed a gradual porosity decrease
(densification) of the coatings with increasing Ag content, leading to a reduction of the electroactive
area. All samples, besides displaying good chemical stability in chloride media, exhibited low impedance
moduli and electrochemical noise similar to that of commercial Ag/AgCl electrodes, thus making them

suitable to be used as bioelectrodes, from the electrochemical point of view.

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

High resolution monitoring of biopotentials produced by the
human body, such as electroencephalographic (brain activity),
electrocardiographic (heart activity) and electromyographic
(muscular activity) potentials, are being actively used for the
past decades in order to accurately assess several pathologies
and physiological conditions of human patients. The conventional
biopotential acquisition setup relies on the use of silver/silver chlo-
ride (Ag/AgCl) wet electrodes, which are widely considered as the
“gold standard” [1-3]. These are non-polarizable and reveal excel-
lent reliability, displaying low and almost frequency independent
skin-contact impedance values, in the order of a few tens of k§2.cm?
[2,3]. However, in order to achieve such low impedance values, a

* Corresponding author.
E-mail address: cfonseca@fe.up.pt (C. Fonseca).

http://dx.doi.org/10.1016/j.electacta.2014.01.082
0013-4686/© 2014 Elsevier Ltd. All rights reserved.

preliminary skin preparation and conductive gel paste application
are of paramount importance. It follows that the use of such
electrodes implies time-consuming preparation procedures that
require trained staff. Moreover, allergic reactions to the conductive
gel have been reported [3] and the risk of short-circuiting adjacent
electrodes due to gel running has been pointed out as a common
problem. Some other major drawbacks have also been reported,
such as susceptibility to motion artifacts and inability to record
biopotentials in long-term clinical monitoring (ambulatory) [2,3].

Eliminating the need to use the conductive gel paste would,
in fact, reduce most of the above-referred disadvantages of the
standard Ag/AgCl electrode system. Consequently, a new class
of biopotential electrodes is being widely investigated, which
are commonly called “dry” electrodes. These electrodes do not
require any previous skin preparation or gel application and are
commonly based on inert-like materials, either metallic-like or
insulator-coated metals [3,4]. In a previous work [5], the authors
investigated the possibility to use the TiN thin film system
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(deposited on titanium substrates) for dry electrode sensors, which
exhibited very promising results such as low electrical noise levels
and excellent chemical resistance to sweat. However, these elec-
trodes still maintain some important drawbacks that have also
been reported in other similar “dry” systems [6,7], such as incor-
rect and/or uncomfortable skin contact due to its intrinsic stiffness
nature that do not allow them to conform to the human body.
Moreover, focusing on the typical electroencephalography (EEG)
acquisition setup, the use of lighter, cheaper and more comfortable
electrodes would translate in numerous advantages to the patients
in comparison with the standard Ag/AgCl ones, once the use of 128
or even 256 electrodes in a single exam is becoming an increasingly
common practice.

Recently, several authors have focused on the development of
polymer-based flexible dry electrodes [8-11], since they are able to
promote a more reliable and comfortable skin contact, thus reduc-
ing some of the stated drawbacks. However, higher impedances at
low frequencies and higher susceptibility to movement artefacts
when comparing to the conventional Ag/AgCl electrodes [1,3,7] are
still an issue. This is particularly important in ambulatory applica-
tions, where the patient must be able to move without constraints.
As aresult, and in opposition to most common approaches (where
authors rely on composite materials, foams, conductive polymers,
among others), the authors explored the sputtering viability of
Agy:TiN coatings by optimizing the thin film’s morphological, struc-
tural and electrical properties [12], envisaging the development of
flexible dry biopotential electrodes.

TiN is a biocompatible and electrically conductive ceramic, with
an excellent chemical stability in most media and outstanding
mechanical properties, thus giving rise to a wide range of appli-
cations, with some of them in the biomedical area [13,14]. Silver
is commonly known as a bactericide agent [15-17], particularly in
its nanocrystalline form [18,19] and offers the possibility to tailor
the mechanical properties of the TiN system, regarding the sput-
tering on flexible substrates, since Ag increases the plasticity of
TiN (a brittle material); besides, it promotes excellent tribological
properties to the composite [20]. Finally, silver is also an excellent
biosensor material [21] for electrophysiological signal monitoring.
Hence, in a more application-oriented study, a comprehensive elec-
trochemical characterization of the sputtered Agx:TiN coatings is of
paramount importance. The available literature is not very prolific
about the electrochemical characterization of the Ti-N-Ag system,
with very few works dedicated [22-24] to it. Adams et al. work [22]
has the objective to form TiN encapsulation and passivation lay-
ers against Ag corrosion in integrated circuits (Adams started with
a Ti-Ag film, nitriding it afterwards), while Zhao et al. [23] tried
to implement some bactericide character to TiN films by Ag ion
implantation to be used as biomedical implants, thus also study-
ing its corrosion resistance in simulated body fluid. Zhang et al.
[24], on the other hand, studied the potential application of Ti-Ag-
N coatings as bipolar plates in fuel cells, by co-depositing Ti and Ag
in a N, atmosphere using pure Ti and Ag targets. Hence, none of
these references is related to the envisaged application, a fact that
supports the scientific novelty of the present work.

The main objective of the present work is then to undertake
a comprehensive electrochemical characterization of a selected
group of Agx:TiN coatings, covering a wide range of Ag contents,
and assess their viability to be used as biopotential electrodes, from
the electrochemical point of view.

2. Experimental
2.1. Thin film production

The Agx:TiN films were deposited on glass and (100) sil-
icon substrates by reactive DC magnetron sputtering, in a
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laboratory-sized deposition system. All substrates were sonicated
and cleaned with ethanol 96% (vol.) just before each deposition.
The films were prepared with the substrate holder positioned at
70 mm from the Ti/Ag composite target. A DC current density of 100
A.m~2 was applied to the composite target, composed of titanium
(99.96 at. % purity/200 x 100 x 6 mm?) and silver pellets (80 x 80
mm?2/1 mm thick pellets glued on the surface of the target) dis-
tributed symmetrically along the Ti target erosion area. The total
surface area of the silver pallets varied between 75 to 830 mmZ.
A gas atmosphere composed of argon +nitrogen was used. The
argon flow was kept constant at 60 sccm for all depositions, as well
as the nitrogen flow rate, which was set at 5sccm (correspond-
ing to a partial pressure of 3.4 x 10~2 Pa). The working pressure
was approximately constant during the depositions, varying only
slightly between 0.35 and 0.38 Pa. No bias voltage was used, and
the deposition temperature was maintained approximately con-
stant at 100 °Cduring the films’ growth. A thermocouple was placed
close to the surface of the “substrate holder” on the plasma side
(not in direct contact, since all depositions were done in rotation
mode), and the temperature was monitored during the entire films’
deposition time. A delay time of five minutes was used before posi-
tioning the surface of the samples in front of the Ti/Ag target in
order to avoid films’ contamination resulting from previous depo-
sitions (which may have resulted in some target poisoning), and
also to assure a practically constant deposition temperature during
the films’ growth.

2.2. Structural and morphological characterization

The atomic composition of the as-deposited samples was mea-
sured by Rutherford Backscattering Spectroscopy (RBS) using (1.4,
2.3) MeV and (1.4, 2) MeV for the proton and “He beams, respec-
tively. Three detectors were used. One located at a scattering angle
of 140° and two pin-diode detectors located symmetrical to each
other, both at 165°. Measurements were made for two sample tilt
angles, 0° and 30°. Composition profiles for the as-deposited sam-
ples were determined using the software NDF [25]. For the 14N, 160
and 28Si data, the cross-sections given by Gurbich were used [26].
The area analysed was about 0.5 x 0.5 mm?2. The uncertainty in the
N concentrations is around 5 at%. The structure and phase distribu-
tion of the coatings were assessed by X-ray diffraction (XRD), using
a Bruker AXS Discover D8 diffractometer, operating with Cu K
radiation and in a Bragg-Brentano configuration. The XRD patterns
were deconvoluted and fitted with a Voigt function to determine
the structural characteristics of the films, such as the peak position
(20), the full width at half maximum (FWHM) and the crystal-
lite size. Morphological features of the samples were probed by
scanning electron microscopy (SEM), carried out in a FEI Quanta
400FEG ESEM microscope operating at 15 keV. The resistivity mea-
surements were done using the four-probe van der Pauw method
[27].

2.3. Electrochemical characterization

The polished glass substrates, coated with Agx:TiN films were
rinsed in isopropanol (10 minutes) and water (10 minutes) and
dried with a hair drier, prior to the electrochemical experiments.
A synthetic sweat solution with a pH of 4.7 and containing ammo-
nium chloride, sodium chloride, urea, lactic acid and acetic acid
was used in all electrochemical studies, in order to simulate the
behaviour of the sensor in contact with the body sweat [28]. Cyclic
voltammetry (CV) curves were performed at sweep rates varying
from 1 mV/s to 5V/s, by using the Gamry G300 equipment (Gamry
Instruments, USA) driven by the Gamry PHE200 software. Elec-
trochemical impedance spectroscopy (EIS) was performed at the
open circuit potential (OCP), for frequencies ranging from 10 kHz
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to 2 mHz, with a 7mV (rms) AC probe signal, using the EIS300
software from Gamry. Preliminary galvanic coupling experiments
were performed by immersing both TiN and Ag control samples in
the synthetic sweat solution, and connecting the samples to a zero
resistance ammeter (Gamry ZRA mode). The current and poten-
tial acquisitions were performed with the ESA410 software from
Gamry. All potentials were measured against the saturated calomel
electrode (SCE). A platinum wire was used as counter electrode in
the voltammetric and impedance measurements. Simulation of the
experimental data was also performed with Gamry software. The
electrochemical noise data was acquired using the ESA410 soft-
ware from Gamry, by immersing two identical samples from each
Ag composition batch in the synthetic sweat solution. Two Ag/AgCl
commercial electrodes (B10, EASYCAP GmbH, Germany) were used
as comparison reference. A stabilization time of 3 minutes was used
in all runs. The results were then analysed using a custom Mat-
Lab (The Mathworks Inc., USA) algorithm. This analysis included
application of a 20th order Butterworth bandpass filter with cut-
off frequencies at 0.5 and 100 Hz before the Welch estimation of
the power spectral density (PSD).

3. Results and discussion
3.1. Morphological and structural evaluation of Agx:TiN films

In a previous work by the authors, a set of Ag-alloyed TiN
samples with compositions ranging from ~0.1 to ~47.5 at% Ag
were sputtered using a compound Ti/Ag target (with an increas-
ing number of Ag pellets) in a N, atmosphere [12]. The thin films’
characteristics were then extensively studied regarding their com-
position, morphology, structural features and resistivity evolution
with increasing Ag additions. Several correlations were also drawn
with the discharge characteristics and the deposition conditions
used. As aresult of this study, the obtained samples were grouped in
three composition zones, according with their electrical behaviour.
Taking this into account, five representative samples of the three
zones were then selected to conduct the present study, according
to their different Ag content. The sample with 0.1 at% Ag represents
the behaviour of the coatings from Zone [, the samples with 12.1
and 20.2 at% Ag represent the coatings from Zone II, while the sam-
ples with 36.3 and 47.5 at% Ag represent the coatings from Zone
Ill, as described in Table I. Pure stoichiometric TiN and Ag sput-
tered samples, prepared in similar conditions, were also selected
as control samples for comparison purposes.

Due to the very low Ag incorporation, Zone I sample (0.1 at%
Ag) exhibits a typical TiN-like character, with low sputtering rates
(~1.3 wm/h), rather close to the pure TiN control sample value
(~1.2 wm/h). This is due to some poisoning of the Ti fraction of
the target, which becomes covered by a very thin nitride layer,
thus giving rise to low and TiN-like sputtering rates. The resis-
tivity values of this Zone I sample are again very similar to the
TiN control sample (3.2 x 107> and 2.2 x 10> Q.m, respectively),
which is expected once the compositional differences are not sig-
nificant. Although these values may seem rather high, one must
bear in mind that all coatings were obtained at low temperatures
and with no bias voltage, which translates into low adatom mobil-
ity. Note that the authors aim at coating polymer samples, hence
aggressive deposition conditions were ruled out. In terms of mor-
phology, Zone I coating presents well-defined columnar growth,
with pyramid-like features at the surface, see Fig. 1, although with
some disaggregation areas and inter-columnar porosity, thus being
very similar to the pure TiN control sample [12]. Furthermore, no
Ag phases were detected in this sample by XRD, Fig. 2, which is in
line with the SEM observations that found no Ag clusters in any
of the analysed samples within this zone. Due to its relatively low
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Fig. 2. XRD diffractograms of the as-deposited Agy:TiN coatings. The diffractograms
are shown using different yy axis scales for a clearer observation of the diffraction
patterns.

content, the presence of Ag in zone I didn’t induce any significant
structural, morphological or electric differences, when compared
to TiN control sample.

Zone Il samples, 12.1 and 20.2 at% Ag, also exhibited low sput-
tering rates, since the Ag fraction of the Ti/Ag compound target
is not yet enough to reduce the poisoning effect referred above.
Moreover, it was found that gluing Ag pellets on the erosion track
might change the target impedance, hence altering the discharge
characteristics [12]. Nevertheless, a strong Ag incorporation was
attained in this zone, resulting in a steep drop of the resistivity
values (from 4.1 x 1076 to 5.2 x 107 .m), since highly conduc-
tive Ag phases are now present, Fig. 2. Note that both TiN and Ag
grain sizes suffer a strong decrease within Zone Il samples, vary-
ing from ~70 to ~38 nm for the fcc-TiN (111) phase and from ~28
to ~10nm for the fcc-Ag (111) phase, which means that it is not
the grain size that dictates the resistivity drop (in fact, grain size
decrease is known to promote an increase of resistivity), but the Ag
content and its distribution in the TiN matrix. In fact, from Fig. 1 it
is possible to see that for Zone Il samples, a strong Ag segregation
phenomenon occurs, with Ag being well dispersed among the TiN
columns, possibly creating electronic paths in-between them, that
will contribute to a conductivity improvement [12]. On the other
hand, the well-dispersed Ag throughout the TiN matrix, allied to the
strong resistivity drop followed by a smooth variation, may indi-
cate that the percolation threshold may have been reached, Table I.
Hence, Zone II will be noted henceforth as a transition zone, fol-
lowing the observations for the next group of samples (with the
highest Ag contents), where extensive morphological changes have
occurred.

In fact, within Zone III, represented by the samples with 36.3 and
47.5 at% Ag, one can see a steep increase of the sputtering rate from
~1.1 to ~1.8 wm/h due to the depletion of the Ti fraction poisoning
effect and the Ag superior sputtering yield [12]. As for the grain size
evolution, it is possible to see that, when comparing to Zone Il val-
ues, Ag grains roughly maintain their dimensions, while TiN grains
decrease their crystalline size until ~14 nm, Table I. Zone III sam-
ples can thus be considered polycrystalline. Resistivity continues
to decrease, although more smoothly, until values below pure Ti
itself [12]. A complete densification, similar to the pure Ag control
sample, of the Agx:TiN samples is also attained within Zone IIl and
the Ag segregation phenomenon is not so clearly present (the num-
ber and dimension of the aggregates suffer a moderate decrease),
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Table I
Growth rate, Ag composition, resistivity and grain size variation with increasing Ag exposed area in the target.
Ag exposed area in the target/mm? Ag composition/at%?® Deposition rate/wm/h Grain size/nmP Resistivity/2 m® Zone
TiN Ag
TiN 0 1.21+0.07 39 - 22x10°° Control sample
75 0.1 1.29+0.03 23 - 32x107° Zone |
160 121 1.06 +0.03 70 28 4.1x10°¢ 7 I
320 20.2 1.07+£0.03 38 10 52x1077 one
450 36.3 1.11+0.07 15 13 3.5x1077 7 -
830 475 1.81+0.03 14 13 14x 1077 one
Ag 100 4,72 4+0.03 - 78 1.6x10°8 Control sample

2 The error in the Ag concentration is around 0.02 at% for contents below 0.1 at%.

b The maximum variation of the grain size values throughout all simulations was always below 10%.
¢ The error associated to all measurements was always below 1% and the attachment of the contacts was checked prior to every measurement.

see Fig. 1. Furthermore, a N-deficient (under-stoichiometric) TiN
matrix is attained in the 47.5 at% Ag sample, thus the formation
of a TiAg intermetallic may be also taking place (see Fig. 2). The
samples from this third zone can thus be considered as within a
metallic-like zone. Further morphological, structural and electrical
details can be found elsewhere [12].

3.2. Electrochemical characterization is synthetic sweat

3.2.1. Open Circuit Potential (OCP)

When two dissimilar metals are immersed in an electrolyte and
these metals are electrically connected externally, there will be
an electronic flow (current) between them, driven by the differ-
ent electron affinity of the metals [29]. As a result, the corrosion
of the less noble metal (anode) is enhanced, while the corrosion
of the nobler one (cathode) is decreased. Similarly, if a material is
composed of two conductive phases in contact with an electrolyte,
the mixed potential theory [29] suggests that the nobler phase will
behave as the cathode, the other will be the anode and resulting
potential will lie between the potentials of the phases. Therefore,
according with our previous studies, it is expected that the mixed
potential theory also applies for the Agx:TiN nanocomposites.

In order to check the electrochemical behaviour of the Ag and
TiN phases in the Agx:TiN nanocomposites, a galvanic coupling
experiment was first performed using TiN and Ag control coatings.
As seen on Fig. 3, TiN displays the highest potential and, upon
electrical connection of the samples, the mixed potential shifted
closer to Ag, what may be ascribed to the stronger polarizability of
TiN. Only ~20 s after the coupling of the dissimilar elements, the
potential stabilizes at approximately the value of pure Ag, while
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Fig. 3. TiN/Ag galvanic coupling experiment. The galvanic potential and current
were initially monitored for each control sample individually. After ~60 s, the sam-
ples were electrically coupled.

the current reduced to a few pA. According with the initial OCP’s of
TiN and Ag and the direction of the observed current, TiN behaved
as the cathode and Ag as the anode. The observed current should
have two components, namely (i) a fast, initial current decrease,
related with the double layer charging at the material/electrolyte
interfaces and (ii) a slower faradic current, including the residual
stationary current, related with silver oxidation at the silver anode
and, possibly, silver reduction at the TiN cathode.

The OCP values of the Agx:TiN samples were monitored for a
period of 2h in a synthetic sweat solution in order to simulate
the contact between the biopotential electrode and the sweat-
hydrated skin during in-vivo applications, Fig. 4. The stoichiometric
TiN control sample exhibited the expected noble value (~140 mV),
reflecting its good chemical stability [5]. However, a significant
variability among samples was observed. As for the pure Ag sample,
the obtained OCP values, which were similar using either Ag wire or
the Ag coating, are in-line with the value found in the bibliography,
~40mV, indicating that the potential is ruled by the formation of
a thin Ag/AgCl film through Cl~ adsorption (Ag/AgCl exhibits OCP
values of ~ 40 mV vs. SCE) [30,31].

As for the Agx:TiN samples, a clear difference in the overall
behaviour is perceivable between the low- and medium-low Ag
content samples (0.1 at% - Zone I and 12.1 at% - Zone II) and the
medium-high and high-Ag content ones (20.2 at% - Zone II; 36.3
and 47.5 at% - Zone III). The 0.1 and 12.1 at% Ag samples, despite
being mainly composed by stoichiometric TiN, exhibit OCP values
rather similar to the Ag control sample, in line with the behaviour
observed in the galvanic coupling experiment, Fig. 3. As the Ag con-
tentincreases beyond 12 at%, the OCP values suffer a steep decrease
towards less noble values (-160 mV <OCP <-100 mV). Thereafter,
Ag additions in the 20.2-47.5 at% interval appear to lead to a grad-
ual increase of the OCP. Such departure from the previsions of the
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Fig. 4. OCP evolution of the as-deposited Agy:TiN samples as a function of immer-
sion time. TiN and Ag control films are plotted for comparison.
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simple TiN/Ag galvanic coupling experiment may be related with
chemical changes underwent by the phases, more specifically by
the Ag phase as Ag seems to control the electrochemical potential
of the Agx:TiN system, Fig. 3. A plot of the OCP as a function of the
Ag grain size (related with the Ag content) is reported in Fig. 5.
It seems clear that a correlation can be established between the
Ag grain size and OCP drops. While the 12.1 at% sample revealed
rather large, crystalline Ag grains (~28 nm), the 20.2 at% one exhib-
ited polycrystalline [12] Ag phases (~10nm). As for the Zone III
samples, 36.3 and 47.5 at% Ag, the same behaviour was observed,
although they also possess a polycrystalline TiN matrix (~14 and
~15 nm, respectively) due to the hindered growth promoted by the
Ag solute-drag effect [32].

Thus, it may be hypothesized that the galvanic coupling process
is also taking place for these high-Ag content samples. However,
since Ag is now polycrystalline, hence more reactive [33], its poten-
tial may, in fact, be less noble when compared to that obtained for
the crystalline Ag control sample, shifting the Ag:TiN mixed poten-
tial in the anodic direction. The same OCP/grain size dependence
was observed by Cao et al. [34], who studied two Cu-Ni-Cr alloys
with the same composition but different grain sizes (in the micron
and nanometre regions) in chloride solutions and El-Moneim et al.
[35], who studied the corrosion behaviour of NdFeB nanomagnets.
On the other hand, nanocrystallinity has also been associated with
an increase of corrosion resistance in other cases, when the larger
number of grain boundaries serve as short-circuit channels for ele-
ment diffusion, hence facilitating passivation [36], or because it
generates a more homogeneous elements distribution [37]. In both
cases the corrosion potential was shown to shift to more noble
potentials.

To summarize, the large Ag contents present at the 20.2, 36.3
and 47.5 at% Ag samples, associated with the small Ag grain sizes
evidenced (below the ~20 nm threshold) ultimately lead to more
reactive silver, thus less noble OCP values, while for lower Ag
contents (0.1 and 12.1 at%), the higher Ag grain size present in the
composites leads to an electrochemical behaviour similar to that of
the well crystallized Ag-control sample.

3.2.2. Potentiodynamic analysis

In order to further investigate the electrochemical behaviour of
the Agy:TiN nanocomposites, a set of voltammetric experiments
was performed at a constant sweep rate of 25mV/s, Fig. 6. The
stoichiometric TiN reference sample exhibits the voltammogram
already observed in other works [38], with a stable micrometric
current and no evidence of anodic or cathodic peaks in the scanned
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to evidence the anodic and cathodic peaks of the low-Ag content and TiN con-
trol samples) and (b) Ag control sample voltammogram. The used sweep rate was
25mV/s.

potential range, confirming its passive state. The low-Ag content
samples, namely the 0.1 and 12.1 at% Ag, reveal, sharp and small
anodic current peaks (Fig. 5 (a) inset on the bottom right corner,
a; peak) that can be attributed to the formation of a thin tri-
dimensional AgCl layer [39-42]. No cathodic peaks are perceivable,
but a broad “bump” in the cathodic region can be noticed (Fig. 6
(a) inset on the upper left corner). As the Ag content is increased
from 12.1 to 20.2 at% Ag, the anodic a; peak steeply increases and
the standard potential of the correspondent reaction approaches
that of the control Ag, Fig. 6 b). Two cathodic peaks (c¢; and c3)
are then observed, which might be related with the reduction of
two types of AgCl nuclei: those formed instantaneously and those
formed by progressive nucleation [39]. Although clearly identified
in the cathodic sweep, these two stages of AgCl film growth can-
not be distinguished in the anodic sweep. With further Ag content
increase, the observed anodic current peak smoothly decreases. The
anodic shift of the a; peak potential is related with the Ohmic drop
that takes place through the AgCl film, which increases with the
magnitude of the anodic current (the higher the anodic current the
higher the peak shift). The same trend was reported by Hassan et al.
[42],and itis also observed in the cathodic region, leading to a larger
anodic-cathodic peak separation for higher currents.
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Fig. 7. Anodic peak current as a function of the Ag content.

To better illustrate the effect of silver, the a; current peak was
plotted as a function of the Ag content, Fig. 7. The Ag-related cur-
rent displays a residual value up to 12.1 at% Ag and then an abrupt
increase occurs, from ~0.6 to ~6 mA, when the Ag content increases
from 12.1 to 20.2 at%. Thereafter, a slight decrease of the current
occurs, ~6 to ~4mA, upon further increase of the Ag content. In
order to explain the low oxidation currents displayed by the 12.1
at% Ag, in spite of the presence of large Ag aggregates that populate
the TiN surface and inner structure, Fig. 1, it must be taken into
account that the surface particles were easily removed by lightly
wiping with a cloth, meaning that they had a poor mechanical con-
tact with the underlying TiN matrix. Such lack of adhesion (not
noticed in the silver richer samples) is probably related with the
Ag segregation from the TiN matrix, as already reported by the
authors [12,32]. It is therefore possible that the insulating oxyni-
tride layer that forms on TiN in contact with water or oxygen
[5] prevents an efficient Ag-TiN electric contact, so that most Ag
becomes unavailable to contribute to the voltammetric processes.
The same oxidation phenomenon was observed during the elec-
trodeposition of Ag on titanium, where a poor adhesion of silver to
titanium was obtained if a deep cathodic potential was not applied
in order to avoid titanium oxidation [43].

When passing from 12.1-20.1 at% Ag a strong current increase
is observed that may be ascribed to two factors: (i) the aggregates
in the 20.2 at% Ag sample are now well embedded within the TiN
intercolumnar pores and they should now be better bonded to the
TiN matrix, given their higher reactivity. To note that no Ag came off
as these samples were swept with a soft tissue; (ii) the Ag content
increase is accompanied by a substantial decrease of the Ag grain
size (Fig. 5), thus the Ag electroactive area increased. As for the
highest Ag content samples (36.3 and 47.5 at% Ag), a decrease of the
current values is perceivable, due to areduction of the electroactive
Ag arearelated to the densification already empirically observed by
SEM, Fig. 1.

With the purpose of further clarifying the densification/porosity
evolution of the Agx:TiN samples with increasing Ag contents, a
set of new voltammetric experiments was conducted with increas-
ing sweep rates (from 25mV/s to 5V/s) in a restricted potential
range, in order to avoid the main Ag oxidation peak, Fig. 8. The
stoichiometric TiN control sample exhibits a capacitive double
layer-charging region [5,14] for low sweep rates (until 0.1V/s),
characterized by a quasi-independence of the current on the poten-
tial. However, for higher sweep rates (0.1-5V/s), a strong resistive
component is incorporated, which is a characteristic feature of
porous films (the current vs. potential dependence is related to the

ohmic drop within the pores [44,45]), a fact that was confirmed
by SEM observation, Fig. 1. The opposite behaviour is observed
for the coating with the highest Ag content, 47.5 at%, where the
current is independent of the potential for all sweep rates, exhibit-
ing a purely capacitive behaviour. This behaviour is characteristic
of dense/non-porous materials, once again, in agreement with SEM
observations.

When intermediate quantities of Ag are added (up to 12.1 at%),
the mixed capacitive-resistive TiN-like behaviour does not suf-
fer any perceivable changes, meaning that these coatings are also
rather porous. When passing from 12.1 to 20.2 at% Ag, the typical
resistive component of porous materials is reduced (when com-
paring to the low-Ag samples), although it is still present for the
highest sweep rate, what may be ascribed to some residual porosity.
Consequently, it can be confirmed that a progressive densification
(or porosity reduction) is effectively taking place with increasing
Ag content. Hence, the behaviour of the Agy:TiN nanocomposites
can be divided according to their porosity: 0.1 and 12.1 at% Ag
ones seem to be as porous as the control TiN sample; low poros-
ity composites for higher Ag contents (20.2 and 36.3 at% Ag) and
compact composites for 47.5 at% Ag. These observations are con-
sistent with SEM imaging and the charge evolution for the 20.2 to
36.3 at% Ag films. On the other hand, the porosity-based classifi-
cation fits the zone classification (considering 12.1 to 20.1 at% Ag
increase as a transition zone-Zone II) defined in a previous work
[12], according with the electrical and structural properties of the
Ag:TiN nanocomposites.

Taking into account the structural and morphological analysis
and the electrochemistry results, the authors propose the model
depicted in Fig. 9 to explain the evolution of the electrochemical
behaviour of the Agx:TiN samples, as function of the Ag content.
The TiN control sample and the 0.1 at% Ag display a crystalline TiN
columnar-like structure, with a strong porosity due to TiN colum-
nar disaggregation. For slightly higher Ag contents (12.1 at%) large
Ag aggregates can be identified sitting on the TiN surface, as a
result of Ag segregation [12,32]. Such segregation and the forma-
tion of a superficial titanium oxynitride insulating layer will lead
to a poor TiN-Ag adhesion. The increase of the Ag content to 20.2
at% is accompanied by a substantial decrease of the Ag grain size,
which appears now well embedded in the TiN matrix, particularly
among the TiN columns. There is a conductivity and a densification
increase and the inter-columnar space is filled with Ag aggregates.
The formation of electric conduction percolation paths cannot be
discarded. For higher Ag contents (20.2-36.1 at%) the Ag grain size
remains low, the TiN structure becomes amorphous, (Fig. 2), and
the TiN:Agx composite displays now a compact structure.

3.2.3. Electrochemical Impedance Spectroscopy (EIS) studies

The Bode diagrams for representative Agx:TiN, as well as for
Ag and TiN control films are reported in Fig. 10. The simple
circuit depicted in Fig. 11 proved to accurately simulate the
Agy:TiN/synthetic sweat interface. Norlin [45] used a similar circuit
to simulate the impedance behaviour of porous TiN films. A con-
stant phase element (CPE) was used instead of a capacitor in order
to account for roughness and/or other surface inhomogeneities and
relaxation processes [5,14,46]. The impedance of a CPE was defined
according with Eq. (1):

Zepg = 1/[T(jw)P] (1)

“won

where “T” and “p” are the CPE parameters, while o stands for
the angular frequency [4,14,46]. In the parallel electric circuit the
upper and lower branches stand for the non-Faradic and Faradic
processes, respectively, and Re stands for the electrolyte resis-
tance. In the non-Faradic branch, CPE aims at simulating the series
combination of the double-layer and film capacitive behaviour at
the film/electrolyte interface. The resistance to electronic charge
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illustrates the porosity/densification changes with increasing Ag contents. Stoichiometric TiN control sample voltammogram is provided for comparison.
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Fig. 9. Proposed model for the corrosion behaviour of the Agy:TiN samples. The oxynitride passive layer is present for all Ag compositions and was not depicted for the 47.5
at% Ag sample for clarity purposes.

transfer was not considered, as the OCP of the films lie in the water extending the measurement range to even lower frequencies. In
stability region. In the lower Faradic branch, R, was used to take order to have approximate Rp values for these samples, the CPE
account of the polarization resistance. and R. parameters were first calculated by using the fitting tool.

For the TiN control and 0.1 at% Ag samples the R, values were Then, the calculated parameters and increasing Rp values were
obtained with large errors (but not the other parameters), see manually inserted in the model, starting at ~5 x 10* Q.cm?, until
Table II. More accurate values could eventually be obtained by the calculated curve fitted the experimental values and no further

Table II

Ag:TiN thin films’ EIS fitting parameters.
[Ag]/at% Rp/€2.cm? Re/2.cm? CPEel. (T)/2~'.cm~2.s" CPE el. (P) x>
TiN >3x10° 41.9 7.9x103 0.87 2x 104
0.1 >6x10° 333 8.1x1073 0.88 4x10°%
121 6 x 10* 315 8.2x1073 0.87 3x104
20.2 6.2 x10* 25.2 13x10°3 0.81 3x104
36.3 7.2 x10% 24.6 9.9x 1074 0.87 6x 1074
47.5 5.4 x10* 259 58x 1074 0.93 1x10°3
Ag 5.2 x10% 24.5 6.5x 107 0.93 2x1073
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Fig.10. Bode diagrams ofthe TiN and Ag control samples and representative Agy:TiN
samples from the low- and high-Ag contents.

phase shift/impedance variation was perceived upon R;, increase.
Then, Rp was assumed to be equal or higher than the calculated
value.

The TiN and Ag control samples display the highest and lowest
Rp values respectively, in line with the reactivity of both materi-
als in chloride solutions. The 0.1 at% Ag sample displays a Rp value
that seems close to that of the TiN control sample, but for the 12.1
at% Ag sample R, steeply decreases, adopting a value rather close
to that of silver; for higher silver contents R, seems to suffer lit-
tle changes. This R, drop is related to the silver oxidation reaction
and formation of an AgCl layer that starts at about -0.2 V (SCE) [39].
As for the “T” values of the CPE, they should reflect essentially the
capacitive behaviour of the interface, as p values are close to 0.9.
It is possible to see a gradual decrease of “T” from ~8 x 1073 to
~6x 1074 Q~1.cm~2.s", in line with the observed composite den-
sification with increasing Ag content and the consequent reduction

Fig. 11. Equivalent electric circuit proposed for the simulation of the
Ag,:TiN/synthetic sweat interface.

of the samples area. To note that Norlin et al. [45] and the authors
[5,14] reported pseudo-capacitance values in the same range for
TiN columnar porous films.

3.2.4. Electrical noise measurements

Since the present work aims at studying the suitability of
the sputtered Agx:TiN thin films for bioelectric signal monitoring
purposes, investigating their interfacial noise characteristics is of
crucial importance in order to avoid signal distortion and exten-
sive noise addition to the biopotential [47-50]. One of the sources
of noise when a dry electrode is in contact with the skin comes
from the electrochemical processes involving the electrode/sweat
contact [47,49]. Hence, the monitoring of the electric noise gener-
ated at the thin film’s/electrolyte interface in the frequency region
of interest for the envisaged application (ECG, EEG, etc.) is of
paramount importance. Supposing that a layer of sweat is formed
between the electrode and the skin, the electric noise generated
at the referred interface must be significantly lower than the ECG
(~1mV) or EEG (~50 wV) signal being recorded, in order not to
mask the monitored biopotential. The power spectral density (PSD)
of TiN, 12.1, 20.2 and 36.3 at% Ag couples in synthetic sweat is
depicted in Fig. 12. The noise values for all representative samples
are quite similar, increasing, as expected, for low frequencies (down
to 0.5 Hz-lower limit for most exams). It is known that the noise
increases as the frequency decreases, according to the 1/(freq.) law
below 20-30Hz [48]. Above this frequency range, the noise is sup-
posedly introduced by the amplifier. The 1/(freq.) law is commonly
associated to slow corroding systems [51] and related to adsorp-
tion/desorption or surface coverage processes that take place at
the electrode/electrolyte interface.

However, some small differences can be perceived with increas-
ing Ag contents, especially in the low frequency region (below
about 5 Hz). The low-Ag content sample (~12.1 at%) reveals a noise
curve similar to that of the pure TiN control sample. Then, as the
Ag content increases, the noise slightly decreases. To sum up, the
noise components of both low- and high-Ag content samples are

x 10
6 .
TiN
5.5 1 .................. 121 at% Ag 4
\\ 20.2 at% Ag
~~ — .
E 45 Ag/AgCl commercial electrode |
N
b=
Z2 4
>
= 3.57
o
2 4l
I~ 3
2.5¢
2 .
1.5 : :
0 1
10 10
Frequency/Hz

Fig. 12. Noise power spectral density spectra for TiN control and representative
Agx:TiN samples. Ag/AgCl commercial electrode data is presented for comparison
purposes.
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very similar to those of the commercial Ag/AgCl electrodes, making
them suitable to be used as biopotential electrodes.

4. Conclusions

In the present work, a set of Agx:TiN coatings with Ag contents
ranging from ~0.1 to ~47.5 at% were investigated in order to assess
their suitability to be used as bioelectrodes. For that purpose, a com-
prehensive electrochemical characterization was performed in a
synthetic sweat solution to better simulate the electrode/skin inter-
face for the envisaged application. Grain size reduction occurs with
increasing Ag concentration up to 20.2 at% (a decrease from ~28 to
~10nm is attained). This Ag grain size variation has a marked effect
on the samples’ OCP evolution. For higher grain sizes (TiN control,
0.1 and 12.1 at% Ag samples), the OCP values are very close to that
of the pure Ag (~40 mV), while for the lower ones (20.2, 36.3 and
47.5 at% Ag samples) a steep reduction of the OCP is attained (until
~ -160 mV), which was ascribed to the increased reactivity of the
nanosized Ag phases.

The potentiodynamic experiments revealed the presence of the
typical Ag anodic and cathodic peaks resulting from the reac-
tion with chloride, as well as a continuous densification/porosity
decrease of the samples with increasing Ag concentrations. A steep
current increase (10 fold) occurs when passing from 12.1 to 20.2
at% Ag, which was attributed to an increase of the electroactive
Ag area (Ag area ratio achieves a maximum of 10) due to Ag grain
refinement and an improved Ag-TiN electric contact. The Ry, values
are significantly influenced by the Ag content, since they suffer a
steep decrease (up to two orders of magnitude) when the Ag con-
centration is equal or higher than 12.1 at%, becoming very similar
to that exhibited by the Ag control sample. For lower Ag contents,
the samples exhibit TiN-like R, values. The electrochemical noise
of Agx:TiN composites is similar to that of the commercial Ag/AgCl
electrodes.

Finally, to summarize, it is possible to say that the obtained
Agy:TiN samples exhibit good chemical stability and low interfacial
noise when immersed in the synthetic sweat solution, thus making
them potential candidates to be used as bioelectrodes. However, sil-
ver concentration should be above about 20% at.%, in order to avoid
the segregation of silver, with the formation of loosely attached
silver.
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CHAPTER 4

THE UNDER-STOICHIOMETRIC Ag,:TilNy SYSTEM

>

“...the reduction of the [N]/[Ti] atomic ratio effectively acts as a segregation inhibitor.’

* This chapter is based on the following publications:

P. Pedrosa, D. Machado, J. Borges, M.S. Rodrigues, E. Alves, N.P. Barradas, N. Martin, M. Evaristo, A.
Cavaleiro, C. Fonseca, F. Vaz, “Ag,:TiN; thin films for dry biopotential electrodes: the effect of composition and
structural changes on the electrical and mechanical behaviours”, Applied Physics A: Materials Science and
Processing, in press, accepted manuscript, DOI: 10.1007/s00339-014-8943-9.

P. Pedrosa, D. Machado, E. Alves, N.P. Barradas, F. Vaz, C. Fonseca, “Electrochemical and structural
characterization of nanocomposite Ag,: TiN, thin films for dry biopotential electrodes: the effect of the N/Ti ratio
and Ag content”, Electrochimica Acta 153 (2015) 602—611.
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From the previous chapter, Chapter 3, it was possible to conclude about the effectiveness
of Ag to tailor most of the properties of the Ag,:TiN system. The sputtered coatings could be
consistently divided into three composition zones, according to the exhibited sets of
characteristics, ranging from nitride-like to metallic-like behaviour. With increasing Ag
contents, increased densification and conductivity, as well as increasingly polycrystalline
films were attained.

Therefore, as expected, the electrochemical behaviour of the Ag,:TiN coatings was also
effectively tailored, due to the morphological and structural changes promoted by increasing
Ag additions. The films with higher Ag contents displayed higher Ag electroactive areas, but
also much less noble OCP values. It was concluded that the electrochemical properties of the
Ag,:TiN coatings were strongly dependent on the Ag segregation phenomenon extensively
patent in the samples sputtered with Ag contents lower than 20 at.%. The as-deposited films
with Ag contents above 20 at.% did not show significant signs of Ag segregation, but only
two months after the depositions took place, the surface of the referred samples was covered
with nanosized Ag particles.

Consequently, due to the exhibited poor morphological, structural and electrochemical
stability of the Ag,:TiN system (which may translate into an unstable electrode/skin interface
during the biosignal monitoring procedure), it was found necessary to investigate the effects
of the TiNy matrix stoichiometry as a silver segregation inhibitor. Hence, a new set of
Ag,:TiN, coatings was sputtered with decreasing N/Ti atomic ratios (towards under-
stoichiometric TiNy conditions), opening the possibility for the Ag atoms to form TicAg
intermetallics, thus inhibiting its segregation. The following chapter reports on the properties
and electrochemical behaviour of the Ag,:TiN; thin film system.

The main conclusion from this chapter regards the apparent depletion of the extensive Ag

segregation phenomenon (see cover figure) observed in the previous chapter, through the

85



CHAPTER 4 — THE UNDER-STOICHIOMETRIC Ag,:TiNy SYSTEM

possible formation of TixAg intermetallics, since the Ti,Ag, TiAg and Ag planes could not be

clearly differentiated, Fig. 4.1.
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Figure 4.1. XRD diffractograms of representative samples of the Ag,:TiN, system.

The under-stoichiometric Ag,:TiNy thin films with N/Ti atomic ratios of 0.3 (15 at.% Ag)
and 0.7 (32 at.% Ag) were found the most appropriate for bioelectrode application, since

lower impedance, noise and potential drift rate values (similar to the wet Ag/AgCl electrodes)

were attained.
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Abstract In the present work, Ag,:TiN, thin films,
obtained by reactive DC magnetron sputtering, with
decreasing [N]/[Ti] atomic ratios (from 1 to 0.1) and a
fixed amount of Ag pellets placed in the erosion zone of a
pure Ti target, were studied envisaging their application as
biopotential electrodes. The strongly under-stoichiometric
samples, [N]/[Ti] = 0.1 and 10 at.% Ag; [N]/[Ti] = 0.2
and 8 at.% Ag, were found to be composed of a N-doped
hcp-Ti structure, with possible formation of TiAg or Ti,Ag
intermetallics. These samples exhibit high electrical resis-
tivity values and low hardness and reduced modulus. In the
set of samples indexed to a transition zone, [N]/[Ti] = 0.3
and 15 at.% Ag; [N]/[Ti] = 0.7 and 32 at.% Ag, a hcp-Ti
to fcc-TiN phase transformation took place, giving rise to a
disaggregated N-deficient TiN matrix. It correlates with the
high resistivity values as well as the higher hardness and
reduced modulus values that were obtained. The last
identified zone comprised the stoichiometric Ag:TiN,
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sample—[N]/[Ti] = 1 and 20 at.% Ag. Extensive metallic
Ag segregation was detected, contributing to a significant
decrease of the resistivity and hardness values.

1 Introduction

Silver/silver chloride (Ag/AgCl) wet electrodes are being
used for the past decades for biosignal monitoring of the
human body. Techniques such as electroencephalography
(EEG), electrocardiography (ECG) and electromyography
(EEG) rely heavily on the use of such biopotential elec-
trodes. They are non-polarizable, reliable and display low
and almost frequency-independent electrode/skin contact
impedances (few tens of kQ sz) [1, 2], thus being widely
considered as the gold standard for conventional biopo-
tential acquisition setups [1-3]. However, a new class of
devices, the so-called dry electrodes, is being extensively

E. Alves

Instituto de Plasmas e Fusdo Nuclear, Instituto Superior Técnico,
Universidade de Lisboa, Av. Rovisco Pais, 1049-001 Lisbon,
Portugal

N. P. Barradas

Centro de Ciéncias e Tecnologias Nucleares, Instituto Superior
Técnico, Universidade de Lisboa, ENN. 10 (km 139,7),
2695-066 Bobadela LRS, Portugal

N. Martin
Institut FEMTO-ST, UMR 6174, CNRS, ENSMM, UTBM,

Université de Franche-Comté, 15B, Avenue des Montboucons,
25030 Besangon Cedex, France

@ Springer

87



P. Pedrosa et al.

investigated. These electrodes do not require any previous
skin preparation procedure or application of a conductive
gel, thus reducing many of the Ag/AgCl electrodes asso-
ciated drawbacks that are widely found in the literature
such as time-consuming skin preparation and gel applica-
tion in order to achieve low electrode/skin impedances that
require trained staff. Other gel-related disadvantages such
as allergic reactions to the gel paste [2] and the risk of
short-circuiting adjacent electrodes due to gel running are
of particular importance. Furthermore, the commercial Ag/
AgCl electrodes also exhibit susceptibility to motion arte-
facts, as well as the inability to be used in long-term
ambulatory biopotential monitoring [1, 2] due to gel dry-
ing. Consequently, eliminating the need for the applica-
tion of the conductive gel through the use of dry electrodes,
while still attaining a stable, comfortable and low imped-
ance electrode/skin contact is of the utmost interest.

In previous works, the authors studied the viability of a
dry electrode based on a titanium nitride-coated titanium [4]
and polycarbonate [5] discs. Despite the exhibited low
electrical noise levels and excellent chemical resistance to
sweat, a correct and comfortable electrode/skin contact was
not achieved, due to the intrinsic stiffness and planar shape
of both the titanium and polycarbonate substrates. These
drawbacks were also reported in other works [6, 7], where
an increased difficulty for the dry electrode to conform to the
human skin was found. Hence, the use of flexible polymer
substrates would fill in this gap, since they should be able to
surpass the problems stated above. Several authors have
recently focused on the development of various designs and
coatings for flexible dry biopotential electrodes [8—14]. The
authors, in turn, studied the viability of stoichiometric tita-
nium nitride thin films with different silver contents (Ag,:-
TiN) to be used as bioelectrodes [15-18]. The Ag:TiN
system was chosen since it should be able to combine the
properties of both their constituents. TiN is biocompatible
[19], electrically conductive [15], offers excellent corrosion/
oxidation resistance [20] and chemical stability in most
media, as well as outstanding mechanical and tribological
properties [21, 22]. Silver is an excellent biosensor material
[23] and should promote improved mechanical properties to
the composite [24]. It is also a soft material, thus also
offering the possibility to tailor the mechanical properties of
the TiN system, since its brittle character should be a major
drawback when sputtered onto flexible polymeric substrates.

However, the stoichiometric Ag.TiN system is not
structurally and morphologically stable, since extensive Ag
segregation was already reported by the authors [15, 16,
18], as well as others [21, 22, 25-28]. This occurrence may
translate into an unstable electrode/skin interface during
the biosignal monitoring procedure. Hence, in order to
overcome the Ag segregation phenomenon, the purpose of
the present work was to study the effect of the [N]/[Ti]
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atomic ratio decrease towards under-stoichiometric condi-
tions of the Ag:TiN, system on the structural, morpho-
logical, electrical and mechanical properties of the films.
When [N]/[Ti] <1, the TiN matrix should become
N-deficient, opening the possibility for the Ag atoms to
form TiAg or Ti,Ag intermetallics [29], inhibiting its
segregation.

2 Experimental details
2.1 Thin film production

Glass (ISO 8037) and (100) silicon substrates were used to
deposit Ag,:TiN, coatings by reactive DC magnetron
sputtering, in a custom-made laboratory-sized deposition
system. All substrates were sonicated and cleaned with
ethanol (96 vol%) before each deposition and then sub-
jected to an in situ etching process, using pure Ar with a
partial pressure of 0.3 Pa and a pulsed current of 0.5 A
(Ton = 1,536 ns and f = 200 kHz) for 1,200 s. The thin
films were prepared with the grounded substrate holder
positioned at 70 mm from the magnetron. A DC current
density of 100 A m~> was applied to the titanium target
(99.96 at.% purity/200 x 100 x 6 mm), containing silver
pellets (80 x 80 and 1 mm thick) on its surface distributed
symmetrically along the erosion area. The total surface
area of the silver pellets (~320 mmz) was preserved
throughout all depositions. A mixed gas atmosphere com-
posed of Ar + N, was used to generate the plasma. The
argon flow was kept constant at 60 sccm for all depositions
(partial pressure of 3.0 x 10" Pa), while the flow rate of
nitrogen varied between 5 and 1 sccm (corresponding to a
variation of the nitrogen partial pressure between
3.4 x 1072 and 1.8 x 1072 Pa [5]. The working pressure
was varied only slightly between 3.5 x 107! and
3.8 x 107" Pa. The deposition temperature was kept
approximately constant at 100 °C during the growth of the
films. A thermocouple was placed near the surface of the
substrate holder on the plasma side (not in direct contact,
since all depositions were done in rotation mode), and the
temperature was monitored during the entire deposition
time. A delay time of 5 min was used prior to positioning
the sample surface in front of the Ti/Ag target. This pro-
cedure avoids contamination of the coating resulting from
previous depositions, which may have resulted in some
target poisoning, as well as to ensure an almost constant
deposition temperature during the growth of the films. All
depositions were performed for 3,600 s.

The present Ag,:TiN, system was characterized and
optimized on traditional substrates (glass and silicon) to
facilitate their characterization. The coatings will also be
later sputter deposited onto well-known flexible polymeric
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substrates (polyurethane). Hence, the deposition conditions
were chosen in order to be minimally aggressive (no bias
voltage and low deposition temperatures were used) in
order to avoid future polymeric substrate degradation.

2.2 Thin film characterization

The atomic composition of the as-deposited samples was
measured by Rutherford backscattering spectrometry (RBS)
with beams 'H at 1.4 and 2.3 MeV and with “He at 1.4 and
2 MeV. Three detectors were used: one located at a scat-
tering angle of 140° and two pin diode detectors located
symmetrically to each other, both at 165°. Two sample tilt
angles, 0° and 30°, were used for the measurements. The
composition profiles of the as-deposited samples were
obtained using the NDF software [30]. For the N, 1°0 and
88 data, the cross sections given by Gurbich were used
[31]. The analysed area was 0.5 x 0.5 mm®. The uncer-
tainty of the N concentrations is around 5 at.%.

The structure and phase distributions of the coatings
were assessed by X-ray diffraction (XRD), using a Bruker
AXS Discover D8 diffractometer, operating with Cu K,
radiation and in a Bragg—Brentano configuration. The XRD
patterns were deconvoluted and fitted with a Pearson VII
function to determine the structural characteristics of the
films, such as the peak position (20), the full width at half
maximum (FWHM) and the crystallite size. Morphological
features of the samples were probed by scanning electron
microscopy (SEM), carried out in a FEI Quanta 400FEG
ESEM microscope operating at 15 keV.

The resistivity measurements were taken using the four-
probe van der Pauw method [32]. Single-cycle loading
nanoindentation tests were carried out with a Micro
Materials NanoTest system with a 3-mN load (indentation
depths were always below 10 % of the thickness of the
films) using a Berkovich diamond indenter. A matrix of
5 x 5 indentations was used. The reduced modulus was
calculated using the Oliver—Pharr method [33].

3 Results and discussion

3.1 Target potential, deposition rate and composition
of the sputtered Ag,:TiN, films

In order to better understand the characteristics of the
Ag,:TiN, thin films, the main deposition parameters (target
potential evolution and deposition rate during the growth of
the films) were firstly analysed. Figure 1 shows the evo-
lution of these two parameters as a function of the N, flow
rate. It is worth to note that the target potential and the
deposition rate display inverse behaviours with increasing
N, flow rates [4, 34, 35]. Regarding the target potential, it
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Fig. 1 Target potential and deposition rate as a function of the N,
flow rate used to sputter the Ag,:TiN, samples

can be identified an almost constant increase with
increasing N, flow rates, exhibiting a variation between
345 and 378 V. For the highest flow rates, 4 and 5 sccm,
the target potential appears to stabilize. On the other hand,
the deposition rate exhibits an almost linear decrease from
1.6 to 1.2 um h™'. These two types of behaviour can be
possibly explained by the poisoning phenomenon of the Ti
fraction of the Ti/Ag target, caused by the increase of the
N, flow rate [15, 36, 37]. As claimed by Spencer et al. [38],
for a particular metal, the deposition rate significantly
decreases by increasing the reactive gas partial pressure
due to the progressive metal target poisoning. As the
amount of N, increases, the higher is the Ti/Ag target
contamination, through the formation of a thin TiN film on
the surface of the Ti fraction of the target. Note that the
formation of AgN is highly unlikely, so the Ag fraction of
the target should remain in its metallic mode [37].

Depla et al. [39-41] studied the effect of several
parameters on the ion-induced secondary electron emission
(ISEE) coefficient, namely the target material dependency
on the discharge voltage. It is well known, based on the
Thornton relation, that the discharge voltage is inversely
proportional to the ISEE coefficient of the target material
[42]. Since the poisoning phenomenon of the Ti fraction of
the target should increase with increasing N, flow rate, the
target surface should shift from a metallic-like condition
(mainly composed of Ti—ISEE of 0.114) towards a
nitride-like one (TiN layer—ISEE of 0.049 [43—46]). As a
result, the target potential exhibits the expected behaviour,
since a strong decrease of the ISEE coefficient takes place
with increasing N, flow rates, due to the poisoning of the Ti
fraction of the target, thus increasing the discharge voltage
values (from 345 to 378 V).

As a consequence of the poisoning phenomena, the
deposition rate shows a steep decrease. For low N, flow
rates (and N, partial pressures of 1.8 x 1072 Pa), the target
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surface is mostly metallic, meaning that the Ar-promoted
sputtering rate should remain high. In addition, the ISEE
coefficient of the target is also high (0.114), since it is still
in its metallic condition. The low N, partial pressure inside
the sputtering chamber should translate into a relatively
high sputtering yield of the target [47], giving rise to high
deposition rates (1.5-1.6 um h™"). Increasing the N, flow
rate, the sputtering yield of the target [47] is significantly
decreased due to increased nitrogen coverage of the target
surface, a factor that contributes to the observed low
deposition rates (1.2-1.4 pm hfl).

Following the evolution of the deposition characteris-
tics, which will have an effect on the subsequent properties
of the films, the chemical composition of the sputtered
Ag,:TiN, coatings was studied. Figure 2 shows the results
of the [NJ/[Ti] atomic ratio and Ag incorporation as a
function of the N, flow, obtained from the analysis of the
RBS spectra of the produced films. By firstly analysing the
evolution of the [N]/[Ti] atomic ratio as a function of the
N, flow rate, it is important to note a gradual increase of
the values from 0.1 to 1 (stoichiometric condition), due to
increased nitrogen incorporation. Note that this increase is
steeper for the higher N, flow rates, 4 and 5 sccm. In fact,
this behaviour was expected and justifiable due to the
higher amount of nitrogen molecules introduced into the
reactor during the deposition process, as a result of the
increase of the N, flow rate. Consequently, regarding the
[NJ/[Ti] atomic ratio values, the Ag,:TiN, samples sput-
tered with 1-3 sccm (presenting ratios of 0.1, 0.2 and 0.3)
can be considered as highly under-stoichiometric samples,
while the films sputtered with 4 and 5 sccm ([N]/[Ti]
atomic ratios of 0.7 and 1) can be classified as close-stoi-
chiometric and stoichiometric samples, respectively.

Regarding the silver content, it is interesting to notice a
large increase of the Ag concentration when the N, flow
changes from 1 to 4 sccm, varying from 10 to 32 at.% of
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Fig. 2 Evolution of the [N]/[Ti] atomic ratio and Ag concentration
with increasing N, flow rates
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Ag. Then, a decrease until 20 at.% Ag is observed when
the stoichiometric condition is achieved (5 sccm).
Regarding the observed steep increase in the Ag incorpo-
ration when the N, flow rate is increased up to 4 sccm
(from 8-10 to 32 at.% Ag), it should probably be due to the
already referred increased number of nitrogen species in
the reactor that contribute to the sputtering of the target,
caused by the increase of the N, flow rate. Indeed, since the
Ag sputtering yield is almost seven times higher than that
of Ti (2.5 and 0.35, respectively [48]), the greater amount
of species (argon and nitrogen) contributing to the sput-
tering of the target should, as observed, sputter more Ag
atoms from the target that will be incorporated in the
growing film, when compared to Ti. In addition, since the
target should become gradually poisoned as the N, flow
rate increases, the sputtering of the Ti fraction of the target
should be even more hindered. When stoichiometry is
attained at a flow of 5 sccm, the elevated number of species
in the reactor should translate into a saturation of the sys-
tem, meaning that the Ti fraction of the target should be
completely covered by a compound layer (TiN), as dis-
cussed before. This saturation may lead to an increasing
poisoning of the Ag pellets in the Ti/Ag target by extensive
TiN coverage, thus reducing its sputtering yield, which
would explain the decrease of the Ag concentration from
32 to 20 at.% when the nitrogen flow rate increases from 4
to 5 sccm.

3.2 Structural and morphological characterization

In order to better understand the influence of the deposition
parameters and composition evolution, related to the N,
flow rate increase, on the structure and morphology of the
produced coatings, an extensive structural and morpho-
logical evaluation was performed.

From the XRD patterns, Fig. 3, it is possible to observe
that the deposited samples reveal a consistent structural
evolution, as the [N]/[Ti] atomic ratio increases. For the
samples obtained with low [N]/[Ti] atomic ratios—O0.1 and
0.2—the XRD patterns correspond to a N-doped Ti matrix
[49]. Due to these low [N]/[Ti] atomic ratios and mobility
constraints, an increased difficulty to form any type of
nitride phase is expected. Consequently, the few available
nitrogen atoms are most probably incorporated into the Ti
structure, leading to an increase of the lattice parameter, as
evidenced by the small shift of the hcp-Ti (002) peak
towards lower diffraction angles. In addition, the SEM
analysis (Fig. 4) seems to be consistent with this claim,
since a rather dense and granular Ti-like morphology [29]
is evident in these samples (Figs. 4a, b, respectively),
mainly because of the relatively low grain sizes involved—
11 to 12 nm. No metallic Ag phases or aggregates were
detected by XRD and SEM analyses of these 0.1 and 0.2
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Fig. 3 Structural evolution of the as-deposited Ag,:TiN, samples.
The XRD diffractograms are presented with different y-axis scales in
order to allow a better understanding of the diffraction peaks

[N]/[Ti] atomic ratio samples. Thus, amorphous TiAg or
Ti,Ag intermetallics by Ag atomic dissolution may prob-
ably be produced, leading to a single-phase substitutional
solid solution. For intermediate [N]/[Ti] atomic ratios—0.3
and 0.7—the XRD patterns seem to indicate some kind of
transition zone, since small traces of N-deficient TiN
appear in the [N]/[Ti] atomic ratio = 0.3 and 15 at.% Ag
sample, as confirmed by the shifted fcc-TiN peaks (ICSD
card #184916) at 37.5 and 43.5° (Fig. 3).

The higher nitrogen incorporation gave also rise to the
formation of long cracks (observed throughout the surface
of the sample), as evidenced by the SEM micrograph
(Fig. 4c). This may be indicative of a strong increment of
the internal stresses of the samples, due to the observed
phase transformation of o-Ti into 6-TiN. No changes on the
grain size were detected, with the values remaining around
11 nm for this sample. Once more, no Ag phases were
detected according to the XRD analysis. When the [N]/[Ti]
atomic ratio and Ag concentration increase from 0.3 to 0.7,
and 15 to 32 at.%, respectively, the films become less
N-deficient. Due to this steeply approach towards the
stoichiometric condition of TiN, a fcc-TiN matrix grows,
as demonstrated by the position and shape of the diffraction
peak at ~37°. The later considerably changes in compar-
ison with the diffraction patterns of the sample with [N]/
[Ti] atomic ratio = 0.3. The fcc-TiN (111) peak is now
shifted towards higher diffraction angles (indication of
high tensile stresses, hence the observed cracks), meaning
that there are still N vacancies in the cubic lattice, as in fact
anticipated by its under-stoichiometric condition ([N]/[Ti]
atomic ratio of 0.7). Nevertheless, and contrarily to what
was observed in the previous samples, a single Ag phase is
now noticeable, as it can be evidenced by the pronounced
“tail” of the TiN (111) peak at about 38° and the higher Ag

content exhibited by this sample (Fig. 3). However, the
low-intensity signal of the diffraction pattern did not allow
a reliable quantification of the Ag-related grain size. Fur-
thermore, due to the relatively high amount of Ag in this
sample, as well as the difficult indexation of the Ag-related
peaks (Ag, TiAg and Ti,Ag peaks occur at approximately
the same diffraction angle—ICSD cards #181730, #605934
and #605935), one can never fully discard the possible
formation of TiAg and Ti,Ag intermetallics, or even a
mixture of both. As it can be perceivable from the
increased definition of the [N]/[Ti] atomic ratio = 0.7
(32 at.% Ag) sample fcc-TiN (111) peak when comparing
with the [N]/[Ti] atomic ratio = 0.3 (15 at.% Ag) sample,
the grain size suffered a twofold increase, from 11 to
21 nm.

Once more, the morphological characterization is con-
sistent with these findings, since it is now evident the
formation of the typical disaggregated pyramid-like TiN
columns in the sample with [N]/[Ti] atomic ratio = 0.7
(32 at.% Ag), Fig. 4d,). In addition, regarding this sample,
the Ag nanograins are not uniformly distributed across the
under-stoichiometric TiN matrix (Fig. 4d,). Instead, Ag
seems to be more concentrated near the substrate. Since in
this under-stoichiometric [N]/[Ti] atomic ratio = 0.7
(32 at.% Ag) sample, the TiN matrix is somewhat denser
than that of the stoichiometric one (which displays exten-
sive column disaggregation and porosity), it may probably
act as a silver diffusion barrier [27]. The denser under-
stoichiometric matrix should prevent the Ag atoms to dif-
fuse to the surface and aggregate, in opposition to what is
visible in the stoichiometric (porous) one, where Ag may
be using the intercolumnar spacing to diffuse towards the
surface, forming large Ag clusters. This phenomenon was
already observed by the authors in a previous work [18].

Finally, the film with [N]/[Ti] atomic ratio = 1 and
20 at.% Ag is formed by a stoichiometric matrix, with Ag
now in its metallic form (Ag aggregates, Fig. 4e), instead
of forming TiAg or Ti,Ag intermetallics. This result is
supported by the fact that the fcc-TiN (111) peak is no
longer shifted towards higher diffraction angles. Moreover,
two new Ag-related peaks (ICSD card #181730) around
38° (fcc-Ag (111)) and 78° (fcc-Ag (311)) are now clearly
visible, thus supporting the occurrence of metallic Ag in
this sample. Since coherent Ag diffracted peaks are now
present, it was possible to calculate the Ag grain size,
which was about 10 nm. A further definition increase of the
fcc-TiN (111) peak is also observable; hence, the related
grain size also exhibited a steep increase, from 21 to
38 nm, a value that is very close to that of pure stoichi-
ometric TiN [16]. This is, again, consistent with SEM
observations, where it is possible to see the typical TiN-
like pyramidal columns with metallic Ag aggregates
among and on the top of them (Fig. 4e_,).
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[NJ/[Ti] = 0.1; 10 at.% Ag

Fig. 4 Morphological features of the sputtered Ag,:TiN, samples

To summarize, the samples obtained with low [N]/[Ti]
atomic ratios (0.1, 0.2 and 0.3) exhibit a nitrogen-doped Ti
matrix with small grain sizes (~11-12 nm), since the
nitrogen contents seem to be too low to form a stable TiN
matrix and no metallic Ag phases were found in XRD and
SEM analyses (Figs. 3, 4). Since more nitrogen is inserted
in the Ti interstitial spaces (with the consequent increase of
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[NJ/[Ti] = 0.2; 8 at.% Ag

[N)/[Ti] = 0.3; 15 at.% Ag
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layer

the [N]/[Ti] atomic ratio), a N-deficient TiN matrix appears
to be formed in the [N]/[Ti] atomic ratio = 0.7 and 32 at.%
Ag sample, with some Ag phases that may start to develop.
The sample obtained with the highest [N]/[Ti] atomic ratio,
[NJ/[Ti] = 1 and 20 at.% Ag, possesses a stoichiometric
TiN matrix, with Ag in its metallic state forming rather
large clusters on top and among the TiN columns.
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3.3 Electrical and mechanical properties

The observed structural and morphological changes will
have a major effect in the electrical and mechanical
behaviour of the Ag,:TiN, samples. As already referred,
the sputtered coatings have been optimized and charac-
terized, so that they can be later sputtered onto flexible
polymeric substrates (polyurethane), which will be used for
bioelectrode applications (EEG). Hence, low resistivity and
high elasticity are desirable parameters, since the coatings
should be able to deal with low-amplitude signals [16], as
well as complying with the in-service substrate deforma-
tion when the bioelectrodes are placed in the human body.

The electrical resistivity of metallic systems strongly
depends on their electronic structure, as well as on the
mobility of the charge carriers [50]. Disorders in the
crystalline structure of the metals such as impurities, grain
boundaries and vacancies [51] work as scattering centres
for charge carriers, thus increasing the resistivity of metals.
The effect of these parameters on the resistivity of thin
films can be expressed by Matthiessen’s rule [52]:

p =Pyt Pt Pt pit opy (1)

where p,,, p. pp p; and p, stand for the resistivity caused
by scattering from phonons, impurities, defects, grain
boundaries and the surface scattering, respectively. Fig-
ure 5 depicts the resistivity evolution of the coatings with
increasing [N]/[Ti] atomic ratio. It is worth to note a sig-
nificant effect of both parameters on the resistivity
behaviour, since they lead to the structural and morpho-
logical changes as previously observed. The samples
obtained with low [N]/[Ti] atomic ratios (up to 0.3) consist
mainly of a nitrogen-doped hcp-Ti structure, as already
observed in Sect. 3.2. Thus, the exhibited electrical resis-
tivity values (in the range of 2.2-2.5 x 107® Q m) indicate
that nitrogen may act as impurities and charge carrier
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Fig. 5 Resistivity behaviour of the sputtered Ag,:TiN, samples. The
error associated with all measurements was always below 1 %, and
the attachment of the contacts was checked prior to every measure-
ment (the I/V correlation was always very close to 1)

scattering centres. Moreover, besides the impurities effect,
grain boundary scattering should also play a major role in
the observed resistivity values, since the simulated grain
size is very low (not exceeding 12 nm). Hence, more grain
boundaries are available in these strongly under-stoichi-
ometric samples, which also contribute to the observed
higher values [53]. It is important to note that the typical
resistivity value of a pure hcp-Ti structure is approximately
4 x 1077 Q m [29], thus illustrating the significant effect
of small impurity incorporation in the present system. The
small resistivity increase observed for the [N]/[Ti] atomic
ratio = 0.3 and 15 at.% Ag sample can be justified by the
formation of long intergranular cracks (Fig. 4c), which
may act as a barrier for electronic transfer, thus decreasing
the charge carrier mobility.

As for the close-stoichiometric Ag,:TiN, sample, [N]/
[Ti] atomic ratio = 0.7 and 32 at.% Ag, a N-deficient TiN
phase is perceivable (Fig. 3), due to the hcp-Ti to fcc-TiN
phase transformation undergone by this sample with
increasing nitrogen incorporation. This may indicate that
nitrogen should no longer be acting as an impurity and a
steep drop of the resistivity values should, a priori, be
expected. In addition, the Ag concentration also suffers a
strong increase and so does the grain size of the samples
(increases from 11 to 21 nm). However, the resistivity drop
is not as sharp as expected (decreases until approximately
2 x 107° Q m), since the hep-Ti to fce-TiN phase trans-
formation gives rise to a somewhat disaggregated and
porous pyramid-like morphology (see Fig. 4d,), typical for
slightly under-stoichiometric TiN coatings.

When stoichiometric TiN is attained, [N]/[Ti] atomic
ratio = 1 and 20 at.% Ag sample, major structural and
morphological changes were detected, giving rise to a
decrease of the resistivity values until 7 x 1077 Q m.
Firstly, a coherent metallic Ag phase is now present as
evidenced by the fcc-Ag (111) peak, Fig. 3. This fact,
associated with the high porosity and columnar disaggre-
gation present in these samples, gives rise to a strong Ag
segregation phenomenon, with Ag particles extensively
present at the surface of the coatings and also among the
TiN columns (Fig. 4e;_,). In fact, as already observed by
the authors, these Ag particles should form highly con-
ductive electronic paths between the TiN columns [15, 16],
since it is known that Ag predominantly precipitates in the
faces of the fcc-TiN cubic lattice [22]. Furthermore, the
TiN matrix crystallinity is significantly enhanced (grain
size increases from 21 to 38 nm).

The hardness and reduced modulus (E,) versus [N]/[Ti]
atomic ratio of the sputtered Ag,:TiN, samples are shown
in Fig. 6. They exhibit an almost linear increase (from 6 to
12 GPa and 156 to 200 GPa, respectively) until the close-
stoichiometry is reached, [N]/[Ti] atomic ratio = 0.7 and
32 at.% Ag sample. Then, for the stoichiometric coating,
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Fig. 6 Evolution of the hardness and Young’s modulus versus [N]/
[Ti] atomic ratio of the as-deposited Ag,:TiN, samples

[N]/[Ti] atomic ratio = 1 and 20 at.% Ag, the hardness
value steeply decreases (from 12 to 7 GPa), while the
reduced modulus remains approximately constant at about
200 GPa. Note that these values are somewhat lower than
those exhibited by pure TiN [21, 34], since the coatings
were prepared at low temperatures (100 °C) and without
substrate bias. In addition, it may be an indication that Ag
is promoting the desired lower hardness/modulus values.
For the highly under-stoichiometric samples, [N]/[Ti]
atomic ratio = 0.1, 0.2 and 0.3, the increase of both
hardness and reduced modulus values can be attributed to
the progressive hep-Ti to fce-TiN phase transformation that
occurs due to the continuous insertion of nitrogen in the Ti
lattice interstices. This continuous nitrogen enrichment
should give rise to strong internal stresses [34, 50], since
higher Ti lattice parameters are expected, as it can be
confirmed by the hcp-Ti (002) peak shift towards lower
diffraction angles (Fig. 3).

For the close-stoichiometric Ag,:TiN, sample, [N]/[Ti]
atomic ratio = 0.7 and 32 at.% Ag, the maximum hardness
and reduced modulus are attained. As it was referred in the
XRD analysis, the hcp-Ti to fce-TiN phase transformation
appears to be completed, since a stable yet slightly
N-deficient TiN phase is formed (Fig. 3). Furthermore,
some porosity and column disaggregation are evident
(Fig. 4d,), meaning that an internal stress relaxation pro-
cess took place, which, in turn, should translate into a
hardness and modulus decrease. However, as already
referred, this sample possesses a defective TiN matrix
(nitrogen vacancies), which may contribute to the increase
of the hardness and reduced modulus values.

Finally, the stoichiometric Ag,:TiN, sample—[N]/[Ti]
atomic ratio =1 and 20 at.% Ag—exhibits a rather
inconsistent behaviour regarding the hardness and reduced
modulus evolution. Comparing with the [N]/[Ti] atomic
ratio = 0.7 and 32 at.% Ag sample, the reduced modulus
value remains constant at 200 GPa, while the hardness
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value suffers a decrease from 12 to 7 GPa. This variation
can be due to the Ag segregation phenomenon that exten-
sively occurs in this sample (Fig. 4e;_,), with metallic Ag
particles and clusters among and on the top of the TiN
columns. Hence, the formation of Ag particles promotes
the decrease of the hardness values.

4 Conclusions

The present study addresses the deposition and charac-
terization of a series of Ag,:TiN, thin films produced
with nitrogen flow rates varying between 1 and 5 sccm,
in order to optimize the sputtering conditions and con-
sequent properties so that they can be successfully
sputtered onto flexible polymeric substrates. The main
objective is to avoid the Ag segregation phenomenon
that occurs for stoichiometric Ag,:TiN, conditions, thus
ensuring the stability of the coatings during in-service
applications.

A first zone of samples with [N]/[Ti] atomic ratios of 0.1
and 0.2 (and correspondent Ag contents of 10 and 8 at.%,
respectively), was characterized by low target potentials
and high deposition rates, giving rise to a dense and
granular hep-Ti structure with N atoms incorporated in the
interstices of the structure, acting as impurities. In this
zone, the samples exhibit higher resistivity values
(22 x 107° Q m), while both hardness and reduced
modulus remain low (6—7 and 158-156 GPa, respectively).
Regarding the second (transition) zone, which comprises
the samples with [N]/[Ti] atomic ratios of 0.3 (15 at.% Ag)
and 0.7 (32 at.% Ag), a decrease of the deposition rate and
an increase of the target potential occur. An increased
porosity is also noticed for these samples. At this stage, the
higher hardness (12 GPa) and reduced modulus (200 GPa)
values are attained. In addition, a general decrease of the
electrical resistivity is observed. The last zone refers to
the stoichiometric Ag,:TiN, sample—[N]/[Ti] atomic
ratio = 1 and 20 at.% Ag—characterized by high target
potential and the lowest deposition rate. A complete dis-
aggregation of the TiN typical columnar structures and the
formation of large Ag clusters are observed. Due to the
exhibited changes, both the electrical resistivity
(7 x 1077 Q m) and hardness (7 GPa) values suffer an
abrupt decrease. It is important to note that extensive Ag
segregation is only extensively present in the stoichiome-
tric Ag,:TiN, sample. Hence, the reduction of the [N]/[Ti]
atomic ratio effectively acts as a segregation inhibitor.
Thus, it is possible to state that the samples with [N]/[Ti]
atomic ratios of 0.3 (15 at.% Ag) and 0.7 (32 at.% Ag)
seem to be electrically and mechanically more suitable to
be used for bioelectrode applications.
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ABSTRACT

Ag,:TiN, nanocomposite thin films sputtered with different N/Ti atomic ratios and Ag atomic contents
were characterized from the structural and morphological points of view. Their electrochemical
behaviour was studied in a synthetic sweat solution, aiming at selecting a suitable material for
biolectrode applications. An increase of the N/Ti atomic ratio, which is accompanied by an increase of the
Ag atomic content, leads to a substantial increase of the roughness and porosity of the samples, especially
for N/Ti ratios >0.2. For N/Ti atomic ratios up to 0.3 (15 at.% Ag) no metallic Ag segregation is visible in the
TiN, matrix. Hence, the possible formation of TiAg and Ti,Ag intermetallics or even a Ag/TiAg/Ti,Ag phase
mixture, although not demonstrated, should not be disregarded. As for the N/Ti atomic ratio=0.7 (32 at.%
Ag) sample, the Ag phases are predominantly concentrated near the interface with the substrate. The
amount of Ag phases at the surface of the films remains somewhat low for all TiN under-stoichiometric
films, even for Ag atomic contents up to 32 at.%. When the TiNy matrix reaches the stoichiometric
condition (sample with N/Ti atomic ratio=1 and 20at.% Ag), Ag segregation occurs and metallic Ag
aggregates are visible at the surface of the film, leading to a substantially different electrochemical
behaviour. The impedance of the Ag,:TiNy films in synthetic sweat solution is mainly ruled by
the roughness/porosity variation, thus the higher the N/Ti atomic ratio, the lower the impedance. The
interfacial film/sweat electrochemical noise and drift were similar for all films and comparable to the
results obtained for commercial Ag/AgCl electrodes (except for the N/Ti atomic ratio=1 and 20 at.% Ag
film). In view of the results, it may be concluded that the samples with N/Ti atomic ratios =0.3 (15 at.% Ag)
and 0.7 (32 at.% Ag) are the most appropriate for further bioelectrode development.

© 2014 Elsevier Ltd. All rights reserved.

1. INTRODUCTION

most appropriate for signal acquisition, exhibiting an essentially
non-polarizable, resistive behaviour, also displaying an excellent

Biopotential monitoring of the brain activity (electroencepha-
lography, EEG) is of paramount importance to modern medicine, in
order to investigate a wide range of physiological and pathological
brain functions or even for brain computer interfaces (BCI)
research [1,2]. The Ag/AgCl electrodes [3-5] are considered the

* Corresponding author at: Universidade do Porto, Faculdade de Engenharia, Rua
Dr. Roberto Frias, s/n, 4200-465, Porto, Portugal. Tel.: +351 225081995.
E-mail address: cfonseca@fe.up.pt (C. Fonseca).

http://dx.doi.org/10.1016/j.electacta.2014.12.020
0013-4686/© 2014 Elsevier Ltd. All rights reserved.

reliability and low, almost frequency-independent skin-contact
impedance values, in the order of few tens of kQcm? [4,5].
Unfortunately, these wet electrodes rely on a time-consuming
preparation for an optimal electrical (low impedance) contact
between the electrode and the skin, which involves the removal of
interfering hair and the application of an electrically conductive
paste or gel. This long and semi-invasive procedure may cause skin
irritation, allergic reactions to the most commonly used gel or
pastes, patient discomfort, dirty or damaged hair and limited
mobility [4,5].
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In order to obtain an easier, faster and unobtrusive bio-
potential monitoring process, a new generation of electrodes is
being investigated for several years now. The so-called dry
electrodes are applied without preliminary skin preparation and
gel application [5-7], although at the expense of a considerably
higher electrode/skin contact impedance. The electrically con-
ductive materials initially used in dry electrodes were metals
such as stainless steel [8] and aluminium [5], but their low
corrosion resistance when in contact with the human sweat made
them inappropriate. Subsequently, gold [9], metal oxide and
nitride coatings like TiO, or TiN, which are much more resistant to
corrosion, have been proposed |[6,10-14|. Materials such as
graphite [15], conductive silicone or rubber [16] have also been
suggested, but these materials also display too high electrical
impedances (>500 k() cm?).

In terms of design, the dry electrodes also exhibit concept-
specific fundamental problems. Many dry electrode systems
[13] display an incorrect and/or uncomfortable skin contact due
to the intrinsic stiff nature of the base materials or even
because of conceptual problems (rigid planar plates/disks
unable to interfuse the hair layer [14,17]). Consequently, several
authors have recently focused on the development of textile
and polymer-based flexible dry electrodes [16,18-21], since they
should be able to promote a more reliable and comfortable skin
contact, thus reducing some of the stated drawbacks. Therefore,
in opposition to the most common approaches (conductive
polymers, composite materials, foams, etc.), the authors
recently explored the sputtering viability of Ag,:TiN coatings
(with close-stoichiometric TiN) by optimizing their deposition
parameters and properties [22,23], architecture [24] and
electrochemical behaviour [25] on classic substrates (glass
and silicon), so that they can be later sputtered onto flexible
polymer-based substrates. Preliminary investigations by the
authors demonstrated that the use of flexible polymer electro-
des with nanocoatings of electrically conductive TiNy allowed
for comfortable dry EEG recording, providing signal quality
comparable to conventional Ag/AgCl wet electrodes [26],
although the coatings displayed a low mechanical stability.
Silver was then added to TiN in order to tailor several properties
of the matrix (e.g. ductility) and the behaviour of the
subsequent Ag,:TiN system was investigated by the authors
[22,25]. However, it was found that Ag segregates to the surface
of the samples (similar phenomena can be found in other
Ag-containing systems [27-30]), potentially leading to an
unstable skin/electrode interface. The major conclusions of
these previous works were focused on the fact that since the
TiN matrix exhibited a N/Ti atomic ratio close to 1 (stoichio-
metric TiN, all Ti interstitial sites should be occupied by
nitrogen atoms) [22-25], the un-bonded Ag species aggregate
and segregate to the surface of the coating.

In the present work, and in order to try to overcome the
upper mentioned Ag segregation, a systematic change of the
TiN stoichiometry towards relatively low-N contents was
performed by varying the nitrogen flow rate and using a
fixed area of Ag exposed (fixed number of Ag pellets) in the
Ti/Ag target during the sputtering process. With N/Ti atomic
ratios <1, the TiN matrix should become N-deficient [31], thus
the occurrence of free Ti is expected, opening the possibility
for the formation of TiAg or TiAg intermetallics, hence
inhibiting the referred Ag segregation. This will allow, in a
first approach, to take advantage of the interesting properties
of both Ag (excellent bioelectrode material, bactericide and
high plasticity) and TiN systems (biocompatible, electrically
conductive, outstanding chemical stability and mechanical
properties) to design a composite biosensing thin film
material.
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2. EXPERIMENTAL DETAILS
2.1. Thin film production

Ag,:TiNy (8at.% <y <32at.% and x < 1) coatings were deposited
by reactive DC magnetron sputtering on glass and (100) silicon
substrates, in a custom-made laboratory-sized deposition system.
All substrates were sonicated and cleaned with ethanol 96% (vol.)
before each deposition. The films were prepared with the substrate
holder positioned at 70mm from the Ti/Ag target. A DC current
density of 100 A m~2 was applied to the target, composed of titanium
(99.96at.% purity; 200x100x 6mm) and silver pellets
(80 x 80 mm; 1 mm thick pellets glued on the surface of the target)
distributed symmetrically along the erosion area. The total surface
area of the silver pellets, ~3.2 x 10> mm?, was maintained through-
out all depositions. A mixed gas atmosphere composed of argon +
nitrogenwas used. The argon flow was kept constant at 60 sccmin all
runs, corresponding to a partial pressure of 0.3 Pa. The nitrogen flow
rate, which was previously set at 5 sccm - stoichiometric TiN, was
successively reduced to 4, 3, 2 and 1 sccm, corresponding to partial
pressure values varying from 3.4 x 1072 Pa (5sccm) to 1.8 x 1072 Pa
(1sccm) [17]. The working pressure was approximately constant
during the depositions, varying only slightly between 0.35 and
0.38 Pa. No bias voltage was used, and the deposition temperature
was maintained approximately constant at 100 °C during the growth
of the films. A thermocouple was placed close to the surface of the
substrate holder on the plasma side (not in direct contact, since all
depositions were done in rotation mode), and the temperature was
monitored during the entire deposition time. Before positioning the
surface of the samples in front of the Ti/Ag target, a delay time of five
minutes was used in order to avoid contamination resulting from
previous depositions, which may have resulted in some target
poisoning, and also to assure a practically constant deposition
temperature during the growth of the films.

Note that the present Ag,:TiNy system is being characterized
and optimized in traditional substrates (glass and silicon) to
facilitate their characterization, but the coatings will be later
sputtered onto well-known flexible polymeric substrates (poly-
urethane, polycarbonate, polyethylene, etc.), so the deposition
conditions were chosen in order to be minimally aggressive (no
bias voltage and low deposition temperatures were used) in order
to avoid future polymeric substrate degradation.

2.2. Composition, morphology and structure characterization

The atomic composition (bulk) of the as-deposited samples was
measured by Rutherford Backscattering Spectrometry (RBS) with a
14 and 2.3MeV 'H* beam and a 2.0MeV “He* beam. Three
detectors were used: one located at a scattering angle of 140° and
two pin-diode detectors located symmetrically to each other, both
at 165°. Two sample tilt angles, 0° and 30°, were used for the
measurements. The composition profiles of the as-deposited
samples were obtained using the NDF software [32]. For the
14N, 180 and 28si data, the cross-sections given by Gurbich were
used [33]. The area analysed was about 0.5x0.5mm? The
uncertainty in the N concentrations is around 5 at.%. The structure
and phase distribution of the coatings were assessed by X-ray
diffraction (XRD), using a Bruker AXS Discover D8 diffractometer,
operating with Cu Ko radiation and in a Bragg-Brentano
configuration. The XRD patterns were deconvoluted and fitted
with a Pearson VII function to determine the structural character-
istics of the films, such as the peak position (260), the full width at
half maximum (FWHM) and the crystallite size. The SEM/EDS
analysis was carried out in a FEI Quanta 400FEG ESEM/EDAX
Genesis microscope equipped with X-Ray Microanalysis operating
at 15 keV.
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Table 1
Composition and grain size data of the Ag,:TiNy thin films.

P. Pedrosa et al./Electrochimica Acta 153 (2015) 602-611

Sample name N, flow/sccm [N]/at.% [Ti]/at.% [Ag]/at.% N/Ti ratio Grain size/nm?®
ref_TiN0.2 1 17 83 - 0.2 13
ref_TiN0.85 4.5 46 54 - 0.85 26
ref_TiN 5 50 50 - 1 39
TiN0.1Ag10 1 6 84 10 0.1 1
TiN0.2Ag8 2 16 76 8 0.2 12
TiN0.3Ag15 3 18 67 15 0.3 1
TiN0.7Ag32 4 29 39 32 0.7 21
TiNAg20 5 40 40 20 1 TiN-38 + Ag-10
ref_Ag - - - 100 - 78

4 The maximum variation of the grain size values throughout all simulations was always below 10%.

2.3. Electrochemical characterization

The polished glass substrates, coated with the Agy:TiN, films
were rinsed in isopropanol and water and dried with a hair drier,
prior to all electrochemical experiments. In order to take account
of the well-known irreproducibility of the thin film systems, a
minimum of three measurements (in three different sputtered
samples of the same batch) were performed in all electrochemical
characterization. A synthetic sweat solution with a pH of
4.7 containing ammonium and sodium chloride, urea, lactic acid
and acetic acid was used in all electrochemical studies, in order to
simulate the behaviour of the electrode in contact with the body
sweat [34]. Cyclic voltammetry (CV) curves were performed at a
constant sweep rate of 25 mV/s, using the Gamry G300 equipment
(Gamry Instruments, USA) driven by the Gamry PHE200 software.
Electrochemical impedance spectroscopy (EIS) studies were
performed using the EIS300 software from Gamry at the open
circuit potential (OCP), in the potentiostatic mode (7 mV RMS AC
signal), for frequencies ranging from 10 kHz to 2 mHz. All experi-
ments were performed using a reference saturated calomel
electrode (SCE) and a platinum wire as counter electrode. The
simulation of the experimental data was also performed with the
Gamry software. The electrochemical noise data was acquired
using the ESA410 software from Gamry, by immersing two
identical samples (same sputtering batch) in the synthetic sweat
solution. Two sintered Ag/AgCl commercial electrodes (B10,
EASYCAP GmbH, Germany) were used as comparison reference.
A stabilization time of 3 minutes was used in all runs. The results
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Fig. 1. OCP behaviour of the sputtered Ag,:TiNx samples as function of the
immersion time in synthetic sweat. The reference samples ref Ag, ref Ti,
ref_TiNO0.2, ref_TiN0.85 and ref_TiN are shown for comparison purposes. The data
referring to the pure Ti and under-stoichiometric TiNy samples was adapted from
ref. [17].

were acquired using a 1000Hz sampling rate for a period of
12 minutes and then analysed using a custom MatLab (The
Mathworks Inc. USA) algorithm. The electrochemical noise
analysis was performed by first applying a 20th order Butterworth
bandpass filter with cut-off frequencies at 0.5 and 100 Hz. The first
10s of each filtered data set were neglected to avoid including
considerable filter artifact in subsequent evaluations. Then,
successive segments of 30s were considered for the calculation
of the RMS values of noise and drift rate, over the total acquisition
times. The power spectral density (Welch estimation) was
calculated for 12 minutes segments, representative of all the Ag/
AgCl commercial electrodes, pure TiN and Ag,:TiNx sample pairs
[17].

3. RESULTS AND DISCUSSION
3.1. Open Circuit Potential (OCP) and structural characterization

The mixed potential theory suggests that if a material is
composed of two electrically connected conductive phases which,
in turn, are in contact with an electrolyte, an electric current will
flow between them (one phase is the cathode, while the other is
the anode, according to the magnitude of their electrochemical
potentials) and the resulting OCP (also called mixed potential)
should lie between the OCP's of the phases [35].

The OCP evolution of representative sputtered Ag,:TiNy
samples (see Table 1 for the used nomenclature), shown in
Fig. 1, was assessed during an immersion period of 2h in a

é Ag(111) TiN (002)
z TiAg (012)
= Ti,Ag (013)

TiNAg20
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TiN0.2Ag8

TiNO.1Ag10
50

Counts /arb. units

34 36 38 40 42 44 46
26 Angle /°

48

Fig. 2. XRD diffractograms of the sputtered Ag,:TiNx samples. The patterns are
presented with different yy axis scales for clarity purposes. The phases were
indexed using the ICSD cards #181730 (Ag), #605934 (TiAg), #605935 (Ti.Ag),
#181718 (Ti) and #184916 (TiN).
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Top Cross-section Backscattered

TiN0.7Ag32 TiN0.3Ag15 TiN0.2Ag8 TiN0.1Ag10

TiNAg20

Fig. 3. SEM topographic, cross-section and backscattered micrographs of the Ag,:TiNx samples with different N/Ti atomic ratios.

synthetic sweat solution. All reference samples - ref_Ti, ref_Ag, 160mV [14] and 140mV (vs. SCE) [25] for ref TiNO.2,
ref_TiN, ref TiNO.2 and ref TiN0.85 coatings - exhibited the ref_TiN0.85 and ref_TiN respectively. The potential of Ag indicates
expected OCP values: ~40mV (vs. SCE) for pure Ti and Ag the formation of a thin Ag/AgCl film [36] as it was expected from
[25,36], while the TiN, samples displayed OCP values of ~ —20 mV, the contact with a chloride-containing medium (synthetic sweat).
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Fig.4. EDS spectra of the TiN0.7Ag32 sample depicting a preferential concentration
of Ag phases near the substrate.

The strongly under-stoichiometric ref_TiN0.2 sample displays the
least noble OCP value of the TiN, group, due to the existence of a
substantial amount of non-oxidised Ti [17], in opposition to the
slightly under-stoichiometric ref TiN0.85 and stoichiometric
ref_TiN reference samples that display the noblest OCP values.

As for the Ag-alloyed TiN samples, Ag,:TiNy, it is apparent that
they all exhibit similar OCP values (within the experimental
variation among similar samples), lying between —40 and 40 mV,
except for the TiNAg20 sample, that shows an OCP value very
distinct from the set of under-stoichiometric samples. In order to
help explaining these results, the authors performed a Ti/Ag
galvanic coupling experiment using reference Ti and Ag samples
that were immersed in synthetic sweat, following a procedure
similar to that used in reference [25] for the TiN/Ag couple (results
not shown). Similarly to that experiment, a mixed potential value
close to that of Ag was found, showing that the mixed potential is
ruled by the OCP of Ag in both cases. However, for some of the
compositions of the Ag,:TiN system studied in reference [25] the
OCP was shown to be far below that of Ag or TiN reference values.
This was demonstrated to be due to the presence of nanograined,
highly reactive Ag aggregates.

An additional insight to explain the behaviour of these samples
comes from their structural evolution, Fig. 2. For the AgyTiNy
samples with low N/Ti atomic ratios (0.1, 0.2 and 0.3), the XRD
patterns are consistent with a N-doped Ti matrix [31], with some
Ag atoms probably forming TiAg or Ti,Ag intermetallics [37]. The
low nitrogen contents inhibit the formation of any type of nitride
phase, meaning that the matrix of these low N/Ti atomic ratio
samples should be mainly composed of pure Ti. The SEM analysis,
shown in Fig. 3, seems to be consistent with this claim, since a
rather dense and granular Ti-like morphology is evident in these
samples. Furthermore, despite the exhibited Ag atomic contents of
8-15at.%, no Ag phases or metallic aggregates were detected in the
XRD and SEM analysis of these 0.1, 0.2 and 0.3 N/Ti atomic ratio
samples (Figs. 2 and 3), which may also support the idea that the
formation of amorphous (thus not detected in the XRD analysis)
TiAg or Ti>Ag intermetallics (or phase mixture of both) should not
be disregarded.

As for the TiN0.7Ag32 sample, the XRD patterns appear to
indicate the existence of a transition zone, since a fully formed
N-deficient TiN matrix is already evident. A single Ag phase might
also be formed, as it can be evidenced by the pronounced tail of the
TiN (111) peak at about 38° and by the higher Ag content exhibited
by this sample, see Fig. 2 and Table 1.

However, due to the fact that the Ag, TiAg and Ti,Ag phases all
occur at approximately the same diffraction angle (38°), and no
metallic Ag aggregates can be seen in SEM imaging, a clear
differentiation between Ag and its titanium intermetallics is rather
difficult. Once more, the morphological characterization is consis-
tent with these findings, since the formation of the typical
disaggregated pyramid-like TiN columns is now evident, as seen
in Fig. 3. Similarly to the low N/Ti atomic ratio samples, no metallic
Ag aggregates can be seen on the surface of the film or even among
the intercolumnar spacing. This can be, once more, an indication of
the probable formation of TiAg or Ti,Ag intermetallics. Moreover, the
formed Ag phases are not evenly distributed across the TiN matrix
(see Fig. 3 backscattered image). Instead, these Ag phases appear to
be mainly concentrated in a small band near the substrate, as it was
proved by the EDS analysis, shown in Fig. 4, performed near the
surface (Z1) and the substrate (Z2). Since in this sample the TiN
matrix is still quite dense, it is probably acting as an Ag diffusion
barrier, preventing the Ag phases from diffusing to the surface, where
they would have alower energy, in opposition to whatis visible in the
stoichiometric (porous) one, see Fig. 3. In this case Ag may be using
the intercolumnar spacing to diffuse towards the surface, a fact that
was previously observed by the authors [23]. Therefore, as for the
other under-stoichiometric samples (N/Ti atomic ratios <0.3), a low
Ag concentration at the film/electrolyte interface is also expected in
this case. Hence, the stoichiometric TiNAg20 sample is the only one
where the presence of metallic Ag aggregates can be clearly
identified at the surface of the film, thus possibly excluding the
formation of TiAg or TiAg intermetallics.

Finally, since a galvanic coupling between the phases present in
the Ag,TiNy composites should exist at the film/electrolyte
interface, the Evans diagram must also be considered. As no Ag
(or Ag phase) was detected at the films surfaces, it will be
hypothesized that only a residual amount of Ag should exist and,
owing to the broad XRD Ag-related peaks, such Ag (or TixAg) will be
in the form of nanograins, hence with a potential anodic to that of
the TiNy matrix [25]. Thus, the relevant redox processes in the
(simplified) Evans diagram will be Ag oxidation to AgCl, while the
reduction process will take place on the TiNy surface, see Fig. 5. To
note that the Ag/AgCl redox process displays a fast kinetics, with an
exchange current (ig) of about 0.13mA/cm? [38], while the
oxidation processes occurring on the TiNy surface (could even
be Ag* reduction) should occur with a substantially slower kinetics
and lower exchange current [14]. According with this figure, if the
amount of surface Ag is low, the associated current will be small
and the mixed potential (OCP of the composite) should be closer to
the OCP of the TiNy phase, Fig. 5, line 1. This should be the case for
all the N/Ti under-stoichiomeric samples (TiNO.1Ag10, TiNO.2Ag8,
TiNO0.3Ag15 and TiNO.7Ag32). On the other hand, as soon as the
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Fig. 5. Schematic Evans diagram depicting the effect of the Ag electroactive area
(area increasing from 1 to 3) on the TiN,/Ag galvanic coupling behaviour. Adapted
from ref. [35].
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Fig. 6. Cyclic voltammograms of (a) the sputtered Agy:TiNx samples and (b)
magnification showing the behaviour of the under-stoichiometric samples. The
used sweep rate was 25mV/s.

amount of surface Ag increases the Tafel line shifts to the right
(higher currents, lines 2 and 3), originating a more anodic OCP
value, closer to that of Ag (or Ag phases). This explains the strongly
anodic OCP value (—150mV) observed for the TiNAg20 sample,
where the presence of high amounts of nanograined Ag at the film/
electrolyte interface was clearly demonstrated (see Figs. 2 and 3).

To summarize, the samples obtained with low N/Ti atomic
ratios (0.1, 0.2 and 0.3) exhibit a nitrogen-doped Ti matrix with the
probable formation of TiAg or Ti,Ag intermetallics [37]. The small
amount of Ag at the film/electrolyte interface explains the OCP
behaviour, which is close to that of the under-stoichiometric TiNy
matrix. When a N-deficient TiN, matrix appears to be formed, as in
the TiNO.7Ag32 sample, the OCP behaviour is also dictated by the
TiNy matrix, but with slightly nobler values than those of the
former samples (less free titanium). Contrarily, the sample
obtained with the highest N/Ti atomic ratio, TiNAg20, possesses
a stoichiometric TiN matrix, with a considerable amount of
metallic Ag aggregates in contact with the electrolyte. In this case,
the highly reactive polycrystalline Ag [39] shifts the OCP to less
noble potentials.

3.2. Potentiodynamic behaviour

The electrochemical behaviour of the Agy,:TiN, samples was
further studied by performing a set of voltammetric experiments
at a constant sweep rate of 25mV/s, Fig. 6. Similarly to what was
found in the OCP characterization, the stoichiometric sample
(TiNAg20) exhibits a distinct behaviour (Fig. 6a) when compared to
the under-stoichiometric ones (Fig. 6b), the first displaying
considerably higher currents. Taking into account the anodic
curve, all samples exhibit a sharp anodic peak, which depicts the
formation of an AgCl layer [40-43]. However, the magnitude of the
anodic peak current varies from 6-60wA for the under-
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stoichiometric samples, until 6 mA for the stoichiometric one.
This increase of the anodic current results in a shift of the anodic
peak position, which is related with the Ohmic drop that occurs
through the formed AgCl film (the higher the charge involved the
thicker the film and the larger the potential shift) [43]. Note that
the small current peaks observed for the under-stoichiometric
samples indicate the presence of trace amounts of Ag at the surface
of the film, in agreement with the analysis of the OCP results.
Similar current variations are observed in the cathodic region.
The current changes in the voltammograms should be
attributed to morphological and chemical alterations of the
sputtered samples, namely to their roughness and porosity, that
change the sample area in contact with the electrolyte (base
current, capacitive), and to the surface Ag content, which is
responsible for the magnitude of the peak current (Faradic
current). As it is possible to see from Fig. 3, the Agy:TiN, samples
with low N/Ti atomic ratios (TiN0O.1Ag10 and TiN0.2Ag8) are quite
compact, since their matrix is mainly composed of titanium, and
show similar Ag contents. Hence, there are practically no major
differences in terms of the exhibited voltammetric behaviour.
Then, with further increase of the N/Ti atomic ratio from 0.3 to 0.7,
major changes are noticeable. The intergranular porosity increases
for the TiNO.3Ag15 sample, due to the formation of long and
continuous intergranular cracks, besides the increase of the
columnar definition, as it can be seen in the cross-section
micrograph, Fig. 3. This and the increase of the Ag content from
10 to 15 at.% lead to an overall increase of the base current and the
peak current, respectively. However, it is important to note that the
increase of Ag incorporation from 15 to 32 at.% does not translate
into a significant increase of the peak current (~52 A in both
samples), which confirms, as stated in section 3.1., that the Ag
phases mainly concentrated near the substrate should be
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Fig. 7. Bode diagram of representative as-deposited Ag,:TiN, samples. Pure
stoichiometric TiN and Ag samples are plotted for comparison purposes. The
impedance values are referred to the geometrical area, which is similar for all
samples.
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inaccessible to the electrolyte, thus not being able to participate in
the redox process. On the other hand, the higher base current of the
TiNO.7Ag32  sample (279pA vs. 173pA  for  the
TiN0.3Ag15 sample) indicates a higher specific area, confirming
the results patent in Fig. 3. From the integration of the anodic peaks
of both samples, TiN0.3Ag15 and TiN0.7Ag32, negligible charge
differences were found (55 uC vs. 48 uC), indicating that the
amount of Ag species in contact with the electrolyte should be
roughly the same in both samples.

When the N/Ti atomic ratio stoichiometry is achieved, as in the
TiNAg20 sample, a fully pyramid-like columnar morphology is
attained. The intercolumnar disaggregation/spacing is also steeply
increased, thus facilitating the segregation of the metallic Ag grains
visible at the surface of this sample (see Fig. 3) and allowing their
effective contact with the electrolyte. The combined effects of a
highly porous and disaggregated TiN matrix and the low grain size
of the metallic Ag aggregates now available at the interface with
the electrolyte, significantly increase the electroactive area. Hence,
an almost 100 fold increase of the anodic peak current (from
0.06 to 6 mA) occurs when the N/Ti atomic ratio increases from
0.7 to 1, despite the total Ag concentration being slightly lower
(20at.% vs. 32 at.%).

These results confirm the hypothesis developed to justify the
OCP values of the composites that the amount of surface Ag is only
expressive for the TiN stoichiometric sample, in spite of the
amounts of Ag quantified for the TiNy under-stoichiometric
composites (between 8% and 32%).

3.3. Electrochemical Impedance Spectroscopy (EIS) analysis

The Bode spectra of representative as-deposited Agy:TiNy
samples, as well as the ref_Ag and ref _TiN reference coatings,
are shown in Fig. 7. Note that the data that refers to the
TiNO.2Ag8 and TiNO0.3Ag15 samples is not plotted for clarity
purposes, since their impedance spectra are partially overlaid with
those of TiNO.1Ag10 and TiNO.7Ag32, respectively. As in the
previous sections, two factors seem to be determining the
observed impedance moduli, namely the real exposed area and
the amount of available Ag at the film/electrolyte interface.
Knowing that the geometrical area exposed to the solution is
similar for all samples, the ones that exhibited the highest
impedance moduli values (~10° ) cm? at 2 mHz) were those that
displayed the smoother and more compact structures, as well as
the lower amounts of Ag in contact with the electrolyte, namely the
TiNO.1Ag10 and TiNO.2Ag8 samples. The TiN0.3Ag15 and
TiN0.7Ag32 samples present lower impedance values ~10° {) cm?
at 2mHz), in agreement with the observed higher specific area,
Fig. 3. The Ag content seems not to be determinant for the
impedance values.

The sample with the highest specific area and Ag availability to
the electrolyte - TiNAg20 - exhibits the lowest impedance
modulus value (~2 x 10 Q) cm? at 2 mHz) of all Ag,: TiN, sputtered
samples. Note that for frequencies between 1 and 50Hz (EEG
frequency range), all Ag,:TiN, samples display impedance moduli
values <10kQ cm? below the typical impedance of the dry
electrode/skin interface, attesting their suitability to be used as
bioelectrodes from the impedance point of view [44-46].

A visual analysis of the phase vs frequency spectra allows to
conclude that the equivalent circuit of ref TiN, ref_Ag and
TiNAg20 films seem to display a single time constant. However,
more complex curves appear for decreasing N/Ti atomic ratios
(TiNO.1Ag10 and TiN0.7Ag32). In order to simulate the electrical
behaviour of the films in contact with sweat, the circuit depicted in
Fig. 8 a) was used. Constant phase elements (CPE;_,) were used to
account for roughness and/or other surface/film inhomogeneities

or relaxation processes [48,51]. The impedance of a CPE was
defined by the following relationship:

Zepe=1/[T(jow)"] (1)

with “T” and “p” as the CPE parameters, and w as the angular
frequency [44,47]. R. represents the electrolyte resistance and the
upper and lower branches in the parallel circuit stand for the non-
Faradic and Faradic processes. In the non-Faradic branch, the CPE;
element was used in order to simulate the series combination
of the double-layer and film capacitive behaviour at the
film/electrolyte interface. The resistance to electronic charge
transfer was not considered since the OCP of the sputtered
samples are within the water stability region. In the lower Faradic
branch, the (CPEy, R;,) parallel combination was used to simulate
the interfacial capacitance and polarization resistance of the
samples and CPE; was used to take account of the ionic diffusion
processes occurring within the film. In the first trials a Warburg
element was used but it was concluded that the quality of the fits
improved significantly if the “p” value was left unconstrained. The
physical meaning of this variation will be later discussed. This
circuit (Fig. 8a) was effective in simulating all parameters except
for the CPEy, whose values were in the nF range and were obtained
with large errors. Consequently, this element was removed from
the circuit without compromising the quality of the fits, giving rise

a)

CPE ——O& WLE.

cE. o—/\\/

CPE;

b)

c)

CPE;

ce.o—/\\/\= .
W

Fig. 8. Equivalent electric circuits proposed for the simulation of the Agy:TiN,/
synthetic sweat interface. (a) general model, (b) simplified model used for the
simulation of the under-stoichiometric Ag,:TiN,/synthetic sweat interface and (c)
simplified model used for the fitting of the ref_TiN, ref_Ag and stoichiometric Ag:
TiNy/synthetic sweat interface.
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Table 2
ESI fit parameters.
Sample name R,/Q cm? R./Q cm? CPE; (T)/Q 'cm™2s" CPE; (P) CPE; (T)/{Q'em 25" CPE; (P) X2
ref_TiN1 >3 %108 419 79x1073 0.87 - - 2x107*
TiN0.1Ag10 1.5 x 10° 25.3 52x107° 0.91 79x10°° 0.64 6x1074
TiNO0.2Ag8 2.6x10° 249 6.9x107° 0.91 6.6 x10°° 0.46 2x1074
TiN0.3Ag15 8.5 x 10% 274 2.7 x107% 0.84 2.2x107° 0.59 3x107%
TiNO0.7Ag32 6.8 x 10* 27.0 35x10°* 0.81 82x10°° 0.72 3x10°*
TiN1Ag20 6.2 x 10 252 13x103 0.81 - - 6x10°*4
ref_Ag 2.5 x10° 23.2 5.7x107° 0.89 - - 3x1073

to the modified Randles circuit depicted in Fig. 8b). This simplified
circuit was used to simulate the behaviour of all under-
stoichiometric Ag,:TiNk coatings (N/Ti atomic ratios from 0.1 to
0.7). For the ref_TiN and ref_Ag samples, as well as for TiNAg20, the
diffusion impedance proved not to be necessary, thus the
simplified circuit patent in Fig. 8c) was successfully used, as
predicted above. The disappearance of the ionic diffusion
impedance component is not surprising owing to the strong
columnar disaggregation underwent by these films.

The EIS fit parameters are presented in Table 2 and the
simulated curves can be seen in Fig. 7. The R;, value for the ref_TiN
sample was adapted from a previous work by the authors [25]. The
R, evolution with the N/Ti atomic ratio increase for the Agy:TiNy
samples should be ascribed, as explained, to the combined effects
of the increase of surface area and Ag content in contact with the
electrolyte. The area increase is also reflected in the evolution of T;.
The T; parameter takes account of the ionic diffusion within the
film. In fact, pure TiN is well known for its ionic diffusion blocking
characteristics [14,17]. The increase of the T; with the increase of
the N/Ti atomic ratio (and Ag content) may be connected either to
an increase of the sample area or to a decrease of the diffusion
impedance, due to intergranular cracking and column disaggre-
gation, Fig. 3.

Finally, it was noticed that the quality of the fits significantly
improved if the “p;” parameter was left unconstrained. This case is
taken into account in the generalized diffusion model proposed by
McDonald [48]. In this model, McDonald attributes the shifts from
the p=0.5 value to non-uniform diffusion. Non-uniform diffusion
arises, for example, when the diffusion coefficient is a function of
distance and may take place in materials with some degree of
inhomogeneity. Since the studied films are columnar-like and it

x 10
6 e
—ref TiN
55 ~——TiN0.1Ag10 1
—4—TiN0.3Agl5
—©—TiN0.7Ag32
- —=—TiNAg20
oo} 457 — Ag/AgCl commercial electrode |
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g' 4
>
= 3.5
5]
g
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Fig. 9. Noise spectra for stoichiometric TiN reference and Ag,:TiN, samples. Ag/
AgCl commercial electrode data is presented for comparison purposes.
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was demonstrated that the Ag phases are not evenly distributed
inside the films, it can be hypothesised that there should be a
direction-dependent ionic diffusion coefficient that is responsible
for the observed non-uniform diffusion.

In conclusion, from the impedance point of view (and excluding
the TiNAg20 sample, which was considered unsuitable to be used
as biopotential electrodes due to its poor structural stability), the
TiN0.3Ag15 and TiN0.7Ag32 samples display the lowest imped-
ance values of all sputtered Ag,:TiN films. On the other hand, the
possible formation of TiAg or Ti,Ag intermetallics may ensure that
these composites will remain stable (no Ag segregation was
noticeable after 2 months). Therefore, these would probably be the
most appropriate compositions to develop the novel bioelectrodes.

3.4. Electrical noise and drift rate measurements

The study of the electrical noise in the frequency region of
interest for the envisaged application in EEG is of paramount
importance in order to assess the suitability of the developed Ag,:
TiNy systems to be used as bioelectrodes. Signal distortion caused
by electrical noise addition to the monitored biopotential [49-52],
coming from the contact of the electrode with a sweat layer and
related with eventual corrosion processes, should be avoided. With
that purpose, the power spectral density (PSD) of representative
Ag,:TiN, couples of identical samples in synthetic sweat is patent
in Fig. 9. As expected [49], the noise values follow the 1/(freq.) law,
commonly associated to slow corroding systems [53], increasing as
the frequency decreases. In the lower frequency range for most
EEG exams-approximately 1Hz - the sputtered samples exhibit
similar noise values, always between ~0.48 and ~0.55 wV/,/Hz,
despite the significant morphological and structural differences

1210 . . . . .
m
Of _ommmmT T o gos G e EoSnETERRSR
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Fig. 10. Electrochemical potential drift rate of the stoichiometric TiN reference and
Ag,:TiN, samples. Ag/AgCl commercial electrode data is plotted as comparison.
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(Fig. 3). When comparing with the reference Ag/AgCl commercial
electrodes, it is possible to see that the noise values are similar to
those of the sputtered Ag,:TiNy samples.

Furthermore, fast stabilization times and reduced drift rates are
essential in order to avoid unwanted masking of the low frequency
and/or small amplitude biosignals [17]. Fig. 10 depicts the drift rate
evolution of the Ag,:TiNy samples during the 12 minutes immer-
sion time used for the noise characterization. Most samples exhibit
low drift rates and fast stabilization times, close to the ones
observed for the commercial Ag/AgCl electrode, except for the
TiNAg20 sample, what may be related with the presence of reactive
nanograined Ag aggregates. The unstable nature of the
TiNAg20 sample drift rate makes it unsuitable to be used in
bioelectrode applications.

To sum up, the noise added by the Ag,:TiN,/sweat interfaces, as
well as the drift rate behaviour do not limit their use as
bioelectrodes, namely for the TiN0.3Ag15 and
TiN0.7Ag32 samples which seem to be the best candidates for
the development of the new bioelectrodes from the electrochemi-
cal point of view.

4. CONCLUSIONS

In the present study, a set of Ag,:TiN, coatings were sputtered
with increasing N/Ti atomic ratios, ranging from 0.1-0.7 (under-
stoichiometric) to 1 (stoichiometric) and Ag contents (8-32%),
with the ultimate objective of reducing the Ag segregation and film
instability phenomenon observed in previous works by the
authors. The obtained thin films were studied regarding the
influence of the TiN matrix stoichiometry and Ag content changes
on their electrochemical behaviour, aiming their use as bioelectr-
odes.

The mixed potential behaviour of the TiNO.1Ag10 and
TiN0.2Ag8 samples seems to be dictated by the OCP of the TiNy
matrix, due to the residual amounts of interfacial Ag. The
TiN0.7Ag32 sample, in turn, exhibits coherent Ag phases, but
those phases are mainly confined to the interface with the
substrate and, again, the mixed potential is ruled by the OCP of the
TiN, matrix. When a fully formed stoichiometric TiN matrix is
attained (TiNAg20 sample), the OCP values suffer a steep drop from
~40to ~ —160 mV, far from the ref_Ag and ref_TiN own OCP. It was
concluded that the TiNy/Ag mixed potential is now controlled by
the highly reactive metallic Ag nanograins extensively present at
the film/electrolyte interface.

The porosity of the samples (thus also their electroactive area)
and Ag availability to be in contact with the electrolyte increases
with increasing N/Ti atomic ratios, leading firstly to a 10-fold
increase of the exhibited anodic/cathodic currents (from 6 to
60 wA) for the TiN0.7Ag32 sample voltammograms. Then, for the
stoichiometric TINAg20 sample, a steep (100-fold) increase from
60 A to 6 mA is noticeable. The EIS data is consistent with the
observed structural morphological and chemical changes, with the
samples exhibiting lower impedances and R, values with
increasing N/Ti atomic ratios and Ag contents, due to the observed
enhanced porosity/electroactive area.

The most promising Agy:TiN, films for bioelectrode fabrication
should be the TiN0.3Ag15 and TiN0.7Ag32 ones, due to their
structural stability, low impedance values (of the order of those of
pure Ag) and low noise and drift rate values (of the order of what
was observed for commercial Ag/AgCl electrodes).

ACKNOWLEDGEMENTS
This research is partially sponsored by FEDER funds through the

program COMPETE - Programa Operacional Factores de Compet-
itividade and by national funds through FCT - Fundacdo para a

Ciéncia e a Tecnologia, under the projects PEst-C/EME/UI0285/
2011, PTDC/SAU-ENB/116850/2010, PTDC/CTM-NAN/112574/
2009 and Programa Pessoa 2012/2013 Coopera¢do Portugal/
Franga, Project no. 27306UA Porous architectures in GRAded
CERamic thin films for biosensors - GRACER. The authors would
also like to acknowledge CEMUP for SEM analysis. P. Pedrosa
acknowledges FCT for the Ph.D. grant SFRH/BD/70035/2010.

References

[1] Z.1scan, Z. Dokur, “A novel steady-state visually evoked potential-based brain-
computer interface design: Character Plotter”, Biomed. Signal Proces. 10 (2014)
145-152, doi:http://dx.doi.org/10.1016/j.bspc.2013.11.009.

[2] E. Akram, H.-S. Han, T.-S. Kim, “A P300-based brain computer interface system
for words typing”, Comput. Biol. Med. 45 (2014) 118-125, doi:http://dx.doi.
org/10.1016/j.compbiomed.2013.12.001.

[3] M. Teplan, “Fundamentals of EEG measurement”, Meas. Sci. Rev. 2 (2) (2002)
1-11.

[4] E. McAdams, “Bioelectrodes”, in Encyclopaedia of Medical Devices and
Instrumentation, in: J.G. Webster (Ed.), New York, Wiley, 1988, pp. 120-166,
doi:http://dx.doi.org/10.1002/0471732877.

[5] A.Searle, L. Kirkup, “A direct comparison of wet, dry and insulating bioelectric
recording electrodes”, Physiol. Meas. 22 (2000) 271-283, doi:http://dx.doi.
0rg/10.1088/0967-3334/21/2/307.

[6] B.A. -Taheri, R.T. Knight, R.L. Smith, “A dry electrode for EEG recording”,
Electroen. Clin. Neuro 90 (1994) 376-383, doi:http://dx.doi.org/10.1016/0013-
4694(94)90053-1.

[7] P. Brunner, L. Bianchi, C. Guger, F. Cincotti, G. Schalk, “Current trends in
hardware and software for brain-computer interfaces (BCls)”, J. Neural Eng. 8
(2011) 025001, doi:http://dx.doi.org/10.1088/1741-2560/8/2/025001.

[8] E.S.Valchinov, N.E. Pallikarakis, “An active electrode for biopotential recording
from small localized bio-sources”, Biomed. Eng. OnLine 3 (2004) 25-39, doi:
http://dx.doi.org/10.1186/1475-925X-3-25.

[9] A.C. Metting Van Rijn, A.P. Kuiper, T.E. Dankers, C.A. Grimbergen, “Low-cost
active electrode improves the resolution in biopotential recordings”, Proc. IEEE
EMBC 18 (1996) 101-102.

[10] R.T.B.A.-Taheri, Knight, R.L. Smith, “An active, microfabricated, scalp electrode
array for EEG recording”, Sens Actuat. A 54 (1996) 606-611, doi:http://dx.doi.
0rg/10.1016/S0924-4247(97)80023-4.

[11] N.S. Dias, J.P. Carmo, AF. da Silva, PM. Mendes, ]J.H. Correia, “New dry
electrodes based on iridium oxide (IrO) for non-invasive biopotential
recordings and stimulation”, Sens. Actuat. A 164 (2010) 28-34, doi:http://
dx.doi.org/10.1016/j.sna.2010.09.016.

[12] P. Fiedler, L.T. Cunha, P. Pedrosa, S. Brodkorb, C. Fonseca, F. Vaz, ]. Haueisen,
“Novel TiNx-based biosignal electrodes for electroencephalography”, Meas.
Sci. Technol. 22 (2011) 124007, doi:http://dx.doi.org/10.1088/0957-0233/22/
12/124007.

[13] C. Fonseca, J.P. Silva Cunha, R.E. Martins, V. Ferreira, ].P. Marques de Sa, M.A.
Barbosa, A. Martins Silva, “A novel dry active electrode for EEG recording”, IEEE
Trans. Biomed. Eng. 54 (1) (2007) 162-165, doi:http://dx.doi.org/10.1109/
TBME.2006.884649.

[14] L.T. Cunha, P. Pedrosa, CJ. Tavares, E. Alves, F. Vaz, C. Fonseca, “The role of
composition, morphology and crystalline structure in the electrochemical
behaviour of TiNy thin films for dry electrode sensor materials”, Electrochim.
Acta 55 (1) (2009) 59-67, doi:http://dx.doi.org/10.1016/j.
electacta.2009.08.004.

[15] M. Negishi, M. Abildgaard, 1. Laufer, T. Nixon, RT. Constable, “An EEG
(electroencephalogram) recording system with carbon wire electrodes for
simultaneous EEG-fMRI (functional magnetic resonance imaging) recording”,
J. Neurosci. Meth. 173 (2008) 99-107, doi:http://dx.doi.org/10.1016/j.
jneumeth.2008.05.024.

[16] G. Gargiulo, R.A. Calvo, P. Bifulco, M. Cesarelli, C. Jin, A. Mohamed, A. van
Schaik, “A new EEG recording system for passive dry electrodes”, Clin.
Neurophysiol. 121 (5) (2010) 686-693, doi:http://dx.doi.org/10.1016/j.
clinph.2009.12.025.

[17] P.Pedrosa, E. Alves, N.P. Barradas, P. Fiedler, J. Haueisen, F. Vaz, C. Fonseca, “TiNy
coated polycarbonate for bio-electrode applications”, Corros. Sci. 56 (2012)
49-57, doi:http://dx.doi.org/10.1016/j.corsci.2011.11.008.

[18] R. Hoffmann, K.-P. Ruff, “Flexible Dry Surface-electrodes for ECG Long-term
Monitoring”, Proceedings of the 29th Annual International Conference of the
IEEE EMBS, Lyon, France, August, 2007, pp. 23-26.

[19] ]. Baek, J. An, ]. Choi, K. Park, S. Lee, “Flexible polymeric dry electrodes for the
long-term monitoring of ECG”, Sens. Actuators A. 143 (2008) 423-429, doi:
http://dx.doi.org/10.1016/j.sna.2007.11.019.

[20] A. Gruetzmann, S. Hansen, ]. Muller, “Novel dry electrodes for ECG
monitoring”, Physiol. Meas. 28 (2007) 1375-1390, doi:http://dx.doi.org/
10.1088/0967-3334/28/11/005.

[21] V. Marozas, A. Petrenas, S. Daukantas, A. Lukosevicius, “A comparison of
conductive textile-based and silver/silver chloride gel electrodes in exercise
electrocardiogram recordings”, J. Electrocardiology 44 (2011) 189-194, doi:
http://dx.doi.org/10.1016/j.jelectrocard.2010.12.004.

[22] P.Pedrosa, D. Machado, C. Lopes, E. Alves, N.P. Barradas, N. Martin, F. Macedo, C.
Fonseca, F. Vaz, “Nanocomposite Ag:TiN thin films for dry biopotential

105


http://refhub.elsevier.com/S0013-4686(14)02455-4/sbref0110
http://refhub.elsevier.com/S0013-4686(14)02455-4/sbref0110
http://refhub.elsevier.com/S0013-4686(14)02455-4/sbref0005
http://refhub.elsevier.com/S0013-4686(14)02455-4/sbref0005
http://refhub.elsevier.com/S0013-4686(14)02455-4/sbref0005
http://refhub.elsevier.com/S0013-4686(14)02455-4/sbref0010
http://refhub.elsevier.com/S0013-4686(14)02455-4/sbref0010
http://dx.doi.org/10.1016/j.compbiomed.2013.12.001
http://refhub.elsevier.com/S0013-4686(14)02455-4/sbref0015
http://refhub.elsevier.com/S0013-4686(14)02455-4/sbref0015
http://refhub.elsevier.com/S0013-4686(14)02455-4/sbref0020
http://refhub.elsevier.com/S0013-4686(14)02455-4/sbref0020
http://refhub.elsevier.com/S0013-4686(14)02455-4/sbref0020
http://refhub.elsevier.com/S0013-4686(14)02455-4/sbref0025
http://refhub.elsevier.com/S0013-4686(14)02455-4/sbref0025
http://dx.doi.org/10.1088/0967-3334/21/2/307
http://refhub.elsevier.com/S0013-4686(14)02455-4/sbref0030
http://refhub.elsevier.com/S0013-4686(14)02455-4/sbref0030
http://dx.doi.org/10.1016/0013-4694(94)90053-1
http://refhub.elsevier.com/S0013-4686(14)02455-4/sbref0035
http://refhub.elsevier.com/S0013-4686(14)02455-4/sbref0035
http://refhub.elsevier.com/S0013-4686(14)02455-4/sbref0035
http://refhub.elsevier.com/S0013-4686(14)02455-4/sbref0040
http://refhub.elsevier.com/S0013-4686(14)02455-4/sbref0040
http://dx.doi.org/10.1186/1475-925X-3-25
http://refhub.elsevier.com/S0013-4686(14)02455-4/sbref0045
http://refhub.elsevier.com/S0013-4686(14)02455-4/sbref0045
http://refhub.elsevier.com/S0013-4686(14)02455-4/sbref0045
http://refhub.elsevier.com/S0013-4686(14)02455-4/sbref0050
http://refhub.elsevier.com/S0013-4686(14)02455-4/sbref0050
http://dx.doi.org/10.1016/S0924-4247(97)80023-4
http://refhub.elsevier.com/S0013-4686(14)02455-4/sbref0055
http://refhub.elsevier.com/S0013-4686(14)02455-4/sbref0055
http://refhub.elsevier.com/S0013-4686(14)02455-4/sbref0055
http://dx.doi.org/10.1016/j.sna.2010.09.016
http://refhub.elsevier.com/S0013-4686(14)02455-4/sbref0060
http://refhub.elsevier.com/S0013-4686(14)02455-4/sbref0060
http://refhub.elsevier.com/S0013-4686(14)02455-4/sbref0060
http://dx.doi.org/10.1088/0957-0233/22/12/124007
http://refhub.elsevier.com/S0013-4686(14)02455-4/sbref0065
http://refhub.elsevier.com/S0013-4686(14)02455-4/sbref0065
http://refhub.elsevier.com/S0013-4686(14)02455-4/sbref0065
http://dx.doi.org/10.1109/TBME.2006.884649
http://refhub.elsevier.com/S0013-4686(14)02455-4/sbref0070
http://refhub.elsevier.com/S0013-4686(14)02455-4/sbref0070
http://refhub.elsevier.com/S0013-4686(14)02455-4/sbref0070
http://refhub.elsevier.com/S0013-4686(14)02455-4/sbref0070
http://dx.doi.org/10.1016/j.electacta.2009.08.004
http://refhub.elsevier.com/S0013-4686(14)02455-4/sbref0075
http://refhub.elsevier.com/S0013-4686(14)02455-4/sbref0075
http://refhub.elsevier.com/S0013-4686(14)02455-4/sbref0075
http://refhub.elsevier.com/S0013-4686(14)02455-4/sbref0075
http://dx.doi.org/10.1016/j.jneumeth.2008.05.024
http://refhub.elsevier.com/S0013-4686(14)02455-4/sbref0080
http://refhub.elsevier.com/S0013-4686(14)02455-4/sbref0080
http://refhub.elsevier.com/S0013-4686(14)02455-4/sbref0080
http://dx.doi.org/10.1016/j.clinph.2009.12.025
http://refhub.elsevier.com/S0013-4686(14)02455-4/sbref0085
http://refhub.elsevier.com/S0013-4686(14)02455-4/sbref0085
http://refhub.elsevier.com/S0013-4686(14)02455-4/sbref0085
http://refhub.elsevier.com/S0013-4686(14)02455-4/sbref0090
http://refhub.elsevier.com/S0013-4686(14)02455-4/sbref0090
http://refhub.elsevier.com/S0013-4686(14)02455-4/sbref0090
http://refhub.elsevier.com/S0013-4686(14)02455-4/sbref0095
http://refhub.elsevier.com/S0013-4686(14)02455-4/sbref0095
http://dx.doi.org/10.1016/j.sna.2007.11.019
http://refhub.elsevier.com/S0013-4686(14)02455-4/sbref0100
http://refhub.elsevier.com/S0013-4686(14)02455-4/sbref0100
http://dx.doi.org/10.1088/0967-3334/28/11/005
http://refhub.elsevier.com/S0013-4686(14)02455-4/sbref0105
http://refhub.elsevier.com/S0013-4686(14)02455-4/sbref0105
http://refhub.elsevier.com/S0013-4686(14)02455-4/sbref0105
http://dx.doi.org/10.1016/j.jelectrocard.2010.12.004

P. Pedrosa et al. / Electrochimica Acta 153 (2015) 602-611 611

electrodes”, Appl. Surf. Sci. 285P (2013) 40-48, doi:http://dx.doi.org/10.1016/j.
apsusc.2013.07.154.

[23] P. Pedrosa, D. Machado, M. Evaristo, A. Cavaleiro, C. Fonseca, F. Vaz, “Ag:TiN
nanocomposite thin films for bioelectrodes: The effect of annealing
treatments on the electrical and mechanical behavior”, J. Vac. Sci. Technol.
A 32 (2014) 031515, doi:http://dx.doi.org/10.1116/1.4873555.

[24] P.Pedrosa, C. Lopes, N. Martin, C. Fonseca, F. Vaz, “Electrical characterization of
Ag:TiN thin films produced by glancing angle deposition”, Materials Letters
115 (2014) 136-139, doi:http://dx.doi.org/10.1016/j.matlet.2013.10.044.

[25] P. Pedrosa, E. Alves, N.P. Barradas, N. Martin, P. Fiedler, ]J. Haueisen, F. Vaz, C.
Fonseca, “Electrochemical behaviour of nanocomposite Agx:TiN thin filmsfor
dry biopotential electrodes”, Electrochim. Acta. 125 (2014) 48-57, doi:http://
dx.doi.org/10.1016/j.electacta.2014.01.082.

[26] P.Fiedler, P. Pedrosa, S. Griebel, C. Fonseca, F. Vaz, F. Zanow, ]. Haueisen, “Novel
flexible dry PU/TiIN-Multipin electrodes: First application in EEG
measurements”, Proc. IEEE EMBS 33 (2011) 55-58, doi:http://dx.doi.org/
10.1109/IEMBS.2011.6089895.

[27] J.H. Hsieh, C.H. Chiu, C. Li, W. Wy, S.Y. Chang, “Development of anti-wear and
anti-bacteria TaN-(Ag,Cu) thin films - a review”, Surf. & Coat. Technol. 233
(2013) 159-168, doi:http://dx.doi.org/10.1016/j.surfcoat.2013.05.013.

[28] H.K. Lee, R.W. Hyland Jr., H.I. Aaronson, P.P. Wynblatt, “Surface segregation in
an Al-4.2 at% Ag alloy”, Surf. Sci. 408 (1998) 288-299, doi:http://dx.doi.org/
10.1016/S0039-6028(98)00254-4.

[29] R.A. Manzhos, A.G. Krivenko, S.V. Doronin, M.A. Choba, V.A. Safonov, “Surface
segregation of silver atoms on Au-Ag alloys according to data of laser-heating
induced temperature potential shifts, XPS and conventional electrochemical
methods”, J. Electroanal. Chem. 704 (2013) 175-182, doi:http://dx.doi.org/
10.1016/j.jelechem.2013.07.010.

[30] V. Moreno, ]J. Creuze, F. Berthier, C. Mottet, G. Tréglia, B. Legrand, “Site
segregation in size-mismatched nanoalloys: Application to Cu-Ag”, Surf. Sci.
600 (2006) 5011-5020, doi:http://dx.doi.org/10.1016/j.susc.2006.08.030.

[31] L.A.Rocha, E. Ariza, J. Ferreira, F. Vaz, E. Ribeiro, L. Rebouta, E. Alves, A.R. Ramos,
Ph. Goudeau, ].P. Riviére, “Structural and corrosion behaviour of stoichiometric
and substoichiometric TiN thin films”, Surf. & Coat. Technol. 180-181 (2004)
158-163, doi:http://dx.doi.org/10.1016/j.surfcoat.2003.10.059.

[32] N.P.Barradas, C.]Jeynes, R.P. Webb, “Simulated annealing analysis of Rutherford
backscattering data”, Appl. Phys. Lett. 71 (1997) 291, doi:http://dx.doi.org/
10.1063/1.119524.

[33] A.E. Gurbich, “Evaluated differential cross-sections for IBA”, Nucl. Instr. and
Meth. B 268 (2010) 1703, doi:http://dx.doi.org/10.1016/j.nimb.2010.02.011.

[34] J.-P.Randin, “Corrosion behavior of nickel-containing alloys in artificial sweat”,
J. Biomed. Mat. Res. 22 (1988) 649, doi:http://dx.doi.org/10.1002/
jbm.820220706.

[35] M.G. Fontana, N.D. Greene, “Corrosion Engineering”, 3rd ed., McGraw-Hill
Book Company, 1986 ISBN-13:1986 978-0070214637.

[36] C.-C.Shih, C.-M. Shih, K.-Y. Chou, S.-]. Lin, Y.-Y. Su, R.A. Gerhardt, “Mechanism of
degradation of AgCl coating on biopotential sensors”, ]J. Biomed. Mater. Res.
82A (2007) 872-883, doi:http://dx.doi.org/10.1002/jbm.a.31140.

[37] C. Lopes, C. Gongalves, P. Pedrosa, F. Macedo, E. Alves, N.P. Barradas, N. Martin,
C. Fonseca, F. Vaz, “TiAgy thin films for lower limb prosthesis pressure sensors:
Effect of composition and structural changes on the electrical and thermal
response of the films”, Appl. Surf. Sci. 285P (2013) 10-18, doi:http://dx.doi.org/
10.1016/j.apsusc.2013.07.021.

106

[38] H. Ha, ]. Payer, “The effect of silver chloride formation on the kinetics of silver
dissolution in chloride solution”, Electrochim. Acta. 56 (2011) 2781-2791, doi:
http://dx.doi.org/10.1016/j.electacta.2010.12.050.

[39] Y. Liu, Z. Zheng, J.N. Zara, C. Hsu, D.E. Soofer, K.S. Lee, RK. Siu, L.S. Miller, X.
Zhang, D. Carpenter, C. Wang, K. Ting, C. Soo, “The antimicrobial and
osteoinductive properties of silver nanoparticle/poly (dl-lactic-co-glycolic
acid)-coated stainless steel”, Biomaterials 33 (2012) 8745-8756, doi:http://dx.
doi.org/10.1016/j.biomaterials.2012.08.010.

[40] V.1 Birss, C.K. Smith, “The anodic behavior of silver in chloride solutions - I. The
formation and reduction of thin silver chloride films”, Electrochim. Acta 32
(1987) 259-268, doi:http://dx.doi.org/10.1016/0013-4686(87)85033-8.

[41] B.M. Jovi¢, V.D. Jovi¢, D.M. DraZi¢, “Kinetics of chloride ion adsorption and the
mechanism of AgCl layer formation on the (111), (100) and (110) faces of
silver”, J. Electro. Analytical Chemistry 399 (1995) 197-206, doi:http://dx.doi.
org/10.1016/0022-0728(95)04291-1.

[42] ]. Peng, Y. Deng, D. Wang, X. Jin, G.Z. Chen, “Cyclic voltammetry of electroactive
and insulative compounds in solid state: A revisit of AgCl in aqueous solutions
assisted by metallic cavity electrode and chemically modified electrode”, J.
Electroanal. Chem. 627 (2009) 28-40, doi:http://dx.doi.org/10.1016/j.
jelechem.2008.12.016.

[43] H.H. Hassan, M.A.M. Ibrahim, S.S. Abd El Rehim, M.A. Amin, “Comparative
Studies of the Electrochemical Behavior of Silver Electrode in Chloride,
Bromide and Iodide Aqueous Solutions”, Int. J. Electrochem. Sci. 5 (2010) 278-
294.

[44] A. Norlin, J. Pan, C. Leygraf, “Investigation of Electrochemical Behavior of
Stimulation/Sensing Materials for Pacemaker Electrode Applications I. Pt, Ti,
and TiN Coated Electrodes”, J. Electrochem. Soc. 152 (2005) J7-J15, doi:http://
dx.doi.org/10.1149/1.1842092.

[45] S. Grimmes, “Impedance measurement of individual skin surface electrodes”,
Med. & Biol. Eng. And Comput. 21 (1983) 750-755.

[46] ]. Rosell, J. Colominas, P. Riu, R. Pallas-Areny, ].G. Webster, “Skin Impedance
From 1Hz to 1 MHz", IEEE Trans. Biomed. Eng. 35 (1988) 649-651.

[47] M. Orazem, B. Tribollet, “Electrochemical Impedance Spectroscopy”, John
Wiley & Sons, 2008 ISBN 978-0-470-04140-6.

[48] J.R. Macdonald, “Impedance Spectroscopy Emphasizing Solid Materials and
Systems”, Wiley, New York, 1987, doi:http://dx.doi.org/10.1016/0584-8539
(88)80155-7.

[49] E.Huigen, A. Peper, C. Grimbergen, “Investigation into the origin of the noise of
surface electrodes”, Med. Biol. Eng. Comput. 40 (2002) 332.

[50] M.M. Puurtinen, S.M. Komulainen, PK. Kauppinen, J.A.V. Malmivuo, J.A.K.
Hyttinen, “Measurement of noise and impedance of dry and wet textile
electrodes, and textile electrodes with hydrogel”, Proceedings of the 28th IEEE
EMBS Annual International Conference, New York City, USA, Aug. 30-Sept.,
32006, pp. 6012-6015.

[51] D.T. Godin, P.A. Parker, R.N. Scott, “Noise characteristics of stainless-steel
surface electrodes”, Med. & Biol. Eng. & Comput. 29 (1991) 585-590.

[52] HJ. Scheer, T. Sander, L. Trahms, “The influence of amplifier, interface and
biological noise on signal quality in high-resolution EEG recordings”, Physiol.
Meas. 27 (2006) 109-117, doi:http://dx.doi.org/10.1088/0967-3334/27/2/002.

[53] K. Hladky,]J. Dawson, “The measurement of corrosion using electrochemical 1/f
noise”, Corrosion Sci. 22 (1982) 231, doi:http://dx.doi.org/10.1016/0010-938X
(82)90107-X.


http://refhub.elsevier.com/S0013-4686(14)02455-4/sbref0265
http://dx.doi.org/10.1016/0010-938X(82)90107-X
http://refhub.elsevier.com/S0013-4686(14)02455-4/sbref0110
http://dx.doi.org/10.1016/j.apsusc.2013.07.154
http://refhub.elsevier.com/S0013-4686(14)02455-4/sbref0115
http://refhub.elsevier.com/S0013-4686(14)02455-4/sbref0115
http://refhub.elsevier.com/S0013-4686(14)02455-4/sbref0115
http://refhub.elsevier.com/S0013-4686(14)02455-4/sbref0115
http://refhub.elsevier.com/S0013-4686(14)02455-4/sbref0120
http://refhub.elsevier.com/S0013-4686(14)02455-4/sbref0120
http://refhub.elsevier.com/S0013-4686(14)02455-4/sbref0120
http://refhub.elsevier.com/S0013-4686(14)02455-4/sbref0125
http://refhub.elsevier.com/S0013-4686(14)02455-4/sbref0125
http://refhub.elsevier.com/S0013-4686(14)02455-4/sbref0125
http://dx.doi.org/10.1016/j.electacta.2014.01.082
http://refhub.elsevier.com/S0013-4686(14)02455-4/sbref0130
http://refhub.elsevier.com/S0013-4686(14)02455-4/sbref0130
http://refhub.elsevier.com/S0013-4686(14)02455-4/sbref0130
http://dx.doi.org/10.1109/IEMBS.2011.6089895
http://refhub.elsevier.com/S0013-4686(14)02455-4/sbref0135
http://refhub.elsevier.com/S0013-4686(14)02455-4/sbref0135
http://refhub.elsevier.com/S0013-4686(14)02455-4/sbref0135
http://refhub.elsevier.com/S0013-4686(14)02455-4/sbref0140
http://refhub.elsevier.com/S0013-4686(14)02455-4/sbref0140
http://dx.doi.org/10.1016/S0039-6028(98)00254-4
http://refhub.elsevier.com/S0013-4686(14)02455-4/sbref0145
http://refhub.elsevier.com/S0013-4686(14)02455-4/sbref0145
http://refhub.elsevier.com/S0013-4686(14)02455-4/sbref0145
http://refhub.elsevier.com/S0013-4686(14)02455-4/sbref0145
http://dx.doi.org/10.1016/j.jelechem.2013.07.010
http://refhub.elsevier.com/S0013-4686(14)02455-4/sbref0150
http://refhub.elsevier.com/S0013-4686(14)02455-4/sbref0150
http://refhub.elsevier.com/S0013-4686(14)02455-4/sbref0150
http://refhub.elsevier.com/S0013-4686(14)02455-4/sbref0155
http://refhub.elsevier.com/S0013-4686(14)02455-4/sbref0155
http://refhub.elsevier.com/S0013-4686(14)02455-4/sbref0155
http://refhub.elsevier.com/S0013-4686(14)02455-4/sbref0155
http://refhub.elsevier.com/S0013-4686(14)02455-4/sbref0160
http://refhub.elsevier.com/S0013-4686(14)02455-4/sbref0160
http://dx.doi.org/10.1063/1.119524
http://refhub.elsevier.com/S0013-4686(14)02455-4/sbref0165
http://refhub.elsevier.com/S0013-4686(14)02455-4/sbref0165
http://refhub.elsevier.com/S0013-4686(14)02455-4/sbref0170
http://refhub.elsevier.com/S0013-4686(14)02455-4/sbref0170
http://dx.doi.org/10.1002/jbm.820220706
http://refhub.elsevier.com/S0013-4686(14)02455-4/sbref0175
http://refhub.elsevier.com/S0013-4686(14)02455-4/sbref0175
http://refhub.elsevier.com/S0013-4686(14)02455-4/sbref0180
http://refhub.elsevier.com/S0013-4686(14)02455-4/sbref0180
http://refhub.elsevier.com/S0013-4686(14)02455-4/sbref0180
http://refhub.elsevier.com/S0013-4686(14)02455-4/sbref0185
http://refhub.elsevier.com/S0013-4686(14)02455-4/sbref0185
http://refhub.elsevier.com/S0013-4686(14)02455-4/sbref0185
http://refhub.elsevier.com/S0013-4686(14)02455-4/sbref0185
http://dx.doi.org/10.1016/j.apsusc.2013.07.021
http://refhub.elsevier.com/S0013-4686(14)02455-4/sbref0190
http://refhub.elsevier.com/S0013-4686(14)02455-4/sbref0190
http://dx.doi.org/10.1016/j.electacta.2010.12.050
http://refhub.elsevier.com/S0013-4686(14)02455-4/sbref0195
http://refhub.elsevier.com/S0013-4686(14)02455-4/sbref0195
http://refhub.elsevier.com/S0013-4686(14)02455-4/sbref0195
http://refhub.elsevier.com/S0013-4686(14)02455-4/sbref0195
http://dx.doi.org/10.1016/j.biomaterials.2012.08.010
http://refhub.elsevier.com/S0013-4686(14)02455-4/sbref0200
http://refhub.elsevier.com/S0013-4686(14)02455-4/sbref0200
http://refhub.elsevier.com/S0013-4686(14)02455-4/sbref0200
http://refhub.elsevier.com/S0013-4686(14)02455-4/sbref0205
http://refhub.elsevier.com/S0013-4686(14)02455-4/sbref0205
http://refhub.elsevier.com/S0013-4686(14)02455-4/sbref0205
http://dx.doi.org/10.1016/0022-0728(95)04291-1
http://refhub.elsevier.com/S0013-4686(14)02455-4/sbref0210
http://refhub.elsevier.com/S0013-4686(14)02455-4/sbref0210
http://refhub.elsevier.com/S0013-4686(14)02455-4/sbref0210
http://refhub.elsevier.com/S0013-4686(14)02455-4/sbref0210
http://dx.doi.org/10.1016/j.jelechem.2008.12.016
http://refhub.elsevier.com/S0013-4686(14)02455-4/sbref0215
http://refhub.elsevier.com/S0013-4686(14)02455-4/sbref0215
http://refhub.elsevier.com/S0013-4686(14)02455-4/sbref0215
http://refhub.elsevier.com/S0013-4686(14)02455-4/sbref0215
http://refhub.elsevier.com/S0013-4686(14)02455-4/sbref0220
http://refhub.elsevier.com/S0013-4686(14)02455-4/sbref0220
http://refhub.elsevier.com/S0013-4686(14)02455-4/sbref0220
http://dx.doi.org/10.1149/1.1842092
http://refhub.elsevier.com/S0013-4686(14)02455-4/sbref0225
http://refhub.elsevier.com/S0013-4686(14)02455-4/sbref0225
http://refhub.elsevier.com/S0013-4686(14)02455-4/sbref0230
http://refhub.elsevier.com/S0013-4686(14)02455-4/sbref0230
http://refhub.elsevier.com/S0013-4686(14)02455-4/sbref0235
http://refhub.elsevier.com/S0013-4686(14)02455-4/sbref0235
http://refhub.elsevier.com/S0013-4686(14)02455-4/sbref0240
http://refhub.elsevier.com/S0013-4686(14)02455-4/sbref0240
http://dx.doi.org/10.1016/0584-8539(88)80155-7
http://refhub.elsevier.com/S0013-4686(14)02455-4/sbref0245
http://refhub.elsevier.com/S0013-4686(14)02455-4/sbref0245
http://refhub.elsevier.com/S0013-4686(14)02455-4/sbref0250
http://refhub.elsevier.com/S0013-4686(14)02455-4/sbref0250
http://refhub.elsevier.com/S0013-4686(14)02455-4/sbref0250
http://refhub.elsevier.com/S0013-4686(14)02455-4/sbref0250
http://refhub.elsevier.com/S0013-4686(14)02455-4/sbref0250
http://refhub.elsevier.com/S0013-4686(14)02455-4/sbref0255
http://refhub.elsevier.com/S0013-4686(14)02455-4/sbref0255
http://refhub.elsevier.com/S0013-4686(14)02455-4/sbref0260
http://refhub.elsevier.com/S0013-4686(14)02455-4/sbref0260
http://refhub.elsevier.com/S0013-4686(14)02455-4/sbref0260
http://refhub.elsevier.com/S0013-4686(14)02455-4/sbref0265

CHAPTER S

Ag:TiN FILM ARCHITECTURE VARIATION

Ag:TiN 40°

ode
SE TiNAg40

a: TiN 80° 4Z

“...the porous samples appear to exhibit the most promising set of properties to be used as biopotential

1

electrodes.’

* This chapter is based on the following publications:

P. Pedrosa, C. Lopes, N. Martin, C. Fonseca, F. Vaz, “Electrical characterization of Ag:TiN thin films produced
by glancing angle deposition”, Materials Letters 115 (2014) 136-139.

P. Pedrosa, D. Machado, E. Alves, N.P. Barradas, N. Martin, F. Vaz, C. Fonseca, “Ag:TiN-coated polyurethane
for dry biopotential electrodes produced by glancing angle deposition”, submitted to Journal of the
Electrochemical Society, under review.
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In the previous chapter, the authors explored the possibility of reducing the Ag
segregation phenomenon observed in the stoichiometric Ag,:TiN system (chapter 3) by
decreasing the N/Ti atomic ratio of the TiN matrix towards under-stoichiometric conditions —
Ag,:TiN, system, in order to ensure the stability of the coatings during in-service EEG
applications. From the previous morphological, structural, mechanical and electrochemical
study, it was found that the reduction of the TiN matrix stoichiometry effectively acts as a
silver segregation inhibitor, due to the probable formation of TiAg intermetallics. In
combination with the electrochemical characterization, it could be concluded that the
TiN0.3Ag15 and TiN0.7Ag32 coatings exhibit the best set of properties (no evidences of Ag
segregation, thus good structural stability, low impedance, low electrochemical noise and drift
rate values) to be used as bioelectrodes.

After the composition optimization of the Ag:TiN thin film system in terms of Ag
content (chapter 3) and TiNy matrix stoichiometry (chapter 4), the next step of the present
thesis is shown on the following chapter and consisted on the tailoring of the architecture of
the coatings using the GLancing Angle Deposition (GLAD) technique. The nanoscale
tailoring of the Ag:TiN thin film system was performed in order to obtain more compliant
films that should be able to withstand the large deformations inherent to the adaptation to the
human body, without significantly compromising its conductivity, electrochemical response
and structural stability, so that they could be effectively used as flexible dry bio-potential
electrodes. This technique can be used to tailor the plasticity of thin films, since inclined and
zigzag microstructures often behave as micro-springs.

The GLAD technique employs oblique angle deposition and substrate motion to engineer
thin film microstructures on a nanometre scale in three dimensions'”. It relies on a non-

stationary substrate holder that allows two types of movements, o (which refers to the particle

' K. Robbie, M.J. Brett, A. Lakhtakia, “Chiral sculptured thin films”, Nature 384 (1996) 616-616.
2 M.J. Brett, J. Hawkeye, M. Matthew, “New Materials at a Glance”, Science 319 (2008) 1192-1193.
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incidence angle) and ¢ rotation (360° concentric rotation of the substrate holder), in order to
obtain three main film architectures: (i) inclined columns with o ranging from 0° (standard
columnar coatings) to 80°, (ii) zigzag columns (¢ rotation = 180° for each zigzag period, after
fixing the desired a angle) and (iii) spiral columns (continuous 360° ¢ rotation, after fixing the
desired a angle).

The GLAD sputtered Ag:TiN film system was then morphologically, structurally,
electrically and electrochemically investigated on the following chapter, in order to assess its
suitability to be used as EEG bioelectrodes. It was found that the architecture of the coatings
could be effectively tailored (see cover figure) without compromising the aforementioned
properties. Also, strong porosity changes occurred when the incidence angle o increased from
40 to 80° thus making the porous Ag:TiN 80° Ag:TiN 80° 2Z (two zigzag periods) and
Ag:TiN 80° 4Z (four zigzag periods) GLAD coatings the most promising for the envisaged
application as dry biopotential electrodes, since they displayed lower impedance (Fig. 5.1.)
and electrochemical noise values, as well as more stable potentials (low drift rates),
comparable to those of the wet Ag/AgCl commercial electrodes. In addition, no Ag

segregation was detected on this thin film system.
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Impedance (Qcm’)

Phase (°)
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GLAD sputtered Ag:TiN films.
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Figure 5.1. Bode diagram exhibiting the (a) impedance and (b) phase behaviour of representative samples of the
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ABSTRACT

Columnar Ag:TiN thin films were prepared by d.c. magnetron sputtering with a Ag content of ~10 at.%
on silicon and glass substrates. The Glancing Angle Deposition, GLAD, technique was implemented to
transform the typical columnar microstructure into the desired inclined, zigzag and spiral profiles.
A periodic variation of the angle of incidence ‘a’ (40°, 60° and 80°) was applied to deposit Ag:TiN thin
films with inclined, zigzag and spiral microstructures. The film's electrical properties were studied.
Higher « values lead to more porous microstructures with column angle g varying from 13° (a=40°) to
30° («=80°) for 8 zigzags. Resistivity, p, at 293 K or versus temperature was found to be connected to the
porosity and g angles. The more compact films exhibited lower and more stable resistivity values than
the more porous ones. Ag segregation and TiN columnar oxidation are favored by temperature and were
also found to depend on the produced architectures.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Thin films grown by physical vapor deposition (PVD) techni-
ques are conventionally produced with a normal incidence of the
particle flux. From the first experimental investigations performed
by Movchan and Demchishin [1] and later by Thornton [2], to the
recent structural models developed by other researchers [3,4],
most studies were mainly focused on the operating conditions
affecting the morphology and microstructure of deposited films
under normal incidence. Very few have been devoted to thin films
prepared using an oblique incidence of the particle flux [5-7].
Young and Koval [8] showed that fluorite films with a helical
structure exhibited an anisotropic optical activity. They also
showed that the latter was linked to the angle of incidence of
evaporated particles and periodicity of the film microstructure.
Similarly, Smith [9] established that the orientation of Permalloy
films chiefly influenced their magnetic properties. A few years
later, Nieuwenhuizhen and Haanstra [10] observed that the
orientation of the columnar structure of aluminum coatings could
be related to the angle of incidence of evaporated particles by an
empirical law known as “the tangent rules”. Other authors took
again and improved these geometrical rules to easily predict the

* Corresponding author. Tel.: +351 253 601530; fax: +351 253 604398.
E-mail address: fvaz@fisica.uminho.pt (F. Vaz).

0167-577X/$ - see front matter © 2013 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.matlet.2013.10.044

influence of the direction of the vapor flux on the final arrange-
ment of columnar grains [11-13]. It was not until the investigation
carried out by Brett's team that the GLAD technique (Glancing
Angle Deposition) has really evolved and finally emerged [14,15].
The preparation of thin films under oblique, fixed or mobile
substrate was successfully applied to numerous materials includ-
ing metals, alloys, oxides, fluorides and so on [16-19]. The
originality of the properties generated in the field of photonics,
mechanics, catalysis or biology, easily explain the growing interest
of the GLAD approach. This interest is mostly noticeable for metal
and oxide coatings sputter deposited at oblique incidence [20-22]
but very few studies report on metallic nitrides [23,24], especially
about the relation between the possible achieved structures by
GLAD and the resulting electrical properties. This letter demon-
strates that the electrical properties of Ag-doped TiN films exhibit-
ing an inclined, zigzag or spiral microstructure can be tuned
according to several orders of magnitude. It is shown that
temperature also affects the electronic transport properties due
to Ag segregation and a porous structure depending on the grown
architecture. The present Ag:TiN system is being studied and
optimized to be used as flexible polymer-based bioelectrodes,
following previous studies by the authors [25-27|, where
the influence of increasing Ag additions on several properties of 0°
Ag:TiN films was assessed. The paper aims at giving further
insights on this particular system by studying the influence of
the GLAD features on the resistivity evolution.
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2. Experimental details

Ag:TiN thin films were deposited by d.c. reactive magnetron
sputtering, inside a stainless-steel custom-made vacuum reactor,
with a volume of 40 L. The reactor, equipped with a circular planar
and water cooled magnetron sputtering source, was evacuated
with a turbomolecular pump, backed by a mechanical pump, in
order to obtain an ultimate pressure of 10~> Pa. A titanium target
(purity 99.6 at.%, 51 mm diameter) was used and 12 Ag inserts
(purity 99.9 at.%, 2 mm diameter) were located equidistant from
each other in the preferential erosion zone of the target. The
pumping speed was set constant at S=10 L s~ . This mosaic target
was d.c. sputtered in a reactive atmosphere composed of argon
and nitrogen gases. Argon flow rate was kept at 2.4 sccm and
nitrogen flow rate was maintained at 2 sccm, corresponding to
argon and nitrogen partial pressures of 3 x 10~ ! and 3 x 1072 Pa,
respectively. Substrates, introduced through a 1L airlock, were
glass microscope slides (ISO norm 8037-1, with roughness better
than 0.5 nm) and (100) silicon wafers (p-type, p=1-30 Q.cm).
Before each run, all substrates were cleaned with acetone and
alcohol, and the target was pre-sputtered in a pure argon atmo-
sphere for 5 min before introducing nitrogen, in order to remove
the target surface contamination layer. The target to substrate
distance was kept at 50 mm in all runs. Substrates were grounded
and all depositions were carried out at room temperature.
The deposition time was adjusted in order to obtain a thick-
ness close to 1 pm. All sputtering parameters were optimized to
allow a successful reproducibility of the features into polymer

Ag:TiN_80°

substrates [27]. Morphological features of the samples were
probed by scanning electron microscopy (SEM) at 15 keV. Films
produced on (100) Si were used to observe their architecture and
morphology. Films deposited on glass microscope slides were used
for resistivity measurements, using the four-probe van der Pauw
method in the temperature range of 293-793 K (vs. T measure-
ments were done in a custom-made chamber, which is covered in
order to have a dark environment; humidity and cleanness have
been considered as constant). The error associated to all measure-
ments was always below 1% and the attachment of the contacts
was checked prior to every measurement (the I/V correlation was
always very close to 1) to ensure that an ohmic contact is attained
(use of gold coated tips). Films deposited on glass microscope
slides were used for resistivity measurements.

3. Results and discussion

Fig. 1 depicts the cross-section images of the sputtered GLAD
samples. With increasing « angle, the g angle rises from 13°
(@=40°) to a maximum of 30° («=80°) for 8 zigzags. Furthermore,
the set of sputtered samples can be grouped according to their
porosity. There is a clear morphological change when « increases
from 60° to 80°. The TiN and Ag-doped films sputtered with a=0°
are compact and almost featureless. With a=40° and 60° the TiN
columnar features start to become more defined (the columnar
definition being more pronounced in the latter sample). As already
mentioned, when «=80° the coating's columnar features are well

Ag:TiN_40°

Ag:TiN_80° 4Z

Ag:TiN_80° 4S

Fig. 1. SEM cross-section micrographs of the sputtered TiN and Ag:TiN samples.
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defined and evidences of inter-columnar spacing are perceivable.
Regarding the zigzag samples, no significant changes in porosity
are apparent. This conclusion is supported by the little change
observed in the column angle values (3=27° for 4 periods and
B=30° for 8 periods). Consequently, no significant changes of the
p293 k Values, Fig. 2, are measured with increasing zigzag periods.
For the spiral features, the coatings seem to be compact (the
8 spiral periods sample exhibits more defined features than the
4 spiral one). As a result of this compactness, the spiraled samples
should exhibit lower py93 ¢ values than the more porous zigzag
ones.

The room temperature (p,93) Tresistivity evolution with
increasing « is presented in Fig. 2. The results are in great
accordance with SEM analysis. The TiN «=80° sample result is
provided (dashed line) to illustrate an almost one order of
magnitude increase of conductivity attained with a 10 at% Ag
doping. In recent works by the authors [25,26], the effects of Ag
additions to a stoichiometric TiN matrix were studied and it was
found that for intermediate Ag contents (between ~6 and ~ 20 at.%),
highly conductive Ag particles nucleate among the TiN columns,
hence providing an increased number of conduction paths.
Regarding all Ag-doped samples, there seems to be a relation
between resistivity and morphology. The more conductive ones
are those with denser structures. In the case of the inclined
features, the increase of both « and g values should give rise to
increased porosity (Fig. 1). Thus, scattering at the column's inter-
face is favored, which reduces the electronic transport properties
of the coatings. A similar analysis can be applied to the zigzag and
spiral samples. From SEM imaging, the increasing number of
zigzag periods does not promote substantial changes in the
resistivity behavior. The g angle is not significantly affected by
the period increase. The a=40° zigzag sample exhibits similar
p293 k Value to the a=0° one due to their poorly defined columnar
structure (low porosity), hence being rather compact (SEM images
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not shown). The same trend is patent in the spiral coatings.
As referred, the «=80° with 4 and 8 spirals samples display lower
p2o3 k Values than the correspondent zigzag ones due to their
reduced porosity. As suggested from SEM analysis, the sample
with «=80°_8 spirals presents higher resistivity due to a better
spiral feature definition, hence more porous.

The resistivity behavior with increasing temperature, pr, was
also studied (Fig. 3). The denser coatings exhibit lower and more
stable pr up to higher temperatures than the porous ones. This is
evidenced by the stronger shift exhibited by the porous samples
(shift 2, Fig. 3) towards lower temperatures of the TiN (a=0°)
critical oxidation temperature, T¢, defined by Wang et al. [28], due
to an increased porosity, favoring the TiN columnar oxidation. It is
worth noting that the T¢ at 773 K defined by Wang et al. for few
nm thick films is strongly influenced by the film thickness. The real

10°

—— TiN_80° = T, shift2 &
1014 7 " TiNAg 07 29
----- TiNAg 80° o = !
102 {7 TiNAg 80° 47| & o .
--+ TiNAg 80° 87 4 2 X
w03 TiNAg 80° 4S| < 2

TiNAg_80° 8S
R
1 0-4 -

10-5 -

TiN theoretical T, (Wang et al. [28])

DC electrical resistivity p (Q.m)

107

500 600 700 800

Temperature (K)

Fig. 3. Resistivity evolution vs. temperature for TiN and Ag:TiN films for a=0° and
80° with inclined, zigzag and spiral architectures (4 and 8 periods).
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Fig. 2. Room temperature resistivity evolution according to the incidence angle and zigzag/spiral periods.
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theoretical T¢ of the studied samples (800-1000 nm) should be
much higher, making both T shifts more pronounced. This
probably explains why the TiNAg_0° sample does not exhibit the
oxidation-promoted increase of pr until 773 K. Above T, both
dense and porous coatings suffer a logarithmical increase of pr
(both spiral coating's data are not plotted above this point due to
inaccurate signals during resistivity measurements). This resistiv-
ity increase can be due to a strong reduction of the electron mean
free path, as a result of the TiN columnar oxidation. Ag doping also
plays an important role, which is evidenced by a small “bump” in
the pr values in-between 473-573 K. This “bump” can be ascribed
to the Ag segregation and coalescence phenomenon that was also
studied by the authors [26], which is responsible for an overall
grain size reduction (solute-drag effect) due to the pinning of TiN
grain boundaries to the Ag solute atoms. For the densest sample,
TiNAg_0°, this py increase is smoothened by a greater difficulty of
the Ag particles to diffuse to the surface, maintaining some
intercolumnar Ag electrical pathways, which in the case of the
more porous samples are continuously being depleted. To sum-
marize, the un-doped TiN sample pr value is only significantly
affected above T¢ due to column oxidation, while in the Ag-doped
ones the pr value initially suffers a small “bump” between 500 and
600 K due to the reported Ag nucleation and segregation.

The GLAD Ag:TiN films are thus a good candidate to be used as
bioelectrodes, since they exhibit low p values and their elasticity
may be further tailored, in order to be sputtered into polymer
samples due to their increased porosity and architectures, when
comparing to the normal incidence samples [25-27].

4. Conclusions

Correlations between morphology and electrical properties of
GLAD sputtered Ag:TiN coatings were studied. It was found that
$ angles vary from 13° for the «=40° to 30° for the «=80° with
8 zigzags. Resistivity results are connected to the morphological
evolution. The porous samples consistently exhibit higher p,93 K
values than the denser ones. Regarding the pr behavior, a clear
division between porous and dense coatings is observable, with
the latter exhibiting lower and more stable values with increasing
temperature. Porosity increase is also responsible for a steeper
decrease of T, when comparing to the denser films. Ag doping
also promotes lower pt values and its segregation is perceivable in
the 473-573 K interval.
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CHAPTER 5.2. — ELECTROCHEMICAL BEHAVIOUR ON FLEXIBLE POLYURETHANE SUBSTRATES

Optimization of nanostructured Ag:TiN thin films produced by plasma
discharge glancing angle deposition on polyurethane substrates for

biomedical electrodes
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ABSTRACT
Flexible polyurethane substrates were coated with Ag:TiN thin films with different
incidence angles and architectures, using the Glancing Angle Deposition (GLAD) plasma

discharge technique. The coatings were characterized in order to assess the best thin film
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architecture to be used for biomedical electrode applications. The electrochemical behaviour
of the samples is consistently linked to the porosity differences, which is accompanied by an
increase of the surface Ag content. Furthermore, the porous samples exhibit lower
impedances, as well as electrochemical noise and drift rate values similar to those of the
commercial Ag/AgCl electrodes. Hence, the porous Ag:TiN GLAD coatings seem to be the

most promising architectures for the envisaged biomedical electrode applications.

Keywords: dry electrodes; glancing angle deposition; polyurethane; silver-doping; titanium

nitride

1. INTRODUCTION

The majority of thin films grown by physical vapour deposition (PVD) techniques are
conventionally produced with a normal incidence of the particle flux. This well established
method of in-vacuum plasma process, commonly used for the preparation of several types of
coatings has led to extensive applications in areas as diverse as electronics, optics, mechanics,
decoration and biomedical.

Nevertheless, one can claim that some technologies are now completely dependent on the
whole properties of the deposited films, especially their micro- and nanostructure. Since the
first studies performed by Movchan and Demchishin!"! and later by Thornton', to the recent

]

structural models developed by other authors””, most works were mainly focused on the

operating conditions affecting the morphology and microstructure of deposited films under

normal incidence. Only a few have been devoted to thin films prepared using special thin film

8-12

architectures such as oblique incidence of the particle flux.*'* However, in 1959, Young and

1'% showed that fluorite films with a helical structure presented an anisotropic optical

Kowa
activity and correlated these findings to the angle of incidence of the plasma sputtered

particles and periodicity of the film microstructure. Smith!'*! also established that the
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orientation of Permalloy films had a major influence in their magnetic properties.
Nieuwenhuizhen and Haanstra!”! posteriorly demonstrated that the columnar orientation of
aluminium thin films was related to the incidence angle of the plasma sputtered particles by
an empirical law known as “the tangent rules”. Then, other authors studied and improved
these geometrical rules in order to easily predict the influence of the direction of the plasma

B-16-181 A1l these works focused on coatings

flux on the final arrangement of columnar grains.
deposited by means of an oblique incidence of the particle flux converge to an identical
conclusion: an extended range of physico-chemical properties of as-deposited materials,
which concern their density, state of stress, optical, mechanical, electrical and magnetic
behaviours, can be tailored using the plasma discharge GLAD technique for other relevant
characteristics and properties of a given thin film system for a specific set of targeted
applications.

However, the plasma discharge GLAD technique only became widely spread after the

19201 According to Brett’s team, GLAD can be defined as a

studies performed by Brett et al.!
technique that “employs oblique angle plasma deposition and substrate motion to engineer
thin film microstructures on a nanometre scale in three dimensions”. Hence, oblique, fixed or
mobile substrates were then successfully applied to the sputtering of numerous materials such
as metals, alloys, oxides and fluorides, among others.”'*! In recent years, the extensive
dissemination of their works in leading scientific journals demonstrates the strong interest
generated by nanostructured thin films prepared with this method. Moreover, the growing
interest of the plasma discharge GLAD technique shown by many researchers coming from

(26281 is due to the possibility to tailor even further the majority of the

academia and industry
properties of most thin film systems, which can be of major interest in the fields of photonics,
mechanics, catalysis or biology. Thus, GLAD thin films, prepared by either evaporation or

magnetron sputtering are becoming an attractive strategy to obtain a wide variety of

architectures and sculptured materials at the micro- and nanoscale. This involvement is
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mostly evident for metal and oxide coatings sputter deposited with inclined architectures> !

but very few studies are dedicated to metallic nitrides produced by the GLAD technique®**),
especially regarding the relations between the possible achieved structures by GLAD (e.g.
inclined columns, zigzags, spirals) and the resulting properties in terms of mechanical
response, electrical conductivity or even electrochemical behaviour. Bearing these concerns in
mind, the present paper will be focused on the optimization of sputtered thin film-based
flexible (using polyurethane as substrate) biomedical electrodes, produced by GLAD.

Ag/AgCl electrodes are widely used in a wide range of biosignal monitoring techniques,
such as electroencephalography (EEG), electrocardiography (ECG) and electromyography
(EMG), among others.”>*! However, these biomedical electrodes need to be applied in
combination with electrolyte gels or pastes, involving uncomfortable and time-consuming
procedures. In order to avoid these drawbacks, a new class of biomedical devices is being
investigated, for which no previous skin preparation or gel paste application is needed, the so-
called “dry” electrodes.””*! These electrodes are commonly quite rigid, which can give rise
to a deficient and uncomfortable skin contact. Consequently, several authors have focused on
the development of flexible dry electrodes.”*>**. The possibility to tailor important electrode
properties, e.g. flexibility, by exploring the architecture of the films offered by the plasma
discharge GLAD technique, is a very challenging approach to solve some of the difficulties
patent in the fabrication of skin conformable biomedical electrodes using flexible polymeric
substrates.

Following a previous study by the authors'*”), the main goal of this work is to optimize
the deposition conditions and the architecture of the coatings, in order to obtain more
compliant films that should be able to withstand the large deformations inherent to the
adaptation to the human body, without significantly compromising its conductivity and

electrochemical response, so that they could be used as flexible dry biomedical electrodes.
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The plasma discharge GLAD technique can be used to tailor the plasticity of thin films, since
inclined and zigzag microstructures often behave as micro-springs.!'®!
The resulting properties of the GLAD sputtered Ag-doped under-stoichiometric TiN thin

502 " will be presented regarding the structural and

films (so as to avoid Ag segregation
morphological characteristics produced at the micro- and nanoscales. The electrical and

electrochemical response of the sputtered coatings will be studied, in order to assess the

viability of the flexible polymer/Ag:TiN system to be used as biomedical electrodes.

2. EXPERIMENTAL DETAILS
2.1. Thin film production

The depositions of the plasma sputtered Ag:TiN thin films were performed with
inclinations (a angles) of 0, 40 and 80° with columnar and zigzag architectures. After fixing a
certain o angle (80° in the present study), the zigzag architecture is attained by periodically
rotating the GLAD substrate holder (¢ rotation = 180° for each period), see Figure 1 and 2.
All films were obtained by d.c. reactive magnetron sputtering, using a stainless-steel home-
made vacuum reactor with a volume of 40 L. The reactor, equipped with a circular planar and
water-cooled magnetron sputtering source, was evacuated with a turbomolecular pump

backed by a mechanical pump in order to obtain an ultimate pressure of 10™ Pa (Figure 1).
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Figure 1. (a) Schematic view of the laboratory-sized deposition chamber and (b) illustration of the homemade

GLAD substrate holder.

A titanium target (purity 99.6 at.%, 51 mm diameter) was used and 12 Ag inserts (purity
99.9 at.%, 2 mm diameter) were uniformly distributed in the erosion zone of the target. The
pumping speed was set constant at S = 10 L s™'. The Ti/Ag target was d.c. sputtered in a
Ar+Nj; reactive plasma atmosphere. The argon flow rate was kept constant at 2.4 sccm, while
nitrogen was introduced using 2 sccm pulses (Ton = 4 s, Period = 16 s) corresponding to argon
and nitrogen partial pressures of 3x10" and 3x10 Pa, respectively. Operating conditions are
summarized in Table I. The polyester-based thermoplastic polyurethane (TPU) substrates, ref.
WHT-1495EC, from Yantai Wanhua Polyurethanes Co., Ltd. were introduced through a 1 L
airlock. Before each run they were cleaned with ethanol (96% vol.), and the target was pre-

sputtered in a pure argon plasma atmosphere for five minutes before introducing nitrogen, in
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order to remove any remaining target surface contamination layer. The target-to-substrate

distance was 50 mm. Substrates were grounded and room temperature condition was used for

all depositions. The deposition time was adjusted in order to obtain a thickness close to 1 pm.

Table 1. Experimental parameters used in all depositions.

Deposition parameters

Ag exposed area (mm®)
Ar (Pa)

N, (Pa)

P work (Pa)

P pase (Pa)

t (h)

I(A.cm?)

T (°C)

Bias (V)

a angles used (°)

Architectures

37.7
3x10™!
3x107

3.3x10"!

~107°

Adjusted in order to obtain ~1 pum thickness
(varied between 2 and 5h)

107
Room temperature
Grounded

0, 40 and 80°

Columnar and zigzag (o = 80°, with 2 and 4 periods)

2.2. Composition, structure, morphology and electrical resistivity

The atomic composition of the as-deposited samples was measured by Rutherford

Backscattering Spectrometry (RBS) using (1.4, 2.3) MeV and (1.4, 2) MeV for the proton and

*He beams, respectively. Three detectors were used: one located at a scattering angle of 140°,

and two pin-diode detectors located symmetrically to each other, both at 165°. Measurements

were made for two sample tilt angles, 0° and 30°. Composition profiles for the as-deposited

samples were determined using the NDF software.>” For the 14N, %0 and **Si data, the cross-
p g

sections given by Gurbich were used.”*! The area analysed was about 0.5x0.5 mm?®. The
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uncertainty in the N concentrations is between 3 to 5 at. %. The structure and phase
distribution of the coatings were assessed by X-ray diffraction (XRD), using a Bruker AXS
Discover D8 diffractometer, operating with Cu K, radiation and in a Bragg-Brentano
configuration. The XRD patterns were deconvoluted and fitted with a Pearson VII function to
determine the structural characteristics of the films, such as the peak position (20), the full
width at half maximum (FWHM) and the crystallite size. Morphological features of the
samples were probed by scanning electron microscopy (SEM), carried out in a FEI Quanta
400FEG ESEM microscope operating at 15 keV. The resistivity measurements were

performed using the four-probe van der Pauw method”! at room temperature.

2.3. Electrochemical behaviour

The Ag:TiN-coated TPU substrates were rinsed in water and dried with a hair drier, prior
to all electrochemical experiments. A synthetic sweat solution with a pH of 4.7 containing
ammonium and sodium chloride, urea, lactic acid and acetic acid was used in all
electrochemical studies, in order to simulate the behaviour of the electrode in contact with the

body sweat.>®

The plasma discharge GLAD sputtered samples were immersed in the
synthetic sweat solution for 2h before all experiments, in order to allow stabilization with the
electrolyte. The geometrical area of the samples was kept constant in all runs. Cyclic
voltammetry (CV) curves were performed at a constant sweep rate of 25 mV/s, using the
Gamry G300 equipment (Gamry Instruments, USA) driven by the Gamry PHE200 software.
The electrochemical impedance spectroscopy (EIS) studies were performed at the open circuit
potential (OCP) for frequencies ranging from 10 kHz to 2 mHz, with a 7 mV (RMS) AC
probe signal, using the EIS300 software from Gamry. All potentials were measured against a
saturated calomel electrode (SCE) and a platinum wire was used as counter electrode.

Simulation of the experimental data was also performed with Gamry software. The

electrochemical noise data was acquired using the Gamry ESA410 software, by immersing
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two identical samples (same sputtering batch) in the synthetic sweat solution. Two sintered
Ag/AgCl commercial electrodes (B10, EASYCAP GmbH, Germany) were used as
comparison reference. The data was acquired using a 1000 Hz sampling rate for a period of
12 minutes and then analysed using a custom MatLab (The Mathworks Inc., USA) algorithm.
The electrochemical noise analysis was performed by first applying a 20" order Butterworth
bandpass filter with cut-off frequencies at 0.5 and 100 Hz. The first 10 seconds of each
filtered data set were neglected to avoid including considerable filter artefact in subsequent
evaluations. Then, successive segments of 30 seconds were considered for the calculation of
the RMS values of noise and drift rate, over the total acquisition times. The power spectral
density (Welch estimation) was calculated for 12 minutes segments, representative of all the

Ag/AgCl commercial electrodes, pure TiN and Ag:TiN sample couples.

3. RESULTS AND DISCUSSION
3.1. Morphological, structural and electrical characterization

RBS composition analysis showed that there was a roughly constant composition
throughout all samples, with a N/Ti atomic concentration ratio of about 0.7 and a Ag atomic
content of approximately 10 at.%. In spite of the different architectures and the correspondent
changes in the deposition characteristics, the use of the same target and the constant
deposition parameters may explain the almost constant composition profiles.

The morphological features of the GLAD sputtered Ag:TiN coatings are patent in Figure
2. The SEM images clearly show that the change in the incidence angle (o, from 0 to 40 and
80°) and zigzag periods (2 and 4, both at a = 80°) translates into significant morphological
alterations regarding the correspondent column angle (B) and related porosity. The films
deposited with lower o angle are compact and almost featureless (with a = 40°, small traces of
columnar definition are noticeable). In opposition, the coatings sputtered with o = 80°

(especially the ones with 2 and 4 zigzag periods) are highly porous. Note that the film
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prepared with o = 80° exhibits enhanced column definition. This porosity increase is closely

related with the increase of the number of zigzag periods [18,21,24,29,32,49].

Figure 2. Morphological features of the GLAD sputtered Ag:TiN samples evidencing their distinct architectures
and zigzag periods (n =2 and 4).

The obtained B angles corroborate the morphology and porosity changes, since they vary
from a minimum of 23° (for the compact a = 40° sample) to an average of 29° for the porous
films. Moreover, the results are in accordance with a previous study by the authors'*”, where

Ag-doped stoichiometric TiN films sputtered into glass and silicon substrates were analysed
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and the samples suffered similar changes (porosity increase and column disaggregation) with
increasing o angles.

From the XRD patterns that are present in Figure 3, it is possible to see the structural
evolution of the samples according to the o angle increase and their different architectures.
Despite the baseline noise present in all diffractograms (consistent with low crystallinity,
which can be attributed to the particularities of thin films deposition in polymeric-based
substrates — low deposition temperatures, hence low mobility of the sputtered species”™), the
structural behaviour of the GLAD sputtered Ag:TiN samples seems to be, a priori,
independent from their porosity and morphological features that were already analysed. Thus,
both the dense and porous samples exhibit the main fcc TiN crystallographic phase planes
(ICSD card no. 184916) — (111) at 36.7°, (002) at 42.6° and (022) at 61.8°. An important point
is that no substantial shift of the more significant TiN phases is perceivable, meaning that a

relatively stable TiN matrix was grown.
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Figure 3. XRD diffractograms of the GLAD sputtered Ag:TiN coatings.
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Regarding the peaks at 38.1° and 44.1°, they may be ascribed either to the tetragonal
TiAg (012) and (004) planes (ICSD card no. 605934), Ti,Ag (013) and (006) planes (ICSD
card no. 605935), or even the (111) and (002) planes of the fcc Ag phase (ICSD card no.
181730). Indeed, the absence of the Ti characteristic peaks in the diffractograms of Figure 3
and the fact that no evidence of Ag particles was found on SEM images (Figure 2) strongly
suggest that Ti,Ag intermetallic phases may exist in the Ag: TiN films.”***! Note that the used
sputtering conditions — low temperature and no bias, hence low mobility of the sputtered
species and low attained crystallinity — favours the growth of coatings far from the
thermodynamic equilibrium. The occurrence of a Ag/TiAg/Ti,Ag phase mixture was already

081" Also, due the low amounts of Ag

hypothesized in previous works by the authors.
concentration and the low intensity of the Ag-related phase peaks (Ag/TiAg/Ti,Ag), no
reliable quantification of the Ag phase grain size was possible. This could mean that the
poorly crystallized Ag-related phase may not be able to form a coherent diffraction pattern,
which is evidenced by the broad peak that can be seen around 38.1°. As for the TiN-related
grain size, taking into account the most intense phase — fcc TiN (111) — it was found to be
1142 nm.

In opposition to the structural behaviour, the resistivity evolution of the GLAD sputtered

Ag:TiN samples, Figure 4, is strongly influenced by the morphological features of the

coatings.
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Figure. 4. Resistivity behaviour according to the different architectures and periods of the GLAD sputtered
Ag:TiN thin films, as well as for the TiN (adapted from ref."") and Ag reference samples. The error associated
to all measurements was always below 1% and the attachment of the contacts was checked prior to every

measurement (the I/V correlation was always very close to 1).

Taking a closer look at Figure 4, it is possible to see significant resistivity differences
between the dense and porous samples, as already observed by the authors."*”! With increasing
a angles, from 40 to 80° (and consequent increase of B angles from 23 to 29°), the resistivity
values suffer an almost one order of magnitude increase, varying from the 10 to the 10”° Q.m

[29,49,60

range. This increase derives from the observed porosity increase I'(see Figure 2), which

should lead to increased scattering at the interface of the columns, as predicted by the

Matthiessen’s rule.'®!

I The Matthiessen’s rule takes into account several morphological and
structural parameters that contribute to the resistivity evolution, such as scattering from
phonons, impurities, defects, grain boundaries and surface scattering. Note that the reference
stoichiometric TiN sample also shows high levels of porosity and extensive column
disaggregation (see refs.”’”'l), presenting resistivity values that are also in the 10° Q.m

range. This translates the paramount influence of the porosity of the samples and also of the

sputtering parameters, namely the used substrate temperature (no temperature was used in the
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present study for the coating of the polyurethane substrates). Hence, the charge carrier
mobility should be significantly decreased, thus reducing the electronic transport properties of
the GLAD sputtered films. Regarding the increase of the number of zigzag periods (from 2 to
4), a slight decrease of the resistivity values is attained (although remaining in the 10° Q.m

range), a fact that was also observed by the authors in a previous work.*”!

3.2. Electrochemical evaluation of the sputtered Ag:TiN films
3.2.1. Cyclic Voltammetry

The cyclic voltammograms of the GLAD sputtered Ag:TiN samples, Figure 5, clearly
illustrates the striking effects of the o angle variation on the electrochemical properties of the

films.
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Figure 5. Cyclic voltammograms performed with a sweep rate of 25 mV/s of (a) the GLAD sputtered Ag:TiN
samples and (b) magnification showing the behaviour of the more compact coatings, Ag:TiN 0° and Ag:TiN 40°.
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Taking into account the anodic curve, the formation of an AgCl layer is identified by the

[62-65) Fyrthermore, due to the

occurrence of a peak around 0.1-0.2 V in all voltammograms.
observed current increase when a increases from 40° to 80° a shift of the anodic peak is
noticeable in the porous samples, which can be attributed to the ohmic drop that occurs
through the AgCl film.!'”! Note that higher anodic currents indicate the formation of thicker
AgCl films, thus a more pronounced potential shift is expected. The cathodic peaks around -
0.1 V depict the reduction of the AgCl layer formed during the anodic sweep.

The current plateau extending from about -0.4 V to 0.0 V corresponds to a purely
capacitive behaviour, therefore it will be proportional to the film/electrolyte exposed area.”"
On the other hand, the anodic peak current will reflect the amount of Ag available at the
film/electrolyte interface. Thus, a plot of the normalized anodic peak current vs. normalized
sample area (calculated from the capacitance) for all films reveals important information
about the morphological and chemical evolution of the samples, Figure 6. First, the porosity
increase identified in the SEM images when the a angle increased from 40° to 80°, Figure 2,
corresponds to an eighty-fold increase of the real area. Second, the 80-times area increase
corresponds to a 300-fold increase of the anodic peak current. Hence, the increase of surface
Ag cannot be fully ascribed to the surface area increase and it should be concluded that the

increase of the a angle leads both to film morphological changes (porosity increase) and

chemical changes (higher surface Ag content).
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Figure 6. Plot of the normalized anodic peak current vs. normalized area of the GLAD sputtered Ag:TiN

coatings.

To summarize, the voltammetric findings may attest the pivotal role of the o angle in the
properties of the GLAD sputtered Ag:TiN films, namely regarding the increase of specific

film area and Ag content in contact with the electrolyte.

3.2.2. Electrochemical Impedance Spectroscopy (EIS)

Figure 7 depicts the Bode diagrams of representative Ag:TiN GLAD sputtered samples.
Reference stoichiometric TiN and pure Ag samples spectra were added for comparison
purposes. All impedance values refer to the geometrical area, which was kept constant for all

samples.
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Figure 7. Bode diagram exhibiting the (a) impedance and (b) phase behaviour of the GLAD sputtered Ag:TiN

films. Pure TiN and Ag samples are plotted for comparison purposes (adapted from ref.*').

It is apparent that the denser samples, Ag:TiN 0° and Ag:TiN 40° exhibit higher
impedance values (7x10° Q.cm” and 4x10° Q.cm” at 2 mHz, respectively) than the porous
ones, Figure 7 a). In fact, an important impedance decrease is perceivable with increasing o
(and PB) angles from 40° to 80° (2x10* Q.cm” at 2 mHz), which should be ascribed (at least in
part) to the area increase verified when passing from the compact to the porous films. The
data referring to the porous Ag:TiN 80° sample was not plotted since it was overlaid with the
impedance spectra of the other porous samples, Ag:TiN 80° 2Z and Ag:TiN 80° 4Z. Note that
the significant increase of the surface Ag content observed for the porous samples in the

voltammetric curves cannot entirely justify the observed impedance drop, since the
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impedance curve for the reference Ag sample is of the same order of that observed for the
compact Ag:TiN 0° and 40° films.

On the other hand, from the application side, it is important to keep the electrode/skin
impedance as low as possible to facilitate signal transfer (< 10* Q.cm” at 1 kHz, the typical

impedance of the wet electrodes/skin interface).[*%

' With regard to this point the porous
samples, namely the Ag:TiN 80° Ag:TiN 80° 2Z and Ag:TiN 80° 4Z films, are the most
appropriate ones.

Beyond the impedance differences observed for the compact and porous samples, also the
phase curves display quite different structures, Figure 7 b). Indeed, the compact samples
(Ag:TiN 0° and Ag:TiN 40°) display a capacitive behaviour that extends to significantly
higher frequencies than the porous ones (Ag:TiN 80° 2Z and Ag:TiN 80° 4Z ), an indication
of lower interfacial capacitances. Again, this may be ascribed to the specific area difference
(higher area leads to lower capacitance values) between the two types of GLAD sputtered
Ag:TiN samples. Furthermore, the porous samples seem to display a single time constant in
the associated equivalent circuit, unlike the compact samples that display a more complex
electrical behaviour, particularly in the low frequency region. The equivalent circuit used to
simulate the electrical behaviour of the Ag:TiN/synthetic sweat interface is depicted in Figure
8 a). A constant phase element (CPE;) was used to account for roughness and/or other

(9701 The impedance of a CPE was

surface/film inhomogeneities or relaxation processes.
defined according to Equation (1)

Zcpe = 1/[T(jo)"] (1)
where T and p stand for the CPE parameters and ® is the angular frequency.’®®’"! R,
represents the electrolyte resistance and, in the parallel circuit, the upper and lower branches
stand for the non-Faradic and Faradic processes, respectively. In the non-Faradic branch, the

CPE; element simulates the series combination of the double-layer and film capacitive

behaviour at the film/synthetic sweat interface. Since the OCP values of the GLAD sputtered
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Ag:TiN and reference films lay in the water stability region and no redox couples are active in
this potential region, the resistance to electronic charge transfer was not considered (Rej= ).
In the Faradic branch, R, stands for the polarization resistance related with Faradic interfacial
processes and W, (semi-infinite Warburg diffusion element) was used to take account of the
ionic diffusion processes occurring within the film. The Warburg diffusion coefficient () was
calculated from Equation (2):"”]

o= 1/(\2Ty) )
This circuit was effective for simulating the electrical behaviour of the Ag:TiN 0° and Ag:TiN
40° dense samples. In the first trials, a CPE was inserted in parallel with R;, in order to
simulate the capacitance associated to the Faradic processes. However, 7 and p were

dependent on the initial simulation parameters and were obtained with large associated errors

(in excess of 100%).

a)

CPE;
N ¢
C.E R l—— W.E
P
WO‘ V V
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. 0

C.E. .—/V\/\— —@ W.E.
R

Figure 8. Proposed equivalent circuits for the simulation of the Ag:TiN/synthetic sweat interface.

On its turn, for the Ag:TiN 80°, Ag:TiN 80° 2Z and Ag:TiN 80° 4Z samples, as well as
for the stoichiometric TiN and pure Ag reference ones, the 7y Warburg parameter was

rejected in the simulations (large errors and high 7y values). Therefore, the circuit of Figure 8
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b) was used instead, confirming the initial assumption of the existence of a single time
constant for these cases.

The simulation of the impedance curves of Figure 7 led to the equivalent circuit
parameters presented in Table II. The R, value for the TiN and Ag reference samples were

adapted from a previous work by the authors [51].

Table II. EIS fitting parameters.

R, R. CPE;(T) CPE; Tw ,
Sample 2 2 4 __2.n A2 12 X
/Q.cm”  /Q.cm”  /Q .em™.s ») /Q.cm™.s
TiN >3x10° 419 7.9x10” 0.87 - 2x10™
Ag:TiN 0° * 61.3 3.4x107 0.85 6.5x10°  2x10™
Ag:TiN 40° * 64.0 6.6x107 0.84 1.0x10°  2x10™
Ag:TiN 80° >1x10"  78.4 2.3x107 0.79 - 4x10™
Ag:TiN 80°2Z  >1x10° 875 2.6x107 0.80 - 3x107™
Ag:TiN 80°4Z  >3x10° 859 2.5x107 0.81 - 6x107™
Ag 2.5x10° 232 5.7x107 0.89 - 3x107

*R, values obtained with large errors.

Due to the predominantly capacitive behaviour in the low frequency range, Figure 7, the
R, values for the TiN and porous GLAD sputtered Ag:TiN samples (Ag:TiN 80°, Ag:TiN 80°
27 and Ag:TiN 80° 4Z) could not be calculated. The R, values could, however, be estimated
by using the procedure detailed in reference.”" The high R, values (> 10° Q.cm?) point to the
excellent chemical stability of the coatings in chloride medium (synthetic sweat, in the present
case). Finally, the R, values for Ag:TiN 0° and 40° are not reported since they were obtained
with large errors, most probably because of the predominant contribution of the Warburg
impedance in these cases.

As already observed by Norlin for TiN porous films'®®, the sample roughness/porosity

influences the CPE; T and p parameters. 7 increases almost two orders of magnitude (from
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~107 to ~107 Q.cm™.s") when the o angle (thus also the porosity) increases from 40° to 80°.
Yet, the increase of the number of zigzag periods from 2Z to 4Z does not translate into
significant differences of the 7 parameter. It is interesting to note that the 7 increase is of the
same order of magnitude of the voltammetric area increase measured for the same samples.
As for the CPE; p parameter, its value decreases, as expected, for the porous films, but in
general it is close enough to 1 for the CPE; to be considered an essentially capacitive element.

The porosity increase also affects the R, values, since the porous films exhibit higher
values than the Ag:TiN 0° and Ag:TiN 40° dense samples, an effect that is apparent in the
Bode curves at high frequencies, Figure 7 a). This effect should be related with the increased
electrolyte resistance inside the pores (see Figure 2).

Finally, the high values obtained for the Warburg coefficient (), 1x10° and 7x10* Q.cm’
2572 for the Ag:TiN 0° and Ag:TiN 40° samples, respectively, are representative of the ionic
blocking properties of the GLAD sputtered dense coatings. Such blocking properties are lost
when the films are fractured, as observed with the porous films.

In conclusion, from the impedance behaviour point of view, the porous Ag:TiN 80°,
Ag:TiN 80° 2Z and Ag:TiN 80° 4Z thin films seem to be the most appropriate to be used as

biomedical electrodes, owing to their good chemical stability and low impedance values.

3.2.3. Electrochemical noise and drift analysis
In order to avoid unwanted masking of the low frequency and/or small amplitude
biosignals, reduced drift rates and fast stabilization times are of paramount importance.””

Consequently, the drift rate of representative GLAD sputtered Ag:TiN samples immersed in

the synthetic sweat electrolyte was evaluated and is presented in Figure 9.
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Figure 9. Electrochemical potential drift rate evolution of representative GLAD sputtered Ag:TiN films. Pure

TiN and Ag/AgCl commercial electrode data was adapted from ref.”",

Significant differences were found between the dense and the porous samples, which can
be related to their different morphologies and architectures. Specifically, the porous Ag:TiN
coatings, Ag:TiN 80° and Ag:TiN 80° 2Z, display small drift rates in the range of 1 uV/s and
similar to those presented for the commercial Ag/AgCl electrodes, whereas the dense Ag:TiN
0° and Ag:TiN 40° films and the reference TiN sample, display higher or unstable drift rates.
Such drift rates may be ascribed to the slow redox processes involving TiN, such as the
oxidation of the TiN phase, with the formation of titanium oxynitrides and consequent
thickening of the passive film.""? In opposition, the porous samples display far more stable
potential values, close to those of the reference wet Ag/AgCl electrodes. Since this behaviour
is in line with the strong increase of Ag at the surface of the films, as confirmed by the
voltammetric results of Figure 5, the potential stabilization is possibly related to the formation
of an AgCl layer at the surface of the porous coatings.

Moreover, biomedical electrodes should also allow a clean signal transfer from the body

to the recording apparatus, meaning that the threshold level of noise at the electrode/skin
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interface should be considerably lower than the signal amplitude.

[70.73.741 Hence, the

monitoring of the electrical noise of the films in contact with sweat in the frequency region of

interest for the envisaged application (EEG) is of paramount importance, in order to assess the

suitability of the developed GLAD sputtered Ag:TiN films to be used as flexible biomedical

electrodes.

The power spectral density (PSD) of representative Ag:TiN couples, as well as of a

commercial Ag/AgCl electrode, in synthetic sweat are shown in Figure 10.
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Figure 10. Noise power spectral density spectra of representative GLAD sputtered Ag:TiN coatings. Pure TiN

and Ag/AgCl commercial electrode data (adapted from ref.”") is plotted for comparison purposes.
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The noise values follow the 1/(freq.) law commonly associated to slow corroding

[7] "increasing as the frequency decreases. Although the noise level is acceptable for

systems
all films, even in the low frequency region, a clear behavioural difference in terms of noise
addition can be seen with increasing porosity, Figure 10 a). The dense Ag:TiN 0° and Ag:TiN
40° samples exhibit noise values that are approximately double than those of the porous
samples at the lower frequency range for EEG exams (0.5 Hz). Looking in detail at the noise
data of the porous Ag:TiN 80° and Ag:TiN 80° 2Z samples, Figure 10 b), no significant
differences can be found when comparing with the reference Ag/AgCl commercial electrode,
with values ranging from 0.5 to 0.55 pV/NHz.

To conclude, the noise and drift rate behaviours reinforce the idea that the GLAD
sputtered Ag:TiN porous coatings (Ag:TiN 80°, Ag:TiN 80° 2Z and Ag:TiN 80° 4Z) are the

most promising ones to be used for the envisaged flexible biomedical electrode application.

4. CONCLUSIONS

In the present work, a set of Ag:TiN thins films with 10 at.% Ag were GLAD sputtered
onto flexible polyurethane substrates with different architectures, with the ultimate goal of
selecting the most promising coating architectures to be used as biomedical electrodes. The
plasma discharge GLAD technique was successfully used to tailor the porosity of the samples
by continually increasing the plasma incidence angle from 0° to 40° and 80°, and also by

changing the architecture of the columns from columnar to zigzag with 2 and 4 periods.

A substantial increase of the electroactive area and surface Ag content were observed
when the o angle increased from 40° to 80° leading to low impedance and low
electrochemical noise values, as well as stable potentials (low drift rates), comparable to those
of Ag/AgCl commercial electrodes, in the Ag:TiN 80°, Ag:TiN 80° 2Z and Ag:TiN 80° 4Z

porous samples. In opposition, the Ag:TiN 0° and Ag:TiN 40° dense samples consistently
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presented more unstable potential values (higher drift rates), higher impedance values and

electrical noise.

No Ag segregation was found in any deposited coating, what was ascribed to the
formation of TiAg or Ti,Ag intermetallics. Hence, the obtained samples should be

morphologically and structurally stable.

In conclusion, and regarding the electrochemical results, it is possible to say that the
Ag:TiN 80°, Ag:TiN 80° 2Z and Ag:TiN 80° 4Z porous films exhibit the most promising
properties for the fabrication of flexible dry biomedical electrodes. The next works by the
authors will focus on the optimization of the Ag:TiN/polyurethane interfacial adhesion
(through surface plasma activation of the polyurethane substrates), as well as the mechanical

and electrical behaviours of the coatings under deformation.
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...no considerable differences were found in terms of shape, amplitude and spectral characteristics of the

signals when comparing reference wet and dry electrodes.”

" This chapter is based on the following publication:

P. Pedrosa, C. Lopes, P. Fiedler, E. Alves, N.P. Barradas, J. Haueisen, A.V. Machado, C. Fonseca, F. Vaz,
“Ag:TiN-coated polyurethane for dry biopotential electrodes: from polymer plasma activation to the first EEG
measurements”, submitted to Applied Materials and Interfaces, under review.
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The architecture of the Ag:TiN thin film system was effectively tailored in the previous
chapter, using the GLAD technique. Several thin film architectures were firstly optimized and
then sputtered onto flexible polyurethane substrates, which were subsequently
morphologically, structurally and electrochemically characterized. Since a previously
optimized Ag contents (10 at.%) and TiNy matrix stoichiometry (N/Ti atomic ratio of 0.7)
were used in the study performed in chapter 5, no silver segregation was found. Once more,
the structural stability of the Ag:TiN films could be ascribed to the possible formation of
TixAg intermetallics. Moreover, a steep porosity increase of the coatings occurred when the
incidence angle increases from 40° to 80° (including the films with two and four zigzag
periods), which gave rise to higher electroactive areas. Consequently, the Ag:TiN 80°,
Ag:TiN 80° 2Z and Ag:TiN 80° 4Z porous coatings were considered the most suitable to be
used as bioelectrodes, due to the displayed lower impedances, as well as noise and drift rates
comparable to those of the wet Ag/AgCl commercial electrodes.

However, since the Ag:TiN GLAD films were sputtered into flexible polyurethane
substrates, long-term adhesive failure of the coatings should not be disregarded, due to the
well-known low surface energies displayed by most polymers. Adhesive failure often occurs
during the manual placement of the dry electrodes, which may need slight adjustments in
order to interfuse thick hair layers. Hence, the in-service validation of all previous
investigations patent in chapters 2 to 5 through coating of the final polyurethane multipin
electrodes is of paramount importance and must be complemented with a comprehensive thin
film/polyurethane adhesion characterization. Therefore, the following chapter focuses not
only on the selection of the best polyurethane plasma activation treatment conditions in order
to enhance the thin film/polyurethane interfacial adhesion, but also on an extensive EEG
signal quality comparison between the proposed Ag:TiN-coated dry multipin electrode and

the wet commercial Ag/AgCl ones.
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The selected plasma treatment conditions (100 W, 15 min., regardless of the used gas —
argon, nitrogen or oxygen) were highly effective on the chemical activation (grafting of
reactive oxygen-containing species) and roughness promotion, thus giving rise to lower water
contact angle values, when comparing to the untreated sample. A decrease from 90°
(untreated PU) to a minimum of 12° (argon treatment) was attained. Consequently, one of the
main objectives of this chapter was attained, since the PU/Ag:TiN interfacial adhesion was

steeply enhanced, as it can be seen on Figure 6.1.

untreated

@it mag 01| H e e —
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N, 100W 15 min.
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Figure 6.1. Cross-cut tape test results for the untreated and nitrogen activated Ag:TiN-coated PU samples.
The adhesion level of the untreated sample was classified as 3B, while for the plasma treated samples the

maximum classification was chosen (5B).

In addition, no considerable differences were found in terms of shape, amplitude and
spectral characteristics of the signals when comparing reference wet and dry electrodes (see
cover figure). Hence, the in-service validation indicates that the plasma activated and Ag:TiN-

coated polyurethane dry MP electrode are, in fact, suitable candidates to replace the standard
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Ag/AgCl ones in specific clinical and ambulatory applications where fast and easy montages

may be needed.
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CHAPTER 6 —Ag:TiN FILM ADHESION TO PU AND EEG MONITORING

ABSTRACT

In the present work, several plasma treatments using argon, oxygen and nitrogen as
working gases were optimized in order to increase the interfacial adhesion of the
polyurethane/Ag:TiN system in order to be used as biopotential electrodes. The optimized
plasma treatments conditions (100 W, 15 min., regardless of the gas) promoted a steep
decrease of the water contact angle values from 90° (untreated) to 42° (oxygen), 25° (nitrogen)
and 12° (argon). The observed chemical and topographic alterations translated into excellent
polyurethane/Ag:TiN interfacial adhesion of the plasma treated samples, when comparing to
the untreated ones. Moreover, the in-service validation of the proposed Ag:TiN-coated
polyurethane multipin electrodes was performed by acquiring EEG signals in parallel with the
standard wet Ag/AgCl electrodes. No considerable differences were found in terms of shape,
amplitude and spectral characteristics of the signals when comparing reference wet and dry
electrodes. Hence, the proposed dry biopotential electrodes seem to be promising candidates

to replace the standard wet Ag/AgCl electrodes.

1. INTRODUCTION

The conventional wet silver/silver chloride (Ag/AgCl) electrodes are considered the most
suitable for biosignal acquisition [1-3] and are widely used in routine clinical practices and
medical research, such as multichannel electroencephalography (EEG) [4,5], or even brain-
computer interfaces [6-8]. They exhibit an essentially non-polarizable, resistive behaviour,
also displaying an excellent reliability and low, almost frequency-independent skin-contact
impedance values, in the order of few tens of kQ.cm® [2,3]. However, the wet Ag/AgCl
electrodes suffer from intrinsic technological drawbacks, including difficult, time-consuming,
and error-prone skin preparation [1], as well as limited long-term stability of the gel
electrolytes and constant risk of hair damage and skin irritation [2,3,8].

For the past few years, a new class of dry biopotential electrodes have been studied as
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potential substitutes for the commercially used wet Ag/AgCl electrodes in applications where,
for instance, fast and easy montages are required. This new generation of electrodes does not
rely on the application of conductive gels and previous extensive skin preparation [3,9,10],
which translates into higher interfacial impedances. Moreover, incorrect and/or uncomfortable
skin contact may arise due to the stiff nature of some of the proposed base materials
(aluminium [3], steel [11,12], silicon [13,14], titanium [15] and polycarbonate [16]), and
design-specific conceptual problems (micro-needle electrodes [13,14] and rigid planar
plates/disks unable to interfuse the hair layer [15,16]). Hence, in order to reduce some of the
referred drawbacks, several authors focused not only on the development of new electrode
designs, which allow an effective hair interfusion [17-20], but also on the use of more
compliant base materials, such as textiles [21] and, above all, flexible polymers [22-25].
Thermoplastic polyurethanes (TPU) have been extensively applied in several fields that
range from technical coatings to biomedical applications [26-28], due to their excellent
balance between mechanical properties (high flexibility, dependent on the composition),
chemical barrier behaviour, soft tact and biocompatibility [29,30], thus being appropriate to
be used as biopotential electrode base material. Nonetheless, since the present study aims at
coating TPU substrates with a previously optimized Ag:TiN thin film system [31-34], the
TPU surface must be suitably activated/functionalized [35-37], in order to take account of the
low surface energy and hydrophobicity (common to most polymers), which may result into
poor TPU/Ag:TiN interfacial adhesion. To improve this drawback, a set of low-pressure
plasma treatments will be studied, since they are able to tailor important surface
characteristics, such as the wettability and topography [38-40], without compromising the
bulk properties of the polymer. Moreover, the low environmental impact promoted by this
technique, when compared to other surface activation methods (chemical, thermal and
electrical), has also been reported [29,41]. Depending on the plasma gases and parameters

(gas flows, power, pressure and treatment time), several individual physicochemical effects
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may be achieved [42-47], such as surface cleaning (removal of contaminants), etching
(roughness promotion), crosslinking, formation of new functional groups and chain scission
(formation of free radicals). The occurrence of these individual effects, or even combination
of them (namely increased roughness and formation of new reactive groups), may promote
beneficial effects on the adhesion, by acting as interlock points for active polar groups [47],
thus an increase of the surface wettability is expected [44,47].

The present work, therefore, investigates, in a first stage, the effect of several argon [35],
oxygen [30,35,39,48,49] and nitrogen [29,35] plasma activation treatments, performed with
different times and powers on the surface characteristics of the TPU substrates, and
subsequent adhesion of the sputtered Ag:TiN film. Then, the plasma activated (using the best
treatment time and power for the different gases) novel dry Ag:TiN-coated polyurethane
multipin electrodes, which intends to combine the use of a flexible base material
(polyurethane, PU) with an optimized design (multipin, MP), were used in several EEG trials
in comparison with the wet Ag/AgCl ones. Finally, the quality of the monitored EEG signals
was compared in order to select the best plasma treatment/Ag:TiN coating combination to be

used as biopotential electrodes.

2. EXPERIMENTAL DETAILS
2.1. Activation and characterization of the polyurethane substrates

The polyester-based thermoplastic polyurethane (TPU) substrates, ref. WHT-1495EC,
from Yantai Wanhua Polyurethanes Co., Ltd. were obtained by compression moulding in the
sheet form. Before all plasma activation treatments, the polyurethane substrates were cleaned
with ethanol (96% vol.). A Zepto laboratory-sized plasma system from Diener Electronics (o
= 105 mm, L = 300 mm, V = 2.6 L) was used for the plasma activation of the samples.

Several plasma treatments were performed, taking into account the effect of three main
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parameters: (i) used gas, (ii) plasma treatment time and (iii) plasma treatment power. The

plasma treatment experimental parameters are summarized in Table I.

Table I. Plasma treatment parameters.

Pressurep,se Pressurework

Parameter Gas Power (W) Time (min.) (Pa) (Pa)

Ar 100 2,5, 10, 15 and 20 3x107 8x107

é 0, 100 2,5, 10, 15 and 20 3x107 8x107

) N, 100 2,5, 10, 15 and 20 3x107 8x107
Ar 100, 75 and 50 15 3x107 8x107

-

;é 0O, 100, 75 and 50 15 3x107 8x107

- N, 100, 75 and 50 15 3x107 8x107

Before and immediately after (maximum of 10 minutes) all activation experiments, the
water contact angle (sessile drop method [50,51]) was measured at room temperature, using a
OCA 20 unit from Dataphysics, in air-facing polyurethane surfaces. A minimum of six
contact angle measurements were performed for each condition. An optimized plasma
treatment time (15 minutes) and power (100 W) were selected from the water contact angle
measurements. The chemical bonding characteristics were analysed by Fourier Transform
Infrared Spectroscopy (FTIR) in Attenuated Total Reflectance (ATR) mode, using a Jasco
FT/IR 4100 system, equipped with a Specac MkII Golden Gate single reflection ZnSe ATR
crystal. All ATR-FTIR measurements (64 scans, 4 cm™ nominal resolution) were performed
before and immediately after the activation of the samples. In addition, the surface chemistry
of the untreated and activated polyurethane samples was also assessed by X-ray Photoelectron
Spectroscopy (XPS), performed using a Kratos Axis Ultra spectrometer, equipped with the
VISION software for data acquisition and CASAXPS for data analysis. The experiments were
carried out with a monochromatic Al K, x-ray source (1486.7 eV), operating at 15 kV (90W)
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in fixed analyser transmission (FAT) mode, with a pass energy of 40 eV for the regions of
interest and 80 eV for the overall surveys. Data acquisition was performed with a pressure
lower than 1x10° Pa, and a charge neutralization system was used. The effect of the electric
charge was corrected by the reference of the carbon peak (285 eV). The modelling of the
spectra was performed with the CASAXPS program, in which an adjustment of the peaks was
done using peak fitting with Gaussian-Lorentzian peak shape and Shirley-type background
subtraction [52].

The surface topography and average roughness (R,) of the polyurethane substrates was
assessed before and after the plasma activation using a Multimode Atomic Force Microscope
(AFM) from Digital Instruments using the tapping mode (scan size 3 pm and scan rate 1 Hz).

A Nanoscope III controller and Tesp AFM tips from Bruker were also used.

2.2. Thin film production and adhesion characterization

The plasma activated polyurethane substrates were used to deposit Ag:TiN coatings with
a N/Ti atomic ratio of 0.7 and 6 at.% Ag by reactive DC magnetron sputtering, in a 60 L
custom-made laboratory-sized deposition system. This specific Ag:TiN composition was
optimized in previous works by the authors, in order to avoid Ag segregation through the
potential formation of Ti,Ag intermetallics [31-34]. The thin films were prepared with the
grounded substrate holder positioned at 75 mm from the magnetron and with a 5 rpm
rotational speed. A DC current density of 75 A.m™was applied to the titanium target (99.96
at. % purity / 200x100%x6 mm), containing silver pellets (8080 mm and 1 mm thick) on its
surface distributed symmetrically along the erosion area. The total surface area of the silver
pellets (~192 mm®) was preserved throughout all depositions. A mixed gas atmosphere
composed of Ar+N; was used to generate the plasma. The argon flow was kept constant at 25
scem in all depositions (partial pressure of 5.4x10™" Pa), while the flow rate of nitrogen fixed

at 2 sccm (partial pressure of 4.6x107 Pa). The working pressure was about 3.8x10™ Pa. A
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delay time of five minutes was used prior to positioning the sample surface in front of the
Ti/Ag target, in order to avoid contamination of the coating resulting from previous
depositions, which may have resulted in some target poisoning, as well as to ensure an almost
constant deposition temperature during the growth of the films. All depositions were
performed for 1800 s at room temperature to avoid polymer degradation (together with the

grounded condition of substrate holder). Operating conditions are summarized in Table II.

Table II. Ag:TiN thin film deposition parameters.

Ar 100 W 15 min.
0O, 100 W 15 min.
N, 100 W 15 min.

Plasma treatments
(performed before all depositions)

Ar (Pa) 5.4x10"

N: (Pa) 4.6x107

t(s) 1800
I(A.cm?) 7.5x107

T (°C) Room temperature
Bias (V) GND
Pressurey,rk (Pa) 3.5-3.8x10™
Pressureps. (Pa) ~10

Area of Ag exposed (mm®) 192

The atomic composition of the as-deposited samples was measured by Rutherford
Backscattering Spectrometry (RBS) using (1.4, 2.3) MeV and (1.4, 2) MeV for the proton and
*He beams, respectively. Three detectors were used. One located at a scattering angle of 140°
and two pin-diode detectors located symmetrically to each other, both at 165°. Measurements
were made for two sample tilt angles, 0° and 30°. Composition profiles for the as-deposited
samples were determined using the NDF software [53]. For the '*N, '°0 and *Si data, the
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cross-sections given by Gurbich were used [54]. The area analysed was about 0.5x0.5 mm”.
The uncertainty in the N concentrations is around 5 at. %.

The adhesion of the Ag:TiN films to the polyurethane substrates (untreated and plasma
treated) was assessed by performing the cross-cut tape test, according to the ASTM D3359-B
standard. The SEM/EDS analysis was carried out in a FEI Quanta 400FEG ESEM/EDAX

Genesis microscope equipped with X-Ray Microanalysis operating at 15 keV.

2.3. EEG monitoring

In the EEG monitoring tests a conventional wet Ag/AgCl ring electrode (B10,
EASYCAP GmbH, Germany) was placed at frontal position Fp2, while a multipin (MP) test
electrode and another wet Ag/AgCl electrode were placed next to each other at occipital
position O2. Furthermore, a reference test using two Ag/AgCl electrodes at position O2 was
performed. Prior to electrode placement the skin at each electrode position was cleaned using
ethanol and a soft cloth. The Ag/AgCl electrodes were applied in combination with electrolyte
gel (Electrogel, EGI Inc., USA), while the MP electrodes (from each plasma activation
condition) were used in dry conditions only. Both occipital electrodes were connected to
independent bipolar channels of a commercial EEG amplifier (Refa Ext, Advanced Neuro
Technologies B.V., The Netherlands), while both channel references were connected to the
same frontal electrode at position Fp2. Electrode fixation and adduction was provided by a
custom-made silicone cap. The MP electrodes were contacted using custom brass mountings.
The measurement setup enables simultaneous recording of independent EEG signals. Hence,
a direct comparison of the acquired signals using conventional and MP electrodes is possible.
Resting-state EEG, alpha activity and eye-blinking artifacts were monitored during the in-
vivo tests. Also, a pattern reversal visual evoked potential (VEP) was recorded according to
ISCEV standards consisting of 300 trials. The three different MP electrodes (activated with

argon, nitrogen and oxygen) and the reference Ag/AgCl electrode were tested in three
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individual tests per material on three volunteers (two male, one female), resulting in an
overall number of 12 test sequences per volunteer. Finally, the simultaneously recorded
signals of the wet (w) and dry (d) electrodes were compared by means of the Root Mean
Square Deviation (RMSD), the Spearman’s rank correlation (CORR) as well as the Welch
estimation of the Power Spectral Density (PSD). Therefore, the signals were filtered using a
bandpass with cut-off frequencies at 1-40 Hz and automatically selected data sequences of 10
s were analyzed. Further details about the EEG monitoring and analysis procedures can be

found in reference [18].

3. RESULTS AND DISCUSSION
3.1. Wettability evaluation of the plasma treated PU surfaces

The hydrophilicity of the untreated and Ar, O, and N, plasma treated polyurethane
samples was evaluated as a function of the treatment parameters that were used, since it is a
reliable indicator for the formation of reactive groups and surface roughness promotion,
which is expected to promote the desired thin film adhesion levels [55].

Fig. 1 a) and b) represent the water contact angle (C.A.) evolution with increasing plasma
treatment times and powers for the three used gases, respectively. Regarding the plasma
treatment time parameter, Fig. 1 a), all treatments were performed with a fixed power of 100

W (equipment maximum) and increasing exposure times from 2 to 20 minutes.
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Fig. 1. Water contact angle evolution with (a) increasing plasma treatment times and with (b) decreasing plasma

Fig. 1 shows that it is possible to reduce the water C.A. from 90° (untreated) to 40°-45°
after only 2 minutes of activation (valid for all gases). Subsequently, with further increase of
the plasma treatment time, a clear differentiation of the C.A. behaviour is patent, taking into
account the different gases used. The most pronounced reduction of the C.A. is achieved

using Ar, with a minimum of 12° after 15 minutes of exposure, corresponding to a
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hydrophilicity increase of 87%, comparing to the untreated value. When a 20 minutes
treatment is performed, the water C.A. values suffer a slight increase until 21°. Regarding the
nitrogen series, a constant decrease of the C.A. values can be seen up to 20 minutes of
treatment time (minimum of 25°, 72% hydrophilicity increase). As for the oxygen treatments,
a minimum C.A. of 42° is achieved after 5 minutes (53 % hydrophilicity increase), with the
values remaining rather constant with increasing activation times.

Taking into account the results of the exposure time variation in the water C.A., the 15
minutes plasma activation treatment was selected as the best treatment time, since all surfaces
activated with the three used gases displayed the lowest C.A. value. In the case of the nitrogen
activation, the slight decrease of the C.A. observed from 15 to 20 minutes was not considered
as significant, taking into account that the error bars of both experimental data are overlaid.
Hence, after selecting the most appropriate treatment time (15 minutes), the effect of the
plasma power was also investigated by decreasing the values from 100 W (maximum power
output allowed by the equipment used) to 50 W, Fig. 1 b). With the exception of the oxygen
treatments (which display roughly the same C.A. with 100 W and 75 W), the argon and
nitrogen plasma ones exhibit increasing C.A. values with decreasing plasma powers.
Consequently, regarding the water C.A. evolution, the plasma treatments that were found to
be more effective in increasing the wettability/hydrophilicity of the PU surface were the ones
performed with 100 W for 15 minutes, regardless of the used gas.

The water C.A. behaviour of the plasma activated PU surfaces, consistent with results
obtained by other authors [29,35,39,48], may be explained by considering the Wenzel’s
equation [55,56]:
cos (Bw) =1 cos (By) (D
Equation (1) describes the relation between the apparent C.A. on a rough surface (Bw), the
surface average roughness ratio (r, ratio between the real and geometric area) and the C.A. on

a chemically similar smooth surface (0y). Hence, taking into account this relation, it is

167



CHAPTER 6 —Ag:TiN FILM ADHESION TO PU AND EEG MONITORING

possible to claim that the wettability evolution is strongly related with the chemical and
topographic changes promoted by the plasma activation treatments. Therefore, an extensive
surface chemical and topographical analysis will be performed in the subsequent sections of
this work (3.2. and 3.3.), in order to draw correlations regarding the observed water C.A.

behaviour.

3.2. Chemical analysis of the plasma activated PU surfaces
3.2.1. FTIR-ATR analysis

The FTIR-ATR analysis was again performed on PU surfaces activated with different
gases, exposure times and plasma powers (same conditions as in the previous section) in order
to validate the selection of the best plasma parameters (time and power) that were performed,
taking into account the water C.A. behaviour.

The results of the overall chemical bonding changes promoted are patent in Fig. 2 a;.3)

and b1-3).
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Fig. 2. FTIR spectra of the polyurethane samples with increasing plasma treatment times (a;_;) and with

decreasing plasma treatment power (b _3).

The bands at 3320 and 2956 cm™ refer to N-H and C-H stretching (s), respectively. As
for the peaks detected between 2000 and 1500 cm™, that may be indexed to C=0 (s) at 1700
cm™', C=C (s) at 1600 cm™ and N-H bending (b) at 1528 cm™. From 1500 to 1000 cm™, the C-
H (b) at 1414 cm™, -CH3 (b) at 1312 cm™, C-O (s) at 1216 cm™ and C-O-C (s) at 1067 cm™
bonds were observed. All the FTIR spectra were indexed according to references [57,58].

Major changes regarding the intensity of the indexed bands can be seen on the FTIR
spectra of the activated surfaces when comparing to the untreated sample, meaning that the
performed plasma treatments effectively changed the chemical surface of the PU samples, by
increasing its reactivity (higher intensity of the reactive oxygen-containing groups can be
seen). However, no new species were detected, regardless of the used gas, exposure time and

plasma power, which was somewhat expected since FTIR is known for not being particularly
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sensitive to small amounts of chemical species [55]. In addition, and unlike what was
observed from C.A. measurements, no significant changes can be seen when focusing on the
exposure time and plasma power, with the respective spectra appearing overlaid. This is
particularly evident taking a closer look at the reactive C=0 oxygen-containing group band,
Fig. 3, where no specific trend regarding the exposure time and used power can be observed.
Hence, due to the lower water C.A. values observed in section 3.1., the Ar 100 W 15 min.,

0, 100 W 15 min. and N, 100 W 15 min. plasma treatments were selected to be further

investigated.
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Fig. 3. Effects of the activation treatments on the C=0 bond with increasing plasma treatment times (a;.3) and

with decreasing plasma treatment power (b 3).

The FTIR spectra of the plasma activation treatments performed with the previously

selected parameters are plotted in Fig. 4 ... Since the inclusion of reactive species is an
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important indicator of good polymer/thin film interfacial adhesion levels and may also explain
the water C.A. evolution (bearing in mind the Wenzel’s equation), the effect of the performed
surface activation on the promotion of C=0, C-O and C-O-C bonds is depicted on Fig. 4 b)
and c). Despite the small intensity differences that are, once more, perceivable, the same
behaviour is patent when taking into account the changes promoted by the three gases. As
expected, the Ar 100 W 15 min. treatment consistently gives rise to lower amounts of oxygen-

containing reactive species, due to the fact that argon is a non-reactive, ideal gas.
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Fig. 4. FTIR spectra of the polyurethane samples (a) treated with the best treatment time and power for the three

used gases. (b) and (c) represent magnifications of the reactive oxygen containing bonds.

Hence, argon should mainly promote the formation of free radicals (dangling bonds) that
may later recombine with oxygen and other elements (including water) when exposed to

ambient air [35,55]. It is important to note that the activated PU samples were analysed
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shortly after the plasma treatments, thus only a brief exposure to ambient air occurred. In
opposition, the treatments performed with nitrogen and, especially, oxygen are more effective
in creating further amounts of reactive groups. Nitrogen, despite not being a noble gas, acts in
a similar way to argon, by promoting the formation of free radicals due to the occurrence of
extensive polymer chain scission [29,30]. The reactive groups are then formed by
combination with ambient oxygen. When using oxygen as working gas, the reactive oxygen-
containing functionalities are obtained during the plasma treatment itself [35]. Furthermore,
some free radicals may also be formed and later recombine with the elements present in

ambient air.

3.2.2. XPS analysis

Since the FTIR investigation was not sufficient to clearly differentiate the chemical
effects of the used working gases, an extensive XPS analysis was performed on the PU
surfaces activated with the previously optimized plasma conditions, Fig. 5. The identification

of the peaks was performed using references [30,59].
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Fig. 5. XPS spectra of the untreated and plasma treated polyurethane substrates.

From the XPS spectra analysis it is possible to see significant changes when comparing

the untreated and plasma treated samples, namely regarding the Cls signal. It is important to

note that some contaminations (F, Na, S, Cl, K and Ca) were detected (peaks identified as * in

Fig. 5). These contaminations were probably introduced in the manufacturing of the PU
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samples, since the related peaks were not reduced after ionic etching. This should mean that
the impurities are part of the bulk polymer and not promoted by the plasma treatments.

All plasma treatments promoted the increase of the oxygen-containing functionalities
(13.5 %, 16.1 % and 15.9 % for the Ar, O, and N, treatments, respectively), when comparing
to the untreated PU sample (10.9 %) in the Cls spectra. These results are consistent with the
FTIR analysis performed in the previous section. Moreover, the insertion of a new chemical
functionality at around 288 eV is perceivable due to the formation of C=0O or N-C-O bonds at
the surface of all activated PU samples. Note that in the FTIR analysis no new reactive groups
were detected after the performed plasma treatments. Despite not being reactive gases, the
XPS analysis proves that argon and nitrogen are effective (although not in the same extent as
oxygen) in promoting the desired chemical changes, including the creation of new
functionalities, which should be mainly due to the higher ability to induce the formation of
free radicals that later act as anchoring points for the oxygen species present in the ambient
air. Oxygen is then the most effective working gas regarding the production of reactive
groups. The grafting of such reactive oxygen-containing groups should, in fact, be responsible
for the increased hydrophilicity of the activated samples.

Nevertheless, this set of results seem to indicate that the chemical alterations studied by
FTIR and XPS do not provide a clear explanation for the wettability differences that were
promoted by the different working gases. As seen in section 3.1., the Ar 100W 15 min.
plasma treatment promoted lower water C.A. values (12°) than the N, 100 W 15 min. (25°)
and O, 100 W 15 min. (42°) ones, despite being less effective in the chemical
functionalization of the PU surfaces. It is also important to note that the argon treatment
promoted the least amount of oxygen-containing groups (13.5 %), followed by nitrogen (15.9
%) and finally oxygen (16.1 %). Hence, considering only the surface chemical chances, no
definitive explanations can be found regarding the water C.A. behaviour observed in section

3.1. Consequently, taking into account equation (1), the wettability behaviour should be
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further explained by investigating the topography changes induced on the activated PU

surfaces.

3.3. Topographic features of the plasma treated PU samples

Wenzel’s equation shows that for a hydrophilic surface (8y < 90°) the roughness should
turn the surface more hydrophilic and a hydrophobic surface (6y > 90°) more hydrophobic.
However, for water C.A. close to 90° this parameter is insensitive to roughness variations. In
addition, the more hydrophilic the surface is, the higher the effect of the roughness on the
water C.A. In section 3.1., it was seen that the water C.A. of the PU substrates decreased from
90° (untreated) to a minimum of 42°, 25° and 12° for the O, 100 W 15 min., N, 100 W 15 min.
and Ar 100 W 15 min. plasma treatments, respectively. These wettability variations from the
untreated to the plasma treated polymer can be explained, in part, by the significant grafting
of oxygen-containing species in the surface of the activated PU samples. However, as seen in
section 3.2., the chemical changes are not able to explain the hydrophilicity changes observed
for the different working gases, since the sample treated with the gas that promoted the
formation of higher amounts of reactive oxygen-containing groups (oxygen, 16.1 %)
displayed the higher water C.A. (42°). In opposition, the Ar treatment exhibited the lowest
water C.A. (12°) despite promoting the formation of less amounts of reactive species (13.5
%).

Hence, the wettability behaviour should be further explained by the topographic changes
promoted by the different plasma treatments, Fig. 6. In order to take account of potential
irreproducibility in the fabrication of the PU samples that may derive from the manufacturing
process (compression moulding), three untreated samples were selected, suitably identified

and then, activated with the selected conditions and working gases.
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Untreated Plasma treated

Ar 100 W 15 min.

X 1.000 pm/div X 1.000 pm/div
Z 200.000 nm/div Z 200.000 nm/div

0O, 100 W 15 min.

X 1.000 pm/div X 1.000 pm/div
Z 200.000 nm/div Z 200.000 nm/div

N, 100 W 15 min.

X 1.000 pm/div X 1.000 pm/div
Z 200.000 nM/div Z 200.000 nM/div

Fig. 6. AFM micrographs of the untreated and plasma treated polyurethane samples.

Once more, clear topographic differences can be seen when comparing the plasma treated
PU surfaces to their untreated counterparts. Furthermore, the different topographic effects
promoted by each of the working gases are also clear. Finer topographic features seem to be
introduced by the nitrogen and oxygen treatments, while argon promotes the formation of a

coarser topography. Looking at Table III, it is possible to see that the Ar 100 W 15 min.
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treatment gives rise to the highest increase of the average roughness of the PU surfaces,

increasing from 19.3 nm (untreated) to 37.8 nm.

Table III. Roughness variation promoted by the performed plasma treatments.

untreated plasma treated
Plasma treatment AR,
R,(mm) RMS (mm) R, (nm) RMS (nm)

Ar 100 W 15 min. 19.3=+1.1 24.5+1.4 37.8+1.1 46.6£2.3  +96%

0,100 W15 min. 16.4+1.3  20.9+0.8 21.6+1.4 27.2+1.7  +31%

N; 100 W 15 min.  19.5+1.6  24.6+1.7 28.9+2.7 352433  +48%

The average roughness of the untreated sample was then almost doubled (96 % increase)
when using argon as working gas. In opposition, the oxygen treatment promotes the least
amount of topographic changes, with the average roughness increasing from 16.4 nm
(untreated sample) to 21.6 nm, meaning that only a 31 % increase of the surface roughness
was achieved. The N, 100 W 15 min. activation originates intermediate changes of the surface
topography, with the roughness suffering a 48 % increase, from 19.5 nm to 28.9 nm. It is
interesting to note that all plasma treatments gave rise to increased surface roughness of the
PU samples. These results are not consistent with the work of other authors [35], where a
softening of the surface was observed, which must be due to the lower activation times that
were used (3 min. vs. 15 min.). Hence, it is possible to say that higher plasma activation times
are beneficial for the promotion of increased surface roughness on PU samples.

To summarize, regarding the influence of the chemical changes and surface roughness
promotion on the wettability behaviour of the PU samples, a clear relation is perceivable. The
samples treated with argon, which display the highest roughness increase (96 %), are also
more hydrophilic (lower water C.A., 12°), despite also exhibiting the lowest amount of
reactive oxygen-containing groups (13.5 %). In turn, the PU samples activated using oxygen
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as working gas, which present the most chemically active surface (grafting of 16.1 % of
reactive species), display the least amount of topographic changes (31 % roughness increase)
and the highest water C.A. value (42°). The samples activated with the N, 100 W 15 min.
plasma treatment exhibit intermediate water C.A. values (25°), which should be due to the
also intermediate roughness increase (48 %) and grafting of oxygen reactive groups (15.9 %).
In conclusion, all plasma treatments performed with the optimized conditions (100 W, 15
min.) are effective in producing the desired wettability changes, through the grafting of
reactive oxygen-containing species and roughness promotion on the surface of the PU
samples. The extent of the aforementioned surface alterations is dependent on the used
working gas and the hydrophilicity behaviour is effectively explained by taking into
consideration the relation between chemical and topographic changes patent in the Wenzel’s

equation (1).

3.4. PU/Ag:TiN adhesion assessment

In order to investigate if the performed plasma treatments promote, in fact, an
enhancement of the PU/thin film interfacial adhesion, a Ag:TiN coating (with N/Ti atomic
ratio of 0.7 and 6 at.% Ag) was deposited on the untreated and plasma treated PU substrates.
The adhesion was studied using the cross-cut tape test, according to the ASTM D3359-B
standard (which provides a decreasing adhesion classification between 5B and 0B) and the

results are patent in Fig. 7.
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untreated

mode LT —

mm|Z

Ar 100 W 15 min.

i
4 mm

0O, 100 W 15 min.

N, 100 W 15 min.

i R—

PU N2

Fig. 7. SEM imaging of the cross-cut tape tests performed on the untreated and plasma treated Ag:TiN-coated

polyurethane substrates.
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As expected, due to the significant chemical and topographic changes underwent by the
plasma treated PU surfaces (grafting of reactive oxygen-containing species and increase of the
surface roughness), the untreated sample exhibits the lowest adhesion to the Ag:TiN film. As
it can be seen from the backscattered images, extensive delamination can be seen not only
along the cuts, but also inside some of the squares (although in a smaller extent). According to
the aforementioned standard, the appropriate adhesion classification seems to be 3B: small
flakes of the coating are detached along the edges and at the intersections of the cuts; the area
affected is 5 to 15 % of the lattice. In opposition, no definitive differences can be found
among the plasma treated samples. However, the argon treated sample seems to exhibit
slightly higher amounts of cracks, which may be an indication of the importance of the
grafting of reactive oxygen-containing groups. Note that the argon treatment promoted the
formation of smaller amounts of reactive species (13.5 %). All plasma treatments, Ar 100 W
15 min., O, 100 W 15 min. and N; 100 W 15 min., translate into excellent levels of interfacial
adhesion (rated as 5B), since no delamination of the edges of the cuts or inside the squares of
the lattice is perceivable.

Hence, it is possible to conclude that the performed plasma treatments produced the
desired increase of the PU/Ag:TiN interfacial adhesion by effectively activating the PU
surface chemically and by increasing the surface roughness. Both parameters should lead to

an increase of anchoring and interlocking points to the sputtered Ag:TiN film [55].

3.5. EEG trials

With the objective of investigating further differences between the performed plasma
treatments, three sets of PU MP electrodes were activated using the previously optimized
plasma conditions and subsequently coated with the same Ag:TiN coating used in the

previous section, Fig. 8.
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b)

2.0 mm

15 mm

1.0 mm

Fig. 8. PU multipin electrode used for the EEG tests. (a) electrode design and (b) Ag:TiN-coated electrode.

Subsequently, the dry MP electrodes were used in parallel with the commercial wet
Ag/AgCl electrodes in several EEG monitoring tests, in order to assess their characteristics in
a realistic EEG acquisition scenario and to evaluate if considerable signal differences could be
found among the electrodes. As it is possible to see from Table IV, the magnitude of the
calculated RMSDs of the plasma activated and Ag:TiN-coated polyurethane MP dry

electrodes is only marginally lower (maximum difference of 2.4 pV) than the RMSD of the

wet Ag/AgCl reference test.
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Table IV. Signal differences between the plasma treated Ag:TiN-coated polyurethane MP dry electrodes
vs. Ag/AgCl reference wet electrodes calculated for the VEP, as well as for 10 s long sequences of resting state

EEG, alpha activity, and EEG containing eye blink artefacts.

RMSD (nV) CORR
Plasma

treatment . Eye Eye
Resting Alpha blink blink

Ar 100 W 8.3 7.5 7.9 0.5 0.85 0.86 0.94 0.97
15 min. +2.9 +2.6 1.9 +£0.08 | +0.15 £0.18 +0.06 =+0.01
0,100 W 6.9 6.5 6.5 0.6 0.81 0.82 0.97 0.97
15 min. +3.7 +2.5 £1.6 £0.06 | £0.20 +0.17 +0.07 =£0.01
N, 100 W 7.4 7.3 7.4 0.9 0.83 0.86 0.96 0.97
15 min. +2.6 +2.0 *1.3 £0.09 | +0.12 £0.13 +0.08 +0.01
Ag/AgC 5.9 6.0 6.2 0.5 0.88 0.89 0.98 0.97
reference +2.0 +1.6 09 +0.1 +0.12  +£0.09 +0.04 +0.01

VEP | Resting Alpha VEP

Similar trends are visible for the VEP results (maximum difference of 0.9 pV) and the
Spearman’s rank correlation. These negligible differences between the monitored EEG
signals are likely caused by the spatial distance of the two occipital electrode positions, as
well as environmental noise or even due to inevitable experimental differences that derive
from the manual positioning and preparation of the electrodes [15,17,18]. Moreover, taking
into account the high correlation values (> 0.8) as well as the standard deviations (for both
RMSD and CORR), no considerable differences in terms of signal quality can be identified:
neither (i) between dry MP and wet electrodes, nor (ii) among the different dry MP
electrodes. Furthermore, no considerable alterations of the shape and amplitude of the EEG

signals can be seen, regardless of the used electrode, Figs. 9 and 10.
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Fig. 9. Overlay plot of 10 seconds of EEG signal containing eye-blinking artefacts recorded with (a) two
independent wet Ag/AgCl reference electrodes, (b) Ag/AgCl reference & Ar treated MP dry electrode, (c)
Ag/AgCl reference & N, treated MP dry electrode, and (d) Ag/AgCl reference & O, treated MP dry electrode

pairs.

Hence, data from Table IV, Fig. 9 and Fig. 10 indicate that the relevant EEG signal
information can be recorded with both the proposed plasma activated and Ag:TiN-coated

polyurethane MP dry electrodes and the reference conventional wet Ag/AgCl electrodes.
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Fig. 10. Overlay plot of the VEP results 100 ms pre- and 400 ms post-stimulus acquired with (a) two
independent wet Ag/AgCl reference electrodes, (b) Ag/AgCl reference & Ar treated MP dry electrode, (c)
Ag/AgCl reference & N, treated MP dry electrode, and (d) Ag/AgCl reference & O, treated MP dry electrode

pairs.

In order to analyse frequency-dependent signal differences, the power spectral density
(PSD) of the EEG signals monitored with dry and wet electrodes is shown in Fig. 11. Resting
state EEG and alpha activity (Fig. 11 a) and b), respectively) show similar trends. The power
increases for lower frequencies for all electrodes. For frequencies below 3 Hz, an increase
towards higher values is perceivable in the plasma treated dry MP electrodes, which should be

attributed to slightly increased drift behaviour, which was already observed in previous

studies [17].
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Fig. 11. Characteristic EEG signals acquired with the proposed plasma treated Ag:TiN-coated polyurethane MP
dry electrodes and conventional Ag/AgCl electrodes: Welch estimation of the power spectral density of 10

seconds of (a) resting state EEG and (b) EEG exhibiting alpha activity.

To summarize, the small differences found in terms of EEG signal characteristics, shape
and amplitude indicate that the proposed dry MP electrodes are promising candidates to
replace the standard wet Ag/AgCl ones, which should translate into faster and simple

montages, beneficial for many clinical or ambulatory procedures.

4. CONCLUSIONS

The present study focused on the optimization of the plasma treatment conditions with
the objective of enhancing the PU/Ag:TiN system interfacial adhesion so that it may be later
used as dry EEG electrodes. The optimal treatment conditions were selected taking into
account the influence of the exposure time and plasma power on the wettability of the PU

surfaces. Minimum water C.A. values (42° 25° and 12° for oxygen, nitrogen and argon,
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respectively) were obtained using 100 W and 15 min., regardless of the used working gas.
The steep reduction from 90° (untreated PU) was attained due to significant chemical and
topographic changes of the PU surface. After FTIR and XPS analysis it was found that the
plasma activation promoted the grafting of reactive oxygen-containing groups at the PU
surface. Oxygen was the most effective gas, inducing the formation of higher amounts of the
referred species (16.1 %), followed by nitrogen (15.9 %) and argon (13.5 %). Furthermore,
the Wenzel’s equation predicted that also topography changes should play an important role
on the hydrophilicity evolution, thus from the AFM studies it was found that a 96 %, 48 %
and 31 % roughness increase was promoted by the argon, nitrogen and oxygen, respectively.
As expected, the promoted chemical and topographic changes translated into an excellent
PU/Ag:TiN interfacial adhesion, being rated with the maximum classification of 5B. The
untreated PU sample exhibited extensive delamination along the edges of the cuts and in some

areas inside the squares defined by the cross-cut tape test.

The results obtained from the EEG trials allowed to conclude that no considerable
differences in terms of shape, amplitude and spectral characteristics were found when
comparing signals acquired by conventional wet reference Ag/AgCl electrodes and the
proposed plasma activated and Ag:TiN-coated polyurethane dry MP electrode, regardless of
the used plasma working gas. No differences between the dry electrodes themselves could
also be found. Consequently, since most of the EEG signal information is maintained when
the dry electrode system proposed in the present work is used, it is possible to conclude that
the PU/Ag:TiN dry electrodes are promising candidates to substitute the standard Ag/AgCl

ones in specific clinical and ambulatory procedures.
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7.1. General discussion and main conclusions

The present section has the purpose of bringing together all major results that were
obtained in the individual chapters, according to the different publications.

In chapter 2, a step forward on the investigation of the TiNy coatings was taken by
sputtering the referred thin film system onto polycarbonate (PC) substrates. Since
encouraging results were already achieved using this system in titanium disks for bioelectrical
signal monitoring,, the next valid step should, in fact, be the assessment of the TiNy sputtering
viability onto polymeric substrates, which has to be performed at low temperatures. Hence, a
set of PC disks were coated with the TiN thin film system in a wide range of compositions
(increasing N contents) with the ultimate goal of selecting the best stoichiometry (N/Ti atomic
ratio) to be used in dry electrode application. Accordingly, an extensive morphological,
structural and electrochemical characterization was performed. The sputtered films could be
divided into three zones. Zone I comprised the strongly under-stoichiometric coatings (N/Ti <
0.24) and, due to the low N incorporation were morphologically compact and mainly
composed of a distorted a-Ti lattice. Then, for high N contents (N/Ti > 0.85) the close-
stoichiometric and stoichiometric TiNy coatings were indexed to zone II. In this zone, a
highly porous (disaggregated pyramid-like columns) and well-crystallized o-TiN structure
could be seen. The samples with 0.24 < N/Ti < 0.85 comprise a transition zone (zone T)
between under-stoichiometric and stoichiometric TiNy conditions. Regarding the application-
oriented electrochemical characterization, it was found that all compositions exhibited a good
chemical resistance in chloride-containing solutions, displaying passive dissolution currents
below 1 pA/cm?®. However, lower passive dissolution currents, as well as lower impedance
values and electrochemical noise and drift values comparable to those exhibited by the wet
Ag/AgCl commercial electrodes, were found for zone II (stoichiometric) films. Moreover, due

to a more stable and stress-free lattice, the zone II coatings showed the best adhesion to the
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PC disk substrates. Consequently, the stoichiometric zone II TiNy coatings were considered
the most suitable ones to be used as dry biopotential electrodes.

However, despite the promising results of the PC/TiNy system, it was found in
preliminary EEG tests that the planar disk design was not suitable to effectively interfuse the
hairline, which gave rise to high electrode/skin impedances and unreliable electrode/skin
contact in dry conditions. Moreover, the high hardness of the PC disks meant that this initial
electrode design was not comfortable to long-term patient use. Hence, the polyurethane
multipin electrode design (allows an effective hair interfusion and superior patient comfort
due to the tailorable hardness) was then tested using the optimized stoichiometric TiNy film.
The results were encouraging in terms of signal reproducibility (comparing to the wet
Ag/AgCl electrodes), but often delaminated after only one EEG trial. This mechanical failure
was attributed to the low elasticity of the stoichiometric TiNy system, thus the decision to add
Ag to the nitride matrix was made, in order to tailor most of the properties of the proposed
Ag,:TiN system. Beyond that, the presence of Ag, when combined with a top layer of AgCl,
also helps stabilizing the material electrochemical potential.

Therefore, the Ag,:TiN thin film system with Ag contents varying from 0.1 to ~50 at.%
was extensively studied in terms of morphology, structure stability and electrochemical
behaviour throughout chapter 3. As a result, the sputtered films were indexed to three distinct
behavioural zones, according to the Ag incorporation in the TiN matrix. Zone I comprised the
crystalline nitride-like films with 0.1 < Ag at.% < 4.3, which displayed a rather porous
morphology (similar to pure TiN) and the lowest conductivity values. The coatings with
intermediate Ag contents, 4.3 < Ag at.% < 33.2, were indexed to the transition zone II. The
films belonging to this composition zone exhibited a less crystalline matrix and lower
resistivity values. These changes were ascribed to the formation of highly conductive Ag
aggregates present on top and among the disaggregated stoichiometric TiN matrix columns.

Finally, the metallic-like zone III was comprised of the coatings with high Ag contents, 33.2 <
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Ag at.% < 47.5. The resistivity values fell below those of the pure Ti due to increased
densification and occurrence of Ag aggregates on top of the TiN matrix, although in smaller
dimensions than those observed in zone II samples. An important result was the fact that
some films from zone II and zone III (with Ag contents above 20 at.%) did not exhibit such
extensive Ag segregation phenomenon, which could be ascribed to a possible formation of
TixAg intermetallics due to the combined effect of a slightly under-stoichiometric TiN matrix
and moderate Ag incorporation. Consequently, the Ag:TiN films from late zone II and zone
IIT were considered the most suitable ones to be used as dry biopotential electrodes.

However, only two months after the sputtering and characterization of the samples,
extensive grey areas could be seen in the surface of the coatings, which replaced the rather
uniform original golden-brown colour, which was observed in the as-deposited films. These
surface alterations were due to the presence of large amounts of Ag aggregated particles,
indicating that the Ag-alloyed stoichiometric TiN films are not morphologically and
structurally stable, thus also not suitable to be used as biopotential electrodes.

In order to investigate the reasons and mechanisms for the occurrence of such extensive
Ag segregation, the Agy:TiN films were subjected to a set of annealing treatments with
temperatures ranging from 200 to 500 °C. It was found that Ag diffusion was favoured by
highly disaggregated and porous structures, forming Ag diffusion paths. As already stated,
most of the Ag.:TiN films displayed disaggregated columns, hence Ag segregation was
facilitated. Nevertheless, regarding the envisaged application, extensive Ag segregation
promotes an effective increase of the elasticity of the films due to the presence of soft Ag
particles within the TiN matrix.

Subsequently, the electrochemical behaviour of the Ag,:TiN system in synthetic sweat
was investigated, thus simulating the electrode/hydrated skin interface present during the

EEG monitoring procedure. The open circuit potential (OCP) behaviour was found to be
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closely related to the grain size of the Ag phases present in the films, which varied from a
maximum of 28 nm to a minimum of 10 nm. The coatings with the more crystalline and
loosely attached Ag phases (0.1 and 12.1 at.% Ag) exhibited OCP values close to that of the
pure Ag film (~40 mV), while the polycrystalline ones (20.2, 36.3 and 47.5 at.% Ag)
presented much less nobler values (~ -160 mV). The steep reduction of the OCP values was
then ascribed to the increased reactivity of the well-adhered nanosized Ag phases. A
continuous densification of the films with increasing Ag contents was confirmed by the
voltammetric experiments, as well as a maximum Ag area ratio for the sample with 20.2 at.%
Ag. The electrochemical noise values were comparable to those exhibited by the wet
Ag/AgCl commercial electrodes, thus the coatings with Ag contents above 20.2 at.% were
considered (although with some reserves) the best ones to be used as biopotential electrodes.
It is important to note that this conclusion was drawn before the occurrence of the
aforementioned Ag segregation, which happened approximately two months after the
sputtering and characterization of the Ag,:TiN system.

Therefore, since the observed Ag segregation phenomenon should translate into unstable
electrode behaviour and based on the observed results, a new set of Ag,:TiNy films were
sputtered with decreasing N contents (towards under-stoichiometric TiN conditions) and Ag
contents. This thin film system was produced and characterized as described in chapter 4 in
order to explore the possibility of using a dense under-stoichiometric TiN matrix as a Ag
segregation inhibitor through the formation of Ti,Ag intermetallics. Once more, the Ag,:TiN,
films could be divided into three zones, according to the exhibited N/Ti atomic ratio. Zone I
films (with N/Ti atomic ratios of 0.1 and 0.2 and correspondent Ag contents of 10 and 8 at.%,
respectively) were obtained with low target potentials and deposition rates, which translated
into dense N-doped hcp-Ti structures with high resistivity values and low hardness and
reduced modulus. The coatings with N/Ti atomic ratios of 0.3 (15 at.% Ag) and 0.7 (32 at.%

Ag) were indexed to a transition zone, zone II, and were obtained with higher target potentials
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due to the TiN poisoning phenomenon that occurs in the Ti fraction of the Ti/Ag target with
increasing nitrogen flow rates. The steep increase of the Ag incorporation (from 8-10 to 32
at.%) was attributed to the increasing coverage of the target with a thin TiN layer. The films
from this transition zone exhibited higher hardness and reduced modulus values. Zone III was
comprised of the stoichiometric Ag,:TiNy film with a N/Ti atomic ratio of 1 and 20 at.% Ag
and served as comparison between the present thin film system and the Agy:TiN system
studied in chapter 3. This stoichiometric sample was the only one exhibiting extensive Ag
segregation, since it was found a probable occurrence of TiyAg intermetallics in the under-
stoichiometric samples. Due to presence of soft and highly conductive Ag phases, the
resistivity and hardness values suffered a steep decrease. In addition, this sample was
obtained with high target potentials and low deposition rates due to the aforementioned target
poisoning phenomenon.

Regarding the electrochemical behaviour of the Ag,:TiN, films it was found that the
under-stoichiometric films, which avoid metallic Ag segregation, exhibit considerably nobler
OCP values (close to those of pure Ag) than that of the stoichiometric film. Moreover, due to
the increased porosity and Ag availability of the under-stoichiometric coatings, lower
impedance, noise and potential drift rate values (similar to the wet Ag/AgCl electrodes) were
attained. Hence, the TiN0.3Agl5 and TiN0.7Ag32 Ag,:TiN, films were structurally,
mechanically and electrochemically considered the most promising samples to be used as
biopotential electrodes.

Following the optimization of a set of N/Ti atomic ratios and Ag contents, and since it
was found that the porosity of the samples played a major role on the electrochemical
behaviour of the films, the GLAD technique was used to tailor the architecture of the
coatings. The architecture optimization and characterization of the GLAD sputtered Ag:TiN

films with a fixed N/Ti ratio of 0.7 and 10 at.% Ag was performed as described in chapter 5.
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In a first approach, several Ag:TiN coatings were produced with incidence angles (a) of 0°
(typical columnar films), 40°, 60° and 80° as well as with different column architectures
(zigzag and spiral features with 4 and 8 periods, both with a = 80°). It was concluded that the
morphology and porosity of the films could be tailored without significantly compromising
the exhibited resistivity, whose values remained compatible with the envisaged application.
Nevertheless, it was also found that more than four zigzag or spiral periods translated into an
inversion of the porosity and resistivity evolution of the coatings, with more compact films
being obtained.

Consequently, the Ag:TiN film architectures chosen to be sputtered onto flexible
polyurethane substrates were the ones with a = 0° (comparison), 40° and 80° with 2 and 4
zigzag periods. These GLAD sputtered samples were characterized regarding their
morphology, structure, resistivity and electrochemical behaviour. Once more, no Ag
segregation was visible in the sputtered samples (even several months after deposition), which
was again attributed to the possible formation of TixAg intermetallics. Due to the porosity and
Ag surface content observed when a increases from 40° to 80°, the Ag:TiN 80°, Ag:TiN 80°
27 and Ag:TiN 80° 4Z porous films exhibited lower impedance and electrochemical noise
values, as well as more stable potentials (low drift rates), comparable to those of the wet
Ag/AgCl commercial electrodes, than the Ag:TiN 0° and Ag:TiN 40° dense ones. Therefore,
the porous GLAD coatings presented the most promising set of properties for the envisaged
application as dry biopotential electrodes.

Finally, the PU/Ag:TiN interfacial adhesion and in-service EEG monitoring validation of
the optimized films, plasma conditions and electrode design was performed in chapter 6. The
plasma conditions for three different working gases (argon, nitrogen and oxygen) were
optimized in a first stage, by studying the influence of several plasma parameters, such as
exposure time and plasma power, in the wettability of the PU surfaces. Comparing to the

untreated PU sample, the plasma activated surfaces showed signs of improved wettability,
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since the water C.A. values decreased from 90° (untreated) to 42°, 25° and 12° for the O, 100
W 15 min., N; 100 W 15 min. and Ar 100 W 15 min. treatments, respectively. Hence, a
plasma power of 100 W and an exposure time of 15 min. were selected as the best plasma
conditions, regardless of the used gas.

Taking into account the Wenzel’s equation, the chemical and topographic features
introduced by the activation treatments were studied, since they should explain the PU
hydrophilicity behaviour. It was found that different amounts of reactive oxygen-containing
species were grafted in the PU surfaces, depending on the used gas (16.1 % for oxygen, 15.9
% for nitrogen and 13.5 % for argon). The topographic changes were also strongly dependent
on the used working gas, with a 96 %, 48 % and 31 % roughness increase promoted by the
argon, nitrogen and oxygen, respectively. Consequently, since the activated PU surfaces
benefited from the combined effects of increased roughness and grafting of reactive species,
the subsequent adhesion levels of such samples were much higher than those of the untreated
ones. In the case of the activated samples, no significant film detachment was found, while on
the untreated one, extensive delamination (5-15 % of the area) could be seen.

Regarding the EEG trials that were performed, no significant differences were found in
terms of EEG signal quality, shape and amplitude. Hence, since most of the EEG signal
information is maintained when the proposed dry electrode system is used, it may be possible
to conclude that the plasma activated and Ag:TiN-coated polyurethane dry MP electrodes are
promising candidates to replace the standard wet Ag/AgCl ones. The use of such electrodes
should translate into faster and simple montages, beneficial for many clinical or ambulatory
procedures.

To conclude, after the discussion of the obtained results, it is possible to say that the
Ag:TiN GLAD sputtered films display the most appropriate set of properties to be

successfully used as biopotential electrodes, in comparison with the other thin film systems
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studied in the present thesis. However, further studies should be conducted regarding this thin

film system in a more application-oriented basis.
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7.2. Future work

The present thesis focused on several approaches to optimize and tailor a set of Ag-
alloyed TiN thin film systems to be used as biopotential electrodes, always taking into
account the different technical specifications of the envisaged application. Regarding the
general discussion and main conclusions of the performed work, some concerns may still be
addressed.

One of the main conclusions from chapters 4 and 5 was the probable formation of TiyAg
intermetallics when the TiN matrix attained under-stoichiometric conditions, which translated
to a depletion of the Ag segregation phenomenon reported in chapter 3. Although the phases
cannot be clearly differentiated in the XRD diffractograms and since no metallic Ag grains
could be seen during SEM analysis, it is possible to claim that the occurrence of TitAg
intermetallics is likely taking into account the combined results from SEM and XRD.
Moreover, this claim was supported by similar results obtained in the group in the Ag:Ti thin
film system. However, no definitive proof of the presence of such intermetallic compounds
was provided during the performed characterization. Hence, the Transmission Electron
Microscopy (TEM) technique could be used in order to eliminate any potential reserves about
the formation of TiyAg intermetallics.

In chapter 6, the interfacial adhesion of the Ag:TiN films to the polyurethane substrates
was investigated with the cross-cut tape test. Despite the comparative differences that were
found using different plasma activation treatments, the used test is above all a
comparative/qualitative adhesion test. In order to provide a quantitative measurement of the
thin film/substrate adhesion, other techniques such as scratch and abrasion test could be
employed as future work. It is important to note that the referred tests are easily available for
coatings deposited on traditional substrates like glass, silicon and steel due to the higher

adhesive strengths (and loads) involved. However, in order to be suitably applied to thin film-
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coated polymers (lower adhesive strengths), the involved loads should be significantly lower,
thus more expensive load cells are required.

The mechanical behaviour of the films was tested (also in chapter 6) using in-service
conditions, this is, by performing several EEG trials using a limited number of Ag:TiN-coated
multipin electrodes and assessing if and/or how many pins delaminated in the process.
However, a more academic approach could be made by performing conductivity
measurements as a function of the mechanical deformation of the coated substrates. Using
this modified stress-strain test, it should be possible to obtain a maximum deformation value
for which the coating looses conductivity, thus not meeting one of the main requirements for
the envisaged application.

Regarding the EEG application of the optimized Ag:TiN-coated multipin electrodes, a
further extensive characterization may be proposed. The EEG tests present on the current
study (chapter 6) were performed on three subjects. However, the skin preparation, inter-
individual, as well as intra-individual variations of skin and hair constitution will have a
considerable impact on the overall performance of the proposed biopotential electrodes.
Future studies should then be conducted on an increased number of volunteers in order to
provide a more solid dataset for statistical analysis and interpretation. Current trends in
neurosciences include multichannel setups with a dense biosensor array of more than 128
electrodes. Within such setups, the variation of the open circuit potential and the
electrode/skin interfacial impedance determine the requirements for input stage impedance, as
well as dynamic range of subsequent amplification electronics. Hence, complete multichannel
caps should be manufactured and tested in multiple subjects and application scenarios in order
to assess the level of wvariation and derive electronics compatibility requirements.
Furthermore, the long-term stability of the noise and impedance levels of the optimized

Ag:TiN coatings should be investigated.
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Finally, since the Ag:TiN GLAD coatings exhibited the best set of properties when
comparing to the other investigated systems, further studies should be conducted in order to
validate a future PU multipin/GLAD Ag:TiN dry electrode system. With this intent (among
others), the author of the present thesis submitted a post-doc proposal

(SFRH/BPD/100054/2014) to the Portuguese Science Foundation (FCT).
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