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Nelo, Mikko, Inks based on inorganic nanomaterials for printed electronics
applications. 
University of Oulu Graduate School; University of Oulu, Faculty of Information Technology
and Electrical Engineering, Department of Electrical Engineering
Acta Univ. Oul. C 553, 2015
University of Oulu, P.O. Box 8000, FI-90014 University of Oulu, Finland

Abstract

In this thesis several novel inks based on dry inorganic powders enabling magnetic, piezoelectric
and memory resistive (memristive) function were researched for printed electronics applications. 

Low curing temperature screen–printable magnetic inks for high frequency applications based
on dry cobalt nanoparticles were developed in the first part of the work. Three publications were
achieved. The first one concentrated on ink formulation and its process development, the second
on the utilization of multifunctional surfactant, and the third on the development of the inks for
plastic substrates. The magnetic inks developed were cured at 120 °C. The electrical performance,
microstructure, surface quality and mechanical durability of printed and cured layers were
investigated. Relative permeability values up to 3 and related loss tangents up to 0.01 were
achieved at 2 GHz frequency, as well as a pull–off strength of up to 5.2 MPa. The maximum
loading level of cobalt nanoparticles was 60 vol–%, after which the stability of the ink started to
degrade. The developed ink enabled the miniaturization of a patch antenna.

In the second part of the thesis, the formulation of inks based on piezoelectric ceramic particles
in powder form with ferroelectric polymers as a matrix material is introduced. The performance
and quality of the printed inks and cured layers were investigated. The measured pull off –strength
was up to 3.25 MPa, relative permittivity was up to 48 at 1 kHz and piezoelectric constant d31 up
to 17 pm/V. The printed piezoelectric layer can be utilized in a pressure sensor.

In the third part of the thesis, the development of inks for a novel printed memory component,
a memristor, is researched. A synthesis route was developed for an organometallic precursor
solution, which was formulated into inkjet–printable form. The printing tests were carried out in
order to find the most feasible layer thickness with memristive behaviour. The influence of
substrate materials and different thermal treatments on the components’ electrical properties,
durability of read/erase –cycles and overall lifetime were also investigated. The prepared
memristive patterns remained functional for up to 35 days, while the precursor solution remained
usable for over a year. The memristive areas withstood up to 30 read/erase cycles and by utilizing
heat treatments the shift in resistance value increased by up to three orders of magnitude.

Keywords: ink, inkjet printing, magnetic materials, memristor, nanoparticles,
piezoelectricity, Printed electronics, screen printing





Nelo, Mikko, Epäorgaanisiin nanomateriaaleihin pohjautuvat musteet painettavan
elektroniikan sovelluksiin. 
Oulun yliopiston tutkijakoulu; Oulun yliopisto, Tieto- ja sähkötekniikan tiedekunta,
Sähkötekniikan osasto
Acta Univ. Oul. C 553, 2015
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Tiivistelmä

Väitöstyössä kehitettiin epäorgaanisten kuivien jauhemaisten materiaalien pohjalta magneetti-
sia, pietsosähköisiä ja memristiivisiä musteita käytettäviksi painettavan elektroniikan sovelluk-
sissa.

Työn ensimmäisessä osassa tutkittiin korkean taajuuden sovelluksissa käytettävien magneet-
tisten, matalassa lämpötilassa kovetettavien, jauhemaisiin kobolttinanopartikkeleihin perustuvi-
en silkkipainomusteiden valmistamista. Tulokset on esitetty kolmessa julkaisussa, joista ensim-
mäinen keskittyi musteen formulointiin, toinen monifunktionaalisen surfaktantin hyödyntämi-
seen ja kolmas musteen kehittämiseen muovialustalle sopivaksi. Työssä kehitettiin 120 °C:ssa
kovettuvia musteita, joista valmistettujen kalvojen suhteellisen permeabiliteetin maksimiarvoksi
saatiin 3 ja häviöiden minimiarvoksi 0,01 kahden gigahertsin taajuudella. Pull–off –vetotestin
tulokseksi saatiin jopa 5,2 MPa. Musteet säilyivät vakaina enimmillään 60 tilavuusprosentin
metallipitoisuudella. Kehitettyä mustetta käytettiin tasoantennin miniatyrisoinnissa.

Toisessa osassa kehitettiin pietsosähköisiä musteita, jotka pohjautuivat keraamijauheeseen ja
matriisimateriaalina toimivaan ferrosähköiseen muoviin. Niistä valmistettujen kalvojen parhaak-
si pull off –vetotestin tulokseksi saatiin 3,25 MPa, permittiivisyyden maksimiarvoksi 48 yhden
kilohertsin taajuudella ja d31–pietsovakion maksimiarvoksi jopa 17 pm/V. Kehitettyjä painettuja
rakenteita voidaan käyttää painettavissa paineantureissa.

Kolmannessa osassa kehitettiin uudentyyppinen painettava muistikomponentti, memristori ja
komponenttien valmistamiseksi uusi prekursoriliuoksen synteesi. Syntetisoitu liuos muokattiin
mustesuihkutulostettavaksi. Painokokeiden avulla selvitettiin materiaalin paksuus, jolla saatiin
aikaan muistivastukselle ominainen memristiivinen käyttäytyminen. Työssä tutkittiin substraatti-
materiaalien ja mahdollisten lämpökäsittelyjen vaikutusta komponenttien sähköisiin ominai-
suuksiin, luku/kirjoitussyklien kestoon sekä käyttöikään. Valmistetut memristiiviset kalvot säi-
lyivät toimivina 35 vuorokautta ja prekursoriliuos yli vuoden. Memristiiviset pinnat kestivät
jopa 30 luku/kirjoitussykliä ja vastusarvon muutos saatiin lämpökäsittelyllä kolmea kertaluokkaa
suuremmaksi.

Asiasanat: magneettiset materiaalit, memristori, musteet, mustesuihkutulostus,
nanopartikkelit, Painettava elektroniikka, pietsosähköisyys, silkkipaino
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1 Introduction 

1.1 Printed electronics and inks based on inorganic particles 

Printed electronics is an increasingly popular method for the production of low–

cost or large area consumer electronic devices. The key idea is to use functional 

printing inks instead of separate components, thus greatly decreasing costs and 

simplifying the electronics manufacturing processes. The distinctive difference 

between printed electronics and manufacturing by traditional electronics methods 

is that printing is additive with an associated low wastage of materials because 

subtractive processes such as lithography, etching etc. are not needed. This makes 

printed electronics an interesting option not only for large scale manufacturing but 

also for making small product batches and prototypes.  

 The printed components can, for example, be antennas, coils, capacitors, 

memory components, solar cells or different types of sensors and their integrations. 

These applications are achieved with combinations of different inks to give the 

desired properties. Functional materials used in printed electronics can be divided 

into organic and inorganic groups. Organic materials contain the electrical 

functionality of the molecules or structures formed by molecules, whereas 

inorganic materials have their functionality in the crystal structures of the materials. 

Organic materials are widely researched and utilized in printed electronics in many 

different fields of application. [1–3]  

Possibly the very first conductive ink was patented by Voigt and Haeffner [4] 

in 1899 describing the invention of “electrical resistance of a thin layer of liquid 

metal applied by means of firing process”. This layer was applied by using a paint 

consisting of very finely dispersed metal particles and organic compounds. The 

organic compounds were removed by firing during which the metal particles 

formed a homogenous metallic layer. Later on in 1945, Deyrup et al. [5] produced 

capacitors based on screen–printed thick films consisting of metal and glass 

powders fired together. In 1947, thick film based interconnections and passive 

components were utilized in radio tube modules [6]. The progress of thick film 

technology rapidly accelerated during the 1960s and 70s when hybrid thick film 

circuits entered the market. The technology, although requiring high firing 

temperatures (> 1000 °C), enabled relatively cheap and robust manufacturing 

methods with trimmability of the passive components, both being advantages 
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compared to thin film manufacturing methods such as sputtering that requires high 

vacuum processes. [7]  

In recent decades decreasing the processing temperature of inks has been 

widely researched to enable utilization of flexible substrates like polymers or paper. 

In particular, Polymer Thick Film (PTF) technology, emerging in the 1980s, 

provided the possibility of avoiding the firing step completely in certain 

applications such as resistors. [7]. At the same time PTF consisting of polymer 

matrices filled with conductive, resistive or dielectric powders was presented to be 

used for passive component manufacturing by screen printing methods and very 

low curing temperatures (< 200 °C). Components such as resistors, potentiometers 

and membrane switches were produced [7, 8]. Basic conductive polymer thick film 

inks for direct current applications, curing at temperatures suitable for polymer 

substrates, were introduced in the 1990s [9]. Today, polymeric thick film inks such 

as graphite inks form one segment of the printed electronics industry, being utilized 

especially in biosensors. 

Very different kinds of inorganic materials in powder form offering applicable 

electrical properties are typically available at very reasonable prices in large 

quantities. They are also more stable against oxygen and moisture degradation than 

are organic materials, which also simplifies the manufacturing of components. 

Utilizing dry inorganic powders as raw materials for producing low curing 

temperature printed electronics inks is a rarely used approach. Thus it provides a 

novel and interesting field of research. The objective of this work was to formulate 

and produce a variety of functional inks based on inorganic raw materials to be 

used in printed electronics applications.  

1.2 Objective and outline of the thesis 

In general, the low temperature curable composite inks are facing several 

challenges. One of the key issues is the formulation of the ink, enabling its long–

term storage as well as uniform dispersion of the filler particles in the desired 

polymer matrix during curing. In many cases when high electrical performance is 

expected, also high filler loading levels are needed. However, increasing the 

loading level of the filler commonly decreases the mechanical durability of the ink 

and the quality of the printed and cured layers. There are also some applications 

specific challenges when the composite inks are developed. Especially the layer 

thickness plays an important role on high frequency or sensor applications 

requiring careful investigation of feasible binder materials. It is also clear that the 
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printing technique to be used to realize different functional devices must be taken 

into account when the ink formulations are considered. 

The main goal of the thesis is to introduce methods to utilize inorganic 

materials to provide improved functionality for printed electronics devices through 

the development of novel low curing temperature inks. The most common way of 

making functional inks is to synthesize the inorganic material directly into ink, 

which enables good stabilization of the material [10, 11]. A less researched area is 

inks that utilize inorganic materials in powder form. This approach is, however, 

attractive since almost all electrically interesting raw materials are typically 

available in powder form at a low price. In this thesis, although both approaches 

were used, the majority of the developed inks were formulated utilizing dry 

powders. The first chapter describes the background of printed electronics. Chapter 

2 describes the most common methods used in printing. Typical ink formulations 

and analysis methods are also briefly reviewed. 

Chapter 3 describes all the materials used in ink formulations in this work, as 

well as the production and analysis methods used. The ink formulations and 

characterization of both inks and printed patterns are described on Chapter 4. The 

first part of this chapter describes the utilization of different surfactants followed 

by formulation of inks based on magnetic particles. The next part is a description 

of piezoelectric ink formulations. The synthesis of inks and printing experiments 

for the memristive components are described at the end of the first half of Chapter 

4. The remainder of this chapter describes the analyses carried out on the fabricated 

components, including surface profiler analysis, electron microscopy analysis of 

the patterns, adhesion experiments and finally electrical experiments for the 

memristive layers. 

Chapter 5 summarizes the main results of this work, as well as conclusions that 

were drawn from the research.  
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2 Printing methods and inks with magnetic, 
piezoelectric and memristive performance 

2.1 Printing methods and demands for inks in flexible electronics 

The most feasible printing methods for printed electronics are presented on this 

chapter. In addition to the printing accuracy (i.e. the smallest feature size and 

registering accuracy), the layer thickness is also a highly important feature since it 

plays a significant role in multiple applications such as conductors, capacitors and 

memory elements.  

Table 1 lists some typical properties of the usual printing methods. The highest 

throughput can be achieved with gravure printing whereas screen printing provides 

the greatest single layer thickness. If a low layer thickness is desired, inkjet, gravure, 

flexography and offset printing are the most feasible choices. Although inkjet 

printing is a slow method, it has by far the best adjustability of the printing pattern 

during the printing process, making it suitable for fine–tuning the structure to be 

printed. Especially the gravure, flexography, offset and screen printing methods are 

suitable for roll–to– roll production, greatly improving the printing speed and 

suitability for large–scale applications. In roll–to–roll printing, the multiple printing 

and curing steps are carried out on continuous substrate tape, resulting in the 

finished printed product at the end of the production line.  

Table 1. Parameters of different printing methods. [12, 13]. 

Printing 

method 

Layer 

thickness [µm] 

Resolution 

[µm] 

Viscosity 

[mPas] 

Throughput [m2/s] 

Screen 3 - 100 20 - 100 500-50 000 2 - 3 

Inkjet 0.3 - 20 20 - 50 1 - 30 0.01 - 0.05 

Gravure 0.8 - 8 75 50 - 200 60 

Flexo 0.8 - 2.5 80 50 - 500 10 

Offset 0.5 - 2 20 - 50 30 000 - 100 000 5 - 30 

2.1.1 Screen printing 

Screen printing is a traditional method that is utilized in numerous applications 

including textiles, advertisements and pottery, but also in electronics. The range of 

suitable inks is large and the achieved layer thickness is high, giving, for example, 

good conductivity of printed conductors. A different version of screen printing also 
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enables printing on flexible or rigid but planar surfaces. On the other hand, the 

printing speed is not very high (2–3 m2/s) and the typical achievable resolution is 

not as high as that of inkjet printing. [14] 

In Papers I–III the non–contact screen printing method was used, the operating 

principle of which is shown in Figure 1. In printing, the ink is pushed with a 

squeegee through a fine screen. The non–image areas of the screen are covered with 

emulsion. The print quality is determined by the fineness of the screen, the 

thickness of the emulsion, the degree of the open area of the screen, the correct 

viscosity and particle size distribution of the ink. Typically, the ink viscosity is 500–

50 000 mPas and the dried ink film is 3–100 μm thick. [12–15] In Paper IV stencil 

printing with a doctoring blade was used. In principle this method is very similar 

to that of contact screen printing, but it enables much thicker layers with a single 

printing step. 

 

Fig. 1. Principle of screen printing. Redrawn according to H.Kipphan [14]. 

2.1.2 Inkjet printing 

The main benefit of inkjet printing is that it is digital. The pattern to be printed can 

easily be customized and personalized with only marginal effort via computer 

control. Inkjet printing is also a non–contact method, which enables printing on 

both rigid and flexible substrates. Brittle, smooth, rough or even 3D surfaces can 

be printed. In addition to these benefits, inkjet printing is a precise and high 

resolution printing tool which consumes only small amounts of printing material. 

Major drawbacks of this method are low printing speed (0.01–0.05 m2/s) and 

printing errors due to nozzle blocking. For some applications such as printed 

piezoelectric components presented in this work the layer thicknesses achievable 

with inkjet printing (0.5 – 20 µm, usually less than 5 µm) are too low, making 

screen printing more suitable option. [12–14] 
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In Paper V a Drop On Demand (DOD) inkjet printer with piezoelectric nozzles 

(Figure 2) was utilized. In this a piezoelectric crystal generates a pressure pulse that 

forces an ink drop out of the nozzle orifice. Its benefit is that only acoustic pressure 

affects the ink during drop formation, enabling the usage of more sensitive 

materials than with a thermal inkjet printer. [14] 

 

Fig. 2. Principle of DOD inkjet printing. Redrawn according to H.Kipphan [14]. 

2.1.3 Other printing methods 

Gravure printing is typically used for high–quality and high–volume publications 

and packages. [14]. In gravure printing the printed patterns are engraved into the 

surface of the printing plate whereas the unpatterned areas remain at the original 

level. The printing plate is flooded with ink and excess ink is then wiped off with a 

doctor blade, leaving the ink only in the cells. The ink is then transferred directly 

onto the substrate in a printing nip under pressure. 

The advantages of gravure printing are the simple principle of operation, 

simply–structured printing equipment, high production speed, high through–put 

and high resolution. Various solvents can also be used since the printing cylinders 

are resistant to most solvents and ink chemicals. The disadvantages are expensive 

printing cylinders (> 1000 €), high demands on substrate surface quality and 

requirements for precise control of process parameters. The thickness of the ink 

layer is typically 0.8–2 μm but when UV–curing inks are used the thickness can be 

up to 8 μm. The ink viscosity is rather low, 50–200 mPas, in order for it to flow 

easily in and fill out of the engraved cells. [12–14] 
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Flexography printing has been used mainly in packaging applications. Here, 

the elements of the printing plate are raised above the base level, forming a relief 

pattern of the printed image. The printing ink is applied onto the image elements 

via an anilox roller that has small cells engraved evenly into its surface. The surface 

of the anilox roller is first flooded with ink from an ink chamber after which excess 

ink is removed with a doctor blade, leaving ink only in the cells. The ink is then 

transferred onto the raised image elements of the plate and hence onto the substrate. 

The plate is made of soft and flexible material (typically photopolymer patterned 

with UV light) which improves the contact formation at the ink transfer points. The 

main advantages of flexography printing are a wide variety of suitable substrates, 

simple operation principle and printer construction, and an accurately adjustable 

amount of applied ink. Disadvantages include lower print quality, poorer register 

accuracy and lower printing speed compared to the other contact printing methods. 

The printed layer thickness is 0.8–1 μm but with UV inks the thickness can be 2.5 

μm. The ink viscosity is comparable to that of gravure printing, 50–500 mPas. [12–

14, 16–17] 

Offset printing is the most common printing method in newspaper and 

commercial printings in particular when a high print quality is required. It is an 

indirect printing method where the ink is transferred from the printing plate onto 

the substrate via an intermediate blanket cylinder. The patterned and unpatterned 

areas of the plate are on the same level but they have different surface energies: the 

patterned areas are ink–receptive (hydrophobic) and unpatterned areas ink–

repellent but water–accepting (hydrophilic). The plates are typically made of 

aluminium that is coated with a photopolymer layer. The thickness of the printed 

film is typically 0.5–1.5 μm. The ink viscosity is very high, 30 000–100 000 mPas, 

making offset printing an interesting option especially when a very thin and 

homogeneous printed layer is desired. [12,14] 

2.2 Ink formulations 

The most common applications of printed electronics today are conductors based 

on inorganic inks. The inks typically contain metal nanoparticles that are easily 

sintered into solid conductors with heat [18]. Silver is by far the most popular metal 

in conductive inks but copper [19], gold [20] and platinum [21] are also used, and 

research into the use of aluminium [22] has also been carried out. The conductive 

nanoparticle inks are commonly made by precipitation of metals into suspensions 

that are further formulated into inks. The metal salt can, for example, be in droplets 
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of surfactant stabilized emulsion, thus obtaining surfactant after the salt has been 

reduced to metal. The size of the formed nanoparticles can be adjusted by changing 

the droplet size in the emulsion. [23] Another commonly used method is direct 

precipitation of particles [24] with the help of stabilizing agents. 

Conductive inks can also be made by using solutions of salts of the desired 

metals and reducing agents for the salts. [25] These types of inks are called 

Metallo–Organic Decomposition (MOD) inks. During the heat–treatment process, 

the reducing agent reacts with the metal salt forming solid metal while other 

reaction products are evaporated. The low metal content of the MOD inks when 

compared to commercial nanoparticle inks is the main downside. In order to 

achieve similar layer thicknesses as can be obtained with nanoparticle inks more 

layers need to be printed. 

In addition to conductive inks, there is a vast number of other applications for 

inorganic inks. They can, for example, be used in capacitor [26] and memory 

applications [27] and also applications utilizing piezoelectricity such as printed 

pressure [28] and activity sensors. 

2.2.1 Magnetic inks 

Magnetic nanoparticles have been traditionally used in various applications such as 

electromagnetic devices [29], high–density storage media [30,31], ferrofluids [32], 

magnetic resonant imaging [33], drug delivery [34], and catalysts [35]. 

Stabilization of cobalt nanoparticle suspensions by the formulation of monolayers 

of surfactants has been studied [36,37], as well as the formulation of cobalt 

nanoparticle suspensions by precipitation of cobalt salts into metallic nanoparticles 

sterically protected by a layer of surfactant [38]. These methods incorporate the 

synthesis of cobalt nanoparticles during the preparartion of the suspension.  

Magnetic metallic cobalt nanoparticles offer an interesting option as a raw 

material since utilization of solid nanoparticles as a starting point instead of 

synthesizing them in situ would simplify the process substantially. The key issue in 

this case is to stabilize the dry nanoparticles in a suspension. 

2.2.2 Piezoelectric inks 

Piezoelectric ceramics, such as lead zirconate titanate (PZT) and polymers are an 

interesting group of materials that are known for their ability to produce electric 

potential as a result of the application of pressure, and vice versa. They are widely 
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used as actuators, sensors and transducers in devices from igniters to fine precision 

printers, sonars and fuel injectors. [39, 40]  

A feasible way of making a piezoelectric ink is to formulate a suspension of 

piezoelectric composite, i.e. a mixture of piezoelectric polymer and ceramic 

powder. The major challenge in all piezoelectric composites is their low 

electromechanical performance when compared to that of bulk ceramics or single 

crystals. However, there are application areas such as sensors where high 

piezoelectric performance is not necessarily required [41–44].  

Poly(vinylidene difluoride) (P(VDF)) and Poly(vinylidene difluoride – 

trifluoroethylene) P(VDF–TrFE) co–polymers are nowadays well–known options 

for the polymer matrix of piezoelectric composites. In addition to their potential to 

form crystalline and piezoelectric structures, they also offer solution–based 

processibility, low processing temperature and flexibility. [45–52]. P(VDF–TrFE) 

offers the capability to self–arrange in crystalline form whereas P(VDF) needs 

stretching in order to achieve an organized crystal structure. This makes P(VDF–

TrFE) a good choice for the polymer phase in piezoelectric composite ink. 

2.2.3 Memristors 

The essential feature of a memristor, i.e. memory resistor, is its hysteretic current–

voltage behavior (Figure 3), which enables its use as non–volatile resistive memory.  
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Fig. 3. Schematic hysteretic resistance – voltage behavior of memristor. 

The concept of memristors was presented by Leon Chua in 1971 [53] and 

generalised to memristive systems by Chua and Kang in 1976 [54]. One of the first 

results describing materials with memristive properties was reported by Argall in 

1968, although he described this phenomenon occurring as “a result of trial and 

error” [55]. It was not until 2008 that Strukov et al. were able to combine the 

discovered hysteretic curves of thin films with the memristor concept [56]. The 

mechanism of the change in resistance in memristors is due to the drifting of 

oxygen vacancies towards and away from the metal/metal oxide interfaces [57]. 

The actual physical mechanism is under continuous study, but evidence has shown 

that local nanofilaments are responsible for the memristive function [58]. There are 

numerous predicted applications of memristors. The most obvious application is 

non–volatile random access memory [59,60], but the memristors can also be used 

for logic operations [61]. Thus, the same components can be configured to function 

as either logic gates or memory latches, depending on the need.  

Most of the memristor research has been concentrated on inorganic memristor 

development by thin film deposition techniques, such as nano–imprinting [62] or 

sputtering [63]. More recently, solutions applicable to the emerging field of printed 

electronics have been introduced. For example, printed flexible memories using 

copper phthalocyanine have been introduced by Lian et al. where a cross–bar 

memory was made on polyethylene terephthalate (PET) film by spray coating [64]. 
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A sol–gel solution of titanium isopropoxide has been used to produce a memristive 

layer of titanium oxide by spin coating on the metal bottom electrode [65,66]. Heat–

treatments have been used to modify the electrical properties of memristors based 

on monocrystalline ZnO, achieving very large switching between the “on” and “off” 

states of the produced components [67]. The influence of heat–treatment on the 

crystallinity of sol–gel derived TiO2 has been studied by Tanaka et al. [68], but not 

as a part of memristor research.  
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3 Materials and methods 

This chapter briefly presents the materials and methods used in this work. Because 

development of formulation methods was an important part of the work, the exact 

parameters used for each ink are presented in the chapter of results and discussion.  

3.1 Materials used in research 

All the magnetic inks (Papers I–III) used in this work were based on dry and 

metallic cobalt nanoparticles produced by Nanostructured & Amorphous Materials 

Inc. According to the manufacturer’s data sheet, they contained 99.8 % of cobalt 

and were partially passivated with 10 % oxygen. The specific surface area of the 

nanopowder was determined with Brunauer–Emmett–Teller (BET) surface area 

analysis based on the physical adsorption of nitrogen gas. The measurement was 

made with an ASAP 2020 by Micromeritics Instrument Co. for each batch of 

nanoparticles that was used. Average surface areas varied typically from 17 to 20 

m2/g, corresponding to an average particle size of around 40 nm. 

The surfactant used in Paper I was Malialim AAB–0851 from NOF Co. since 

it contains acid anhydride groups forming a covalent bond with oxidized metal 

surface of the particles. [69] The adjustment of the rheological properties was done 

with a N 485 resin solution from Johnson Matthey Plc. The blown menhaden fish 

oil of grade Z–3 from Richard E Mistler Inc. was used as a binder, due to its ability 

to polymerize under influence of oxygen. The solvents compatible with the 

organics were xylene and ethanol (98.5 %, Sigma–Aldrich Co. and 99.9 %, Aa –

grade, Altia Oyj). 

In Paper II Linoleic acid (> 99 % Sigma–Aldrich Co.) was used both as 

surfactant and binder and the solvents were terpineol (> 99 %. Merck KGaA) and 

Aa–grade ethanol (99.5 %, Altia Oyj) 

In Paper III Poly(methyl methacrylate) (PMMA) powder with an average 

molar weight of 350 kg/mol (Aldrich Co.) acted both as a surfactant and binder. 

Solvents used were 2–(2–Buthoxyethoxy) ethyl acetate (>99.2 %, Sigma–Aldrich 

Co.) and α–terpineol (>98 %, Merck KGaA). Acetone (99 %, Merck KGaA) was 

used as a rheology modifier during the milling process. 

The piezoelectric ink in Paper IV was based on PZ29 lead zirconate titanate 

particles from Ferroperm–piezoceramics A/S with an average particle size of 1.2 

µm determined with a LS 13320 laser diffraction analyzer from Beckmann Coulter 

Inc. P(VDF–TrFE) co–polymer, with 56/44 mol.% of each monomer, from Solvay–
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Solexis Co. was used as binder material with piezoelectric functionality. 

Dimethylformamide (>99 %, Fluka Co.) and 2–(2–butoxyethoxy)–ethylacetate 

(>99 %, Sigma–Aldrich Co.) were used as solvents. As in Paper III, also in this 

case acetone (99 %, Merck KGaA) was used as a rheology modifier during the 

milling process.  

The TiOx –precursor solution in Paper V was synthesized at the beginning of 

the work. On reaction, titanium–di–isopropoxide–2–acetoacetate (75 wt. % in 

isopropanol, Aldrich Co.) was reacted with 2–methoxyethanol (99.3 %, Aldrich Co.) 

and ethanolamine (99 %, Aldrich Co). The rheology of the solution was adjusted 

with isopropyl alcohol (99.5 %, Merck KGaA)  

Proper homogenization of the materials was essential for the preparation of the 

screen printing inks. Both ultrasonic agitation (Hielscher UP 100H, Hielscher Co.) 

and ball milling (Retsch Co.) were used. A tabletop three–roll mill with steel rolls 

from Exact Apparatebau GmBH was used for re–milling the inks after storage 

periods. 

3.2 Analysis for the inks stabilized with surfactants  

In Paper I and Paper II the particles were coated with a layer of surfactant that made 

covalent bonds to the particle’s surface. The degree of success of the particle 

coatings was determined using a LEO 912 OMEGA analytical Energy–Filtered 

Transmission Electron Microscope (EFTEM) (Carl Zeiss SMT AG) to characterize 

the layers of surfactant on top of the particles before final formulation of the ink. 

This method, also widely used by others like Ghasemi et al. [70] and Garcia–

Jimeno et al. [71], is a reliable method to visually assess the particle coating due to 

its high magnification capacity.  

The formulated inks of Paper I and Paper II were analyzed with a Netzsch STA 

409PC analyzer (Netsch–Geraetebau GmbH) that was able to measure 

Thermogravimetric and Differential Scanning Calorimetric data as well as Mass 

Spectrometric analysis of decomposition products (TGA–DSC–MS –analysis). 

Analysis of the ink in Paper I was carried out in a nitrogen atmosphere (99.995 %, 

AGA Oy) and in Paper II in a helium atmosphere (99.9995 %, AGA Oy) with a 

heating rate of 10 °C/min. The analysis enabled the determination of exact solids 

and volatiles content of the ink adjusted suitably for screen printing.  
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3.3 Printing experiments 

There are many characterization methods that may be used to observe the chemical 

and physical behaviour of suspensions intended for use as inks. Printing 

experiments are the most straight–forward method to reveal possible issues of 

printability, caused usually by evaporation of the solvents. This is the reason why 

printing experiments were the major method to observe the usability of the ink.  

The majority of the inks in this research were made to be used as thicker layers 

and thus screen printing was the most suitable option. Screen printings were carried 

out with both manual and machine printing. In the case of memristors, very thin 

layers were desired and so inkjet–printing was the adopted printing method. 

The printer used in the screen printing experiments was a Speedline 

Technologies MPM Microflex screen printer (Speedline Technologies, Inc.). 

Printings were done using 10”x10” screens patterned by the author. Both stainless 

steel and polyester screens with mesh counts of 90, 180 and 320 were used. A 

typical screen for printing conductive patterns was a 320 mesh stainless steel screen 

with 16 µm thick emulsion. For magnetic inks both 90 and 180 mesh nylon screens 

were used with typically 45 µm thick emulsion. Typical force pressing the squeegee 

against the screen was 2 kg with a printing gap of 0.8 mm. 

When the screen printings were carried out manually, a purpose–built jig for 

the screens was used. The same screens as in the printing machine were used and 

the jig could be adjusted to the same printing gap as that of the printing machine. 

The manual force used on the squeegee was determined with test printings.  

Memristive material printing tests in Paper V were carried out with a Fujifilm 

Dimatix DMP–2800 inkjet (Fujifilm Inc) printer using 10–pL droplet printing 

cartridges. The printings were done on glass substrates coated with two different 

metal layers to achieve as smooth a bottom electrode surface as possible.  

3.4 Analysis of printed patterns 

Surface profiler analyses were carried in all the papers. Knowing the exact 

thickness and thickness variations of the printed pattern is essential for multiple 

reasons. Firstly, in the evaluation of the electrical performance quality of the printed 

layer and the material thickness is essential for calculations. Secondly, the layer 

thickness has a direct influence on the achievable capacitance values or, in the case 

of piezoelectric component, on the poling process. Thirdly, some components such 

as memristors require an exact material thickness in order to achieve the desired 
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electrical properties. The thickness of the printed samples was measured using a 

Dektak 8 surface profiler (Veeco Instruments Inc). Optical microscopy was also 

used in combination with surface profilometry. Larger areas were visually 

inspected to find possible pinholes as these were less likely to be found by the line 

scan measurement done with the surface profiler.  

The Field Emission Scanning Electron Microscope (FESEM) analyses were 

carried out with Zeiss Ultra Plus and Zeiss Sigma electron microscopes (Carl Zeiss 

SMT AG). The printed layer analyses were carried out in order to inspect different 

aspects of the print quality, using both cross–sections of the samples and top 

surfaces. Both visual inspection and elemental analysis utilizing Energy–

Dispersive x–ray Spectroscopy (EDS) were utilized to investigate the distribution 

of the materials in the layer. Cross–sections were especially used in order to observe 

the sedimentation of material or agglomeration of particles. In the case of magnetic 

inks, possible chain formation of particles was considered to be a beneficial 

phenomenon and thus the possible occurrence of chains was studied.  

Possible cracks were observed on both cross–sections and surface images taken 

with FESEM. Surface images were used especially to find flaws affecting the 

surface quality of printed patterns such as pinholes, cracks or lumps of 

agglomerates. Especially with memristors the surface images were a useful method 

to observe the deterioration of the material during treatments. 

3.5 Adhesion experiments 

Two types of adhesion tests, pull–off and tape–peel tests, were carried out on the 

samples reported in Paper III and Paper IV. The pull–off tests were done using a 

PosiTest AT–A –tester (De Felsko Co.) and the tape–peel tests with an Elcometer 

107 X–Hatch kit (Elcometer Ltd.) according to the ASTM D–3359–B cross–hatch 

test. 

The pull–off test (Figure 4) was a feasible method to see the overall adhesion 

of the layer on the used substrate and to get quantitative information about the 

adhesion. In tests, ∅20 mm aluminum dollies were glued to the printed and cured 

ink layers and the tests were carried out on the following day using the tester to pull 

the dolly from the surface. The tester measured the force needed to detach the dolly 

from the sample. Three to four parallel measurements were done and the average 

result was calculated. 

The tape–peel test was especially used for testing the integrity of the printed 

and cured layer. On the test carried out according to the standard, three cross–cut 
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patterns were cut into the printed surface with a tool consisting of six parallel blades. 

Each pattern consisted of 25 small squares of ink that were cut all the way to the 

substrate. Tape was glued on top of the cut pattern and peeled off. The integrity of 

the squares was investigated before and after peeling. If the adhesion was sufficient, 

the squares remained intact. Figure 4 shows two typical samples resulting from the 

pull–off and tape–peel tests. 
 

Fig. 4. A: Pull–off test sample with peeled off aluminum dolly. The failing material was 

in this case the substrate. B: Two cross–hatch patterns cut for the tape–peel test. No 

squares from patterns were peeled off. 
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4 Results and discussion 

4.1 Formulation of inks 

The majority of this work concentrated on the formulation of screen printing inks 

for different applications based of different inorganic materials. The novelty of the 

screen printing inks produced was to use dry powder as a raw material for the 

production of low temperature curing inks. Another part of this work was the 

development of an inkjet printable memristor. A new synthesis route was developed 

and the resulting solution was formulated into inkjet printable form. A short 

summary of the different inks made in this work is presented in Table 2 and their 

process flow is shown in Figure 5. 

Table 2. The composition of inks made in this work. 

Paper Type Vol.% filler Filler Binder Surfactant 

I Magnetic 10, 14, 21 n-Co Fish oil AAB-0851 

II Magnetic 50 n-Co Linoleic acid Linoleic acid 

III Magnetic 30, 40, 50, 60, 70 n-Co PMMA PMMA 

IV Piezoelectric 30, 40, 50, 60, 70 PZ29 PVDF/TrFE None 

V Memristor n/a TiOx None None 
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Fig. 5. A: Process flow of the ink formulations on Papers I–IV. B: Process flow on Paper 

V. 

During the research and optimization of the ink formulations in this work, one 

about 20 ml batch of each ink shown in the Table 2 were prepared, except in the 

case of the piezoelectric ink with 50 vol. % filler addition due to the large quantity 

of samples needed for the polarization tests. It is clear that further studies are 

required when the optimized inks are to be utilized in practical applications with 

large quantities. Several samples (3–20) per formulated ink were prepared for each 

characterization methods. All the inks had good and stable properties during the 

printing and thus the selection of the most feasible ink compositions was performed 

according to the quality of the cured layers. The inks formulated in the Papers I–III 

and V remained printable over one year.  
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4.1.1 Utilization of surfactants 

The first task in the screen printing ink formulations was to investigate the 

stabilization of the formulated magnetic inks with different surfactants, which 

enabled the formulation of magnetic inks directly from dry nanoparticle powder. 

Applying a surfactant coating to the particles greatly reduced their agglomeration. 

Agglomeration leads to irreversible sedimentation, the phenomenon that eventually 

makes the ink unprintable.  

The quantity of surfactant needed can be determined on the basis of the 

molecular weight of the functional unit, such as a fatty acid molecule or the 

repeating unit of a polymer, if the specific surface area of the particles to be coated 

is known. Since the surface area covered with a single fatty acid molecule was 0.21 

nm2 and with an acid anhydride group 0.45 nm2 [69], the quantity needed for a 

single molecular layer could be calculated accurately. 

The first ink in this work was made by utilizing a commercial polymeric 

surfactant containing acid anhydride groups [Paper I]. It was used with the addition 

of menhaden blown fish oil to work as a binder and a commercial rheology modifier 

to enhance the printability of the ink. A filler contents of up to 70 wt.% (22 vol.%) 

was achieved. 

In Paper II the idea of utilizing the surfactant both as a stabilizing agent and 

binder was successfully investigated. An oxidatively polymerizing fatty acid, 

linoleic acid, was used for this task. The ink formulated in this paper remained 

printable for two years when stored at room temperature. It also proved to have 

good electrical characteristics as reported in two articles. [Paper II] [72] The filler 

content of the ink was also greatly enhanced, being 88 wt.% (50 vol.%) for the ink 

with good printing characteristics. 

In Paper III the ink was stabilized by ball–milling the cobalt particles with the 

PMMA polymer, working both as a binder and stabilizer. The change of binder was 

made in order to achieve good adhesion to the polycarbonate (PC) substrate. The 

solids content of the ink with the best adhesion and electrical properties was also 

in this case achieved with 50 vol.% of Co, as in Paper II. Higher solids contents up 

to 70 vol.% were tested but proved to have low adhesion after curing. 

4.1.2 Commercial acid anhydride surfactant 

Polymeric surfactant Malialim AAB–0851 (Figure 6) from NOF Co. was used for 

surface treatment of the cobalt powder [Paper I]. The reactive part of the polymer 
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is a carboxylic acid anhydride group capable of forming a covalent bond to the 

surface of the metal particles. The weight of the repeating unit of the polymer was 

968 g/mol, which was calculated from the material’s saponification value of 95 mg 

KOH/g surfactant. The repeating unit of the backbone polymer had two side chains, 

where one consisted of polyethylene oxide and the other of polystyrene, in order to 

improve the solubility of the material.  

 

Fig. 6. The chemical structure of surfactant (Malialim AAB–0851) used in Paper I, where 

R1 is polyethylene oxide and R2 is polystyrene. The acid anhydride group made 

covalent bonds with the cobalt particles. Reproduced courtesy of The Electromagnetics 

Academy. [Paper I]. 

The development of the ink started with the surface treatment of the cobalt 

nanoparticles by adding them into a solution of Malialim surfactant and xylene. 

The solution was mixed in a ball mill using a nylon pot and agate milling balls. 

After 16 h of milling, the solution was placed in a furnace and the xylene was 

evaporated at a temperature of 80 °C for 24 h. 

The resulting material was analyzed with EFTEM to characterize the layers of 

surfactant on top of the particles. Firstly 0.2 g of surface treated particles was 

washed twice with 10 ml of ethanol to remove the excess of unreacted polymer 

material. The ethanol was removed with a 0.2 µm PTFE filter. The particles were 

collected and dried at room temperature for 24 hours before the analysis.  

For the analysis, 0.1 g of washed particles was dispersed in 20 ml of acetone 

using an ultrasonic bath. A 5 µl droplet of dispersion was placed on a TEM grid and 

the solvent was evaporated. A semi–transparent layer of surfactant could be 

observed on EFTEM analysis. Since incorrect focusing of an EFTEM also causes 
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the appearance of a similar kind of visual distortion at the particle edges a particular 

care was taken to achieve correct focusing. An example of particles with a 5 nm 

thick surfactant layer imaged by TEM is shown in Figure 7. 

 

Fig. 7. The polymeric surfactant layer with a thickness of approximately 5 nm on the 

surface of the Co particle chains. Reproduced courtesy of The Electromagnetics 

Academy. [Paper I]. 

4.1.3 Fatty acid as surfactant/binder 

The fatty acids are an interesting group of materials utilized for stabilization of 

nanoparticle suspensions. This is due to their ability to act both as a capping 

molecule during nanoparticle synthesis [73] and as a stabilizing agent in the 

nanoparticle suspensions [74, 75]. In addition, unsaturated fatty acids have the 

capability of reacting with cross–linked polymeric structures when exposed to 

oxygen [69, 76]. Their carboxylic acid group can also make a covalent bond to 

metallic surfaces (such as copper antenna patterns) [69]. The combination of these 

properties makes them useful both as surfactants and binding materials 

Linoleic acid is an unsaturated fatty acid and is a major component of linseed 

oil. Linseed oil has been used as a binding material on traditional paintings due to 

its capability to polymerize (i.e. dry) with reactions occurring between its double 

bonds and oxygen. [77] Since these reactions are known to be catalyzed with 

transition metals such as cobalt and zirconium [76] it was interesting to experiment 

with its use in magnetic ink applications. 



40 

Some of the reactions occurring during oxidative drying of the oil are presented 

in Figures 8–11. The reactions start with scission of a single α–hydrogen from 

between the double bonds of the molecule chain as presented in Figure 8. [78] This 

can occur due to interaction with a metal, due to UV–light or a radical initiator 

formed earlier. The formed radical is stabilized by resonance taking place between 

the π–electrons of the double bonds. The initiation is clearly the slowest phase of 

the reactions and propagation reactions carried out by resulting radicals occur much 

more rapidly. [77, 76] 
 

Fig. 8. Structure of linoleic acid (top) and radical forming reactions due interaction with 

cobalt (middle and bottom). [78]. 

The formed Co2+ cation can further react with oxygen and a released a proton, 

resulting in a more reactive singlet state oxygen, peroxide radical and a Co3+ cation 

that can react again with another fatty acid chain. [76] This makes cobalt an 

excellent catalyst for fatty acid polymerization. Both the stabilized radical in the 

fatty acid chain and the exited structures formed with oxygen can take part in 

propagation reactions. Figures 9 and 10 show some of the propagation reactions 

occurring with the radical formed on the fatty acid chain. The peroxide structure 

formed in Figure 10 is thermodynamically unstable and will react further to form 

two radicals. [77–79] 



41 

Fig. 9. Oxidation reaction of the radical formed by catalyst. [77–79]. 

 

Fig. 10.  Typical propagation reactions occurring during oxidative polymerization of 

fatty acid. Formed peroxide structure decomposes into two radicals. [77–79]. 

A typical termination reaction is presented in Figure 11. The radical can also form 

directly into a carbon chain, resulting in a carbon–carbon bond between the fatty 

acid chains. [79]. Peroxide structures between the fatty acid chains can also be 

formed during the termination reactions, although they will further react into a more 

stable form over time. The resulting dried fatty acid will eventually be full of cross–

linked molecular chains that are also bound to metal surfaces with their carboxylic 

acid groups. This makes the adhesion of the formulated ink very strong, as was also 

noted during the work. 

 

Fig. 11. Termination reaction forming ether–type oxygen bonding between two fatty 

acid chains. This type of bonding finally results in cross–linked structures between fatty 

acid chains. 
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The required amount of linoleic acid for surface coating of the particles was 

calculated on the basis of the specific surface area of the powder determined with 

BET adsorption isotherm analysis. 1.9 g of the acid was needed for coating 50 g of 

nanoparticles. In addition to the calculated value, 5.3 g of linoleic acid was added 

to improve the rheological properties of the ink during printing and to act as a 

binding material on the metal surfaces. The additional amount of fatty acid was 

decided on the basis of printing experiments. 

The linoleic acid was dissolved in ethanol after which dry cobalt nanoparticles 

were added into the resulting solution. The suspension was homogenized with 

ultrasonic agitation at 30 W for 30 s. The suspension was then milled in a ball mill 

using a nylon cup and agate milling balls at moderate speed for 16 h in order to 

break up the agglomerates formed by the nanoparticles. After milling, the solvent 

was evaporated at 90 °C for 16 h in a nitrogen atmosphere in order to avoid 

oxidative polymerization of the surfactant. 

The nanoparticles were analyzed with an EFTEM microscope to observe the 

attachment of fatty acid surfactant layers on top of the particles. First, 0.2 g of 

surface treated particles was washed three times with 10 ml of ethanol to remove 

the free fatty acids. During the washing, the particles were mixed with ethanol, the 

solution was settled by using a centrifuge, supernatant ethanol was removed and 

the washing procedure was repeated. Finally, the EFTEM analysis sample was 

prepared by dispersing the particles in acetone. Thus it was certain that only fatty 

acid bound to the particles’ surface was present. On analysis a clear semi–

transparent 8 nm thick layer of the linoleic acid could be observed on the surfaces 

of the particles, as can be seen in Figure 12.  
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Fig. 12. Cobalt nanoparticles with linoleic acid coating. Typical thickness of the organic 

layer was 8 nm. Reproduced courtesy of The Electromagnetics Academy. [Paper II]. 

4.1.4 Poly(methyl methacrylate) as binder 

The cobalt based inks produced in Paper I and Paper II were made for antennas 

with a radiation pattern of copper on which the inks had good adhesion. However, 

in Paper III the substrate material used for the antenna was changed to PC. In order 

to achieve a cobalt based ink suitable for the flexible PC substrates, a different 

binder material was needed. PMMA was reported earlier to be a reliable binder 

material for flexible applications [80], and also for severe conditions [81]. Since 

the solvents suitable for PMMA are similar to those for PC, a good adhesion could 

be expected. 

Due to the reactivity of the particles, the dry powder was handled under a 

nitrogen atmosphere while being submerged into the acetone used in the milling 

solution. PMMA powder with an average molar weight of 350 000 g/mol was added 

into the acetone solution together with 2–(2–Buthoxyethoxy) ethyl acetate. Five 

ink batches were made, consisting of 30–70 vol.% (77–95 wt.%) of cobalt particles 

in dry solids, all of them containing 10 g of particles. The suspensions were mixed 

in a planetary ball mill using a nylon pot and agate milling balls.  

4.1.5 Magnetic inks based on commercial surfactant coated particles 

The inks in Paper I were made on the basis of the particles described in Chapter 

4.1.2. A base ink was formed by ball–milling 50 g of coated particles with 56 g of 
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Johnson Matthey N485 solution and 55 g of ethanol to lower the viscosity. A 

homogenous paste resulted after milling for 24 h. The TG–DSC–MS analysis was 

carried out for the base ink sample before concentration to printable viscosity in 

order to determine the exact solids content of the Johnson Matthey solution. As 

shown in Figure 13 the solvents were first evaporated from the sample after which 

at 400 °C the solid organic material decomposes, as indicated by the rapid 

downward peak and the declining weight of the sample weight. This was also 

detectable as an endothermic peak in the calorimetric measurement data. 

Additionally the mass spectrometer data (Figure 14) at mass number 12 (carbon) 

revealed that the weight loss was due to organic material decomposition.  

 

Fig. 13. TGA and DSC signals for TG–DSC–MS analysis for the cobalt ink with N485 

solution and ethanol. Dashed line presents changes of mass and solid line DSC signal. 

Majority of solvents are removed below 200 °C. At 400 °C the decomposition of the solid 

organic material occurs, indicated by both signals. Reproduced courtesy of The 

Electromagnetics Academy. [Paper I]. 
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Fig. 14. Mass detector signal at mass number 12 from the TG–DSC–MS analysis of the 

cobalt ink without menhaden oil in Paper I. Strong increase in signal can be seen at the 

temperature of rapid weight loss indicating the polymeric carbon breakdown. 

Reproduced courtesy of The Electromagnetics Academy. [Paper I]. 

The viscosity of the base ink was increased by evaporation of the solvents until 

printed parallel line test patterns with linewidths of 250, 500 and 750 µm achieved 

a homogenous print quality. Solid printed lines without excess spreading of the ink 

and good ink transfer through the printing screen were found to be of the best 

quality when the ink contained 25 wt.% of volatiles, 60 wt.% of cobalt and 15 wt.% 

organic solids. The proportion of the volatiles and solids was determined by 

gravimetrical analysis from the printed test patterns. Printings were done using 325 

and 230 mesh nylon screens with 16 µm and 30 µm emulsion thicknesses.  

Menhaden oil was added to the base ink in different quantities to determine the 

most suitable amount of binding material. Samples consisting of 50, 60 and 70 wt.% 

(10, 14 and 21 vol.%) of Co in the dry solids contents were achieved. The 

developed inks were analysed with a cone and plate rotation rheometer. The change 

of viscosity caused by the addition of binder material to the samples (Figure 15) 

showed a significant decrease in viscosity between the 70 wt.% and 50 – 60 wt.% 

solids samples, which also affected the quality of the printed patterns. This will be 

further discussed in the print quality analysis chapter. 

Viscosity measurements were not carried out in the latter part of the thesis. The 

most suitable printing viscosity of the ink is highly dependent on the nature and 

quantity of the binding material. If the binder content is high, typically a lower 

viscosity is needed due to the fact that the binder starts to precipitate out from the 
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ink when the solvent/binder proportion is too low. A suitable viscosity for each ink 

is thus found through printing tests and visual inspection. 

 

Fig. 15. The viscosity of ink samples of Paper I as a function of spindle speed with 

different amounts of cobalt. Reproduced courtesy of The Electromagnetics Academy. 

[Paper I]. 

4.1.6 Formulation of magnetic ink based on fatty acid coated 
particles 

In Paper II the ink formulation process was further simplified based on experience 

gained during the research reported in Paper I. It was noted that an ink containing 

12 wt.% linoleic acid and 88 wt.% (50 vol.%) cobalt as dry solids had the most 

suitable characteristics in the printing tests. The printings were done using a 180 

mesh nylon screen and an emulsion thickness of 30 µm. 

DSC–TGA–MS analysis was used to determine the exact composition of the 

ink most suitable for screen printing. The measurement was carried out in a helium 

atmosphere in order to avoid oxidative reactions of linoleic acid (Figures 16 and 

17). During the measurement, it was also observed that a small portion of the ink 

decomposed at 170 °C, indicated by a weight loss and the release of carbon due to 

decomposition of organic material. This was most likely caused by unstable organic 

structures formed in the surfactant due to oxidative polymerization reactions 

occurring during the ink sample manufacture.  
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Fig. 16. Thermogravimetric (solid line) and mass spectrometer data at mass number (mz) 

= 12 (dashed line) of the cobalt ink sample analyzed in He atmosphere. Arrow (a) points 

out the loss of mass due to decomposition of organic material at temperature of 170 °C, 

also observed in the mass spectrometer signal (arrow b). Reproduced courtesy of The 

Electromagnetics Academy. [Paper II]. 

 

Fig. 17. DSC data of the Co ink sample. Arrow (a) shows the temperature range of 

evaporation of solvents. Arrow (b) points out the consumption of energy caused by 

thermal decomposition of organic material observed also in the thermogravimetric and 

mass spectrometric measurements. Arrow (c) points to the signal caused by the thermal 

decomposition of surfactants. Reproduced courtesy of The Electromagnetics Academy. 

[Paper II]. 
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4.1.7 Formulation of poly(methyl methacrylate) stabilized magnetic 
ink 

The formulation process for PMMA stabilized magnetic inks was simplified even 

further on the basis of the earlier experiments. As a starting point, the desired 

amount of PMMA and Co were known and could be weighed for the milling 

process. Thus the main task was to concentrate the milled ink by evaporating the 

solvents in order to achieve good rheological characteristics for printing. On 

concentration the milled suspensions were placed in decanter flasks heated with a 

heating plate with constant stirring by a drill mixer. The evaporation of the solvents 

was aided by nitrogen flushing. During evaporation, 10 ml α–terpineol was added 

to each suspension in order to adjust the drying characteristics of the ink. When the 

viscosities of the solutions were high enough for screen printing, the ink samples 

were collected into air–tight containers and cooled down. 

4.2 Formulation of piezoelectric inks 

The piezoelectric inks made in Paper IV were based on piezoelectric polymer, 

P(VDF–TrFE), and piezoelectric lead zirconate titanate ceramic PZ29 without 

surfactants. In this approach the main target was to investigate if piezoelectric 

performance could be achieved with layers fabricated by printing inks with a 

simplified formulation, although it could be predicted that the stability of the inks 

would be compromised. 

The preparation was started by dissolving the P(VDF–TrFE) co–polymer 

powder into dimethylformamide, which resulted in a clear 20 wt.% solution for 

further experiments. Of each ink batch produced, 10 g of PZ29 was used and 

P(VDF–TrFE) solution was added in order to prepare five solutions containing 30, 

40, 50, 60 and 70 vol.% of PZ29 in dry solids. With each batch, 10 g of 2–(2–

butoxyethoxy)–ethylacetate was used as a secondary solvent to improve the drying 

characteristics of the ink. 20 ml of acetone was added to each batch in order to 

reduce the viscosity for the ball milling. 

The inks were prepared in a ball mill using nylon milling jars and agate milling 

balls for 18 h in order to de–agglomerate the raw material. After milling the 

viscosity of the inks was adjusted for printing by evaporating the acetone and 

concentrating the resulting inks using a drill mixer and a heating plate. The inks 

were collected and used for printings within a day of preparation because to their 

tendency to sediment. Printings were done manually using typically a 90 µm thick 
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stencil and a doctoring blade. If longer storage was needed, the inks were re–mixed 

using a three–roll mill with stainless steel rollers.  

4.3 Sol–gel synthesis and inkjet printing for memristive solution 

The synthesis of a TiOx –precursor solution was based on the works by Kim et al. 
[82] and Gergel–Hackett et al. [65]. However, instead of using 

titanium(IV)isopropoxide as in the references, more stable [83] titanium–di–

isopropoxide–2–acetoacetate was prepared as a precursor by mixing it with 2–

methoxyethanol and ethanolamine in a round–bottom flask equipped with a 

thermometer, nitrogen inlet and condenser. The flask was heated in an oil bath and 

the reagent solution was constantly stirred with a magnetic stirrer. After the reaction, 

the resulting solution was collected, cooled and stored in a refrigerator at 5 °C. A 

solution for inkjet printing was prepared by diluting the TiOx –precursor with 

isopropyl alcohol.  

The printing tests using an inkjet printer were carried out on glass substrates 

coated with two different metal layers to achieve as smooth a bottom electrode 

surface as possible. The RF – sputtered metal layers used were a 100 nm thick silver 

layer on the bottom and a 20 nm thick titanium or copper layer on the top. Titanium 

was chosen due to possible positive interaction between the memristive layer and 

metallic titanium [63]. Copper was chosen in order to investigate the possibility of 

using inexpensive copper ink in the future in fully inkjet printed memristors. The 

silver layer was used due to its good adhesion and rapid sputtering. 

After printing, the resulting patterns were kept in air at room temperature for 

60 min allowing the hydrolysis reactions to occur in the TiOx pattern [82]. After the 

reaction, the volatiles were evaporated by heating the sample to 150 °C in a nitrogen 

atmosphere for 10 min, followed by the electrical measurements. A batch of 

samples was set aside for additional heat–treatments in an argon atmosphere for 

one hour to investigate its influence on the resistance values and lifetime of the 

memristors. The temperatures used were 250, 300, 350, 400 and 450 °C. 
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4.4 Analysis of printed patterns 

4.4.1 Surface profiler analysis 

In Paper I, the printability and printing accuracy of the produced ink was 

investigated by making test prints with 500 µm lines through a 230 mesh polyester 

screen. The surface profiler analyses (Figure 18) were carried out on different inks. 

The results indicated that decreasing the metal content from 70 wt.% down to 50 

wt.% enabled smoother surfaces and better defined printed patterns. Later work 

carried out with other cobalt inks with different formulations, [Paper II], [Paper III], 

revealed that a much higher metal content (~88 wt.%) could be achieved while still 

retaining good quality printing according to the FESEM analysis. 

 

Fig. 18. Profiles of the screen printed lines containing 70–50 wt.% of cobalt. Lower metal 

content enables smoother surfaces and better defined patterns. Reproduced courtesy 

of The Electromagnetics Academy. [Paper I]. 

The surface profiler analysis in the Paper II was carried out on cobalt ink samples 

that were printed on patch antennas patterned on copper foil on a FR4 printed 

circuit board. The result presented in Figure 19 indicated that the ink did not 

completely level before curing. It could be concluded that the long period variation 

(2 mm peak to peak) of the pattern was caused by the structure (glass fibre bundles) 

inside the FR4 substrate. The short period variation (100 µm peak to peak) was due 

to the screen. It was further concluded that a slight increase in the amount of 

binding material would be beneficial for the surface quality. In addition to this, 

slower drying of the printed samples would have a positive influence on levelling 

the printed patterns.  
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Fig. 19. Measured surface profiles of single printed magnetic layer on patch antenna. 

Reproduced courtesy of The Electromagnetics Academy. [Paper II]. 

In Paper V, the surface profiler was used in order to observe the thickness of areas 

with memristive functionality. In order to find such areas, electrical measurements 

were carried out with a probe station using a sourcemeter to measure current–

voltage (I–V) curves. Measurements were carried out at ambient temperature and 

normal atmosphere by placing one probing needle directly on top of the memristive 

layer and another on the bottom electrode. Utilizing direct probing instead of top 

electrodes was done due to the observation that there was no memristive 

functionality on samples with top electrodes larger than 50 µm. Due to the 

possibility to investigate larger areas in short time, direct probing was found out to 

be the most efficient way for the measurements. If all–printed memristive devices 

are desired, there is a clear benefit for making the lateral size of the component as 

small as can be achieved with the used manufacturing method. 

In the measurements, 100 ms voltage pulses from –0.4 to 0.4 V or –0.6 to 0.6 

V with 0.1 V increments were fed to the samples and changes in resistance values 

were calculated. Areas with memristive functionality were marked during the 

measurement and the thicknesses of the areas were analysed with the surface 

profilometer. Figure 20 shows surface profiler measurement result on a memristive 

area. Optimal memristive functionality was achieved when the thickness of the 

layer was in the range of 70–80 nm. Areas with thickness greater than 100 nm did 

not exhibit memristive properties. On the other hand, areas thinner than 50 nm were 

not able to withstand even one read–erase–cycle.  
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Fig. 20. Surface profiler measurement showing a memristive area marked with an arrow. 

The bottom electrode starts at 1700 µm. Copyright (c) 2013 The Japan Society of Applied 

Physics [Paper V]. 

Stencil printing was used for the cobalt inks in Paper III and for the piezoelectric 

inks in Paper IV, which resulted in surfaces already levelled during the printing 

process. However, the surface profilometer was used to observe the thickness of 

resulting printed layers. 

4.4.2 FESEM–analyses of printed patterns 

FESEM analysis was utilized in all publications referred to in this thesis. Electron 

microscopy was used to observe the print quality of screen printed layers in Papers 

I–IV, especially the cracks and agglomerates on the inks. Backscattering images 

were used to investigate the filler distribution in the polymer matrix. Cross–section 

images of printed patterns revealed possible sedimentation of the particles as well 

as agglomeration of fillers, cracks within the layer and possible peeling of the layer. 

With memristors the FESEM analysis revealed the effects of heat–treatments, such 

as peeling or diffusion of the bottom electrode materials [Paper V].  

The magnetic inks produced in Paper I proved to contain a lot of minor 

agglomerates, clearly indicating a need for further ink development. Figure 21 

shows the FESEM images from cross–sections of printed patterns with different 

ink compositions on PET film. The backscattering images with a magnification of 

1000 x indicate no sedimentation of the cobalt occurring during the drying of the 
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ink layers. However, the agglomeration of the particles clearly increased as a 

consequence of higher cobalt content. The horizontal cracks in the sample with 70 

wt.% of cobalt were most likely caused by the casting process of the SEM samples, 

as well as the peeling of the printed layers from the PET in all samples. The 

secondary emission images with a magnification of 100 000 x are shown in the 

inserts. It can be observed that in samples containing 60 and 70 wt.% of Co, the 

nanoparticles are more visible and also self–arranging in lines, whereas in the 50 

wt.% sample the particles are mostly submerged in the binding material.  

 

Fig. 21. Backscattering (1000 x) and secondary emission (100 000 x) FESEM images of 

cross–sections of cobalt inks printed on PET. Reproduced courtesy of The 

Electromagnetics Academy [Paper I]. 

The ink reported in Paper II proved to be more homogeneous than those in Paper I. 

The FESEM analyses in general revealed that the nanoparticles in the printed 

patterns were well dispersed. Only a few small agglomerates were visible, proving 

that the linoleic acid was a more efficient surfactant in this case where cobalt 

nanoparticles were used. Also, printing experiments carried out one year later with 

the produced ink that had been kept in a sealed container at room temperature 

proved that the ink could remain non–sedimented over a long period of time.  

Figure 22 shows a backscattering image from a cross–section of the patch 

antenna with five printed layers of ink. The ink was able to cover all the unevenness 
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of the copper surface, indicating good wetting. A few minor cracks in the printed 

patterns were visible, indicating that a slight increase in linoleic acid content would 

be beneficial when an especially smooth print quality is needed. Overall it can be 

concluded that the ink developed in Paper II exhibited greatly improved properties 

with a much higher metal content (88 wt.%) when compared to the inks produced 

(up to 70 wt.%) in Paper I. 

 

Fig. 22. Backscattering image from cross–section of patch antenna with five printed 

layers of Co ink. Reproduced courtesy of The Electromagnetics Academy [Paper II]. 

The layers printed on PC sheets in Paper III were analyzed using backscattering 

FESEM images with 50 000 x magnification (Figure 23). The cross–section images 

(Figure 23 A–E) show that the cobalt nanoparticles were well dispersed into the 

polymer matrix, until the loading level reached 60 vol.% and the particles started 

to agglomerate. The increase of the cobalt content also enhanced self–arrangement 

of the particles into chains, clearly visible in the image taken from the surface of 

the sample containing 60 vol.% Co (Figure 23 F). Also, the increased porosity 

caused by the agglomeration of the particles indicated that the amount of polymer 

was no longer enough to form a uniform matrix.  
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Fig. 23. FESEM backscattering images of the samples. Cobalt can be seen as brighter 

areas on transparent polymer phase. a–e: images of cross–sections of the samples 

reveal increasing porosity of the samples (marked with white arrows) as cobalt content 

increases. f: image on the surface of the sample consisting 60 vol.% cobalt shows lines 

formed by cobalt nanoparticles. Copyright 2015 by The Minerals, Metals & Materials 

Society. [Paper III]. 

The particles contained in the piezoelectric inks in Paper IV were much larger in 

size (1–3 µm) when compared to magnetic inks that contained only nanoparticles. 
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Thus the possible agglomeration of materials and voids in the printed pattern was 

much easier to observe on FESEM analysis.  

The backscattering images of the printed layers (Figure 24) taken from the 

surface of the samples show that the PZT particles were evenly scattered inside the 

partly transparent P(VDF–TrFE) phase. When the amount of the PZT particles 

increased to 60 vol.%, holes and pores could be observed, indicating that the 

quantity of P(VDF–TrFE) was not enough to fill all the spaces between the particles. 

Also, as the relative amount of the polymer declined, the agglomeration of the 

particles slightly increased. 

 

Fig. 24. Backscattering FESEM images of the surfaces of the printed PZT/P(VDF–TrFE) 

patterns with different loading levels of PZT particles. Magnification = 20 000 x, scale 

bar = 1 μm. Porosity can be clearly seen in sample containing 60 vol.% of PZT (pores 

marked with black arrows). A slight increase in the amount of agglomerates and 

particle–to–particle contact level as a function of ceramic content in the ink was 

observed. Copyright 2015 Elsevier. [Paper IV]. 

Overall, the ink with 60 vol.% of PZT had increased particle–to–particle 

connectivity. The percolation of filler in the composites having more than 50 vol.% 

of ceramic particles has also been seen in some other P(VDF) composite studies 
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[84–86]. The ink containing 70 vol.% of PZT particles was discarded from the 

FESEM studies due to its lack of electrical properties. No functional samples could 

be printed with this ink due to the cracks and pinholes appearing in the printed and 

cured patterns caused by the relatively small quantity of the binding polymer 

material. 

All memristive film samples in Paper V were analysed with FESEM in order 

to investigate the changes in the material following heat–treatments. In the case of 

the titanium electrode, the most common failure in the structure was the peeling of 

the metal layer from the substrate, especially noticeable in the case of 450 ºC heat 

treatment (Figure 25), which partly destroyed the memristive layer. The formation 

of the bubbles was assumed to be caused by the thermal expansion coefficient 

mismatch of the materials. In the case of a copper–coated bottom electrode, 

diffusion of the electrode material through the memristive layer caused most of the 

structural failures as shown by the increasing darker areas (Figure 26). The diffused 

material could also be observed with an optical microscope attached to the probing 

station used in the electrical measurements. These areas were short circuited with 

the bottom electrode.  

 

Fig. 25. Secondary emission FESEM pictures of memristors printed on titanium 

substrate with different heat treatments. Bubbles caused by peeling of the bottom 

electrode started to appear at temperatures above 300 ̊ C, dominating the surface at 450 

˚C. Copyright (c) 2013 The Japan Society of Applied Physics [Paper V]. 
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Fig. 26. Secondary emission FESEM pictures of memristors printed on copper 

substrate with different heat treatments. Diffusion of the bottom electrode material 

through the memristive layer can be seen as increasing darker areas. Diffused material 

breaks most of the surface at 450 ˚C. Copyright (c) 2013 The Japan Society of Applied 

Physics [Paper V]. 

4.4.3 Adhesion experiments 

The printed layers reported in Paper III and Paper IV were tested by two different 

means in order to obtain data on their adhesion properties. Equipment for the 

adhesion tests was purchased in 2012 and thus these experiments for the printed 

layers in Paper I and Paper II were not performed according to the standards. 

However, it was noted during the printing experiments in Paper II that the adhesion 

of the printed layers on the copper surfaces of antennas was very good and abrasive 

methods were needed to remove them.  

All printed Co/PMMA patterns printed on PC in Paper III had excellent 

adhesion in the tape peel tests (5B on the ASTM standard, indicating no peeling of 

the cured ink). Figure 27 shows a typical cross–hatch cut pattern for a 50 vol.% 

sample after peeling of the tape. No chips of the cured ink peeled off with the tape 

from the squares formed during the cutting tests. 
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Fig. 27. Example of tape peel test result on cured ink sample containing 50 vol.% of 

cobalt on PC substrate. No cured ink was peeled from the cut squares. Copyright 2015 

by The Minerals, Metals & Materials Society. [Paper III]. 

The strength values achieved in the pull–off tests for the printed patterns in Paper 

III were good up to a solids content of 50 vol.%. However, the strength declined 

with higher loading levels (Figure 28). Resulting pull–off strength values were high 

compared to those reported earlier for inkjet printed silver inks [87, 88]. For 

conductive adhesives, somewhat higher shear strength values of 5–6.75 MPa were 

reported by Cui et al. [89]. These values are higher than our results, which is 

understandable for adhesives. A possible reason for the decreasing adhesion of the 

cured inks containing 60 and 70 vol.% of cobalt was the increased agglomeration 

which also increased the porosity, as noted in the FESEM analysis. Consequently 

the contact area between the binder phase and surface of the substrate was reduced. 

Fig. 28. Pull–off measurement results from three samples of each cured cobalt ink layer 

indicating moderately high strength of the printed layers on PC up to the cobalt content 

of 50 vol.%. Copyright 2015 by The Minerals, Metals & Materials Society. [Paper III]. 
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All PZT/P(VDF–TrFE) layers printed on alumina with a silver bottom electrode 

(DuPont 5064H) in Paper IV achieved the 5B result on the ASTM standard tape 

peel –tests carried out for the cured piezoelectric inks. Figure 29 shows a typical 

cross–hatch cut pattern after the tape peel test for the sample with 40 vol.% of PZT. 

No chips of dried ink were removed with the tape from the squares formed during 

the cutting tests.  

 

Fig. 29. Typical printed surface after ASTM D–3359–B cross–hatch test. The ink sample 

contained 40 vol.% of PZT, printed on silver electrode on alumina substrate. No peeling 

of the ink from the cut pattern could be observed. Copyright 2015 Elsevier. [Paper IV]. 

The pull–off strengths of the piezoelectric ink samples also indicated that, from the 

adhesion point of view, the optimal solids content was 40 – 50 vol.%. Figure 30 

shows the measured pull–off strength values reaching a maximum of 3.25 MPa at 

50 vol.% and then decreasing rapidly. The adhesion still remained relatively high 

with even higher ceramic loading levels when compared to that of the magnetic 

inks. 
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Fig. 30. The results of the pull–off strength tests for the cured piezoelectric inks printed 

on silver electrode on alumina. Three samples per measurement. A clear decrease of 

the adhesion was noted at 60 and 70 vol.% loading levels. Copyright 2015 Elsevier. 

[Paper IV]. 

4.4.4 Electrical properties of cured patterns of magnetic and 
piezoelectric inks 

The electrical measurements of cured piezoelectric and magnetic inks are presented 

in Papers I–IV in more detail than in this thesis because they were the contributions 

of the co–authors. Errata of the electrical measurements [90, 91] for Papers I and 

II describe the electrical properties of cured inks as being similar to those in Paper 

III. The errata was done due to error on magnetic properties calculations on Papers 

I and II. In Paper III, relative permeability values up to 3 and loss tangents up to 

0.01 at 2 GHz were achieved. The permeability of the layers increased in proportion 

to the content of Co at 30–50 vol.%. With higher Co content (60 vol.%) the 

permeability started to decrease, which can be explained by the increase in porosity 

observed in the FESEM analysis. 

In Paper IV the cured piezoelectric ink layers achieved the maximum 

permittivity value of 48 at 1 kHz frequency with a loading level of 50 vol.% of PZT, 

after which the permittivity decreased. In this case the main explanation is also the 

increased porosity. The piezoelectric constant d31 increased to the value of 17 pm/V 
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when the amount of PZT increased to 50 vol.%. Polarization of the samples with 

higher PZT content was not possible due to the electrical breakdowns.  

4.4.5 Electrical properties of memristors 

Electrical measurements carried out on the precursor samples printed on titanium 

or copper showed memristive properties. Without additional heat–treatments the 

resistance values and degree of shifting were similar with both electrode materials. 

Generally the printed memristors utilizing the titanium layer endured more 

read/erase –cycles (up to 30) than those with the copper electrodes (up to 15 cycles) 

before breakage. Typical voltage/resistance and voltage/current –cycles for the 

printed structures with titanium and with copper electrodes are shown in Figures 

31 and 32. 

 

Fig. 31. Voltage/resistance cycles for the printed memristive structures with (a) titanium 

and (b) copper electrodes, without additional heat–treatment. Copyright (c) 2013 The 

Japan Society of Applied Physics. [Paper V]. 
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Fig. 32. Current/voltage curves for the printed memristive structures with (a) titanium 

and (b) copper electrodes, without additional heat–treatment Copyright (c) 2013 The 

Japan Society of Applied Physics. [Paper V]. 

The typical low resistance state of the printed structures with titanium electrodes 

had a higher resistance than those with copper, whereas the high resistance states 

were similar. Moreover, the shifting occurred at –0.4 and 0.5 V with a titanium 

electrode and at –0.3 V and 0.3V with copper. The related resistance values of 8 

and 20 Ω and 3 and 20 Ω were obtained, respectively. The structures using titanium 

electrodes exhibited a more stable shifting of the resistance values compared to 

those on copper. The latter had a tendency to degrade the resistance values 

progressively during the read/erase –cycles, finally leading to a short–circuiting of 

the sample. Thus, the use of a titanium electrode contributed a stabilizing effect on 

the resistance properties of memristors, as also reported by Yang et al. [63]. In 

addition, the higher values in the lower resistance state, typical for the structures 

with titanium electrodes, are beneficial for the durability of memristors since the 

current passing through the component is reduced. 

In heat–treatment experiments it was noted that the resistance shifting of the 

samples with titanium electrodes increased by up to 3 orders of magnitude. The 

resistance shifting in the case of copper electrodes was minimal. This is probably 

due to interactions between the memristive precursor layer and the bottom electrode. 

The treatments carried out at temperatures higher than 350 ºC greatly reduced the 

number of areas with memristive functionality, presumably due to the structural 

failures discussed in the results of the FESEM analysis. The results of 

voltage/resistance measurements carried out on the samples treated at 300 ºC are 

shown on Figure 33. The shifting voltages of a printed memristor with a titanium 

electrode changed from –0.4 and 0.5 V for the untreated sample to –0.3 and 0.2 V. 
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The low resistance state increased from 10 – 50 Ω in the original sample to 30–100 

Ω after the heat–treatment, whereas the high resistance state increased from 20–

250 Ω to 5–12 kΩ, respectively.  

 

Fig. 33. Voltage/resistance curves of memristors treated at 300 ºC with (a) titanium and 

(b) copper electrodes. The resistance scale in (a) is logarithmic due to the large shifting 

of the resistance. Copyright (c) 2013 The Japan Society of Applied Physics. [Paper V]. 

The disadvantage of the heat–treatment of the memristor samples was the 

fluctuation of the resistance values and the reduced durability. After the heat–

treatment the best memristors with titanium electrodes endured only five read/erase 

–cycles. For the memristors with copper electrodes, the heat–treatments did not 

have any remarkable influence on the resistance values or shifting voltages, 

indicating that the chemical interaction of copper with the memristive precursor 

was neglible. Also, the measured fluctuation in the resistance values remained 

similar to that of the samples without heat–treatments. However, the quantity of 

memristive areas was reduced greatly following the heat–treatments, which was 

expected from the FESEM analysis. 

The measured average resistance values of the heat–treated samples are 

collected on Table 3. Measurement results for samples surviving more than three 

read/erase –cycles were collected and the average values were calculated. The 

heat–treatments had a positive influence on the resistance shifting in the samples 

with titanium electrodes. As the temperature increased above 350 ºC, the reliability 

of the performance of the samples decreased. This can be seen from the number of 
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cycles that could be measured from the samples on different areas i.e. the more 

memristive areas that could be found, the greater the number of cycles that could 

be measured. In the case of copper electrodes, a significant increase in resistance 

values was not observed and there were fewer functional areas than in the samples 

printed on titanium.  

Table 3. Development of resistance values as a function of heat–treatments. Average 

resistance values were obtained from the samples enduring three or more read/erase –

cycles. The number of measured cycles reflects the durability of the samples. Higher 

heat–treatment temperatures decreased the number of functional areas and the 

endurance of read/erase –cycles. [Paper V]. 

Titanium substrate  Copper substrate 

Treatment 

t / ºC 

Lower 

resistance 

[Ohm] 

Higher 

resistance 

[Ohm] 

Number 

of 

cycles 

Number 

of 

functional 

samples 

Treatment 

t / ºC 

Lower 

resistance 

[Ohm] 

Higher 

resistance 

[Ohm] 

Number 

of 

cycles 

Number 

of 

functional 

samples 

Blank 40 200 45 10  Blank 6 16 14 4 

250 30 140 37 7  250 4 20 6 2 

300 80 2300 32 7  300 13 35 13 4 

350 250 5600 19 6  350 12 38 18 5 

400 50 14500 15 5  400 - - 0 0 

450 20000 100000 6 2  450 35 550 7 2 
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5 Conclusions 

A novel method for producing magnetic nanoparticle ink from dry Co powder for 

high frequency applications was developed In Paper I. The printed ink layers were 

demonstrated to yield relatively high magnetic permeability films at high 

frequencies. The formulated inks could be cured at low temperatures that are 

compatible with various organic substrates. The most suitable cobalt content in the 

ink for screen printing was 60 wt.% (14 vol.%) and demonstrated the best defined 

linewidths, the best uniformity of the printed patterns and the most homogenous 

distribution of the particles in the printed layers. 

The utilization of unsaturated fatty acid both as a surfactant and binder with 

Co nanoparticles in printed electronics applications was developed in Paper II. The 

solids contents were greatly increased compared to those of Paper I, reaching 88 

wt.% (50 vol.%) of Co. The adhesion of the ink to the metallic surfaces on the 

antennas was good due to the covalent bonding between the copper surface and the 

carboxylic acid groups of the linoleic acid. Furthermore, no sedimentation of the 

particles in the ink was observed in the cross–section studies of the printed patterns. 

Also, the ink remained printable after one year of storage in a sealed container at 

room temperature. The feasibility of the developed ink has also been shown for 

dual–band monopole antennas [72].  

Magnetic inks with excellent adhesion characteristics on PC substrates were 

developed In Paper III. The quality of the printed structures was sufficient for inks 

with 30–50 vol.% (77–88 wt.%) of Co. The best adhesion and electromagnetic 

properties were achieved after printing one layer of the ink containing 50 vol.% of 

Co. The achieved pull–off strength was higher than that reported earlier for inkjet 

printed conductive inks, being comparable with conductive adhesives.  

Low curing temperature piezoelectric composite inks were developed in Paper 

IV using commercially available PZT and P(VDF–TrFE) copolymer powders. The 

ceramic loading in the composite was varied between 30–70 vol.% (64–91 wt.%). 

The samples were successfully printed on a silver bottom electrode on a substrate 

of PET film or alumina. The inks with up to 50 vol.% (81 wt.%) ceramic particles 

showed uniform microstructures and good adhesion in the pull–off and cross–hatch 

tape–peel tests.  

Inkjet printable memristive ink was developed in Paper V. A novel synthesis 

route for the titanium oxide precursor was developed and the resulting solution was 

further formulated into inkjet printable form. The solution was printed both on 

titanium and copper electrodes, achieving memristive properties on both materials. 
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The most suitable thickness for the memristive layer of the synthesised precursor 

material was determined to be 70–80 nm. The use of a titanium layer as the bottom 

electrode increased the lifetime and shifting of the resistance value of the 

memristors. This was especially the case when the heat–treatment at 300 °C was 

used, where a resistance change of 3 orders of magnitude was obtained. The use of 

titanium electrodes also increased the endurance of the memristors in write/erase –

cycles up to 30 cycles while the copper electrodes withstood up to only 15 cycles. 

In addition, the precursor material synthesised was observed to remain functional 

even after one year of storage. 

In general, the research results show that printed electronics offer an interesting 

alternative for traditional manufacturing methods of electronics. It was also 

observed that current printed electronics production processes can be even more 

simplified by utilizing dry powders as raw materials instead of synthesizing the 

desired particles in order to form inks. Moreover, this approach offers a very wide 

selection of raw materials with a reasonable price and large quantities, thus opening 

further opportunities for novel printed electronics products. By careful selection of 

feasible surfactant both ink formulation and its process flow can be simplified 

without sacrificing the printability and the quality of the cured layer.  

In the case of piezoelectric inks, the work carried out in selecting correct matrix 

material enabled the development of printable composite ink where both the filler 

and matrix polymer were piezoelectric. 

The memristors research provided totally new approach to develop a functional 

ink based on synthesized organometallic precursor obtaining characteristics that 

could be utilized as printable non–volatile memories. The structures commonly 

fabricated by the thin film process could be now realized with a laboratory tabletop 

inkjet printer.  

All the inks developed obtained relatively good adhesion on the used polymer 

or metal substrate, indicating that the binders used for the inks were successfully 

selected. Naturally further studies are needed, if the electrical values such as 

permeability or piezoelectric coefficients need to be optimized for specific 

applications. In the case of piezoelectric inks also the shelf life of the product 

should be further developed by for example utilizing surfactants. If the inks are 

aimed to be utilized in larger scale practical applications, more work is also needed 

for upscaling the ink manufacturing processes and determining the needed 

parameters to keep the production batches constant in quality. 

The magnetic inks developed in this work may be used in future applications 

such as printed antennas, especially for their miniaturization when fabricated on 
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plastic substrates, as demonstrated in Paper II and [72]. The use of an oxidative 

polymerizing fatty acid as a surfactant and binder will almost certainly have future 

use in printed electronics when the use of copper or aluminium based inks increases 

on printed conductive patterns, due to its bonding capability especially with those 

metals. The piezoelectric inks have a clear application field especially in printed 

sensors to be used for example in wearable electronics. Memristors provide an 

interesting option to add memory to small printed goods such as smart cards. With 

the help of novel products and innovations, the cost–effective and simple 

manufacturing methods of printed electronics will bring the ubiquitous electronics 

world even closer to our everyday life. 
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