
 

 

Influence of strain on the functionality of ink-jet printed 

thin films and devices on flexible substrates   

 

Zur Erlangung des akademischen Grades  
Doktor der Ingenieurwissenschaften 

der Fakultät für Maschinenbau 
Karlsruher Institut für Technologie (KIT) 

 
 

genehmigte 
Dissertation 

von 
 
 
 

M.Tech. Nilesha Mishra 
aus Sambalpur, Indien 

 
 
 
 
  

Tag der mündlichen Prüfung: 12.04.2018 
Hauptreferent:   Prof. Dr. rer. nat. Oliver Kraft 
Korreferent:   Prof. Dr. –Ing. Horst Hahn 

 

 
 
 





 

i 

Abstract  

Flexible devices, prepared by direct deposition of solution 
processable functional inks on a flexible substrate, are inexpensive, 
flexible, and compatible with large volume production and hence 
can be used for various innovative applications, which are difficult 
to achieve using rigid substrates. During fabrication and service, 
these devices are subjected to complex strains due to the use of 
flexible substrate, multilayer structure, encapsulation or three-
dimensional structuring, which can lead to the development of 
microcracks or delamination within the layers, affecting the device 
performance. Therefore, it is essential to understand the influence 
of external strain on the performance and functionality of printed 
thin films and thin film devices on flexible substrates.  

This work is focused on fabrication of three different ink-jet printed 
systems on flexible substrate, characterization and analysis of the 
film/device performance in response to external strain and its 
correlation to specific failure mechanisms. These systems are 
precursor-based Indium oxide thin film transistors, Indium oxide 
nanoparticulate films and Barium Strontium Titanate (BST)/ 
polymer nanocomposite capacitors. Micro tensile tests, in-situ 
synchrotron tensile tests and bending fatigue tests are performed 
on the printed structures to assess the device performance under 
uniaxial and cyclic loading conditions, respectively. Their failure 
mechanisms are understood by correlating their electrical or 
structural properties with applied strain, supported by detailed 
microstructural investigations.  

For the precursor based printed Indium oxide transistors, the 
obtained field-effect mobility is 70.61 cm2/Vs, the ION and IOFF ratio 
is 107, the maximum drain current is 327µA and the devices are 
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operational at a low voltage of around 2V. Under tensile loading, the 
printed transistors remain stable up to 2% strain. Beyond 2% strain 
the performance deteriorates. The formation of microcracks in the 
Indium oxide film and delamination between the film and the solid 
polymer electrolyte are the major factors in transistor performance 
degradation. The failure strain of the printed transistors is 
significantly affected by the quality of the printed films whereas it is 
insensitive to the orientation of the transistors with respect to the 
loading direction.  

For the printed Indium oxide nanoparticulate films, in–situ 
synchrotron XRD is used to characterize the strain transfer between 
the substrate and individual printed films and small structures (e.g. 
Indium oxide and Au), during a single tensile test. The effect of 
several processing parameters on the lattice strain evolution of the 
individual layers is studied. The increase in lattice strain while 
loading of the samples, is higher for thicker samples as compared to 
thinner samples. Moreover, the lattice strain evolution of the 
material during loading is affected by electrolyte encapsulation, 
introduction of Au interlayer and transistor orientation with 
respect to applied strain and it is sensitive to transistor geometry as 
lattice strain is higher for the structures.  

Fully-printed Barium Strontium Titanate/polymer capacitors are 
fabricated at a low annealing temperature of 120oC for 1 hr and the 
measured capacitance and the dissipation factor is 165 pF and 0.1 
at a frequency of 1 kHz, respectively. With the application of 
mechanical load, the capacitance at first increases and then starts 
decreasing gradually till the failure of the device at around 20% 
tensile strain. Development of cracks in the BST layer and its 
subsequent propagation to the top and the bottom electrodes and in 
particular the surface quality of the top electrode significantly affect 
the device performance. It is also demonstrated that a more 
uniform deposition of the top Ag layer can significantly improve the 
stability of these devices.  
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Kurzzusammenfassung 

Flexible elektronische Bauteile, die durch direkte Abscheidung von 
in flüssig verarbeitbaren funktionellen Tinten auf einem flexiblen 
Substrat hergestellt werden, sind kostengünstig, nachgiebig und mit 
Massenproduktion kompatibel und können daher für verschiedene 
innovative Anwendungen verwendet werden, die mit starren 
Substraten nur schwer darstellbar sind. Während der Herstellung 
und im Betrieb sind diese Bauteile aufgrund der Verwendung eines 
flexiblen Substrats, Multilagenaufbau, Verkapselung oder 
dreidimensionaler Strukturierung, komplexen Belastungen 
ausgesetzt, die zur Entwicklung von Mikrorissen oder Delamination 
innerhalb der Schichten führen können und damit die 
Leistungsfähigkeit des Bauteils beeinträchtigen. Daher ist es 
wichtig, den Einfluss von äußerer Belastung auf die Leistung und 
Funktionalität von gedruckten Dünnschichten und elektronischen 
Bauteilen zu verstehen. 

Diese Arbeit konzentriert sich auf die erfolgreiche Herstellung von 
drei verschiedenen tintenstrahl-gedruckten Systemen auf flexiblem 
Substrat, deren Charakterisierung und die Analyse der 
Film/Bauteil-Leistung in Reaktion auf eine externe Beanspruchung 
und die  Korrelation mit dem spezifischen Ausfallmechanismus. 
Diese Systeme sind precursor-basierte Indiumoxid-
Dünnschichttransistoren, Indiumoxid-Nanopartikelfilme und 
Barium-Strontiumtitanat/Polymer-Nanokomposit-Kondensatoren. 
An den gedruckten Strukturen werden Mikrozugversuche, in-situ 
Synchrotronzugversuche und Biegeermüdungsversuche 
durchgeführt, um die Leistungsfähigkeit der Systeme unter 
einachsigen bzw. zyklischen Belastungsbedingungen zu bewerten. 
Ihr Versagensmechanismus wird  durch die Korrelation ihrer 
elektrischen oder strukturellen Eigenschaften mit der angelegten 
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Spannung untersucht, unterstützt durch detailierte 
mikrostrukturelle Untersuchungen. 

Für die gedruckten Indiumoxid-Transistoren beträgt die erhaltene 
Feldeffekt-Beweglichkeit 70,61 cm²/Vs, das ION- und IOFF-Verhältnis 
beträgt 107, der maximale Drain-Strom beträgt 327 uA und die 
Bauelemente arbeiten bei einer sehr niedrigen Spannung von etwa 
2 V. Unter Zugbelastung bleiben die gedruckten Transistoren bis zu 
2% Dehnung stabil. Über 2% Dehnung verschlechtert sich die 
Leistung. Die Bildung von Mikrorissen in der Indiumoxidschicht 
und Delamination zwischen dem Film und dem festen 
Polymerelektrolyten sind die Hauptfaktoren für die 
Verschlechterung der Transistorleistung. Die Ausfalldehnung der 
gedruckten Transistoren wird signifikant durch die Qualität der 
gedruckten Filme beeinflusst, während sie unempfindlich 
gegenüber der Orientierung der Transistoren in Bezug auf die 
angelegte Spannung sind, aber empfindlich für die 
Transistorgeometrie, da die Gitterspannung für die Strukturen 
höher ist. 

Für die gedruckten Indiumoxid-Nanopartikelfilme wird in-situ 
Synchrotron-Röngtenbeugung verwendet, um den 
Dehnungstransfer zwischen dem Substrat und den einzelnen Multi-
Material gedruckten Schichten und kleinen Strukturen (z. B. 
Indiumoxid und Gold) während eines einzelnen Zugversuches zu 
messen. Die Auswirkung von mehreren Verarbeitungsparametern 
auf die Gitterdehnungsentwicklung der einzelnen Schichten wird 
untersucht. Die Zunahme der Gitterspannung während der 
Belastung ist bei dickeren Schichten  höher als bei dünneren 
Schichten. Darüber hinaus wird die Gitterdehnungsentwicklung des 
Materials während der Belastung durch die Einkapselung durch den 
Elektrolyten, die Einführung einer Au-Zwischenschicht und die 
Transistororientierung in Bezug auf die angelegte Spannung 
beeinflusst, und ist aufgrund der Anwesenheit scharfer 
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geometrischer Merkmale in Bezug auf die Transistorgeometrie 
empfindlich. 

Die vollständig gedruckten Barium Strontium titanat/Polymer-
Kondensatoren werden bei einer niedrigen Glühtemperatur von 
120 °C für 1 Stunde hergestellt, und die gemessene Kapazität und 
der Verlustfaktor beträgt 165 pF bzw. 0,1 bei einer Frequenz von 1 
kHz. Beim Anlegen der Last nimmt die Kapazität zunächst zu und 
beginnt dann allmählich zu sinken, bis der Kondensator  bei etwa 
20% Dehnung ausfällt. Die Entwicklung von Rissen in der BST-
Schicht und deren anschließende Ausbreitung in die obere und 
untere Elektrode und speziell die Oberflächenqualität der oberen 
Elektrode  beeinflussen die Leistungsfähigkeit signifikant. Es wird 
auch gezeigt, dass eine gleichmäßigere Abscheidung der oberen Ag-
Schicht die Stabilität des Bauteils signifikant verbessert.
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1 Introduction 

Electronics in modern world have a great impact on the lifestyle of 
millions of people around the world. The possibility to fabricate 
electronic structures by printing of functional materials onto a 
substrate, also termed as printed electronics, has the potential to 
reduce the production cost significantly. Moreover, the process is 
simple, produces only low materials waste due to direct deposition 
technique, yields high throughput and is compatible with roll to roll 
processes to meet the demand for large scale production (Chrisey, 
2000).  

In addition to the adaptation of the printing technique, 
advancements in thin film technology and promising device 
architectures have led to the development of flexible electronics in 
recent years (Nathan et al., 2012). Flexible electronics is a collective 
term used for any basic electronic element such as diode, transistor, 
capacitor or a complete integrated circuit fabricated on a flexible 
polymer substrate. These electronics, integrated to a compliant 
substrate, can stretch, bend and twist and have specific advantages 
over conventional silicon electronics fabricated on rigid substrates 
for non-conventional and innovative applications such as smart 
labels, flexible displays, human wearable’s, healthcare, 
environmental monitoring, food safety and regulation, energy 
conversion and storage and many more (M. Lee et al., 2012; Nathan 
et al., 2012; Reuss et al., 2005; Wong & Salleo, 2009). However, the 
printing of thin film devices onto a polymer substrate has also 
numerous challenges. 
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One of the most important challenges in the fabrication of printed 
flexible devices on any polymer substrate is the availability of 
printable inks that have the physical properties to produce high 
quality films with desired electrical performance, e.g. inorganic 
materials, which are printable, environmentally stable and have 
high performance. However, the processing temperature required 
by most of the inorganic materials are usually high and it is 
essential to reduce this high processing temperature in order to fit 
the low melting point polymer substrate (Shi & Jabarin, 2001). 
Flexible devices prepared at room temperature have been reported 
in the literature and the performances of these devices have 
improved steadily. But compared to the devices prepared at higher 
temperatures on glass or silicon substrate, the devices show 
inferior performance (Subho Dasgupta, Kruk, Mechau, & Hahn, 
2011; Song, Jeong, et al., 2010). Therefore, a balance between 
processing temperature and performance is necessary to achieve 
optimum performance of thin film devices on flexible substrates.  

The second challenge is the difficulty in developing the high quality 
printed films on flexible polymer substrates due to several factors 
such as higher surface roughness as compared to silicon or glass 
substrate, adhesion of the deposited material to the substrate, 
compliance of the substrate, proper handling of the substrate 
during the fabrication steps or proper alignment of different layers 
within the structures (Lewis, 2006).  

And the third and the most emerging challenge is that there is only 
very little information about the response of these devices to 
mechanical strain. Thin films are critical components in thin film 
devices such as transistors, capacitors, resistors, micro-
electromechanical systems (MEMS) and integrated circuits and 
undergo significant amounts of strain depending on the type of 
application, during the fabrication process or while in use. The 
induced strain in the structure may influence the electrical 
performance of the devices and finally lead to failure. Some 
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examples of possible failure mechanisms in thin films are crack 
formation (C. Kim, Nogi, Suganuma, & Yamato, 2012; Nickel et al., 
2014; Sim, Won, & Lee, 2012), fracture (Tsui, McKerrow, & Vlassak, 
2005), fatigue failure due to cyclic loading (Gudmundson & 
Wikström, 2002; O. Kraft, Schwaiger, & Wellner, 2001), thin film 
buckling and delamination from the substrate due to poor adhesion 
(Sridhar, Srolovitz, & Suo, 2001) and ratcheting of encapsulated 
films (He, Evans, & Hutchinson, 2000; Huang, Suo, & Ma, 2002). 

In other words, the performance stability and reliability of such 
devices largely depend on the mechanical performance of thin films. 
However, the mechanical properties of thin films are very different 
than the bulk materials due to dimensional and microstructural 
constraints (Arzt, 1998; Tajik & Jahed, 2006; Xiang, 2005). In 
addition, the use of printing technique results in a porous 
microstructure, where the pores act as a local necking site and 
hence aggravate failure. A clear understanding of the mechanical 
behavior of thin films and thin film devices on polymer substrate 
are highly essential to produce robust and reliable electronic 
structures for future applications. Therefore, in this work the 
influence of applied strain on the functionality of ink-jet printed 
thin films and devices on polymer substrate are studied. 

This work has been performed as a part of the Helmholtz Virtual 
Institute VI-530: “Printed electronics based on inorganic nanomaterial: From atoms to functional devices and circuits”. VI-
530 is a collaboration of seven different institutes, collectively 
working towards the development of printed electronics based on 
inorganic oxides. The scope of VI-530 is primarily divided in to 3 
major categories: Material Synthesis, Device Functionality, and 
Circuit Design. Material Synthesis deals with the development and 
the synthesis of printable ink-based on inorganic materials for the 
fabrication of thin film devices. Device Functionality deals with the 
fabrication of thin film devices using the developed printable inks 
and characterization of the devices to optimise its performance and 
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reliability. Circuit design deals with modelling and computing for 
robust circuit design using the fabricated thin film structures. This 
work is related to the Device Functionality and it deals with various 
aspects of characterization of mechanical integrity and reliability of 
printed thin films and devices based on inorganic metal oxides on 
polymer substrates. 

One aspect is the development of electromechanical testing 
techniques to correlate degradation in electrical performance of the 
film material with the increase in strain transferred from the 
substrate to the film/structure. The second aspect is performing 
monotonic tensile testing on the samples to determine crack onset 
strain and failure strain of the incorporated materials. Third aspect 
is performing cyclic tensile and compressive bending testing on the 
samples to understand the device behavior under cyclic loading and 
to determine the lifetime of the thin film device. All the tests are 
supported by microstructural characterizations of as prepared and 
tested films to understand the specific failure mechanism.  

In Chapter 2, the topic of ink-jet printing of thin film devices on 
flexible substrate with a special focus on thin film transistor and 
metal insulator metal capacitor is discussed. It further includes 
discussion about current understanding of metal oxide 
semiconductors, mechanical behavior of thin films as well as thin 
film devices on flexible substrates. Different types of mechanical 
testing that can be performed on thin film systems to extract their 
mechanical properties as well as the effect of applied strain on the 
performance parameters of these thin film systems and the 
corresponding failure mechanisms are presented.  

In Chapter 3, experimental details of the sample preparation on 
flexible substrates and various testing techniques used in this work 
to evaluate the mechanical performance of printed thin films as well 
as printed thin film devices are described including set-up 
descriptions, testing and analysis procedures.  
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In Chapter 4 to 6, the results and observations from the initial 
electrical characterization, microstructural study and micro-
mechanical testing performed on ink-jet printed Indium oxide thin 
film transistors on polyimide substrate, ink-jet printed Indium 
oxide nanoparticle films on polyimide substrate and fully ink-jet 
printed Barium Strontium Titanate/polymer Metal Insulator Metal 
(BST/PMMA MIM) Capacitor on PET substrate are presented and 
discussed with respect to the specific failure mechanisms.  

In Chapter 7, important results are summarized and an outline of 
the potential future work in the field of mechanical reliability of 
printed devices on flexible substrates is presented. 
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2 Thesis background 

2.1  Thin film devices  

Thin films are generally defined as a layer of material having a 
thickness ranging from a few nanometres to several micrometres. 
Based on the functional behavior, thin films can be termed as active 
films or passive films. Active thin films are the active part of any 
electrical circuit and are films that respond to a change in voltage, 
pressure, atmospheric condition such as moisture or temperature. 
Examples of active thin films are semiconductor oxides or organic 
thin films. Thin films, which are used in the form of coatings for 
applications such as decoration, thermal insulation, or anti-
corrosion, are passive thin films. Examples of passive films are 
titania or galvanized steel. Thin film devices such as thin film solar 
cells, thin film transistors, capacitors and sensors can be obtained 
by the combination of one or more active and passive thin films 
(Chopra, Paulson, & Dutta, 2004; Filipovic & Selberherr, 2015; 
Garlapati et al., 2013). The physical properties of a thin film are 
strongly dependent on its microstructure and the fabrication 
technique used for its production. 

Thin film devices fabricated by deposition of functional 
material/active thin films on to a flexible substrate are called 
flexible electronics. The advantage of using flexible substrates is 
that they are conformable, light, easy to produce and cost effective 
compared to rigid silicon or glass substrate. There are various 
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approaches to fabricate flexible electronics, which have been 
already reported in literature:  

1. Direct printing or solution deposition of functional materials 
onto a compliant substrate (Quintero et al., 2016). 

2. Fabrication of an electronic device structure on a rigid 
substrate and with subsequent transfer to a flexible substrate 

(Z. T. Zhu, Menard, Hurley, Nuzzo, & Rogers, 2005).  
3. Thinning of a silicon substrate to a thickness below 50µm and 

then re-attaching it to a flexible substrate (Zhang et al., 2009). 
4. Fabrication of devices on a spin coated polymer layer on a rigid 

silicon substrate and subsequent peeling off the polymer layer 
form the wafer substrate (Mativenga, Choi, Choi, & Jang, 2011). 

5. Fabrication of devices on free standing semiconductor films 
(Cherenack, Kattamis, Hekmatshoar, Sturm, & Wagner, 2007).  

Development of flexible electronics on an industrial scale largely 
depends on three primary factors: development and optimization of 
new and existing functional materials (Forrest, 2004; Fukuda et al., 
2014; M.-G. Kim, Kanatzidis, Facchetti, & Marks, 2011; S. J. Lee et al., 
2016; Mahajan, Francis, & Frisbie, 2014), improvement in 
deposition and patterning technique, which can be integrated on a 
roll to roll web (Garlapati et al., 2013; Nickel et al., 2014; 
Sirringhaus et al., 2000; Yin, Huang, Bu, Wang, & Xiong, 2010) and 
assurance of long-term reliability of the structure for real life 
applications (Baiano, 2009; Meng, Liu, Chen, Hu, & Fan, 2010). For 
the development of functional materials, organic materials, 
inorganic materials or sometime hybrids are the kinds of materials 
opted to impart such flexibility, which is the most distinctive and 
unique characteristics of flexible electronics.  

Organic materials being compatible with flexible substrates and 
having the ability to withstand high strains, are considered to be 
well suited for these kinds of applications (Berggren, Nilsson, & 
Robinson, 2007). But due to their lower performance and high 
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sensitivity to atmospheric conditions, extensive research started in 
the area of inorganic materials especially metal oxide 
semiconductor materials or hybrid materials, to be used for printed 
devices (D.-H. Kim, Xiao, Song, Huang, & Rogers, 2010; D. H. Kim & 
Rogers, 2008).  

Metal oxide semiconductors were first reported as binary 
compounds such as In2O3, ZnO, and SnO2. They have better 
electrical conductivity due to high intrinsic carrier concentration 
(1016-21 cm-3), higher optical transparency above 80% and good 
environmental stability (Kwon, Lee, & Kim, 2011; Minami, 2005). 
Metal oxide technology has several advantages over organic 
technology and silicon technology such as low process complexity, 
easier large area processing and high electrical performance. Most 
of the metal oxides are n-type semiconductors and are often used 
for the fabrication of thin film devices such as transistors with very 
high-performance parameters. 

In this work, thin film transistors (TFT) and metal-insulator-metal 
capacitors (MIM) are considered for the study as these are the 
building blocks of many electronic circuits. In the following 
sections, a basic overview of the device working principle and their 
important process parameters considered for performance 
evaluation is discussed.  

2.1.1 Thin film transistor (TFT) 

In 1930, Lilienfeld proposed the first concept of a field effect 
transistor, which is a device in which the flow of current is 
modulated by a transversely applied electric field (Lilienfeld Julius 
Edgar, 1930). Later, such devices were implemented by Shockley et 
al. in 1947.Thin film transistors or TFTs are three terminal devices 
and work on the same principle. A schematic of a thin film 
transistor layout is shown in figure 2.1. Source, drain, and gate 
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electrodes are the building blocks of a thin film transistor structure. 
Source and drain electrodes are usually metal electrodes connected 
through a semiconductor channel. The gate electrode is separated 
from the semiconductor channel by a dielectric layer. On 
application of a gate potential and a voltage between source and 
drain electrode, flow of electrons from source electrode to the drain 
electrode through the channel material is established. This flow of 
electron from source to drain, also called as drain current, is 
regulated by an electrolyte/ dielectric layer through the application 
of a gate voltage at the gate electrode. 

 

Figure 2.1: Schematic of a thin film transistor on a substrate with Source, Drain and 
Gate electrodes. 

The first practical realization of a thin film transistor was developed 
by Weimer in 1962 (Weimer, 1962). Klasen and Koelmans (Klasens 
& Koelmans, 1964) reported the first metal oxide thin film 
transistor by using n-type tin oxide as the channel material and 
aluminium oxide as the dielectric on a glass substrate. Later on, 
several metal oxide TFTs, which are fabricated through different 
preparation routes such as single crystal lithium doped Zinc oxide, 
Tin oxide, antimony doped tin oxide or Indium oxide were reported 
(Aoki & Sasakura, 1970; Boesen & Jacobs, 1968). Based on the 
position of the gate electrode with respect to the channel layer, 
TFTs can be classified into three basic configurations: Top gate 
structure (the gate electrode is deposited on top of the channel 
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layer), bottom gate (the gate electrode is deposited below the 
channel layer), and in-plane structure in which all the electrodes lie 
in the same plane. The top and bottom gated structures can be 
further classified as coplanar or staggered based on whether the 
source/drain electrodes are on the same or opposite side of 
semiconductor/dielectric interface, respectively (Tickle, 1969).  

The performance of a transistor is given by the variation of drain 
current ID with respect to the application of drain voltage VD and 
gate voltage VG. Hence, performance parameters of thin film 
transistors are calculated from two important characteristic curves. 
These are Transfer Curve ID-VG and Output Curve ID-VD as shown in 
figure 2.2. The Transfer Curve ID-VG signifies the variation of drain 
current with respect to gate voltage at a specific drain voltage. The 
Output Curve ID-VD signifies the variation of drain current ID with 
respect to drain voltage VD at a defined gate voltage VG. 

The applied gate voltage VG, at which a flow of electron starts from 
the source to the drain electrode, is called threshold voltage Vth of 
the device. Based on the threshold voltage both curves can be 
divided into two specific regimes, a linear regime, and a saturation 
regime. If the applied drain voltage VD is less than the difference of 
applied gate voltage and the device threshold voltage, the device 
operates in the linear regime. Beyond this value, it operates in the 
saturation regime. Within the saturation regime, various process 
parameters for the thin film transistor such as field effect 
mobility, 𝜇𝑠𝑎𝑡, sub-threshold swing, SS, and current ratio, ION/IOFF, 
can be calculated. The field effect mobility 𝜇𝑠𝑎𝑡 , can be calculated as 
follows: 𝐼𝐷,𝑠𝑎𝑡 = (𝑊2𝐿) 𝐶𝜇𝑠𝑎𝑡(𝑉𝐺 − 𝑉𝑇)2 (2.1) 

where ID,sat is the saturated drain current, W and L are the width 
and length of the channel layer, respectively, and C is the double 
layer capacitance per unit area of the electrolyte/dielectric. The 
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sub-threshold swing, SS, is the inverse of the sub-threshold slope 
and is measured in the region below the threshold voltage also 
known as sub-threshold region. It signifies the amount of VG needed 
to change the value of ID by one order of magnitude. ION/IOFF is the 
ratio of maximum drain current obtained and the minimum drain 
current measured for the device. 

 

Figure 2.2: a) Transfer curve of a thin film transistor given by change in drain 
current with respect to gate voltage at constant drain voltage and b) Output curve of 
a thin film transistor showing the change in drain current with respect to drain 
voltage at constant gate voltage.  
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2.1.2 Metal-insulator-metal capacitor  

A capacitor is a device, which stores electric charge. The most 
simplified design of a capacitor is a metal-insulator-metal capacitor 
also called as MIM capacitor which has two parallel metal plates 
(electrodes) separated by an insulating layer (dielectric). A 
schematic of a parallel plate capacitor layout is shown in figure 2.3. 
When an electric field is applied across the electrodes, the dielectric 
gets polarized and opposite charges gets accumulated at the two 
electrodes, building a voltage difference between the two 
electrodes. This process continues until the externally applied 
voltage became equal to the potential in the dielectric layer. The 
built-up charge remains as such even after the removal of the 
externally applied voltage until it finds a leakage path to gradually 
fade. The capacity of a material to withstand this charge potential is 
called as its capacitance.  

 

Figure 2.3: Schematic of Metal Insulator Metal Capacitor on a substrate. 

Ideally, a capacitor has infinite parallel resistance and the dielectric 
should not conduct at all. But practically there is some conductivity 
with in the dielectric layer resulting in a leakage current between 
the electrodes, which give rise to parallel resistance in the capacitor. 
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Due to the leakage current, the capacitor starts gradually 
discharging. To evaluate the performance of any capacitor several 
process parameters are considered. 

Capacitance of a parallel plate capacitor is the most important 
parameter. It is usually expressed in picofarad (pF) or microfarad 
(µF). The capacitance of a parallel plate capacitor at a specific 
working voltage and frequency can be calculated by equation 2.2:  𝐶𝑃 = 𝜀𝑟𝜀0𝐴𝑑       (2.2) 

where, 𝐶𝑃 is the capacitance, 𝜀𝑟 is the relative permittivity of the 
dielectric material, 𝜀0 is the permittivity of air, A is the effective area 
of the parallel plate electrodes and d is the distance between the 
plates.  

If two or more capacitors are connected in series, then the effective 
capacitance of the circuit will be considered as a single capacitor 
but with a larger distance between the plates and the quantitative 
net capacitance value of the circuit 𝐶𝑇𝑜𝑡𝑎𝑙  is calculated as the 
reciprocal of the total sum of the reciprocal of the individual 
capacitance of the capacitors:                                       𝐶𝑇𝑜𝑡𝑎𝑙 = 11𝐶1+ 1𝐶2….  1𝐶𝑁     (2.3) 

If two or more capacitors are connected in parallel, then the 
effective capacitance of the circuit will be considered as a single 
capacitor but with a larger effective plate area and 𝐶𝑇𝑜𝑡𝑎𝑙  is 
calculated as the sum of the individual capacitances of the 
capacitors:  𝐶𝑇𝑜𝑡𝑎𝑙 =  𝐶1 +  𝐶2 … . . +𝐶𝑁     (2.4) 

When an AC signal is applied the dielectric material will absorb 
some of the energy during the measurement. To determine the loss 
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of the capacitor during the measurement process, the Dissipation 
Factor (D) is calculated. It is the ratio of energy dissipated per cycle 
to the stored energy per cycle. The smaller the value of D (usually 
<0.1) the better is the capacitor’s performance. 
2.2 Ink-jet printing and its challenges 

Physical vapour deposition (e.g. evaporation, sputtering) and 
chemical vapour deposition are the most common techniques used 
for the fabrication of metal oxide films because of the high accuracy 
and high resolution that can be achieved. However, it is complex, 
time consuming, and involves high vacuum facilities which are very 
expensive and not suitable for low cost production. To overcome 
these restrictions, solution based deposition of metal oxides became 
popular due to its simplicity, low materials waste, low cost, high 
throughput, and compatibility with roll to roll process for large 
scale production even though the achievable resolution is limited. 
Among solution process technologies such as spin coating, spray 
coating, drop coating and ink-jet printing, ink-jet printing is the 
most promising technique for fabricating thin film structures (Yin et 
al., 2010). 

Ink-jet printing is a popular technique for transferring digital 
information to a substrate. It is the process of direct non-contact 
deposition of functional material precisely, using layer by layer 
addition onto a substrate through a tiny print head nozzle. This 
further allows deposition of thin films of different materials whose 
design can be altered easily from batch to batch (Jeong & Moon, 

2012; H. S. Kim, Byrne, Facchetti, & Marks, 2008; Singh, Haverinen, 

Dhagat, & Jabbour, 2010). 

The physical and rheological properties of the ink largely define the 
ability of these materials to be printed. The spreading behavior of 
the ink is determined by the hydrodynamic properties of the ink 
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such as Reynolds number (NRe), which is the ratio of inertial to 
viscous forces and Weber number (NWe), which is the ratio of 
inertial and capillary forces. NRe and NWe can be calculated as 
follows: 𝑁𝑅𝑒  =  𝑣𝛼𝜌/ 𝜂      (2.5) 

 𝑁𝑊𝑒 = 𝑣2𝛼𝜌/ 𝜂      (2.6) 
 

where 𝒗 is the velocity, α is the reference length, η is the viscosity, ρ is the density and γ is the surface tension. From the value of NRe and 
NWe, the Ohnesorge number (1/ Z) can be obtained as follows: 𝑍 = 𝑁𝑅𝑒√𝑁𝑊𝑒      (2.7) 

The inverse of the Ohnesorge number (Z), is a dimensionless 
number that determines the printability of the material. A material 
for which the value of Z lies between 2 and 4, is considered as 
printable with stable and accurate ejection of droplets, best 
achievable resolution and optimum performance parameters 
(Derby, 2010; Jang, Kim, & Moon, 2009).  

The ink-jet printing technique is an emerging technique and the 
optimization of this technique requires a multidisciplinary 
approach. There are various challenges which need to be 
considered for the future of ink-jet printing and especially for 
printing on flexible polymer substrates (Yin et al., 2010): 

1. Materials availability: Even though the rapid development in 
the field of printable materials with high performance has 
directed the research towards novel large-scale cost-effective 
applications, the number of jettable material, although 
increasing, is still low. It is because the usage of printable 
functional material depends on various factors such as 
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functional performance, print quality, compatibility and 
adhesion to the substrate, jetting characteristics, ease of 
manufacturing and reliability (Magdassi, 2009). To get these 
materials to meet the above requirements is a challenge. 
Moreover, noticeable progress has been reported for N-type 
semiconductor materials, P-type semiconductor materials can 
hardly match to their N-type counterparts in terms of 
performance especially in the case of printed oxide 
semiconductors (Anthony, Facchetti, Heeney, Marder, & Zhan, 
2010; Herlogsson, Coelle, Tierney, Crispin, & Berggren, 2010). 
As the realization of compact low power circuits largely 
depends on the development of complementary circuits based 
on both P-type and N-type semiconductor materials, the 
development of solution processed P-type devices with higher 
performance is a future challenge. In addition, for the adaption 
to flexible substrates, low temperature processing throughout 
the device fabrication process is needed. 

2. Dimensional instability: Printing of materials on a substrate is 
even more challenging when done on a flexible substrate. This 
is due to increase in the complexity of the fabrication process 
and circuit integration due to the dimensional instability of the 
substrate. 

3. Film quality: The quality of the film obtained through printing 
technique is often porous and non-homogeneous, which results 
in poor quality of the film as compared to thin films obtained 
through vacuum deposition techniques. In addition to that, due 
to higher surface roughness of the flexible substrates as 
compared to conventional silicon or glass substrates it is very 
challenging to get good quality printed films on flexible 
substrates. 

4. Induced strain: Strain may be induced to the printed flexible 
devices during the device fabrication process due to bending or 
stretching of the substrate or while in use. These induced 
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strains can be very high and have a significant impact on the 
device performance and functionality. 

2.3 Mechanical properties of thin films and 

devices  

With the progress of research and development in microelectronics, 
thin films became a major part of integrated circuits (Anderson, 
1972). Thin film devices usually incorporate complicated 
structures, layering of different materials and various small 
integrated features to achieve a desired characteristic or a property. 
For a reliable operation of these devices, it is very essential that its 
individual layers should be able to retain their integrity and 
electrical properties for a long period of time. Therefore, the 
necessity to understand the mechanical performance of these thin 
films is crucial to predict the device performance and reliability 
during its life time. 

The mechanical properties of thin films are very different than the 
bulk materials due to microstructural and geometrical constraints 
(Arzt, 1998). In the bulk metals the mechanical strength is largely 
dominated by dislocation interaction and pileup during the plastic 
deformation of the material. However, in thin films as the spacing 
between the dislocations are comparable to the microstructural 
feature size of the material (Hall, 1951; Petch N J, 1953) (Brenner, 
1956), the dislocation network is constricted to a small volume. As a 
result, the flow stress of metal thin films is significantly higher than 
that of the bulk materials and further increases with decreasing film 
thickness (Nix, 1989). W. D. Nix in his work ‘Mechanical Properties 
of Thin Films’ (Nix, 1989) discussed the critical thickness theory for 
thin films on substrate based on the channelling dislocation model 
suggested by Matthews and Blakeslee for epitaxial semiconductor 
thin films (Matthews, 1974).  
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In his theory, Nix has predicted that the strength of thin metal films 
is inversely related to its thickness. Later Nix’s theory was 
confirmed by several experimental findings for films below 1µm 
film thickness (Griffin, Brotzen, & Dunn, 1992; O. Kraft & Volkert, 
2001). In addition to film thickness, grain size (Doerner, Gardner, & 
Nix, 1986) and surface texture (Sanchez & Arzt, 1992) of the film 
also play an important role in the deformation behavior. The 
dependence on size effects observed in thin films and small size 
structures has been elaborately discussed in the work of Kraft et al 
(Oliver Kraft, Gruber, Mönig, & Weygand, 2010). In very thin films 
(film thickness <100nm) the strength of the material during plastic 
deformation is largely dominated by partial dislocations as for such 
thin films the nucleation of partial dislocations is easier compared 
to full dislocations (M. Chen, 2003).  

Based on the fabrication route, the processing temperature, the 
substrate used and its application different types of stress can be 
generated in a thin film system (Evans & Hutchinson, 
1995)(Hutchinson & Suo, 1991). These stresses can be primarily 
categorized into two important categories: intrinsic stresses and 
extrinsic stresses. Intrinsic stresses are generated within the thin 
film material during the process of material deposition or due to 
difference in thermal expansion coefficient of the film material and 
the substrate. Extrinsic stresses mostly include stresses, which are 
generated within a thin film material during its use. Increasing 
stresses in the film may result in thin film failure in the form of 
cracking, delamination, and deformation of the film.  

Thin metal films, either freestanding or substrate supported, can 
rupture sometimes at a very small tensile strain below 1% (Chiu, 
Leu, & Ho, 1994; Erdem Alaca, Saif, & Sehitoglu, 2002) or in some 
cases, can withstand strains beyond 50% (P. Gruber et al., 2004; Lu, 
Wang, Suo, & Vlassak, 2007; Macionczyk & Brückner, 1999). This 
contradictory findings by different groups were addressed and 
explained by the group of Suo et al (Zhigang Suo, Vlassak, & Wagner, 
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2005). According to them, the failure mechanism in thin films 
depends on several factors such as whether the film is free-
standing, or polymer supported, the degree of film-substrate 
adhesion and their microstructure.  

When a freestanding metal film is subjected to monotonous tensile 
strain, the film at first deforms plastically up to certain amount of 
strain and then the process is followed by a preferential thinning of 
the film (also called necking) as shown in figure 2.4a. This localizes 
the deformation in that area leading to final fracture of the film 
(Teng Li & Suo, 2006). However, when the film is supported by a 
polymer substrate as shown in figure 2.4b, the strain localization is 
constrained by the substrate underneath and hence the material 
can sustain larger strain due to a uniform deformation over a larger 
area (P. Gruber et al., 2004; T. Li et al., 2005; Teng Li & Suo, 2006; 
Xiang, Li, Suo, & Vlassak, 2005).  

Another prominent failure mechanism in thin metal films on 
polymer substrates is grain boundary cracking/rupture by cleavage 
formation as shown in figure 2.4d and 2.4e, particularly seen in 
brittle material. It is the process of breaking of the array of atomic 
bonds at the grain boundary when the applied tensile strain reaches 
the critical failure strain of the material. In this case the metal film 
fails with negligible elongation in the tensile direction and the 
support of polymer substrate does not have any significant effect on 
increasing the rupture strain of the material.  

Adhesion plays a key role in determining the interface quality of the 
film/substrate system. A strong interface can help in increasing the 
strain tolerance capacity of the film whereas a weak interface 
between the metal film and the polymer results in interfacial cracks 
or de-bonding/ delamination of the film from the substrate as 
shown in figure 2.4c. Under small amount of tension, a weak 
interfacial adhesion can result in delamination of the film from the 
substrate. The film becomes free-standing and free to form a neck 
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or grain boundary cracking. On the other hand, a metal film with a 
strong interfacial adhesion between the film and the substrate can 
withstand a strain of up to 50% or beyond. This has been verified 
experimentally by conducting tensile tests on Cu thin films in which 
weakly bonded Cu films on polyamide substrate failed at around 
2% tensile strain whereas well bonded Cu films can sustain a tensile 
strain of 50% without fracture (Lu et al., 2007; Xiang et al., 2005).  

Along with the interfacial quality, the microstructure of the film 
material also plays an important role in the deformation mechanism 
of metal films on polymer substrate. Ink-jet printing process is used 
in this study for the device fabrication process and the printed films 
inherently have a nanoporous microstructure. Therefore, it is also 
necessary to understand the failure mechanism of films with porous 
microstructure. A metal film on polymer substrate with nanoporous 
microstructure has a lower failure strain when subjected to tensile 
strain as compared to a dense metal film. This is because the 
nanopores as shown in figure 2.4f act as local necks and hence 
initiate crack nucleation in the film.  

A metal film adhering to a polymer substrate can experience 
interplay of one or more of the mechanisms discussed above and 
fail in several ways. One of the ways is thin film delamination from 
the substrate due to propagation of a crack at the film/substrate 
interface, or, if it is a brittle film, the crack can even leave the 
interface and propagate into the substrate. The mechanism of thin 
film delamination depends on several factors such as in-build 
residual stress in the film, presence of pre-existing defects and 
interfacial strength. Another way, mostly seen in brittle materials is 
crack nucleation and propagation perpendicular to the interface of 
the film/substrate system. However, if the film is strained in 
tension, a series of parallel through-thickness cracks perpendicular 
to the loading direction will develop. The development of cracks 
partially relieves the stresses in the film. Within the crack the stress 
is zero, whereas at some distance from the crack path the stress is 
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not relaxed due to ongoing strain transfer from the substrate into 
the film. With further straining, additional parallel cracks form, 
resulting in decreasing crack spacing. The crack spacing depends on 
the film thickness, the energy release rate of the parallel cracks and 
the elastic mismatch between the film and the substrate (Beuth, 
1992). 

 

Figure 2.4: Schematic of failure mechanics of a) free standing metal thin film, b) and 
c) metal thin film on a polymer substrate with strong adhesion and weak adhesion, 
respectively, d) free standing brittle thin film e) brittle thin film on a polymer 
substrate and f) nanoporous thin film on a polymer substrate. 

A detailed review of the mechanical characterization of thin film 
transistors on flexible substrates has been reported by the group of 
Petti et al. (Petti et al., 2016) titled ‘Metal oxide thin film transistors for flexible electronics’. Fabrication of thin film transistors (TFTs) 
using metal oxides precursors or nanoparticles such as Indium 
oxide, Indium tin oxide, tin oxide, Zinc oxide (Avis, Hwang, & Jang, 
2014; Baby et al., 2015; Garlapati et al., 2013, 2015; Song et al., 
2009) are currently in great demand because of the inherent 
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materials quality such as high transparency, uniformity, device 
performance (due to high intrinsic mobility) and environmental 
stability as compared to organic or Si based TFTs (Yin et al., 2010). 

However, the mechanical characterization of these high performing 
devices are still premature (Subho Dasgupta, Kruk, Mechau, & Hahn, 
2011; Hwan Hwang et al., 2013; Ju et al., 2007; M.-G. Kim et al., 
2011; Y.-H. Kim et al., 2012; C. Y. Lee et al., 2010; Lin et al., 2013; J. 
H. Park et al., 2013; Seo et al., 2013). In-general, inorganic 
semiconductor materials can withstand less than 1% of tensile 
strain (M.-J. Park et al., 2015), but several ways have been suggested 
in the literature to improve the stretchability of the metal-oxide thin 
film transistors by modification in the device design or in the 
fabrication route.  

Park et al (S.-I. Park et al., 2008) studied both experimentally and 
theoretically the bending of inorganic electronic materials on plastic 
substrates. They reported that thin layers of silicon weakly bonded 
to plastic substrates exhibit three different failure modes at 
sufficiently high bending strains: cracking, slipping, and 
delamination, depending on the thickness of the silicon layer. These 
failure modes are controlled by surface strain, interfacial shear 
stress, and interfacial normal stress, respectively. Although their 
work was primarily focused on single crystalline silicon ribbon 
deposited on plastic substrate, but their reported guideline is useful 
for designing flexible inorganic system on plastic substrates.  

Khang D Y et al.(Khang, 2006) also suggested a unique approach to 
improve the mechanical performance of inorganic materials by 
depositing single crystalline Si in a wave like structure on an 
elastomeric substrate. By re-adjusting the amplitude and distance 
between the waves the material can withstand comparatively 
higher strain in this kind of architecture. Similar approaches were 
also reported by few others with a more quantitative approach 
towards the relation between the strain accommodation and 
change in wave parameters (Jiang et al., 2007; Lacour, Chan, 



2.  Thesis background    

24 

Wagner, Li, & Suo, n.d.). There are also reported results to control 
the wave dimensions at micro and nanoscale to degenerate 
structures with defined geometry and shape as well as improved 
mechanical performance by regulating their buckling wave’s 
orientation, amplitude and distance (Jiang, Sun, Rogers, & Huang, 
2008; Wagner et al., 2004).  

Li and Suo (Teng Li & Suo, 2006) have shown that when a stiff 
material is specifically patterned on a compliant substrate in such a 
way that the brittle film can take a very small amount of strain by 
twisting out of plane when a large strain is applied to the substrate. 
Besides, the mechanical reliability or performance of inorganic thin 
films can be further improved by positioning the active film of the 
device within the neutral plane of a bending structure to reduce the 
amount of actual strain to the inorganic film (Sekitani et al., 2005; Z. 
Suo, Ma, Gleskova, & Wagner, 1999) 

Besides, the development of nanocomposite films in particular as a 
combination of ceramic material and polymer makes it feasible to 
produce films, which combine properties from both the materials. 
That means ceramic/polymer composite films have high 
permittivity and low dielectric loss inherited from the ceramic 
material and flexibility and low processing temperature inherited 
from the polymer material (Gevorgian, 2009; Kohler et al., 2013; L. 
Zhu & Wang, 2012). In combination with printing technology, 
nanocomposite dispersions can be used to fabricate flexible 
electronics (Mahajan et al., 2014; Nickel et al., 2014; Sirringhaus et 
al., 2000). There are some reported ink-jet printed MIM capacitors, 
which use additional vacuum processes to complete the fabrication 
steps in addition to printing technique (Sriprachuabwong, Srichan, 
Lomas, & Tuantranont, 2010). Whereas some are also reported to 
be fabricated on non-flexible substrates (Liu, Cui, & Varahramyan, 
2003) or at higher temperature (Lim et al., 2012). 
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Although a lot of work has been done towards development of 
flexible electronics, most of the work is primarily focused on the 
development of new materials, optimization of the structure design 
and the process parameters (Cantarella et al., 2015; H. Chen, Rim, 
Jiang, & Yang, 2015; Chang-Ho Choi et al., 2015; Fukuda et al., 2014; 
Hwan Hwang et al., 2013; M.-G. Kim et al., 2011; Ko et al., 2007; 
Mahajan et al., 2014; Song, Jeong, et al., 2010; Woo, Cherenack, 
Tröster, & Spolenak, 2010). However, for successful 
implementation of this technology, a better understanding of the 
mechanical failure behavior of the flexible devices will be necessary 
for developing products which have stable mechanical and 
functional performance and reliability during its life time.

2.4  Mechanical testing of thin films and 

devices 

As has been discussed so far it is difficult to extract mechanical 
properties of thin films by simply applying the general mechanical 
testing methods used for bulk materials due to small material 
volume available for the testing procedure, the difficulties in 
handling of the small specimen and the necessity to measure force 
and displacement of very low magnitude. Moreover, unlike for bulk 
materials, there is no standard procedure or methodology to follow 
for mechanical testing of thin films. 

However, several test methodologies have been developed and used 
to measure the mechanical properties of thin films both for free 
standing as well as polymer supported thin films or small 
structures. These are, tensile testing, micro-beam bending, bending 
fatigue testing, bulge testing, depth sensing indentation, curvature 
measurement, thermal cycling and micro compression testing. 
Elastic, plastic and time dependent properties of thin films such as 
Young’s modulus, flow stress, fracture strength, fatigue resistance 
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and creep can be determined by these techniques but each of them 
has their own advantages and disadvantages. Critical overviews of 
these techniques have been reported in the following references 
(Griffin et al., 1992; O. Kraft & Volkert, 2001; Nix, 1989).   

One of the most common testing techniques used to extract thin 
film properties is thermal cycling. Thin films and small structures 
adhering to a substrate develop residual stresses when subjected to 
repeated changes in temperature. This is due to the difference in 
thermal expansion coefficient of both the materials, as the film 
changes its dimension with respect to the substrate and hence 
develops residual stresses. Residual stresses result in a curvature of 
the film/substrate system, which can be measured to determine the 
stress within the film (Flinn, Gardner, & Nix, 1987; Keller, Baker, & 
Arzt, 1998). The scope of the thermal cycling method to obtain the 
mechanical properties of thin films is limited because the maximum 
strain that can be achieved during a thermal cycle is only around 
1% and the stress and temperature for the thermal cycling process 
cannot be varied independently.  

Depth-sensing hardness measurements, which measure the 
indentation depth as a function of the applied load, are well suited 
for thin film systems. Hardness, which is a combination of elastic 
and plastic properties, can be calculated by measuring the indention 
depth or contact area at a given load and correlate them (Oliver & 
Pharr, 1992). However, due to complexity in the analysis of 
hardness measurement, its scope is also limited.  

Tensile testing of either free standing or substrate supported thin 
films can be performed to obtain their mechanical properties. 
Tensile testing of free standing film is useful in giving insight into the material’s intrinsic property and is easier to interpret as 
compared to substrate supported films as the data obtained is not 
mixed, whereas the latter case the obtained data is a combination of 
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substrate and film and hence the signal of the films is very small. 
However, handling of the sample is easier in the latter case.  

For the substrate supported film, the evaluation of tensile data to 
obtain film properties is done in several ways. One of them is to 
perform similar tensile test on bare substrate and film/substrate 
system and to calculate the film properties from the difference 
between the two stress-strain curves (Kang, Ho, Knipe, & Tregilgas, 
1996; Macionczyk & Brückner, 1999). One of the drawbacks of this 
method is that the effect of biaxial deformation due to the mismatch 
in Poisson ratio of the film and the substrate is ignored. Another 
way to calculate the intrinsic property of the film from the substrate 
supported film is in-situ strain measurements by X-ray diffraction 
during the tensile test (Noyan & Sheikh, 1993).  

X-ray strain measurement in combination with tensile tests has 
been studied on both metallic substrate such as Ni or Al (Noyan & 
Sheikh, 1993; Renault et al., 1998) and polymer substrates. But the 
use of polyimide substrate such as DuPont™ Kapton® has an added 
advantage of excellent surface quality and homogenous 
deformation for even more than 5% strain (O. Kraft, Hommel, & 
Arzt, 2000). Further use of elastic substrate, also allows to study of 
deformation behavior of the thin film under tension and 
compression as the plastically deformed film goes under 
compression while unloading the system (Hommel, Kraft, & Arzt, 
1999). Frank et al. (Frank, Handge, Olliges, & Spolenak, 2009) 
monitored the evolution of the biaxial stress state of  Ta films 
during fragmentation and buckling using synchrotron XRD (sXRD). 

Using the sXRD technique, the size effect on yield strength and 
strain hardening of thin Cu films was studied by Gruber et al. (P. A. 
Gruber et al., 2008). Gruber et al. showed that for a copper film the 
yield strength increases with decreasing film thickness and for a 
film thickness of 31 nm its yield stress reaches its maximum of 623 
MPa. Lohmiller et al. showed that the asymmetry of the peak can be 



2.  Thesis background    

28 

used to differentiate deformation mechanisms in nanocrystalline 
films (Jochen Lohmiller, Baumbusch, Kraft, & Gruber, 2013; Jochen 
Lohmiller, Kobler, Spolenak, & Gruber, 2013).  Besides a systematic 
study has been conducted to investigate the cracking behavior of Cu 
films with Ta interlayer on polyimide with variable thickness (P. A. 
Gruber, Arzt, & Spolenak, 2009). Here, the synchrotron-based 
tensile testing technique has been combined with in situ tensile 
tests in a scanning electron microscope. It is found, that the fracture 
toughness of the film system increases with increase in the 
thickness of the metal film and decreases with the thickness of the 
interlayer film. 

For the overall performance evaluation of thin film devices 
especially designed for flexible applications, characterization of 
only its electrical parameters is not sufficient. Rather a systematic 
evaluation of mechanical properties such as induced strain in the 
device, maximum strain resistance, bendability, influence of cyclic 
loading, effect of strain on electrical performance or strain transfer 
within the layers are some of the important issues that need to be 
considered. Therefore, electro-mechanical characterization of the 
flexible thin film devices is crucial in order to understand the 
impact of the film deformation and fracture on the functionality and 
reliability of the printed devices. Fragmentation testing is one of the 
common testing methods employed to observe the mechanical 
behavior of metal films on polymer substrate. In this method 
film/substrate system is observed under a microscope during the 
uniaxial tensile straining of the sample. Cordill et. al (Cordill, 
Glushko, Kreith, Marx, & Kirchlechner, 2015) conducted an electro-
mechanical study on Cu films on PET substrates by combining, 
measurement of film resistance by in-situ 4-point probe,  imaging of 
the film microstructure during straining by in-situ atomic force 
microscopy and in-situ synchrotron tensile tests.   In-situ AFM 
imaging helped in quantifying the crack spacing developed during 
the tensile test and this is then compared to the change in film 
resistance measured though 4-point probe to correlate the film 



2.5  Aims of the study  

29 

deformation mechanism with the change in film resistance during 
straining. XRD stress-strain behavior measured for the same 
samples correlated well to the observed failure mechanism. Lu et al. 
(Lu et al., 2007) conducted experiments on Cu films deposited on 
bare polyimide substrates and on polyimide substrates with an 
addition of Cr interlayer. It is shown that the Cu films fail due to 
formation of micro-cracks in the films as a result of the coevolution 
of film debonding from the substrate and of strain localization. Also, 
addition of Cr interlayer improves the film/substrate adhesion, 
thereby retard strain localization, and cracking of the Cu films.  

Among the various testing techniques, bending testing is the most 
common type of testing method used so far for the characterization 
for printed device/structure. Several group has shown the effect of 
single bending test on flexible TFTs at a certain bending radius 
(Petti et al., 2015; Rim et al., 2014; Yeo et al., 2013; X. Yu et al., 
2015) and under cyclic bending loading conditions of few cycles (S. 
Kim, Won, Sim, Park, & Lee, 2013; J. H. Park, Oh, Han, Lee, & Baik, 
2015; Thiemann et al., 2014). For example Jun et al (Jun, Park, Cho, 
& Kim, 2009) have shown the effect of bending on the field effect 
mobility of the TFTs under investigation. They have shown that the 
application of tensile load increases the particle to particle distance 
and hence decreases the conductivity of the nanoparticle network. 
Thiemann and group (Thiemann et al., 2014) have shown that 
application of tensile bending radii of around 8.5 mm leads to crack 
formation and results in early device failure in the case ZnO TFTs 
whereas the devices were fully operational up to compressive 
bending radii of 1.1 mm. Precursor based TFTs on flexible substrate 
are reported to fail with application of strain mainly due to 
formation of crack in the most brittle layer of the device i.e. strain 
induced breakdown of the gate dielectrics, formation of crack in the 
source, drain or gate contacts (Jeong et al., 2013; Song, Noh, et al., 
2010).  Kim et. al.  (B. Kim et al., 2014) have shown that it is possible 
to get a highly conductive and reliable nanoporous Ag film by 
optimizing the nanoporous microstructure. On the one hand, the 
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nanoporous microstructure of the films imparts good electrical 
conductivity due to particle to particle connections. In addition to 
that, it also reduces the plastic deformation during the sample is 
subjected to cyclic loading and therefore reduces the formation of 
fatigue damage. This can be a guideline for producing high quality 
printed structure with long term reliability. In other words, there 
are some previously reported works correlating the effect of 
mechanical bending and uniaxial straining on the performance of 
organic thin film transistors and individual transistor components 
(Fukuda et al., 2014; Jochen Lohmiller et al., 2014; Sekitani, 
Zschieschang, Klauk, & Someya, 2010; Takahashi et al., 2010) but 
not much investigation has been done on printed inorganic 
materials. 

In addition to flexible printed transistors, development of flexible 
printed capacitors has also been explored recently due to high 
stability and low nozzle clogging of dielectric inks during the 
printing process (Minemawari et al., 2011) One of the promising 
ways to improve the properties of printed capacitors further is the 
use of nanocomposite films, which makes it feasible to produce 
devices having optimum combination of the properties from both 
types of materials used in the nanocomposite. Most of the 
previously reported work have been focused on the development of 
ceramic-polymer composite dispersions having good printing 
ability and stability (Kohler et al., 2013), (L. Zhu & Wang, 2012), 
(Singh et al., 2010), (Friederich et al., 2014).  Vescio et al (Vescio et 
al., 2016) have reported a study on fabrication of fully ink-jet 
printed HfO2 based MIM capacitors on flexible substrate.  

To enable the integration of thin film electronics into any kind of 
conformal or soft surfaces, evaluation of the stretchability of the 
individual layers as well as of the whole devices is necessary. Based 
on the type of intended applications the requirement of the 
mechanical performance of these thin film devices is different and 
correspondingly the types of mechanical tests used to transfer the 
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induced strain from substrate to the printed structures are also 
different. For example, for application like rollable displays, RFIDs, 
patches etc. a bendability of few millimetre would be enough, 
whereas for wearable textiles a bendability of sub millimetre range 
would be required (Zysset, Munzenrieder, Kinkeldei, Cherenack, & 
Troster, 2012). These kinds of applications do not require a high 
level of stretchability in the electronics. However, microelectronic 
devices targeted for applications such as biomedical implants or 
artificial skin etc. should have a mechanical flexibility close to 
human skin i.e. they should be bendable as well as stretchable up to 
70% (Münzenrieder et al., 2015). Moreover, out of different modes 
of deformation, stretchability can easily induce a large tensile strain 
with in the sample and so it is the most challenging case.

2.5 Aims of the study 

Due to its high intrinsic mobility and better environmental stability, 
metal oxide semiconductors can significantly improve the 
performance of thin film devices. The use of ink-jet printing 
technique to fabricate metal oxide devices makes the process 
simple, low cost, and feasible to different types of substrates. 

In general, printed thin film transistors can be fabricated by two 
different fabrication routes i.e. precursor route and nanoparticulate 
route. The use of precursor route in the transistor fabrication 
process results in high quality of metal oxide film but involves the 
use of high temperatures during the fabrication, which inhibits the 
use of polymer substrates. While the use of nanoparticulate route, 
can significantly reduce the processing temperature for the 
fabrication process but results in a porous microstructure. The 
electrical properties of the flexible devices prepared through 
precursor-based route is superior to the devices prepared through 
nanoparticulate route, however, the mechanical reliability of the 
devices prepared through these two different routes have not been 
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examined in detail. Therefore, thin film devices prepared from both 
the fabrication route have been studied in this work, to establish the 
best route for the preparation of these flexible printed devices, with 
respect to the electrical as well as mechanical properties. 

Over the last decade, a lot of research has been directed towards 
improving the electrical properties of flexible thin film devices, 
while the mechanical stability and reliability of these devices has 
been largely ignored. Mechanical reliability of these flexible devices 
is crucial because the use of these flexible printed devices in 
commercial applications require a minimum standard for 
mechanical stability and reliability. The mechanical performance of 
these flexible printed devices depends on the type of substrate 
used, microstructure of the film, adhesion between film and 
substrate and the intended application. There are some previously 
reported works correlating the effect of mechanical bending and 
uniaxial straining on the performance of organic thin film 
transistors and individual transistor components as discussed 
before. However, the effect of external strain on ink-jet printed 
oxide thin film transistors have not been widely explored so far. 
Therefore, it is essential to study the effect of mechanical strain on 
the performance of the individual components and the flexible 
printed devices in order to understand the failure mechanisms of 
flexible printed devices to predict its mechanical stability and 
reliability during its lifetime. 

In addition to flexible printed transistors, development of flexible 
printed capacitors has also been explored recently due to high 
stability and low nozzle clogging of dielectric inks during the 
printing process by using nanocomposite films, which makes it 
feasible to produce devices having optimum combination of the 
properties from both types of materials used in the nanocomposite. 
Most of the previously reported works have been focused on the 
development of ceramic-polymer composite dispersions having 
good printing ability. However, again, not much has been reported 
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about the mechanical performance and reliability of these printed 
nanocomposite capacitors on flexible substrates.  

Considering the factors described above, the aims of this study are 
the following:  

To study the influence of strain on the functionality and reliability 
of printed metal oxide based flexible devices through electro-
mechanical characterisation. 

1.  To understand the importance of mechanical stability of the 
printed structures having different microstructure, 
understanding their failure mechanisms and to optimize the 
mechanical reliability of such components by varying the device 
design, the fabrication process and the microstructure of the 
incorporated materials.  

2. To understand the strain transfer between the flexible 
substrate and the metal oxide nanoparticulate films printed on 
the substrate using a synchrotron-based in situ testing 
technique. 
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3 Experimental details 

3.1 Sample preparation 

The fabrication process of printed films and devices is explained in 
this section. The first section includes details about the fabrication 
process of precursor-based Indium oxide thin film transistors 
(TFTs) on polyimide (PI) substrate, followed by fabrication of 
Indium oxide nanoparticulate (np) films also on PI substrate and 
finally fully ink-jet printed Barium Strontium Titanate 
(BST)/Polymethylmethacrylate composite metal insulator metal 
capacitor on Polyethylene terephthalate (PET) substrate.  

Printing of functional semiconductor oxides to fabricate thin film 
transistor can be done by using either a chemical precursor of the 
semiconductor oxide or by dispersion of semiconductor 
nanoparticles. For the precursor route metal salts such as Indium 
acetate, Indium chloride or Indium nitrate are dissolved in a 
suitable solvent and allowed to decompose into respective oxides to 
get the ink with the desired properties. The ink is used 
subsequently for the printing process. The printed precursor salt 
usually needs a high temperature annealing step to decompose into 
the respective oxide. The printed oxide film obtained through 
precursor route has a good quality and superior electrical 
performance (C.-H. Choi, Lin, Cheng, & Chang, 2015). However, 
requirement of high processing/annealing temperature makes it 
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not suitable for many flexible substrates such as PET. Several 
methods has been reported in literature such as sol-gel method 
(Banger et al., 2011), UV curing , photonic curing (Y.-H. Kim et al., 
2012), or combustion synthesis (M.-G. Kim et al., 2011) to reduce the processing temperature of these metal oxides but still it’s a 
major challenge to get high quality printed films on compliant 
substrates. 

For the nanoparticulate route, metal nanoparticles with a suitable 
size distribution with respect to the ink-jet printer nozzle diameter 
(e.g. 20-50nm particles for nozzle diameter of 20µm) are dispersed 
in a solvent and a stabilizing agent. The stabilizing agent prevents 
the coagulation of the nanoparticles within the dispersion. After 
printing of the nanoparticulate ink the solvent and the stabilizing 
agent evaporates resulting in formation of nanoparticulate network 
which can form a conducting path. Since no thermal annealing step 
is needed in this case, the process is suitable for all kinds of 
substrates. However the quality of the printed film is usually 
inferior to that of the precursor route as the nanoparticulate film 
often has poor particle to particle connectivity as well as high 
porosity (Subho Dasgupta et al., 2011).  

3.1.1  Indium oxide TFTs by precursor route 

Polyimide was chosen as substrate for the fabrication of printed 
In2O3 TFTs using the precursor route. This is because polyimide in 
general has a small coefficient of thermal expansion of 12 x10-6/K, 
high glass transition temperature (Tg) of 355oC and a surface 
roughness in the nanometer regime (Kirstein, 2013). The substrate 
was cleaned by ethanol and dry N2 gas followed by oxygen plasma 
cleaning of 5 min at 100 W in a plasma cleaning machine. The 
cleaning process is essential to remove dust particles from the 
substrate surface and to improve the quality of the surface before 
deposition of electrodes.  
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The chosen transistor design is a simple in plane geometry with a 
fixed channel length (L) of 100µm and channel width (W) of around 
100µm. The dimension of the source (S), the drain (D) and the gate 
contact pad (G) are around 300 x 300, 300 x 300, 500 x 500 µm2 
respectively. The gap between the S, D and G electrodes are 100µm. 
The length and the width of the S and D electrodes are 10µm and 
600µm respectively. figure 3.1 shows the detailed geometry of the 
fabricated transistors.  

Printed thin film transistors on rigid substrate with similar in-plane 
geometry has been reported earlier (Subho Dasgupta et al., 2011; 
Garlapati et al., 2013). The in-plane geometry for the transistor 
fabrication is chosen in this study because of two reasons. One is to 
complete the fabrication step for S, D and G in one single step and 
the second reason is the electrolyte which is used as the dielectric 
material which cannot withstand ultra-high vacuum. It is because of 
the decrease in ionic conductivity of the electrolyte due to 
evaporation of the trapped solvent molecules under vacuum 
condition.  

 

Figure 3.1: Schematic of an in-plane thin film transistor showing, Source (S), Drain 
(D) and Gate (G) electrodes with printed semiconductor channel and electrolyte. 

The electrodes were patterned by thermal vapour deposition 
(Leybold Univex 350G) of Cr and Au having a thickness of 10 and 40 
nm, respectively, and using a metal mask (Laser job GmbH, 
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Germany). The total thickness of the metal mask is 0.2 mm. The 
patterned substrate was further heated on a hot plate at 200°C for  
1 hr. to remove any unwanted organic residues before printing of 
the channel layer. 

The concentration of the precursor ions determines the final device 
performance of the printed transistor. A very high concentration of 
the precursor results in a highly conducting film which will result in 
a transistor having a high off current, which means the transistor, is 
difficult to switch off. Whereas low loading of the precursor results 
in film with not enough electrical conductivity to show the desired 
transistor behavior. Therefore, optimization of the precursor 
concentration in the precursor solution is highly essential. Also, 
quality of the printed layer is not only important for better 
electrical performance, but it is also important in terms of 
mechanical response of the printed devices when subjected to 
external strain. To understand the effect of film quality on the 
mechanical behavior of printed TFTs, the Indium oxide transistors 
were prepared as two different systems.  

In the first system, an optimized precursor solution was prepared 
with 0.05M of Indium Nitrate Hydrate (In(NO3)3. xH2O) from Sigma 
Aldrich in 10ml of water and ethanol in equal proportion. After 
mixing the solution thoroughly, the solution was filtered using a  0.2 μm polyvinylidene fluoride (PVDF) membrane filter. Filtration 
process is done to prevent clogging of the print head nozzles by 
removing the big size impurities and undissolved salt present in the 
solution. This filtered solution was then used to print the channel 
layer over the pre-patterned Au electrodes on polyimide substrate 
using a Dimatix DMP 2831 ink-jet printer from Fujifilm. DuPont™ 
Kapton® HPP-ST with a thickness of 125µm was chosen as the 
substrate because it has the advantages of good chemical and 
environmental resistance and can withstand a processing 
temperature up to 400oC without any significant change in its initial 
properties. The printed channel layer was dried at 100oC for 10 min 
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on a hot plate to evaporate the solvents before annealing it at 350oC 
for 2 hours with the rate for heating at 5oC/min in an oven to get the 
Indium oxide film.  

In the second system, the substrate was changed to DuPont™ 
Kapton® E with a thickness of 50µm. Keeping rest of the process 
parameters and procedure same as described above only the 
annealing temperature was reduced to 300oC for 2 hours as the 
glass transition temperature of the DuPont™ Kapton® E is close to 
this temperature.  

Finally, composite solid polymer electrolyte (CSPE) is printed over 
the structure to complete the process and was allowed to dry at 
room temperature to evaporate the excess solvent. This electrolyte 
was prepared in a similar pattern as mentioned in Dasgupta et. al. 
 (S Dasgupta, Gottschalk, Kruk, & Hahn, 2008) by mixing equal 
amounts of aqueous polyvinylalcohol (PVA, with a molecular weight 
of 13000-23000 g/mol, prepared at 75 °C) and aqueous potassium 
fluoride (KF) solution prepared separately using de-ionized water with more than 18.2 MΩ-cm electrical resistivity. The mixture was 
stirred for more than 12 h continuously to make it homogenous and 
then was filtered through 0.45 and 0.2 μm PVDF membrane filters, 
respectively, in order to make them printable without any nozzle 
coagulation. The CSPE is a crucial component of the printed 
transistors due to its high capacitance (1-10 μF/cm2) and its ability 
to give a conformal interface even to the rough semiconductor 
channel film which increases the device performance due to high 
gating efficiency.  

The Dimatix DMP-2831 ink-jet printer is used for all the printing 
steps. It is a small table top ink-jet printer that allows easy 
replacement of cartridge to facilitate printing with different kinds of 
inks. Each cartridge has 16 nozzles linearly spaced at 254 microns 
with typical drop sizes of 1 and 10 pL. Various printing parameters 
such as nozzle firing voltage, vacuum plate temperature, nozzle to 
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substrate distance, drop size etc. can be adjusted to achieve the 
required quality of the printed drops. In our case, the printing of the 
Indium oxide precursor ink was done by 1 nozzle with a drop 
spacing of 20µm, firing voltage of 31V at room temperature. The 
nozzle to substrate distance was 0.4mm.  

3.1.2 Indium oxide nanoparticulate films  

The mechanical performance of a printed device depends on several 
factors such as fabrication process and microstructure of the 
applied materials and the structure design. To understand these 
effects several geometrical as well as printing parameters were 
considered for the analysis of the mechanical behavior of printed 
nano-particulate (np) films targeted for thin film transistor 
application. 

The substrate used in this study is again DuPont™ Kapton® E (50 
µm thick) and the preparation and cleaning of the substrate is 
similar to the fabrication of the Indium oxide thin film transistors 
prepared by the precursor route (see section 3.1.1). The 
preparation of the Indium oxide nanoparticle ink (Plasmachem 
GmbH) is described in the following reference (Baby et al., 2015). 
They have successfully prepared and demonstrated a working 
transistor device on glass substrate by using ink-jet printed 
nanoparticulate Indium oxide ink as the channel material having 
better/comparable properties as compared to conventional 
transistor preparation methods.  

For the preparation of Indium oxide nanoparticle ink, 1 gm of In2O3 

nanoparticles (Plasmachem GmbH) was added to 10 ml of distilled 
water. 150 µl of PAANa (Sodium polyacrylate) was added into the 
mixture as a surfactant. For the milling of the nanoparticles 10 ml of 
zirconia pearls (0.2-0.3 mm diameter) were added. A high rotating 
speed (8000 rpm) Dispermat (VMA GmbH) was used for 90 minutes 
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to disperse the Indium oxide nanoparticles. During the stirring of 
the solution, the nanoparticle agglomerates were broken by 
Zirconia particles and re-agglomeration was prevented by PAANa. 
Subsequently, the dispersion was filtered through 5 µm, 0.45 µm, 
and 0.2 μm PVDF membrane filters respectively. Finally, the 
sintering agent NaCl (20 mM) was added to the dispersion. This ink 
was used for the printing of the Indium oxide nanoparticle thin 
films on DuPont™ Kapton® E substrate.  

The chemical curing method has the advantage that the stabilizer 
can be removed from the nanoparticle surface which leads to 
formation of a conducting network without application of any heat 
(Golas, Louie, Lowry, Matyjaszewski, & Tilton, 2010; Grouchko, 
Kamyshny, Mihailescu, Anghel, & Magdassi, 2011). This makes it 
feasible on any kind of substrate. The nanoparticle film gets 
chemically sintered during the drying of the printed film as the 
chloride ions of NaCl detach the stabilizer molecule from the 
nanoparticle surface and thus allow sintering of the Indium oxide 
nanoparticles (Grouchko et al., 2011).  

The printing of the Indium oxide np ink is done by the same Dimatix 
printer using 1 nozzle with a drop spacing of 20 µm and firing 
voltage of 31 V at room temperature. The nozzle to substrate 
distance was 0.4 mm. The size of the printed structure in this study 
is about 1x1mm except in the case of transistor geometry and 
orientation where the printed droplet is in the range of 100 µm X 
100 µm which is comparable to the size of channel material in the 
printed transistor devices used in this study. The printed structures 
are dried at room temperature before printing of the electrolyte 
layer on top of it. 

A schematic of samples with Indium oxide np film printed on PI is 
shown in figure 3.2. We have considered five different types of 
samples for this study. The printed samples were roughly 100 X 
300µm² in size. 
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In type 1, the effect of film thickness of the In2O3 np film printed on 
PI substrate on the mechanical performance of the film is studied. 
In2O3 film of multiple printed layers (3 layers, 5 layers, 7 layers and 
9 layers) corresponding to different film thicknesses were ink-jet 
printed on PI, dried and analysed. One layer of In2O3 film represents 
one pass of printing process using a nozzle of diameter 50µm at a 
jetting voltage of 40V. The thickness of 3 layers of printed In2O3 film 
is about 300nm measured by using a profilometer (Dektak 6M 
profilometer).  

In type 2, the effect of an encapsulation of the In2O3 film printed on 
PI substrate on the mechanical performance of the film is studied. 3 
layers of In2O3 np were ink-jet printed on PI, dried and analysed. 
The encapsulation was done by using the same composite solid 
polymer electrolyte (CSPE), which is used as the dielectric in the 
fabrication of the In2O3 thin film transistors by the precursor route 
in section 3.1.1.  

In type 3, the effect of the interplay and stacking of different 
functional materials on the mechanical performance of the In2O3 
nanoparticulate film printed on PI is studied. To do so, the 
mechanical performance of printed In2O3 on bare PI and on PI 
coated with a layer of Cr and Au is compared and analysed with and 
without electrolyte. The effect of electrolyte encapsulation in 
addition to the effect of multiple stacking of material is also 
considered. The thickness of the Cr and Au is about 10 nm and 40 
nm, respectively, and the films are prepared by thermal 
evaporation.  

In type 4, the effect of the transistor geometry on the mechanical 
performance of the In2O3 film printed on PI has been studied. Cr and 
Au having thickness 10 nm and 40 nm respectively were patterned 
on the surface of the PI substrate by thermal evaporation using the metal mask similar to the transistor’s electrode fabrication process 
described in section 3.1.1. The printed In2O3 films in the form of 
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small droplet of size 100 µm x 100 µm were printed on the 
patterned Au electrodes. An electrolyte layer was printed over the 
printed In2O3 droplets to encapsulate the films completely. 

In type 5, the effect of the transistor orientation with respect to 
direction of applied strain on the mechanical performance of the 
In2O3 film printed on PI is studied. Two different orientations of the 
transistor sample have been considered: In parallel orientation, the 
flow of electrons in the transistor structure was along the direction 
of applied strain and in perpendicular orientation the direction of 
flow of electrons in the transistor structure was perpendicular to 
the direction of applied strain.  
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Figure 3.2: Schematic of an ink-jet printed In2O3 nanoparticulate (np) film a) on bare 
PI, b) film with electrolyte encapsulation c) film with Au interlayer, d) film with Au 
interlayer and electrolyte encapsulation e) film on transistor patterned Au 
electrodes, f) film on transistor patterned Au electrodes with electrolyte 
encapsulation, g)-h) printed transistor oriented perpendicular and parallel to the 
loading direction, respectively. 
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3.1.3 BST-PMMA Capacitors  

A PET substrate (Melinex® ST506; DuPont) with a thickness of 
125µm was chosen as the substrate for this study because the film 
is optically clear, heat stabilized to improve dimensional stability 
during  the printing process and pre-treated on both surfaces to 
give enhanced adhesion of the printed material to the substrate (“Melinex ® polyester film,” 2012). Figure 3.3 shows the detailed 
geometry of the fabricated capacitors. Preparation of Barium 
strontium titanate (BST)/PMMA composite ink and fabrication of all 
printed MIM capacitors on PET was done in the group of Dr. 
Joachim Binder by Morten Mikolojek, IAM-KWT, KIT. 

Barium strontium titanate (BST) powder with a stoichiometric 
composition of Ba0.6Sr0.4TiO3 was synthesized in a modified sol-gel 
process. Barium acetate (0.422mol) and strontium acetate 
hemihydrate (0.281 mol) were dissolved in acetic acid (30.0 mol) 
under nitrogen atmosphere, before titanium isopropoxide (0.703 
mol) was added. The sol was diluted with water (181.8 mol), spray 
dried (MM-HT-ex laboratory spray dryer; Niro, Søborg, Denmark) 
and subsequently the metalorganic precursor was calcined at 
1100 °C for 1 h. The calcined BST powder was milled and dispersed 
in butyldiglycol (BDG) using a laboratory stirred media mill 
(MiniCer; NETZSCH, Selb, Germany). The solid content of the 
dispersion was chosen as 39.4 wt% BST with an addition of 1.57 
wt% DOLACOL D1001 (DOL; Zschimmer & Schwarz, Lahnstein, 
Germany) as a dispersant. The BET surface area after milling was 
24.7 m²/g (Gemini VII 2390, Micromeritics, Norcross, U.S.). A 
20 vol% PMMA solution in butanone was prepared in parallel (Mw = 
1.5 x 104 g∙mol -1). 

The composite ink was prepared by mixing the prepared 10 vol% 
BST dispersion and the 20 vol% PMMA solution. The following 
composition was obtained with a 50:50 volume ratio of BST and 
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PMMA: 6.7 vol% BST, 6.7 vol% PMMA, 1.4 vol% dispersant, 58.6 
vol% BDG and 26.6 vol% butanone (Mikolajek et al., 2015).  

The electrodes are printed using a commercial silver ink (Silverjet 
DGP 40LT-15C) developed for the use on polymer substrates. The 
printing is done by a single nozzle piezoelectric Drop-on-Demand 
inkjet printer (Autodrop Professional; Microdrop, Norderstedt, 
Germany). Top and bottom electrodes as well as composite layer 
are printed with a 100 µm nozzle print head at an ejection 
frequency of 500 Hz. Drying temperature is set to 80 °C and 60 °C 
for the silver ink and the composite ink, respectively. While a single 
layer bottom electrode showed adequate conductivity, three layers 
of Ag were needed for the printing of top electrode. The BST/PMMA 
composite film in the ratio 1:1 was printed as a single layer to 
improve the homogeneity of the dielectric film (Mikolajek et al., 
2015).

 

Figure 3.3: Schematic layout used for fully ink-jet printed MIM capacitors on PET 
substrate. 

figure 3.3 shows the layout of the fully printed capacitors. The 
width of the top and the bottom electrode are 2 mm and the printed 
capacitors had an effective area of 2 x 2 mm².  
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The printed samples were annealed after printing of all layers was 
completed. To investigate the influence of the annealing 
temperature on the mechanical performance and the initial 
resistivity of the printed Ag electrodes, the printed and dried 
samples were annealed at 100°C, 120°C and 140 °C for 1 h and 
subsequently tested. It was found that the samples annealed at 
120oC resulted in the best properties and therefore it was chosen 
for all sample preparation.  

3.2 Microstructural characterization 

For the structural characterization of the printed Indium oxide film 
through precursor route, Grading Incidence X-ray diffraction was 
performed using a Bruker D8 Discover X-ray diffractometer with 
Mo-Kα radiation (50 kV, 50 mA) with a fixed incident angle of 0.4°.  

A dual beam Scanning Electron Microscopy and Focused Ion Beam 
system (Nova Nanolab 200, FEI) is used for the microstructural 
evaluation of the printed layers and to monitor the surface quality, 
density and thickness of the printed films. Scanning electron 
microscopy combined with focused ion beam milling is one of the 
most important techniques used in recent years as a 
characterization and sample fabrication tool at micro and nano 
scale. It consists of a SEM column along with a Ga+ ion column which 
is mounted at an angle of 52° with respect to electron column. The 
electron column is equipped with a thermal field emission gun, 
which has several acceleration voltages, ranging from 1 KV to 20 
KV. Usually an accelerating voltage of 5 KV and a beam current of 
1.6 nA was used for microstructural examination in this study. The 
electron beam is used primarily for the imaging of the samples 
whereas the focused ion beam is used to prepare cross-sections of 
the samples.  
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The preparation of the cross-sections is done in two steps. The first 
step is a rough rectangular cut using a current of 5nA, a voltage of 
30KV and a dwell time of 1µsec. The second step is done to refine 
the previous cut in order to get a better finish at the surface by 
using same voltage and current at a longer dwell time of 3msec. The 
final image of the cross-section is taken using SEM at a current and 
voltage setting of 0.4nA and 5 kV, respectively. For the 
nanocomposite MIM capacitors the crack spacing in both the planar 
direction as well as on the cross-sectional direction is determined 
by line analysis of 10 crack lines in the SEM images of the 
capacitors. 

The surface profile and thickness of the printed droplets of the 
In2O3 np ink is analyzed using stylus profilometer (Dektak 6M 
profilometer, Veeco). From the measurement of the line profile, the 
average thickness of the printed droplet is calculated.  

3.3 Electro-mechanical characterization  

In-situ electrical measurement of thin film devices during the 
application of load is useful especially for characterization of 
devices fabricated on flexible substrate as it is necessary to have a 
consistent electrical and mechanical performance under different 
type of loading conditions such as stretching, bending or cyclic 
loading. Proper clamping of the sample and measurement of 
electrical data while straining the sample is challenging due to 
associated difficulty while sample handling (small sample size), to 
avoid unwanted straining of the sample while clamping and to 
establish good electrical contact to measure very small signal as 
well as collect consistent data points with high signal to noise ratio 
from the moving sample during straining. To study the influence of 
strain on the performance of the printed films and devices, different 
types of mechanical testing were performed on the fabricated 
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samples and the corresponding change in the functional property of 
the structures is monitored.  

3.3.1 Uniaxial tensile testing 

The photograph of the tensile test setup manufactured by 
Kammrath and Weiss, Germany equipped with a 200N load cell is 
shown in figure 3.4. The overall sample size for the tensile test is 
4mm x 25mm. The ends of the PI substrate on which the transistors 
are fabricated were gripped on both ends and then stretched under 
the control of an in-build motor at a loading speed of 0.2µm/sec up 
to a certain strain level. The initial length the samples between the 
two terminals was 8 mm. 

 

Figure 3.4: Photograph of the set-up used for tensile testing of ink-jet printed films 
and devices on flexible substrate.  
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To analyze the effect of strain on the Indium oxide transistors on PI 
prepared through the precursor route, the transistor properties are 
measured before and after the mechanical test. For the 
measurement of the transistor parameters an Agilent 4156C 
semiconductor parameter analyzer is used. A Süss MicroTec, EP6 
probe station is attached to the parameter analyzer and is used for 
the electrical contact of the source and the drain pad of the 
fabricated structures. The transfer curve and the output curve of 
the transistor is measured though the parameter analyzer and the 
corresponding transistor parameters are calculated (see chapter 
2.1.1).  

For the in-situ electrical resistance measurement of the printed 
Indium oxide films on PI, special clamps are designed for tensile 
tests as shown in figure 3.5. Each clamp consists of two isolated 
copper contact pads enclosed in a plastic holder. The plastic holder 
insulates the two copper pads from each other. A constant current 
is applied over banana plugs using a Keithley Dual channel source 
meter (Keithley 2640 B) and the change in resistance of the films is 
recorded using an inhouse-developed LabVIEW program during the 
application of load. The mode of resistance measurement used here 
is 4-point resistance method as there are separate terminals for 
current input and voltage measurements. The advantage of using  
4-point method in the resistance measurement is it reduces the 
effect of contact resistance in the measured resistance value for the 
films. For these experiments the samples were always cut to 25 mm 
in length and 5 mm in width.  

Measurement of in-situ resistance during a tensile test is useful in 
detecting damage within the film due to crack formation (Lu et al., 
2007). However, to estimate the effect accurately it is necessary to 
calculate the theoretical change in the resistance of the film due to 
stretching of the film without any crack formation. The initial 
resistance of the film (𝑅0) depends on initial sample length (𝑙0), 
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initial sample cross-sectional area (𝐴0) and the specific resistance of 
the material (ρ0): 𝑅0 = ρ0 𝑙0𝐴0 (3.1) 

As long as no crack formation occurs it is assumed that the specific 
resistance (𝜌 =  ρ0) and the material volume (𝐴𝑙 = 𝐴0𝑙0) will 
remain constant. Considering this boundary condition, the following 
relation for the theoretical resistance of the film is obtained:  

𝑅𝑅0 =  𝑙𝑙0 = (1 + 𝜀)  (3.2) 

where 𝜺 = 𝒍−𝒍𝟎𝒍𝟎 . As soon as cracking occurs within the film, the curve 

starts deviating from the theoretical line which is calculated from 
the equation (3.2).   

 

 

Figure 3.5: Photograph of customized clamp design used for four-point electrical 
characterization during tensile testing. 
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For the tensile testing of the ink-jet printed BST/polymer 
capacitors, the same tensile test setup is used. The capacitance was 
recorded throughout the test using a LCR meter (Agilent E4980A), 
connected to the tensile test equipment through customized clamps. 
The capacitance (Cp) and the dissipation factor (D) were measured 
for the printed capacitor at a frequency of 1 kHz. For the capacitors, 
the electrical conductivity of the bottom and top Ag electrode was 
measured in-situ as described above. 

3.3.2 Bending fatigue testing 

Bending fatigue testing is performed on printed samples to evaluate 
the influence of bending and cyclic loading on the performance of 
the In2O3 transistors. The setup is manufactured by CK TRADING 
Co. (South Korea, model name: "CK-770FET") and is shown in figure 
3.6a. The total sample size for the bending fatigue test is 4 mm x 60 
mm. In this test, the sample was bent between two guiding plates 
and clamped on both ends. The lower plate is allowed to repeatedly 
move horizontally by 10 cm at a frequency of 5 Hz, keeping the 
upper plate fixed, and thereby inducing cyclic strain to the sample. 
The nature of the strain can be easily modified based on the loading 
conditions of the sample, whether the transistors are on the inner 
side (compressive) or the outer side (tensile) of the substrate. This 
is shown in figure 3.6b and figure 3.6c respectively. The maximum 
strain caused by bending can be calculated by Kim et. al. (B.-J. Kim 
et al., 2013):  𝛆 =  𝒉𝑺𝒖𝒃𝒔𝒕𝒓𝒂𝒕𝒆+ 𝒉𝑭𝒊𝒍𝒎𝟐𝒓  (3.3)  

where 𝜺, hsubstrate, hfilm and r are the applied strain, substrate 
thickness, film thickness and the bending radius, respectively. The 
gap between the two guiding plates is calculated as 2r and was fixed 
to 2.5mm giving an applied bending strain of about 2.0%. Due the 
cyclic linear movement of the lower plate three different types of 
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deformation zones arises within the sample: two undeformed zones 
(Zone A), fatigue damaged zones (Zone B) and a central continuous 
bending zone with almost constant strain (Zone C) as shown in the 
figure 3.6 b and figure 3.6 c. The two undeformed Zones A are 
located close to the metal grips, and, no deformation occurs in these 
zones as they do not bend during the test cycles. The fatigue 
damage Zones B are the areas which are under non-uniform strain 
during the bending cycles and hence show fatigue damage. The 
central area of the bending Zone C remains under a relatively 
constant and lower strain and hence does not show any fatigue 
damage (B.-J. Kim et al., 2013; B. Kim et al., 2014).   

 

Figure 3.6: (a) Photograph of the set-up used for bending fatigue testing. The sample 
is mounted between the two plates. The upper plate is fixed while the lower plate 
can move imparting the bending fatigue stress. The schematic layout of (b) 
compressive and (c) tensile mode of bending fatigue testing, respectively. 

Even though the applied strain in this case is not uniform over the 
entire area and had a gradient over the entire length, it can safely be 
assumed from the previous work that the transistor, if positioned in 
the right zone, experienced the predefined strain (Hwan Hwang et 
al., 2013). The transistor parameters were also recorded before and 
after the bending fatigue test. The bending fatigue tests were 
performed at a bending radius of 1.25mm (around 2% strain) and 
up to 10,000 bending cycles in both tensile and compressive loading 
conditions.  
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3.3.3 Synchrotron-based tensile testing 

To understand the strain transfer between the compliant substrate 
and the printed films, tensile tests were performed and the 
evolution of lattice strain within the sample was measured 
continuously by high flux third generation synchrotron X-Ray 
Diffraction (XRD) radiation at the Material Science X04 beamline 
facility at the Swiss Light Source, Villigen, Switzerland (SLS MS-
Powder X04A, PSI, Villigen). Synchrotron XRD radiation is chosen 
for the study as it has a better time resolution, brilliance and 
flexibility to work at variable wavelength, and  as compared to lab 
based XRD measurements, has significantly reduced experimental 
time and increased resolution (J. A. Lohmiller, 2013). The testing 
procedure and data analysis were done as described by the work of 
Lohmiller et. al. and Olliges et. al. (J. Lohmiller et al., 2013; Sven 
Olliges a, Patric A. Gruber b, Vaida Auzelyte c, Yasin Ekinci c, Harun 
H. Solak c, 2007).  

The working principle of XRD is based on the following relation 
known as Bragg’s law (Bragg & Bragg, 1913): 𝜆 = 2 × 𝑑ℎ𝑘𝑙 sin 𝜃ℎ𝑘𝑙  (3.4) 

where, 𝜆 is the X-ray wavelength, 𝑑ℎ𝑘𝑙  is the lattice spacing of 
specific (hkl) planes and 𝜃ℎ𝑘𝑙  is the corresponding Bragg’s angle. 
When uniform strain is applied the shift in peak position is directly 
proportional to the change in lattice spacing and hence lattice strain 
in the sample can be calculated from the shift of the XRD peak 
position. However, during actual straining of the samples change in 
shape of the peaks or reflections can be a result of several factors 
such as instrumental error, microstructure of the sample or due to 
micro strain. These factors were taken into consideration during 
the data analysis of the peak parameters. The image of the entire 
setup used in SLS MS04 beamline is shown in figure3.7.  
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Figure 3.7: Image of in-situ tensile test set-up Material Science X04 beamline facility 
at Swiss Light Source, PSI, Villigen, Switzerland. 

 

The X- ray beam had a cross section of around 3 x 3 mm and energy 
of 8.92 kev which corresponds to wavelength of about 0.71Å. A 
detailed description of the test setup and data analysis is further 
described in Lohmiller et. al.  (J. A. Lohmiller, 2013). Two line X-ray 
detectors were placed vertically (Mythen microstrip,  
-60o<2theta<60o) (Schmitt et al., 2003) and horizontally (individual 
Mythen detector modules, 30°<2theta<60°) with respect to loading 
direction. Exemplary diffraction patterns are shown in figure3.8. 
The fast readout of the detectors allows continuous loading of the 
sample and hence avoidance of any effect due of stress relaxation in 
the sample. The total processing time between two X-ray diffraction 
patterns is about 18 sec. Peak position was determined by a 
Pearson VII split function (Toraya, 1990).  
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Figure 3.8: Diffraction patterns from ink-jet printed nanoparticulate In2O3 films on DuPont™ Kapton® E. a) As recorded diffraction pattern including background, b) 
background signal obtained by a blank measurement on pure DuPont™ Kapton® E 
film, and after background subtraction from the recorded data for c) vertical 
detector, and d) horizontal detector. 

For the tensile test, the samples were clamped in the tensile test 
equipment (Kammrath and Weiss, Germany) equipped with a 200N 
load cell and mounted perpendicular to the direction of the 
monochromatic  x-ray beam. The gauge length was set at 25 mm 
and crosshead speed was 0.8 µm/sec which results in a strain rate 
of 3.8 x 10-5 sec-1 for all experiments. The samples were pre-
strained up to 0.3N to flatten the sample. The samples were 
elongated up to 2500 µm at the elongation speed of 0.8 µm/sec and 
then unloaded to 1500 µm. The total strain of the sample is 
measured optically by tracking markers on the sample surface, 
made by using a sharp gel pen within the gauge length of the 
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sample. The optical images taken during the loading of the sample 
were evaluated by digital image correlation (DIC) using a Matlab 
routine (Eberl Christoph, 2010). The optical images were taken by a 
Single Lens Reflex camera (Nikon D7100, 200mm Macro lens).  

The as obtained XRD diffraction patterns contain instrumental 
broadening, air scattering, and background scattering of the 
substrate in addition to the structural information of the material 
under investigation. So, the first step in the data analysis requires 
elimination of these effects to see the changes in the peak parameters only due to sample’s structural information. The 
instrumental effect is considered by comparing the as obtained XRD 
pattern of Indium oxide to the XRD pattern of a standard reference 
(Y2O3 powder). Further, to overcome the superimposed data from 
the polyimide substrate, a blank measurement of the DuPont™ 
Kapton® E substrate is recorded and subtracted from the as 
obtained XRD diffraction pattern. The process is shown in figure 
3.8. The peak fitting for the (622) peak of In2O3 for both the 
detectors is shown in figure 3.9. By using equation Bragg’s law (equation 3.1) the lattice spacing was 
calculated by taking the 2θ values measured for both the detectors 

and the corresponding lattice strain was calculated: (Wyss, 
Sologubenko, Mishra, Gruber, & Spolenak, 2017).  

𝜀ℎ𝑘𝑙 = 𝑑ℎ𝑘𝑙𝑛 − 𝑑ℎ𝑘𝑙0𝑑ℎ𝑘𝑙0  (3.5) 

where 𝜀ℎ𝑘𝑙  is the lattice strain for a specific (hkl) plane, 𝑑ℎ𝑘𝑙𝑛  is the 

actual lattice spacing and 𝑑ℎ𝑘𝑙0  represents the initial value of the 
lattice spacing before straining? The shift in lattice strain of <622> 
In2O3 peak with respect to total strain has been analysed both for 
the parallel and the perpendicular detector with respect to applied 
strain, respectively. For samples with an Au interlayer the <111> Au 
peak was also considered for the analysis. 
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Figure 3.9: Peak fitting of the (622) In2O3 peak obtained from an ink-jet printed 
nanoparticulate In2O3 film on PI. a) and b) shows the PE7AM fit of the diffraction 
peak for both longitudinal and transverse detector, respectively. 
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4 Printed In2O3 TFTs  

4.1 Characterization of printed transistors  

To characterize the morphology of the printed In2O3 layer on 
patterned Au electrodes scanning electron microscopy is used. 
figure 4.1 shows the quality of the indium oxide film printed 
through two different systems as has been described in the section 
3.1.1. It has been found out that the quality of the In2O3 film 
fabricated on DuPont™ Kapton® E is superior to the first system 
which has been printed on DuPont™ Kapton® HPP-ST. In the first 
system, the printed indium oxide films are dense and uniform 
however there are some hillocks all over the film surface. It has 
been found out that these hillocks deteriorate the mechanical 
performance of the transistors which is discussed later in this 
chapter. In the second system, no such artefacts are found, and the 
film also looks homogenous and dense. Therefore, the second 
system was used for the fabrication of the transistors and the 
detailed description of their mechanical and electrical performance 
is discussed in the following section. 
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Figure 4.1: SEM images of the ink-jet printed In2O3 film prepared through precursor 
route and printed on patterned Au electrodes on a) DuPont™ Kapton® HPP-ST 
substrate and annealed at 350oC for 2 hr. b) DuPont™ Kapton® E and annealed at 
300oC for 2 hr. 

For the structural characterization of the printed indium oxide film 
X-ray diffraction was performed on the In2O3 film deposited and 
annealed on a glass substrate. A glass substrate was used in this 
case instead of PI because the huge background of the PI made it 
difficult to analyse indium oxide peaks with a standard laboratory 
X-ray diffractometer. The XRD measurements were performed 
using a Philips X-ray diffractometer with Cu-Kα radiation with 
voltage and current set to 45 kV and 40 mA, respectively. It is 
confirmed that Indium oxide is formed from the precursor solution 
after annealing the film at 300oC for 2 hr as shown in figure 4.2. The 
measured XRD data is compared to the reference ICSD No. 06-0416 
for In2O3 to index the XRD peaks. 

Electrical characterization of the printed transistors was performed 
at room temperature and at normal atmospheric conditions. The 
transfer curve is obtained by applying a constant drain voltage of 
1V and a sweeping voltage of +1V to -1V between gate and source 
electrode. The output curve is obtained by applying a gate voltage of 
0.5V and a sweeping voltage of 0V to 2V is applied between drain 
and source electrode.  
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Figure 4.2: XRD pattern of the printed In2O3 film from precursor route after 
annealing at 300oC for 2 hr. XRD peaks are indexed with respect to the standard 
indium oxide phase ICSD No. 06-0416. 

figure 4.3 represents the typical transfer and output curve of the 
printed transistor. The transfer curve shows that when a negative 
gate voltage is applied the transistor device is at off state. When the 
gate voltage approaches the threshold value of about 0.3V, the 
device current starts increasing and attains a saturation value at 
around 2V. When the gate voltage is below 0.3V the depletion layer 
is formed in the semiconductor layer which prevents flow of 
electrons form source to gate even for the application of a drain 
voltage. However, as soon as the gate voltage approaches the 
threshold value an electrical double layer is formed at the 
semiconductor–electrolyte interface which assists the flow of 
electrons from source to drain. The output curve shows that source-
drain current approaches a saturation value at around 0.5V 
irrespective of the increase in the gate voltage. The maximum drain 
current is obtained at a gate voltage of 2V. 
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Figure 4.3: a) Transfer and b) Output curves of the ink-jet printed transistor on DuPont™ Kapton® E using indium oxide precursor and annealing at 300°C for 2 hr. 
The transfer curve shows the drain current (ID, green line), the gate current (IG, red 
line), the square root of drain current (ID1/2, blue line) as a function of gate voltage 
(VG). The output curves show the drain current with variable gate voltage from 0 to 2 
V with a step size of 0.4 V as a function of drain voltage (VD).  

From these plots, the following transistor parameters are obtained: 
maximum drain current of 327µA at an applied gate voltage (VG) of 
2V, threshold voltage (VT) of 0.3V and an ION/IOFF ratio in the order 
of 107. From the positive threshold voltage, we can conclude that 
the device is in accumulation mode. The transistor parameters are 
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calculated by using the following equation, where ID,sat is the 
saturated drain current, W and L are the width and length of the 
channel layer, respectively, C is the double layer capacitance per 
unit area for the device which is taken as 4.63µF/cm2 from our 
previous work (Garlapati et al., 2015): 𝑰𝑫,𝒔𝒂𝒕 = (𝑾𝟐𝑳) 𝑪𝝁𝒔𝒂𝒕(𝑽𝑮 − 𝑽𝑻)𝟐    (4.1) 

The field-effect mobility 𝝁𝒔𝒂𝒕 is calculated as 70.61 cm2/Vs, and the 
sub-threshold swing as 70.0mv/decade. All the transistor 
parameters are also listed in Table 1. The measured leakage current 
is around 1-2nA. The small hysteresis in the transfer curve is due to 
the in-plane transistor geometry. High quality indium oxide 
transistors on a flexible substrate are successfully fabricated though 
a precursor route and with high electrical performance. This is 
concluded from the obtained high values of drain current at a low 
applied voltage of 2V (due to the application of high capacitance 
electrolyte), positive threshold voltage (the device is not at ON 
state), low sub-threshold swing (close to its theoretical value which 
is 68mv/dec) and a high field effect mobility almost comparable to 
indium oxide transistors reported on silicon substrates (Garlapati et 
al., 2013, 2015). 
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Table 4.1: Calculated transistor parameters for precursor based In2O3 transistors 
annealed at 300°C. 

Maximum drain current 327µA 

Field effect mobility 70.61 cm2/Vs 

Threshold Voltage 0.5V 

Sub-threshold swing 70mv/dec 

IOn/IOff ratio 107 

4.2 Tensile testing of printed transistors 

To understand the influence of external strain on the performance 
of ink-jet printed indium oxide transistors on PI substrate, uniaxial 
tensile tests were performed. The transistor parameters were 
determined before and after the mechanical test.  

As shown in figure 4.4a, the hillocks present in the In2O3 printed on DuPont™ Kapton® HPP-ST substrate, initially do not affect the 
device electrical performance as we get a very high drain current of 
422µA at a small operating voltage of 2V with a low threshold 
voltage of 0.5V. However, when they are subjected to mechanical 
strain they failed at a very low tensile strain of less than 2% as the 
presence of hillocks leads to crack initiation and further crack 
propagation within the oxide layer. This can be confirmed from the 
SEM images of the indium oxide film in figure 4.4b and 4-4c 
subjected to 0% and 2% of tensile strain respectively. Therefore, 
rest of the work include studies on transistors printed on DuPont™ 
Kapton® E and annealed at a temperature of 300oC for 2 hours.  
Moreover, two different orientations of the printed transistors are 
also considered for this study as has been described in the 
experimental section, Parallel Orientation (flow of electron parallel 
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to the direction of applied load and Perpendicular Orientation (flow 
of electron perpendicular to the direction of applied load). 

 

Figure 4.4: a) Output curves of the printed transistor on DuPont™ Kapton® HPP-ST 
substrate at a constant gate voltage of 2V and at variable applied tensile strain up to 
2%, b) and c) SEM images of the ink-jet printed In2O3 film on DuPont™ Kapton® 
HPP-ST substrate upto 0% and 2% tensile strain respectively. 

To understand the effect of tensile strain, the output curve of the 
transistor is measured while sweeping the drain voltage from 0-2V 
and keeping the gate voltage constant at 2V. In figure 4.5, the 
change in maximum drain current at a constant applied voltage of 
2V with respect to applied strain for parallel and perpendicular 
orientation is shown, respectively. For parallel orientation, it is 
observed that the maximum drain current obtained at an applied 
voltage of 2V is stable up to 2% of tensile strain. At around 2.5% of 
tensile strain the maximum drain current starts decreasing with 
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increase in applied tensile strain and at around 3% of tensile strain 
the drain current value decreases to zero indicating complete 
failure of the indium oxide transistor. For perpendicular 
orientation, it is observed that the maximum drain current obtained 
is stable up to 2% of tensile strain similar to the previous case and 
then starts decreasing with increase in applied strain. The change in 
the performance parameters of the printed indium oxide transistor 
with respect to externally applied strain is similar in both cases, 
irrespective of the orientation.  
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Figure 4.5: a) & b) variation of drain current (ID) vs drain voltage (VD) at constant 
gate voltage of 2V for ink-jet printed In2O3 transistors at different applied strain in 
parallel and perpendicular loading orientation, respectively. 

This decrease in measured drain current with increase in applied 
strain is due to crack formation within the oxide layers as can be 
seen in the SEM images of the oxide layers after the application of 
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strain as shown in figure 4.6. Initially the indium oxide film printed 
on passive electrodes looks uniform and dense without any crack or 
voids as shown in figure 4.6a. Up to 2% tensile strain no cracks 
were observed as shown in figure 4.6b.  

 

Figure 4.6: SEM images of crack formation in ink-jet printed In2O3 layer at different 
tensile strain level a) 0%, b) 2%, c) 3%, for parallel oriented transistor and d) 3%, for 
perpendicular oriented transistor. 

For higher strain, channel cracks develop across the indium oxide 
film in a direction perpendicular to the direction of applied strain in 
both cases irrespective of the orientation of the devices. In parallel 
orientation, as the propagation of cracks in this case is 
perpendicular to the direction of the flow of electrons, it was 
expected that a sudden decrease in maximum drain current with 
increase in strain level leading to failure of the device should occur. 
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However, for perpendicular orientation, as the crack propagation is 
along the direction of the flow of electrons, it was only expected to 
see a gradual decrease in current with increasing crack density. 

To understand this phenomenon and to compare the failure 
mechanism of the printed transistors with the printed films, tensile 
tests were performed on indium oxide films directly printed on 
bare DuPont™ Kapton® E and annealed under similar conditions as 
before. From figure 4.7a, it is observed that for parallel orientated 
films the resistance of the indium oxide films increases sharply 
around 3% of tensile strain. This is due to formation of through-
thickness cracks in the film surface as shown in figure 4.8d and 4.8e. 
For parallel orientation, the failure mechanism of the indium oxide 
films printed is similar.  
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Figure 4.7: In-situ resistivity change on the ink-jet printed In2O3 film on DuPont™ 
Kapton® E. The normalised resistivity increases with increasing tensile strain, a) 
parallel and b) perpendicular orientation of the film, respectively. 

From the figure 4.7b, it is observed that for perpendicular oriented 
films the increase in the resistivity of the Indium oxide films apart 
from the theoretical resistivity increase, starts around 3% of tensile 
strain and then continue to increase only gradually till 20% of 
tensile strain.  
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Figure 4.8: Crack morphology within the ink-jet printed In2O3 layer oriented a), b), 
c) in perpendicular orientation and d), e) in parallel Orientation with respect to 
applied tensile strain as shown by red arrow mark. 

However, the decrease in the film resistance is gradual because the 
cracks were parallel to the flow of electrons and thereby only 
leading to a minor increase in the film resistance with increasing 
crack density, finally leading to a film failure around 20% of tensile 
strain as shown in figure 4.8a, 4.8b and 4.8c. Based on these results 
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it can be concluded, that the electrical performance of the indium 
oxide films indeed depends on the orientation of the film with 
respect to electron flow and loading direction and further, that the 
crack formation in the indium oxide films is not the only cause for 
the sudden failure of the printed transistors. Possible further failure 
mechanisms will be discussed later in this chapter.    

4.3 Bending fatigue testing on transistors 

Bending fatigue tests were conducted to examine the variation in 
transistor parameters under cyclic tensile or compressive loading. 
The maximum applied strain for the bending fatigue tests was 
limited by the minimum bending radius achievable for the bending 
fatigue test equipment (1.25 mm) and the thickness of the 
polyimide substrate (50 µm). Therefore, the maximum strain that 
can be applied to the printed transistors is 2%, which is below the 
failure onset strain for the printed transistors. 

The fatigue tests were also conducted for both, the parallel and 
perpendicular orientated transistors. Output curves of the printed 
transistor for parallel and perpendicular orientation under cyclic 
tensile and cyclic compressive loading are shown in figure 4.9. The 
indium oxide transistors were fully operational up to 10,000 
bending cycles when subjected to cyclic tensile and compressive 
loading with a maximum strain of 2%.  
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Figure 4.9: Output curves of the ink-jet printed transistors at constant gate voltage 
of 2V for parallel and perpendicular orientation up to a) 2% cyclic tensile bending 
and b) 2% cyclic compressive bending strain, respectively. 

4.4 Discussion 

In general, mechanical properties of thin films are different than for 
bulk materials due to their microstructural and geometrical 
constraints and it is not possible to simply apply classical 
mechanical testing methods to extract these properties (O. Kraft & 
Volkert, 2001; Nix, 1989; Olliges et al., 2008; Spaepen & Shull, 
1996). Further, use of ink-jet printing technique for the film 
deposition process results in a nanoporous microstructure. Ink-jet 
printed films has been reported to have lower fracture strain as 
compared to evaporated or sputtered fully dense films when 
subjected to uniaxial tensile testing because of the presence of 
nanopores in the film, which act as stress concentrators and 
aggravate the formation of cracks (B.-J. Kim et al., 2013; B. Kim et 
al., 2014; J.-H. Lee, Kim, Kim, & Joo, 2012; Sim, Won, & Lee, 2012). 
On the other hand, it has also been reported that the increase in 
electrical resistance of the ink-jet printed films is lower compared 
to evaporated films when subjected to cyclic loading (H.-Y. Lee et al., 
2010).  
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The printed Indium oxide transistors are consisting of a brittle 
Indium oxide layer, a ductile Au layer and a polymer electrolyte 
layer. Therefore, there are several critical factors that come under 
consideration for understanding the mechanical behavior of these 
printed transistors on flexible substrates. One of them are sharp 
edges in the transistor geometry which act as stress concentrator 
due to edge effect when subjected to external strain (Sottos, 
Kandula, Geubelle, & Mechanics, 2005; H. Yu, 2001). The second 
factor is stacking of multiple materials having variable film 
thickness, different coefficient of thermal expansion and degree of 
interfacial adhesion. The third factor is the effect of encapsulation of 
the oxide layer with the electrolyte which result in ratcheting 
effects in the transistor structure (Huang, Suo, & Ma, 2002). All 
these parameters can change the mechanical properties of the 
device significantly.  

The development of electro-mechanical testing is necessary for the 
systematic investigation of the effect of uniaxial and cyclic tensile 
and compressive loading on the reliability of the printed indium 
oxide transistors on flexible substrate. From the observations so far, 
it can be concluded that the quality of the printed indium oxide 
films plays an important role in the mechanical performance and 
reliability of thin film devices. The presence of hillocks or artefacts 
in the printed oxide layer do not aggravate changes the initial 
electrical device performance, however, device failure occurred at a 
low tensile strain of 2%. It has been shown that the failure strain of 
the device can be improved further by developing oxide films 
devoid of such hillocks and artefacts by using better inks and better 
substrate surface qualities. 

Further, based on the experiments with different orientation of the 
transistors with respect to applied strain, the difference in the 
mechanical behavior of printed thin films and thin film transistors 
confirms that in case of printed transistors, the formation of cracks 
in the oxide layer is not the only factor responsible for the failure of 
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the devices.  The possible explanation for the sudden decrease in 
drain current irrespective of the orientation of the transistors is 
most probably due to delamination of the oxide layer right above 
the electrodes due to the localized strain concentration at the 
electrode edges. This leads to reduction or loss of the  electrode-
channel contact and hence decreases in the output current of the 
device (H. Yu, 2001). This hypothesis has not been confirmed 
experimentally by SEM as cross section cannot be examined at 
tension. 

In this study, the effect of mechanical strain on the electrical 
performance of printed indium oxide transistors on flexible 
substrate has been investigated. It has been found out that 
transistors fabricated by a precursor route are having a very good 
electrical performance with a field-effect mobility of 70.61 cm2/Vs 
and the ION/IOFF ratio is in the order of 107 at a very low applied 
voltage and has a reasonably good mechanical flexibility. The 
reported transistors were fully operational up to 10,000 cycles at an 
applied bending strain of 2% under both tensile and compressive 
loading conditions. Under uniaxial tension the transistors were fully 
operational up to 2% strain and then start deteriorating due to 
formation of cracks within the oxide channel layer and due to 
delamination at the interface between the Au electrode and the 
indium oxide layer. It is evident that the morphology of the indium 
oxide film and the surface quality of the substrate are determining 
the strainability of the flexible transistors. A more homogenous and 
inclusion free channel layer, shorter channel length and top gate 
geometry will help in enhancing the mechanical performance and 
reliability of these ink- jet printed flexible indium oxide transistors.  
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5 Printed nanoparticular In2O3 

films 

In this section, the results of in-situ tensile testing of ink-jet printed 
indium oxide nanoparticulate (np) films on DuPont™ Kapton® E 
polyimide substrate (PI) are presented. The influence of applied 
strain on the lattice strain evolution of the np films is investigated 
using synchrotron X-ray diffraction. 

For this study several printing and geometric parameters have been 
considered for analysis such as film thickness, effect of 
encapsulation, effect of multiple layering of materials, effect of 
transistor geometry and its orientation with respect to an applied 
strain.  

In2O3 np films were ink-jet printed on polyimide, dried and in-situ 
tensile tests were performed at the Materials Science beamline of 
the Swiss Light Source (Villigen, Switzerland). The shift of the 
<622> peak (2θ ~ 54.3o) with respect to an applied tensile strain 
was measured and the corresponding lattice strain was calculated 
for each sample using the method described in section 3.3.3. Using 
two wide angle line detectors, the lateral and perpendicular lattice 
strain was obtained. 

Figure 5.1 shows the SEM images of the printed and dried indium 
oxide nanoparticulate films on DuPont™ Kapton® E at a lower and 
higher magnification, respectively. The film quality looks porous 
with particle to particle connectivity, which is essential for high 
electrical conductivity of the Indium oxide film. 
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Figure 5.1: SEM images of a printed indium oxide nanoparticulate film on DuPont™ 
Kapton® E at a) lower and b) higher magnification. 

5.1 Effect of film thickness 

In this section, the effects of the thickness of the printed In2O3 films 
are studied. Results of the shift in <622> lattice strain of the 
material with different thickness with respect to true strain are 
shown in figure 5.2. Figure 5.2a and 5.2b represent the shift in 
lattice strain for the longitudinal (Parallel) and the transverse 
(longitudinal) detector, respectively. The black, red, green and blue 
lines represent the In2O3 droplet printed on bare polyimide with 
thickness 9L, 7L, 5L and 3L, respectively, where L correspond to 
number of printing passes. 

In figure 5.2a, a few important trends are observed. First, during the 
loading of the printed In2O3 films, the lattice strain in the In2O3 films 
for different thicknesses is increasing with increase in loading and 
during the unloading it starts decreasing irrespective of the 
thickness of the material. Secondly, the increase in lattice strain 
with the elongation of the sample is higher for thicker In2O3 films 
(7L and 9L) as compared to thinner In2O3 films (3L and 5L). The maximum lattice strain εmax achieved by the thicker films is around 
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3 x 10-4 whereas the thinner sample shows barely any strain 
transfer (<1 x 10-4).  

Third, irrespective of the thickness of the material, during the 
unloading of the sample, the lattice strain of the sample is 
decreasing instantaneously in a similar manner and rapidly becomes compressive. Since it’s a biaxial strain measurement we 
observe the same trends in the transverse detector (perpendicular 
direction) just with opposite sign due to Poisson contraction, 
irrespective of the thickness of the material. The signal quality of 
transverse detector is usually inferior to that of longitudinal 
detector, which is technically given by the different type of detector 
modules.

 

Figure 5.2: a) Longitudinal and b) transverse lattice strain evolution of the ink-jet 
printed In2O3 film on DuPont™ Kapton® E as a function of true strain with variable 

film thickness.   

5.2 Effect of film encapsulation 

In this section, the effect of electrolyte encapsulation of the ink-jet 
printed In2O3 np film is studied. Results of the shift in <622> lattice 
strain of the In2O3 np films with respect to true strain are shown in 
figure 5.3. The thickness of the Indium oxide films is always 3L. 
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Figure 5.3: a) Longitudinal and b) transverse lattice strain evolution of the ink-jet 
printed In2O3 3 layer film on DuPont™ Kapton® E as a function of true strain with 
and without electrolyte encapsulation of the film. The thickness of the indium oxide 
film is always 3L. 

In figure 5.3a, the lattice strain in the In2O3 films is again increasing 
with increase in elongation of the In2O3 films/substrate and then 
starts decreasing with the unloading. The blue line represents shift 
in <622> lattice strain of In2O3 np films without electrolyte 
encapsulation and the green line represents the same film with 
encapsulation. The maximum lattice strain during loading is similar 
for both samples, however, during unloading, the instantaneous 
accelerated reversion of the lattice strain observed for the bare 
indium oxide nanoparticulate film is significantly reduced for the 
encapsulated film. This effect of electrolyte encapsulation is also 
observed in the transverse direction, again with opposite sign. 

5.3 Effect of multilayer  

In this section, the effect of the layering of different materials on the 
mechanical properties of the In2O3 film printed on PI is studied. In 
this case three different samples were tested and the shift in lattice 
strain is compared to see the effect of multiple layering of different 
materials. Results of the shifts in <622> lattice strain of the In2O3 
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film and <111> lattice strain of the Au film with respect to the 
applied true strain are shown in figure 5.4. The blue lines represent 
the In2O3 film printed on bare PI, the yellow line represents the 
In2O3 film printed on PI having an interlayer of Cr/Au and the green 
line represents the In2O3 film printed on Cr/Au and with an 
encapsulation of polymer electrolyte on top of it.  

In figure 5.4a, the <622> lattice strain of In2O3 np film is increasing 
with loading and then it starts decreasing with the unloading of the 
sample as has been observed previously. Furthermore, the lattice 
strain evolution in the Indium oxide film in all the three samples is 
similar during the loading part of the curve and the maximum 
lattice strain value achieved by the In2O3 is insensitive to the 
addition of the Cr/Au interlayer. However, during unloading the 
effect of encapsulation is again visible. The lattice strain evolution 
of the In2O3 film in the transverse direction i.e. in figure 5.4b is 
compressive while loading and then it starts relaxing during the 
unloading section. The effect of electrolyte encapsulation is also 
observed here.  

For the Au film (figure 5.4c), the <111> lattice strain evolution in 
both the samples i.e. Au film of PI and Au film on PI with electrolyte 
encapsulation increases during the loading of the sample up to 2% 
of tensile strain and then starts decreasing till it reaches a plateau. 
During unloading, the lattice strain again decreases and becomes 
compressive until it reaches a second plateau in compression. 
Please note that the described procedure only evaluates relative 
lattice strains with respect to the initial lattice spacing, as the 
absolute lattice spacing cannot be obtained by the transmission 
diffraction geometry. The presented lattice strain evolutions 
thereby neglect residual strains in the films. The level of the strain 
plateaus would have to be shifted by the residual strain value, as for 
evaporated and dense Au films significant tensile residual strains 
are expected. An estimate for the unstrained lattice parameter 
could be obtained by evaluating the center line between the strain 
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plateaus in tension and compression assuming symmetric 
mechanical behavior in tension and compression (Wyss et al., 
2017). This procedure would shift the lattice strain curve to higher 
values as expected for tensile residual strains in the Au film. Overall, 
the range in lattice strain values achieved in the Au films is at least 
one order of magnitude higher as compared to the np indium oxide 
films. This reflects a much higher strain transfer between the 
substrate and the dense and well bonded Au film. Electrolyte 
encapsulation does not have a significant effect is the strain 
evolution in the Au film. The lattice strain evolution in the Au film in 
the transverse direction is constant until the strain drop in the 
longitudinal lattice strain is reached and subsequently becomes 
compressive. During unloading the lattice strain in the transverse 
direction relaxes to its initial value. An effect of the electrolyte 
encapsulation is also not noticeable here. 
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Figure 5.4: a), c) Longitudinal and b), d) transverse lattice strain evolution of the 
printed In2O3 and Au films respectively as a function of true strain with and without 
electrolyte encapsulation of the films. 

5.4 Effect of transistor geometry 

In this section, the effect of the transistor geometry on the 
mechanical properties of an ink-jet printed In2O3 np droplet having 
a similar size as for the transistor design (100 µm x 100 µm) on PI is 
studied. Again, three different samples, bare Indium oxide droplet, 
Indium oxide droplet printed on patterns Cr/Au electrodes and 
Indium oxide droplet on Cr/Au electrodes with polymer electrolyte 
encapsulation were tested. Results of the shift in <622> lattice 
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strain of the In2O3 np droplet and results of the shift in <111> lattice 
strain of the patterned Au electrodes with respect to true strain are 
shown in figure 5.5. The blue line represents the In2O3 droplet, the 
yellow line represents the bare Au electrodes, the brown line 
represents In2O3 droplet printed on patterned Au electrodes and 
the green line represent the In2O3 np droplet printed on Au 
electrodes and with an encapsulation of polymer electrolyte on top 
of it.  

As can be seen in figure 5.5a and figure 5.5b, the signal-to noise 
ratio for the In2O3 np droplet samples becomes inferior due to the 
significant decrease in the scattering volume. The strain evolution 
in each individual sample is similar to previous cases discussed so 
far. However, the lattice strain maximum in the In2O3 np droplets is 
higher as compared to In2O3 np films. The effect of encapsulation is 
still observed. In figure 5.5c and figure 5.5d, the lattice strain 
evolution for the <111> Au peak of the Au electrodes shows only a 
minor and subtle decrease in the lattice strain evolution and no 
strain drop is observed. 
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Figure 5.5: a), c) Longitudinal and b), d) transverse lattice strain evolution of the 
printed In2O3 and Au structures as a function of true strain respectively.  

5.5 Effect of transistor orientation 

In this section, the effect of orientation of the transistor with 
respect to the direction of loading is studied. Two different samples 
were tested and the shift in lattice strain has been compared. 
Results of the shift in <622> lattice strain of the In2O3 np droplet and 
of the shift in <111> lattice strain of the patterned Au electrodes 
with respect to true strain are shown in figure 5.6. The brown line 
represent the In2O3 droplet printed on patterned Au electrode 
orientated parallel to the direction of loading and the magenta line 
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represents the transistor sample orientated perpendicular to the 
direction of loading. 

No significant difference can be observed between the lattice strain 
evolutions of the nanoparticulate Indium oxide droplet and the Au 
electrodes for the parallel and perpendicular orientation.  

 

 

Figure 5.6: a), c) Longitudinal and b), d) transverse lattice strain evolution of the 
printed In2O3 and Au respectively on DuPont™ Kapton® E as a function of true strain 
because of transistor orientation with respect to loading direction. 
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5.6 Discussion  

The lattice strain evolution in the In2O3 np film and droplet can be 
explained by a model which is also schematically shown in figure 
5.7. For thinner films, In2O3 nanoparticles behave as particles that 
are loosely connected to each other. Therefore, they behave like 
particles of sand but with connections. During the elongation of the 
sample, these particles reorient themselves with respect to each 
other and the lattice does not accommodate any strain from the 
substrate, while retaining the particle-to-particle connection. 
However, the reorientation of the nanoparticles is constricted when 
the thickness of the film increases due to the increasing number of 
particles and lower number of degrees of freedom for particle 
movement. Therefore, for thicker films, the lattice spacing of the 
In2O3 particles starts accommodating strain from the substrate due 
to increasing frictional forces and increasing number of static 
connections between the nanoparticles. However, during unloading 
of the sample the nanoparticle connections are under compression 
which results in higher friction forces and transfer of forces across 
the interface of the connected particles and hence the particles 
instantaneously have to accommodate strain.  
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Figure 5.7: Schematic model to explain the lattice strain evolution of ink-jet printed 
In2O3 film on a polymer substrate during a) loading and b) unloading of the sample.  

In the study of the effect of electrolyte encapsulation on the lattice 
strain evolution of the In2O3 np film, it has been observed that the 
strain behavior in In2O3 film with and without electrolyte 
encapsulation is similar during the loading of the sample i.e. under 
tension. However, during unloading, a significant effect of the 
encapsulation is observed, and the compressive strain 
accommodated by the In2O3 film is reduced in the case of 
encapsulation. One of the possible explanations for the difference in 
the strain transfer mechanism is shown in figure 5.8. The 
penetration of the electrolyte into the nanoparticle network 
provides a compliant interlayer between the nanoparticles. This 
prevents the frictional compression between the particles while 
unloading resulting in a decrease in the accommodation of 
compressive strain within the In2O3 nanoparticles. 
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Figure 5.8: Schematic model to explain the lattice strain evolution of ink-jet printed 
In2O3 film on a polymer substrate with and without electrolyte encapsulation of the 
film during a) loading and b) unloading of the sample. 

In the study of the effect of multiple stacking of different materials 
including the np film, no significant difference in the lattice strain 
evolution of In2O3 np film deposited on bare PI and with an Au 
interlayer was observed. Further, the effect of electrolyte 
encapsulation is still observed. However, a significant strain drop is 
observed for the Au film. This can be explained as the dense and 
well bonded Au film forms channel cracks at a rather small tensile 
strain of about 1.5%. Encapsulation does not have any influence in 
the lattice stain evolution of Au film as there is no penetration of the 
electrolyte, whereas the effect of film encapsulation is seen on the 
lattice strain evolution of the In2O3 np film due to the nanoporous 
nature of the film. 

Good adhesion between the film and the substrate leads to a direct 
strain transfer from the substrate to the film, which is the case for 
the evaporated Au films. It reaches very high lattice strains and 
finally fractures at low strain as discussed above. For the Au 
electrodes the strain transfer is similar and a similar range in lattice 
strain is obtained, however, no significant strain drop is observed, 
and the lattice strain only slightly decreases during continuous 
straining of the sample. This can be explained because of the higher 
probability of presence of micro-cracks and other artefacts in a 
continuous film as compared to the patterned Au electrodes with 
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much smaller volume and surface area as schematically shown in 
figure 5.9.  

 

Figure 5.9: Schematic model to explain lower fracture probability in Au electrodes 
compared to a continuous Au film. 

For the mechanical characterization of ink-jet printed In2O3 
nanoparticulate films on polyamide substrate it is shown 
successfully that synchrotron based XRD characterization can be 
used to analyze the strain transfer in nanoparticulate films and 
small structures although the signal-to-noise ratio for patterned 
films is very low. It is also shown that the s-XRD technique can be 
used to analyze individual materials in a multi-material system 
during a single tensile test. The effect of material stacking as well as 
geometrical constraints on the lattice strain evolution is studied. 
The increase in lattice strain is higher for thicker In2O3 np films as 
compared to thinner samples. The instantaneous decrease in lattice 
strain of the In2O3 films while unloading is similar irrespective of 
the thickness of the printed indium oxide film.  

This behavior can be explained by assuming the nanoparticulate 
film as a network of loosely connected particles. Due to the 
compression on the particle connections during unloading an 
additional force transfer from particle to particle contributes to the 
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lattice strain evolution of the np films. The encapsulation by 
polymer electrolyte also influences the strain transfer during 
unloading as the encapsulation shields the lattice strain evolution 
by providing a compliant interlayer between the particles and 
hence reducing the effect of force transfer at the particle contact 
points. An introduction of an Au interlayer does not affect the lattice 
strain evolution of the printed In2O3 np films. The geometrical 
constraints of the transistor design and transistor orientation with 
respect to the loading direction do not have a significant effect on 
the lattice strain evolution of the incorporated materials.  

The lattice strain range in Au is an order of magnitude higher than 
in the nanoparticulate In2O3 films. Due to the dense microstructure 
and good adhesion of Au, the strain transfer from the substrate to 
the Au film is high. For a nanoparticulate film, the nanoporous 
microstructure reduces the strain transfer from the substrate to the 
film by the structural compliance of the particle network. However, 
the physical contact between the particles and the functional 
properties of the material are retained during straining up to about 
8% strain. It has been reported earlier by Baby et al. (Baby et al., 
2015) that the In2O3 nanoparticulate ink which has been used for 
this study can be used to produce high quality thin film transistors 
on glass substrate at room temperature. This shows a very high 
potential of nanoparticulate films for application as flexible 
electronics.
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6 BST-PMMA MIM capacitor 

6.1 Characterization of flexible capacitor  

The characterization and testing of nanocomposite Metal Insulator 
Metal Capacitor (MIM) on Polyethylene terephthalate (PET) 
substrate is discussed. The Barium strontium titanate/Poly methyl 
methacrylate (BST/PMMA) nanocomposite ink, which is used in 
this study is developed by Morten Mikolajek in the group of Dr. 
Joachim Binder KIT IAM-KWT. It shows good printability with an 
Ohnesorge number of Oh = 0.2 as well as a very homogeneous 
drying behavior on Al2O3 substrates (Mikolajek et al., 2015). The 
BST dispersion used has a very small particle size distribution in the 
range of dparticles = 60 – 130 nm. This leads to a very good long-term 
stability of the dispersion as well as a uniform particle distribution 
in the printed films. For the preparation of flexible capacitors, the 
nanocomposite ink was printed in between two nanoparticulate Ag 
electrodes on a PET substrate (see chapter 3.1.3). The printed 
capacitors have an effective area of 4 mm². The topography of the 
capacitor area is exemplarily shown in figure 6.1. It can be seen that 
the BST/PMMA film shows a very smooth and homogeneous 
structure. This is essential for the fabrication of printed multi-layer 
components with smooth and strong interfaces. 
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Figure 6.1: Topography of a fully ink-jet printed BST/PMMA MIM capacitor with Ag 
top and bottom electrodes on PET substrate. 

To investigate the effect of annealing temperature on the 
mechanical and electrical performance of the Ag electrodes uniaxial 
tensile tests were performed on printed Ag electrodes annealed at 
different temperature and the corresponding change in resistance 
was recorded during the tensile tests. The comparison of the change 
in resistance of the Ag films is shown in figure 6.2. The initial film 
resistance of the printed Ag films decreases with increasing 
annealing temperature. However, the minimum strain that the film 
can withstand before losing its electrical conductivity by crack 
formation also decreases with increase in annealing temperature.  

Samples annealed at 140oC already failed below 1% tensile strain. 
This complete failure is not due to fragmentation of the Ag electrode 
but due to the increase in the brittleness and sudden fracture of the 
PET substrate as the processing temperature approaches its glass 
transition temperature (Vicca et al., 2010). Based on these results it 
is decided to anneal all the printed samples at 120oC for further 
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studies as the Ag films show an optimum balance of good electrical 
conductivity as well as stretchability.  

 

Figure 6.2: a) Change in resistance of ink-jet printed Ag films on PET substrate 
annealed at different temperatures. L denotes the number of printing passes. 

figure 6.3a shows a cross-sectional SEM image of the all-printed 
capacitor. The thickness of the top Ag layer, BST composite layer 
and the bottom layer are measured as 1.7 µm, 8.36 µm and 0.52 µm, 
respectively. The interfaces between the BST layer and the top and 
the bottom Ag electrodes are smooth and well defined. Figures 
6.3b-e show details of the Ag top electrode and the BST layer at high 
and low magnification, respectively.  

It can be seen that, both, the printed Ag layer and the BST/PMMA 
nanocomposite film  show a homogeneous nanoporous 
microstructure.       
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Figure 6.3: Microstructural characterization of printed MIM capacitors (a) cross-
sectional SEM image of the fully printed MIM capacitor (b)-(c) SEM image of the Top 
Ag electrode and (d)-(e) the BST/PMMA layer at low and high magnification.  

Along with a homogeneous topography, the microstructure of the 
printed composite layer is very important for large area 
applications as the dielectric and the mechanical properties of the 
composite films strongly depend on the microstructure, which can 
be improved by a homogeneous dispersion of the nanoparticles in 
the polymer matrix. Therefore, a good compatibility of the ceramic 
and polymer phase is necessary. This is achieved using PMMA as 
the polymer matrix due to the good chemical interaction between 
the oxide ceramic surface and the ester side chains of PMMA. The 
dielectric film shows little porosity due to the shrinkage of PMMA 
during the temperature treatment above its glass transition 
temperature of Tg ≈ 105 °C. Besides, there are some 
inhomogeneities in the form of thin patches with inhomogeneous 
film thickness within the top Ag electrode as shown in figure 6.4, 
which occurs due to the printing process. As the same printing 
parameters are used for the top and bottom electrode, the 
printability of the Ag ink is ensured, but the wetting behavior of the 
ink is different for the PET substrate and the BST/PMMA surface. 
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The capacitance for the as prepared devices measured at a 
frequency of 1 kHz and at a signal voltage of 1 V, lies in the range of 
160-175pF.  

 

Figure 6.4: SEM image showing inhomogeneity in printed Ag top electrode. 

The average value of the capacitance was measured as 165pF based 
on three consecutive measurements. Similarly, the Dissipation 
Factor (D) value was determined as 0.10 at 1 kHz. Both the 
measurements are shown in figure 6.5. The small scatter of the 
measured values for the capacitance further confirmed the 
homogeneity of the printed structures and the low D value (<1) 
further confirm a high-quality device fabrication. The theoretical 
capacitance of the capacitor was calculated to be 159.13pF using 
equation 2.2. In this case, an effective capacitive area (A) of 4mm2, a 
thickness of the dielectric layer (d) of 8.3µm (calculated from figure 
6.3a) and a relative permittivity for the BST/PMMA matrix (𝜀𝑟) of 
37 at 1 kHz is used. The actual measured value of the capacitance of 
the printed capacitor is very close to the theoretically calculated 
capacitance at the same frequency. This confirms the good quality 
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of the printed layers as well as the quality of the interfaces between 
the different layers of the printed capacitors. 

 

Figure 6.5: Measured capacitance and dissipation factor of a fully printed MIM 
capacitor on PET Substrate at 1kHz. 

6.2 Tensile testing of flexible capacitors 

Uniaxial Tensile tests are conducted on the printed capacitors to 
understand the influence of external strain on the performance of 
the devices. The capacitance of the device is recorded during the 
mechanical test. 

Figure 6.6 shows the evolution in measured capacitance of the 
printed capacitors and change in resistance of the printed top and 
bottom electrodes with respect to applied strain. The curves are an 
average representation of the electro-mechanical testing on 10 
different samples having similar boundary conditions. The value of 
capacitance at first increases till 2% tensile strain and then starts 
decreasing gradually until around 7-8%, where a small drop is 
observed. Upon further straining another sharp drop in capacitance 
at 20% of strain is observed.  
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The dotted lines in figure 6.6 show the change in resistance (∆R/R0) 
of the top Ag layer, bottom Ag layer and the theoretical line with 
respect to applied strain at a constant applied voltage of 1V, where 
R0 represents the initial resistance of the film at 1V and ∆R 
represents change in resistance with the application of strain. The 
theoretical line (∆R/R0,theo) = 2ε +ε2  is calculated by considering the fact that the volume of active material is constant. (∆R/R0,top) of the 
top Ag electrode starts deviating from the theoretical line at around 
4% tensile strain, where the first few cracks in the Ag electrodes 
are  observed, and continue to increase thereafter with increase in 
applied strain indicating further formation of cracks in the Ag film.  

 

Figure 6.6: Evolution of capacitance Cp,exp , R/R0,top and R/R0,bottom resistance of the 
top and bottom Ag electrode, respectively, during the tensile test on fully printed 
MIMcapacitors on PET substrate. The theoretical change in capacitance Cp,theo and 

resistance R/R0,theo are also shown for comparison. (∆R/R0,bottom) for the bottom Ag electrode starts deviating from the 
theoretical curve at around 7-8% of tensile strain indicating the 
formation of through-thickness cracks within the capacitor. The 
theoretical line for the change in capacitance of the printed 
capacitor with respect to applied strain is calculated as Cp,theo = 
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C0(1+ ε), where C0 represents the initial capacitance of the capacitor 
at 1V and 1kHz. The corresponding assumptions for this equation is 
increasing area due to decrease in film thickness due to Poisson 
contraction. 

 

Figure 6.7: SEM images of top) cross sections, and bottom) top views of the fully 
printed capacitor after loading to 0%, 2%, 4%, 6% and 8% tensile strain. 

Planar and cross-sectional SEM images of the tested capacitors 
were taken, and the images are collected in figure 6.7. The upper 
row of pictures shows cross-sectional images of the capacitors and 
the bottom row of pictures shows planar views of the Ag top 
electrode. Cracks in the BST/PMMA layer are first observed at 2% 
of tensile strain and in the Ag top electrodes cracks form at about 
4% of tensile strain. The crack spacing of the individual layers is 
determined by taking an average of the number of cracks along a 
line of 1000µm and 10 such lines were analyzed per sample. figure 
6.8 shows the average crack spacing for the BST/PMMA layer and 
the top Ag layer at a tensile train of 4%, 6% and 8%, respectively. 
The crack spacing in the BST/PMMA layer is lower as compared to 
top Ag layer and decreases significantly during straining.
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Figure 6.8: Average crack spacing within the Ag top electrode and the BST/PMMA 
layer as a function of tensile strain. 

6.3 Discussion 

It is observed that straining of the printed capacitors leads to 
initiation and propagation of cracks within the individual layers. 
This leads to a gradual decrease in capacitance. 

The cross-sectional images of the strained printed capacitors show 
the mechanisms of crack propagation within the printed capacitor 
and confirm that micro-cracks are initiated at individual spots 
within the BST/PMMA layer at around 2% which subsequently 
propagate to the top electrode at around 4% and the bottom 
electrodes at around 7-8%, respectively. For the top view of the 
tested capacitors, up to 2 % of strain, hardly any crack is visible in 
the top Ag electrode. At around 4% of strain, cracks start forming in 
the thinner regions of the Ag electrode. The thickness of the Ag top 
electrode is inhomogeneous and elliptical region a with uneven 
height and thickness are observed. This is probably due to printing 
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process as the structure comes from the individual droplets and 
insufficient wetting of the ink. 

Beyond 6% strain, crack opening increases and cracking spacing 
decreases further with increase in applied strain. At around 8% 
strain, the cracks in the BST/PMMA layer are propagating into the 
bottom Ag electrode. Subsequently the crack spacing decreases in 
all individual layers. Finally, at around 20% of strain, an individual 
crack propagates across the thickness and width of the top 
electrode and leads to almost complete failure of the capacitor. 

The development of vertical cracks within the BST layer ideally 
should not affect the capacitance of the plate capacitor as it will 
result in an arrangement of parallel capacitors having electrical 
connection to each other, whose combined capacitance will be 
obtained by arithmetically adding them (Hayt, 1989) . However, as 
shown in figure 6.6, the capacitance of the printed capacitor 
measured at constant voltage and frequency continuously 
decreases with the application of strain. Therefore, the decrease in 
capacitance must result from additional failure modes. Based on the 
change in capacitance with respect to applied strain, three different 
zones may be defined (also see figure 6.6).  

Zone I: Up to ~2% strain, the decrease in BST/PMMA film 
thickness due to Poisson contraction leads to a reduction of the 
distance between the Ag electrodes and leads to a small increase in 
capacitance. The slope of this increase in capacitance follows the 
theoretical line. At 2% strain, first cracks appear in BST/PMMA 
layer.  

Zone II: Between 2% and 20% strain, the capacitance decreases 
continuously due to the combination of several effects. The 
schematics of these effects are sketched in figure 6.9. First, the 
decrease in capacitance is due to a loss in effective area as the 
thinnest regions of the Ag top electrode loose their conductivity. 
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Before the application of strain, the Ag top electrodes, although 
locally very thin, is conducting everywhere. However, beyond a 
certain strain, the thinnest regions get non-conducting and hence 
yield to a decrease in active capacitor area. This phenomenon has 
been confirmed by individual local two-point measurements. At 4% 
cracks form in the top Ag electrode and single cracks in the 
BST/PMMA layer also propagate into the top electrode. and at 
around 7-8 % first cracks in the BST/PMMA layer enter the bottom 
Ag electrode. All these mechanism lead to further fragmentation of 
the capacitor and reduction of capacitive area and further reduce 
the overall capacitance.  

In addition, fringe or edge effects also come into consideration in 
this zone. Due to the crack formation in the top electrode, the 
capacitor is separated into several individual capacitors as a part of 
the capacitive area is separated from the total area and act as 
individual capacitor itself. On one hand the capacitance of the MIM 
capacitor in this case will decrease due to the formation of cracks. 
On the other hand, fringe effect increases the capacitance of the 
device due to additional electric field lines at the corner of the 
individual parallel plate capacitors. However, the intensity is very 
low as long as both the width and height of the capacitor are 
significantly larger than the plate separation (Hayt, 1989).  

Zone III: At around 20% tensile strain a sudden decrease in 
capacitance is observed. At such high strain, there is propagation of 
a dominant crack through the thickness and width of the top 
electrode, which leads to a partial or a total electrical circuit cut-off 
leading to final failure of the device. Often delamination is observed 
in the vicinity of the crack. 
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Figure 6.9: Schematics of possible failure mechanisms to understand the steady 
decrease of the capacitance of the fully printed MIM capacitor on PET with 
increasing strain. 

Further indicators of capacitor degradation are the increasing 
relative resistances of the top and bottom Ag electrodes. Increasing 
deviation from the theoretical curve indicates ongoing crack 
formation and propagation within the film. Based on this criterion, 
degradation of the top and bottom electrodes starts at around 3 and 
6%, respectively. This corresponds nicely with the SEM 
observations. 

The decrease in capacitance with increasing tensile strain is 
correlated with the increase in resistance of the Ag electrodes due 
to the formation and propagation of cracks. The lower value of 
crack spacing within BST layer as compared to the top Ag layer 
further confirms the argument that cracks are initiated within 
BST/PMMA layer and later propagate to the top and bottom 
electrodes of the printed capacitor. 

The propagation of vertical cracks in the BST/PMMA layer ideally 
should not deteriorate the capacitance of the devices significantly. 
In contrast, the formation of through-thickness cracks in the Ag 
electrodes will lead to a partial deactivation of the capacitive area. 
Therefore, the decrease in the measured capacitance is primarily 
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because of inhomogeneity and early fracture of the top Ag 
electrode. Therefore, one of the ways to further improve the 
mechanical performance of the capacitors is to increase the 
homogeneity and quality of the top Ag layer. As a proof of concept, a new ink (SunTronic™ Nanosilver EMD5730) is used to print the top 
electrode over the printed BST-PMMA layer while keeping all other 
fabrication parameters the same. For the bottom electrode the old 
Ag Ink (Silver Jet DGP 40LT-15C) is still used is to print the bottom 
electrode on the bare PET surface.  

Uniaxial Tensile tests were performed on the optimized capacitors 
under the same environmental conditions and testing parameters. 
figure 6.10 shows the comparison of the tensile behavior of the 
MIM capacitors with the old and the new Ag top electrode. It should 
be noted here that although there is no significant difference in the 
initial capacitance the evolution of the capacitance during straining 
is different. 

For the optimized capacitor, the capacitance again at first increases 
up to 2% strain, but subsequently remains almost constant with 
only slightly decreasing slope as the vertical cracks forms in the 
BST/PMMA layer got trapped at the interfaces to the electrodes 
which prevents further crack propagation into the Ag electrodes. 
Also, the increase in resistance of the new top Ag electrode (∆R/R0)Top-new is lower than for the old one (∆R/R0)Top-old confirming 
the latter and modulated onset of cracking in the optimized top 
electrode. At around 24% strain a sharp drop in the measured 
capacitance is then observed due to the failure of the PET substrate, 
which defines the ultimate failure of the printed MIM capacitor.  
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Figure 6.10: (a) Comparison of the uniaxial tensile test on fully printed MIM 
capacitors on PET printed with the old and with the new optimized Ag top electrode 
(b) & c) SEM images of the top electrodes. On the surface of new top electrode, a 
more homogeneous line pattern is observed as compared to irregular and hilly 
surface of the old Ag electrode.   

In this study a successful fabrication route of fully printed 
BST/PMMA capacitors on compliant substrate with competitive 
performance at a low processing temperature of 120oC has been 
demonstrated. It also includes a comparative study about the effect 
of processing temperature on the mechanical performance of 
individual layers of the printed device. For the tensile tests it has 
been found that the printed capacitors are consistent with its 
performance for a strain of about 2%, and then a gradual decrease 
is observed which corresponds to the crack formation in the 
BST/PMMA layer which subsequently propagates to the top and the 
bottom electrodes of the device leading to final failure at 20% of 
tensile strain. 

It is shown that the morphology of the Ag top electrode plays a 
crucial role for the degradation of the capacitance. Therefore, 
optimization of the top Ag layer can significantly improve the 
strainability of printed MIM capacitors. The crack formation in the 
dielectric is not as important for the functionality of the printed 

ε [∆l/l0] 
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capacitor but can be even further moderated by optimizing the 
ratio of the BST and the polymer in the dielectric nanocomposite. 
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7 Summary and outlook 

Three different systems have been studied in order to understand 
the influence of strain on the performance and functionality of ink-
jet printed thin films as well as printed devices on flexible 
substrate. Ink-jet printed In2O3 thin film transistors prepared 
through a precursor route on polyimide substrate, ink-jet printed 
In2O3 nanoparticulate films on polyimide substrate as well as, ink-
jet printed BST/PMMA nanocomposite metal insulator metal 
capacitor on PET substrate have been investigated. 

For characterization of flexible printed films and devices different 
electro-mechanical testing techniques were established. For 
printed In2O3 transistors, uniaxial tensile tests and bending fatigue 
tests were performed and transistor parameters were determined 
before and after the test to evaluate the transistor behavior under 
monotonic and cyclic loading, respectively. For nanoparticulate 
In2O3 films, in-situ tensile tests in combination with synchrotron X-
ray diffraction were performed to evaluate the lattice strain 
evolution within nanoparticulate films and small structures. For 
printed BSST/PMMA capacitors, uniaxial tensile tests were 
conducted, and the device capacitance was monitored continuously 
during the test to evaluate the degradation in device capacitance 
with the onset of cracks.  

Successful fabrication of a thin film transistor on a flexible 
substrate with very high electrical performance has been shown. 
The effect of mechanical strain on the electrical performance of the 
printed indium oxide transistor has been investigated. It has been 
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found that the transistor fabricated on Kapton® E substrate 
through precursor route has a good electrical performance with a 
field-effect mobility of 70.61 cm2/Vs and an ION/IOFF ratio in the 
order of 107 at a very low applied voltage and has a reasonably 
good mechanical flexibility. The transistors were fully operational 
up to 10,000 cycles at an applied bending strain of 2% and a 
bending radius of 1.25mm under both tensile and compressive 
loading conditions. For uniaxial tension, the transistors were also 
fully operational up to 2% strain and then start deteriorating due to 
formation of cracks within the oxide channel layer and due to 
delamination at the interface between the Au electrode and the 
indium oxide layer. The importance of the channel film quality in 
the overall reliability of the devices is also discussed. Fracture in 
In2O3 film is visible; however other interfaces are also important for 
reliability of printed In2O3 transistors.   

In-situ synchrotron XRD testing was used for the mechanical 
characterization of ink-jet printed In2O3 nanoparticulate films as 
well as for structures having small lateral dimensions. It is shown 
that the synchrotron XRD technique yields lattice strain evolution 
of individual layers (e.g. In2O3 and Au) with in the transistor 
structure which can be analyzed during a single tensile test. The 
influence of several process and design parameters on the lattice 
strain evolution has been investigated. During loading, maximum 
lattice strain increases for increasing film thickness. Lattice strain 
becomes instantaneously compressive while unloading irrespective 
of the thickness of the printed indium oxide film. This behavior can 
be explained by assuming the film as a network of loosely 
connected particles. Deposition of dielectric layer over the channel 
layer is a crucial process of transistor fabrication. Therefore, to 
understand the effect of polymer electrolyte encapsulation on the 
lattice strain evolution in the nanoparticulate films, the In2O3 np 
films were encapsulated with solid polymer electrolyte and 
investigated. During the loading of the sample encapsulation does 
not affect the lattice strain evolution of the material, however, 
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during unloading, the compliant interlayer moderates the lattice 
strain evolution. Introduction of Au interlayer does not affect the 
lattice strain evolution of the printed In2O3 films. For small 
structures, the signal to noise ratio becomes inferior but lattice 
strain could be still evaluated. Preparation of inorganic functional 
films through a nanoparticulate route is very promising for the 
development of flexible printed devices with high mechanical 
performance and reliability, as nanoparticulate films are more 
tolerant to crack formation as compared to precursor films. Along 
with excellent particle connectivity nanoparticulate films have low 
strain transfer from the substrate and thus sustain higher strains 
before failure. 

Finally, a successful fabrication route for preparation of fully 
printed BST/PMMA capacitors on compliant substrate with 
competitive performance at a low processing temperature of 120oC 
has been developed. A comparative study about the effect of 
processing temperature on the mechanical performance of 
individual layers of the device is also shown. Uniaxial tensile tests 
show that the printed MIM capacitor are consistent with its 
performance for strains up to 2%, and then a gradual decrease in 
capacitance is observed corresponding to crack formation in the 
BST/PMMA layer which subsequently propagates to the top and the 
bottom Ag electrodes of the device leading to final failure at 20% of 
tensile strain. It is evident that the drastic decrease in the 
capacitance value of the printed capacitors is primarily related to 
failure of the top Ag electrode. As a proof of concept, that a more 
uniform deposition of the top Ag electrode can significantly 
improve the stability of the printed capacitor, an optimised 
capacitor is shown which has a stable capacitance until the PET 
substrate fails at 25% tensile strain. The occurrence of cracks in the 
dielectric can be further moderated by optimizing the ratio of the 
BST and polymer in the dielectric nanocomposite material. 
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